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Abstract

Aligned with the United Nations’ goals of providing affordable and clean energy, achiev-
ing net-zero carbon emissions, and mitigating climate change, converter-interfaced renew-
able energy sources (RESs), such as offshore wind farms, are increasingly integrated into
modern power systems. Integrating RESs into the main power grid through high-voltage
direct current (HVDC) links presents a promising alternative to traditional high-voltage
alternating current (HVAC) transmission systems, particularly over long distances. HVDC
links also enable the interconnection of large AC grids operating at different frequencies.
Multi-terminal HVDC grids can harvest diversified renewable generations from distant lo-
cations and achieve more reliable and robust networks such that unified supergrids can
be realized. However, protection of HVDC grids remains a critical challenge, requiring
continuous advancements to ensure a highly secure multi-terminal grid resilient to severe
fault conditions. DC faults result in a greater risk than AC faults due to the rapid increase
of fault current. As a result, HVDC protection schemes must swiftly and accurately detect
and differentiate between internal and external faults within a few milliseconds.

HVDC protection schemes are generally classified based on reliance on remote-end data
into single-ended (communication-less) and double-ended (communication-based) schemes.
This thesis first presents a comprehensive review of the proposed protection schemes in the
literature, analyzing and comparing them to highlight their strengths and limitations.
The review demonstrates that single-ended schemes are optimal for providing fast primary
protection, as they avoid the communication delays inherent in double-ended schemes.
In contrast, double-ended schemes are better suited for fault location identification and
backup protection schemes.

This thesis next introduces four novel protection schemes for multi-terminal HVDC
grids: primary protection, fault location identification, and breaker/relay failure backup
protection schemes. The proposed single-ended primary protection scheme employs Hilbert-
Huang Transform (HHT) to extract two instantaneous features from local voltage measure-
ments, namely the instantaneous frequency and energy. Abrupt changes in these features
during internal faults are detected as outliers. Simultaneous outliers in the extracted fea-
tures correspond to internal faults, which offers a setting-less fault detection criterion;
thus, eliminating the need for simulation-based and grid-specific thresholds. The proposed
double-ended fault location identification scheme employs the setting-less outlier-based cri-
terion to capture the arrival instants of the initial fault-induced backward traveling waves
(BTWs) at both line terminals, based on which the fault location is identified with high
precision.
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Primary protection failure can occur when corresponding breakers fail to clear the
fault, breaker failure, or the primary relay fails to detect the fault, relay failure. The
basic principle of the proposed single-ended breaker failure backup protection scheme is
that a successful breaker trip is always associated with a sudden increase in local voltage
measurements corresponding to the counter voltage generated across the breaker during its
operation. Therefore, the proposed scheme employs the outlier-based criterion to detect
abrupt changes in local voltage measurements, distinguishing between successful breaker
operation and breaker failure. On the other hand, the proposed single-ended relay failure
backup protection scheme provides local backup protection for internal and reverse external
faults. The proposed scheme employs Bayesian Model Averaging (BMA) to reliably and
rapidly detect the fault event. Then, the polarity of the local faulted-pole or zero-mode
current is utilized to discriminate between internal, forward, and reverse external faults.

Numerous simulations in PSCAD/EMTDC software environment for a four-terminal
HVDC grid are executed to demonstrate the rapid and reliable performance of the proposed
schemes under various fault conditions, including critical internal faults, e.g., remote-end
high-resistance faults, and severe external faults, e.g., solid bus faults. In addition, real-
time experimental validation of the proposed primary protection scheme is executed via a
hardware-in-the-loop test setup which consists of the OPAL-RT OP5700 target (where the
HVDC grid is implemented) and the dSPACE MicroLabBox controller (which acts as the
physical primary relay).
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Chapter 1

Introduction

1.1 Background

High-Voltage Direct Current (HVDC) corridors play an essential role in integrating renew-
able energy resources (RESs), harvesting their power, and feeding it into the power grid,
especially offshore wind farms which are interconnected to the onshore grid via submarine
HVDC cables [1,2]. Furthermore, grid stability issues resulting from uncertainty, volatility,
and intermittency of wind energy sources become more controllable with HVDC intercon-
nections rather than direct AC interconnections [3]. Moreover, the distance between the
offshore wind platform and the onshore interfacing point of connection adds another re-
striction on utilizing submarine AC cables since their charging currents increase for long
distances and the compensation cost for these currents will be high, whereas submarine DC
cables have nearly negligible charging currents [4]. An example of such an offshore wind
harvesting HVDC grid is the proposed Princess Elisabeth Island (PEI) energy hub project,
which is intended to collect up to 3.5 GW of offshore wind power over the Belgium’s North
Sea [5].

HVDC networks can be established in different configurations: 1) a simple back-to-
back connection (Figure 1.1a) which is the perfect candidate in case of interconnecting
asynchronous grids; 2) point-to-point links (Figure 1.1b) that enable bulk power trans-
fer between two distant terminals; 3) multi-terminal HVDC grids with two configurations,
i.e., star-connected (Figure 1.1c) terminals and meshed grids (Figure 1.1d). Multi-terminal
HVDC grids are increasingly adopted in existing HVDC projects and will be further used
in future projects since they permit more power transfer capability, increased system reli-
ability, interconnecting large scale renewable resources located at different locations, and
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Figure 1.1: Various HVDC transmission schemes.



Table 1.1: Existing HVDC Projects Overview.

HVDC Project Country Comn{fieszli"oning Capacity DCLZ:::lage Conﬁ(;:l("iation 1?II};II]('nlrrtl)i(;raf)sf
SunZia [9] USA 2025 3GW £525 kV Point-to-point Two
Greenlink [10] UK/Ireland 2024 500 MW +320 kV Point-to-point Two
Zhangbei [11] China 2021 4.5 GW +500 kV Meshed Four
NordLink [12] Gﬁfﬁ:ﬁ}v/ 2021 1L4GW  4525kV  Point-to-point Two
North Sea Link [13] Norway/UK 2021 14 GW £525 kV Point-to-point Two
Wudongde [14] China 2020 8 GW +800 kV/ Star-connected Three
Changji-Guquan [15] China 2019 12 GW +1100 kV Point-to-point Two
Maritime Link [16] Canada 2018 500 MW £200 kV Point-to-point Two
Zhoushan [17] China 2014 1 GW £200 £V Meshed Five
Nan’ao [18] China 2013 200 MW +160 KV Star-connected Three

they are considered as the key solution to realize future supergrids [6]. Supergrids re-
fer to large-scale, cross-border transmission networks that interconnect multiple countries
or regions using high-capacity, long-distance HVDC links to integrate renewable energy
sources and enhance grid flexibility, reliability, and market integration [7]. Numerous
HVDC projects have been installed and commissioned worldwide varying from point-to-
point connections to multi-terminal HVDC grids. China and Europe possess the dominant
share of these projects. For example, the Chinese power utility is recognized as the largest
hybrid (AC/DC) grid worldwide with more than 50 HVDC projects in service and a ca-
pacity of greater than 70 GW [8]. Table 1.1 presents a brief overview of a selected number
of large existing HVDC projects.

HVDC systems can be classified based on the converter technology into line-commutated
converters (LCCs) and voltage-sourced converters (VSCs). VSCs exhibit various opera-
tional merits over LCCs as highlighted in Table 1.2 [19,20]. In addition, the constant DC
link voltage of VSCs facilitates their parallel operation which is an important feature to
build multi-terminal HVDC grids. Modular multilevel converters (MMCs) are extensively
exploited in recent HVDC projects and will be used in future projects due to their no-
table features, such as modularity, scalability, low switching frequency and losses, and low
filtering requirements [21-24].



Table 1.2: Comparison between LCCs and VSCs.
Comparison Aspect LCCs VSCs
Semiconductor Switch Thyristor IGBT

Switch Controllability

semi-controllable

fully-controllable

Commutation Failure

Yes

No

DC Link

fixed current direction

fixed voltage polarity

Power Reversal

slow (requires voltage
reversal)

simple and fast (no need for
voltage reversal)

Harmonics

low-order harmonics

high-order harmonics

Filter Size

large

small

Active and Reactive Power

coupled control decoupled control

Control
Reactive Qompensatzon Yes No
Requirement
Reactive Support Provision No Yes
Black-Start Capability No Yes

1.2 Protection of Multi-terminal HVDC Grids

Protection is one of the major obstacles in realizing reliable and secure multi-terminal
HVDC grids. Implementation of a reliable, sensitive, and selective protection system for
HVDC networks is more challenging as compared to conventional AC systems since DC
faults result in a large and nearly instantaneous rise of the DC current which has no zero-
crossings. The large DC fault current is due to the low-impedance, low-inertia of HVDC
networks and the rapid discharge rate of the converters’ capacitors. This issue imposes
stringent constraints on the fault clearing time to be in the range of a few milliseconds,
e.g., 6 ms for the Zhangbei HVDC project [25], including 3 ms for the fault interruption
process. Therefore, the design of ultra-fast protection schemes along with fast fault current
interrupters such as direct current circuit breakers (DCCBs) is essential for the secure
operation of HVDC grids.
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Figure 1.2: Protection requirements for HVDC grids.

1.2.1 HVDC protection system requirements

As HVDC systems expand from point-to-point interconnections to multi-terminal grids,
protection requirements become more stringent and challenging to be fulfilled. The fun-
damental protection principles that must be satisfied for multi-terminal HVDC protection
schemes are depicted in Figure 1.2 and demonstrated as follows [26-28]:

e Reliability: a reliable DC protection system should be dependable, i.e., operate
correctly when required in case of all intended faults, and secure, i.e., do not operate
incorrectly in case of unintended faults or normal operating condition.

e Sensitivity: the protection algorithm should be sensitive to all internal fault sce-
narios, including severe faults such as solid close faults and high-resistance faults.

e Selectivity: defined as the ability of the protection scheme to accurately identify
the faulted segment and distinguish between internal and external faults.

e Discrimination: the protection algorithm should be able to distinguish between
forward and reverse faults, identify the fault type (pole-to-pole (PTP) or pole-to-
ground (PTG)), and determine the faulty pole in case of PTG faults.



e Speed: the protection scheme should initiate a trip signal, in case of internal faults,
within a few milliseconds in order to prevent damages to converters’ semiconductor
switches with limited overcurrent capabilities. Furthermore, fast fault tripping is
mandatory to ensure fault clearing before converters are blocked due to overcurrent
or undervoltage conditions; thus, avoiding any current contribution from the AC-side
towards the fault.

e Seamlessness: defined as the ability of the protection scheme to facilitate the stable
and secure operation of the remaining healthy portion of the grid after clearing the
faulted segment in case of permanent faults.

e Restoration: defined as the ability of the employed control and protection system
to quickly restore the pre-fault stable operation of the system.

e Robustness: defined as the capability of the protection scheme to detect all fault
events and distinguish them from other non-fault severe conditions such as power
swings under different operating modes.

e Computational Burden: the proposed protection algorithm should detect the
fault with minimum computations and sampling rates to comply with the stringent
protection speed requirement.

e Safety: the utilized protection system should provide a safe protective shield for
system components and personnel, besides ensuring public safety.

e Interoperability: defined as the adaptability of the protection scheme to coordinate
with other protection philosophies in case of multi-vendor multi-terminal grids [29].

1.2.2 Classification of HVDC grid protection schemes

There are two main classifications for HVDC grid protection algorithms. First, protection
schemes can be classified based on the intended protection function and speed into primary
and backup protection schemes. Backup protection schemes are divided, according to the
primary failure condition, into breaker failure and relay failure backup protection schemes.
Second, protection algorithms can be classified into single-ended (communication-less or
non-pilot) and double-ended (communication-based or pilot) schemes based on their need
for a communication channel. Single-ended schemes have been proposed mainly to avoid
communication failure and compensate for the delayed operation of double-ended schemes
due to communication delays. Therefore, single-ended protection schemes are essential to



realize ultra-fast fault detection and classification. On the other hand, precise determi-
nation of the fault location within the faulted segment by a fault location identification
scheme is extremely important to guarantee fast restoration of the system.

1.3 Statement of the Problem

Although single-ended primary protection schemes have been already proposed, an im-
proved scheme is still required to tackle the shortcomings that have not been sufficiently in-
vestigated in the literature such as limited fault resistance coverage, reliance on grid-specific
and/or simulation-based thresholds, and failure in detecting severe fault conditions, e.g.,
close solid faults. These shortcomings are discussed in more detail in Chapter 2. Further-
more, the general applicability of existing schemes to various grid configurations and their
reliable performance under severe fault conditions have not been investigated. Compared
to primary protection schemes, much less attention has been dedicated to backup protec-
tion schemes of multi-terminal HVDC grids. There is a significant need for implementing a
reliable breaker failure backup protection scheme that rapidly detects unsuccessful breaker
operations. Furthermore, it is essential to develop a reliable relay failure backup protection
scheme that can detect primary protection failures and initiate a backup trip signal for
the primary breaker, enhancing the security of HVDC grids. The existing fault location
identification schemes require further improvements since their accuracy deteriorates under
severe fault conditions such as local-end solid faults and remote-end high-resistance faults.
Moreover, the performance of fault location schemes in large multi-terminal grids has not
been evaluated.

1.4 Research Objectives

The main objective of this study is to design highly reliable protection schemes for multi-
terminal HVDC grids that achieve the aforementioned protection requirements and tackle
the deficiencies in existing schemes. The main objectives of this thesis are summarized as
follows:

e Design a primary protection scheme that can rapidly detect internal faults and reli-
ably discriminate them from external faults under severe fault conditions.

e Design a fault location identification scheme to precisely determine the exact fault
location after identifying the faulted segment by primary protection.
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e Design a breaker failure backup protection scheme to reliably and rapidly detect
breaker failure events.

e Design a relay failure backup protection scheme to reliably identify primary protec-
tion failure events.

1.5 Research Methodology

In order to achieve the aforementioned research objectives, the following methodology is
employed:

e Offline design and validation: Protection algorithms are designed using MATLAB
environment.

e PSCAD/EMTDC environment is used to simulate the test grid. Then, grid mea-
surements from PSCAD are exported to MATLAB environment to evaluate the ef-
fectiveness of the designed algorithms.

e Real-time validation: A hardware-in-the-loop (HIL) test setup is established to ex-
perimentally evaluate the proposed protection scheme. The test grid is built in
OPAL-RT, while the designed algorithm is implemented in the dSPACE controller,
which functions as the protection relay.

1.6 Thesis Outline

The rest of this thesis is organized as follows: Chapter 2 provides a comprehensive literature
review of existing HVDC grid protection schemes. The proposed primary, fault location,
breaker failure, and relay failure schemes are demonstrated in Chapters 3 to 6, respectively.
In Chapter 7, the experimental validation results are presented. Chapter 8 concludes
the thesis and provides recommendations for future research. The author’s publications
completed during their PhD studies are listed in Appendix A.



Chapter 2

Literature Review

2.1 Introduction

Several HVDC protection schemes are proposed in the literature aiming to achieve fast,
reliable, and selective identification of DC faults. This chapter presents a comprehensive
review of HVDC protection schemes. First, the evolution of DC fault current is investi-
gated, and the available fault clearing strategies and switchgear are discussed in Section 2.2.
Second, in Sections 2.3 to 2.5, existing schemes in the literature are reviewed and compared
with each other, highlighting their features and shortcomings. It should be noted that this
review focuses on existing protection algorithms that employ half- and full-bridge MMC as
well as two- and three-level VSCs, since the majority of existing HVDC projects are based
on these topologies, particularly MMC.

2.2 Fundamentals of DC faults

As reported in the joint paper of the European network of transmission system operators
for electricity (ENTSO-E) and Europacable [30], DC cable faults are scarce and a few cable-
fault incidents were historically reported by transmission system operators (TSOs). Root
causes of DC cable (underground and submarine) faults are as follows: 1) cable insulation
breakdown due to aging; 2) uncoordinated digging works; 3) overheating due to persistent
overloading operation; 4) improper cable burial; and 5) anchor and pack ice damages. On
the other hand, DC faults are more frequent in case of overhead transmission lines due to



Table 2.1: Common roots of DC faults.

Employed
mploye Fault  Fault

Type  Nature

Transmission Common Roots

Facility

1. Direct lightning strikes. PTG Temporary
2. Indirect back flashover across insulators. PTG Temporary

3. Sudden contact between conductors or between one conductor PTG/
. . Temporary

Overhead and ground due to external objects (such as trees or birds). PTP
Lines 4. Swinging of conductors due to severe storms. PTP  Temporary
5. Broken conductors. PTG Permanent
6. Insulation failure due to aging or pollution. PTG Permanent
7. Tower collapse due to natural disasters. PTG Permanent
1. Insulation failure due to aging, overloading, etc. PTG Permanent
Underground 2. Uncoordinated digging works. PTG Permanent
Cables 3. Improper cable burial. PTG Permanent
4. Improper installation of cable joints. PTG Permanent
. 1. Insulation failure due to aging, overloading, etc. PTG Permanent
(SGIE(EI;‘?;ES 2. Anchor and pack ice damages. PTG Permanent
Cables 3. Fishing gears. PTG  Permanent
4. Tmproper installation of cable joints. PTG Permanent

their exposure to unexpected and uncontrolled climate conditions. Table 2.1 summarizes
the most common causes of DC faults in various HVDC transmission facilities.

2.2.1 DC fault stages

DC fault currents are extremely large due to the small impedance of DC networks [6, 7].
Additionally, the fast discharge rate of the converters’ capacitors accelerates the rise of
fault current to high levels in the first few milliseconds after the fault incident [31]. Three
main stages can be identified during a short-circuit DC fault [32,33]. The first stage is
the capacitor discharge stage at which the DC link capacitors or submodule capacitors of
MMUC rapidly discharge into the fault. The high rate of rise of the fault current during
this stage triggers the converters’ overcurrent protective measures, resulting in converter
blocking. The second stage is the inductive discharge stage caused mainly by the MMC arm
reactors, since inductive currents cannot be instantaneously interrupted after converters
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Figure 2.1: Four-terminal HVDC test grid.

are blocked. The third stage, which is automatically triggered after the inductive currents
reach zero, is the AC infeed stage where the converters behave as uncontrolled rectifiers
feeding the DC-side fault with large steady-state currents from the AC network. It is worth
mentioning that DC fault currents should be interrupted during the first stage to avoid
losing the controllability of converters and exceeding the interrupting capabilities of the
employed DCCBs [34].

To demonstrate the aforementioned fault current stages, a half-bridge MMC-based four-
terminal HVDC grid, shown in Figure 2.1, is simulated in PSCAD/EMTDC [35]. A PTP
fault Fj located at the middle of cable 13 is initiated at 0.71 s. The positive-pole current
I3, measured by relay ;3 is shown in Figure 2.2. As depicted in Figure 2.2, the capacitor
discharge stage starts at ¢4 once the first fault-induced backward traveling wave (TW)
reaches bus 1 and is detected by Rj;3. Then, after a few milliseconds depending on the
initial energy stored in the submodule capacitors, withstand capabilities of semiconduc-
tor switches, and fault parameters, the inductive discharge stage starts at t;,4. Finally,
the AC infeed stage commences at t,. once the arm inductors are completely discharged.
Half-bridge MMCs are commonly modeled by a reduced RLC equivalent circuit, shown
in Figure 2.3 [36], which precisely describes the initial fault stage. This equivalent cir-
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Figure 2.2: Positive-pole current during various stages of a DC fault.

cuit is frequently employed to evaluate various protection algorithms without increasing
neither the computational burden nor the simulation time compared to the case when
detailed models are employed. The equivalent circuit parameters can be calculated from
(2.1-2.3) [37,38]:

2
Req = §(Rarm + NSM Ron): (21)
2
Leq = gLarma (22)
6 Csm
€ - bl 2
Oq NSM ( 3)

where R.,, Le,, and C,, are the MMC equivalent resistance, inductance, and capacitance,
respectively. R, is the arm resistance. Ngj; is the number of submodules per arm. R,,
is the on-state resistance per submodule, namely, the on-resistance of each insulated-gate
bipolar transistor (IGBT). In the case of full-bridge MMCs, the same equivalent circuit
can be adopted considering an on-state resistance twice that of a half-bridge MMC since
two IGBT switches will be turned on per submodule in this case [24].
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Figure 2.3: RLC equivalent circuit of a half-bridge MMC.

To limit the large fault currents and their high rate of rise during the first stage, DC
boundary reactors (also called fault-limiting or smoothing reactors) are installed at both
ends of each transmission line or cable segment within the HVDC grid. DC reactors enable
dividing the HVDC grid into separate protection zones to facilitate the identification of
the faulted segment and thus ensuring selectivity. This approach has been widely used in
the literature to design HVDC grid protection schemes, particularly single-ended schemes
where communication channels are not required [39]. The size of these reactors should be
carefully selected since by increasing the reactor size, dynamic stability issues arise with
power flow reversal; thus, affecting the control of converters. In addition, large reactors are
more expensive and have larger footprint and losses. For example, the minimum reactor
size that prevents converters from blocking during DC faults can be estimated from the
proposed formula in [40]:

; 1 Ud 1

Zéln = §A_}:tc - gLarm ) (24)
where L7 is the minimum inductance per pole, Ly, is the MMC arm inductance, and
AT is the permissible current rise within the specified fault clearing time t..
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2.2.2 DC fault clearing philosophies

Designing a complete protection system for a multi-terminal HVDC grid requires specifying
the strategy used to clear DC faults. A fault clearing strategy (or philosophy) can be defined
as the approach taken by the protection system to clear DC faults [41]. According to [42],
fault clearing strategies can be classified into three main categories, namely, non-selective,
partially-selective, and fully-selective. Based on the desired protection system requirements
and the constraints imposed on the grid, an appropriate protection philosophy is selected
[42]. Accordingly, proper fault current interrupters are selected, and grid protection zones
are specified.

In non-selective fault clearing strategies, the entire HVDC grid is de-energized in case
of DC fault events utilizing either AC circuit breakers (ACCBs) or fault-blocking convert-
ers. Then, high-speed switches (HSSs) [43] installed at both ends of each line isolate the
faulted segment; therefore, permitting restoration of the remaining healthy portion of the
grid. In this strategy, the entire DC grid is considered as one protection zone as shown
in Figure 2.4a. Although there is no selectivity in this strategy, it has a reduced cost
since DCCBs are not required. However, this strategy is more suitable for point-to-point
configurations since the loss of the entire HVDC grid during faults will impose severe sta-
bility issues. On the contrary, in fully-selective fault clearing strategies, only the faulted
segment is tripped without affecting the remaining healthy grid via installing DCCBs at
both ends of each segment. This strategy is the most reliable and selective choice for
multi-terminal HVDC grids since individual protection zones are specified for protecting
various grid components, similar to AC protection systems, as shown in Figure 2.4b. The
high cost of DCCBs is the main disadvantage of this strategy. A compromised solution is
the partially-selective fault clearing strategy or the grid-splitting strategy where the entire
grid is divided into two or more protection zones, called subgrids, separated by interface
DCCBs or DC/DC converters as shown in Figure 2.4c. A fault within a subgrid results in
its tripping via the interfacing equipment and ACCBs of the faulted subgrid. Then, HSSs
open to isolate the faulted segment, similar to the non-selective philosophy, resulting in
the rapid restoration of the healthy part of the isolated subgrid.

DCCBs are the major components of fully-selective fault clearing strategies. DCCBs
comprise three parallel paths with coordinated conduction during fault events, namely, the
main conduction or load current path, the commutation or current-zero creation path, and
the energy absorption path [44]. The main conduction path carries the normal load current,
while the role of the commutation path is to transfer the large fault current from the main
conduction path into the energy absorption path. The latter path primarily consists of
surge arresters, such as metal-oxide varistors (MOVs), that dissipate the fault energy, drive
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Figure 2.4: Protection zones of various fault clearing strategies.

the fault current into zero, and protect DCCB components from transient overvoltages [45].
There are three main types of DCCBs, i.e., mechanical (Figure 2.5) [45,46], solid-state
(Figure 2.6) [31], and hybrid (Figure 2.7) [45]. Typical mechanical DCCBs can interrupt
fault currents up to 16 kA within 10 ms [46] which is relatively slow. On the other hand,
solid-state DCCBs, where normal load current conduction and fault current commutation
are achieved by the same branch consisting of a series set of semiconductor switches,
can achieve an ultra-fast operation in the range of microseconds due to the absence of
mechanical moving parts. Nevertheless, the employed semiconductor switches result in
large on-state conduction losses. Hybrid DCCBs are the ultimate topologies that combine
the fast operation of solid-state breakers with the reduced conduction losses of mechanical
DCCBs. As shown in Figure 2.7, the main conduction path of hybrid DCCBs consists of an
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Figure 2.6: An IGBT-based solid-state DCCB.
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Figure 2.7: A hybrid DCCB.

ultra-fast disconnector (UFD), which provides instantaneous off-line isolation, and a load
commutation switch (LCS), which consists of a reduced set of series semiconductor switches
with much lower on-state conduction losses compared to solid-state breakers [47]. For
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example, the Zhangbei HVDC grid in China, the world’s first multi-terminal meshed grid,
employs hybrid DCCBs that can fully interrupt substantial DC fault currents (> 25 kA)
in less than 3 ms [48].

2.3 HVDC grid protection schemes

A large number of DC protection algorithms have been proposed in the literature with
various criteria and methodologies in order to achieve fast and selective fault detection.
A suitable protection algorithm should be able to meet the aforementioned protection re-
quirements in Section 1.2.1. Besides, it should be adaptable so that it can be applied to
various converter topologies and grid configurations. Figure 2.8 shows a detailed classi-
fication of HVDC grid protection schemes. Protection schemes can be categorized into
primary and backup schemes. Moreover, primary schemes can be further classified, based
on the need for remote-terminal information, into single- and double-ended schemes. Fig-
ure 2.8 shows the various principles based on which single- and double-ended algorithms
are formed. This section discusses the fundamental differences between single- and double-
end primary protection schemes. In addition, a quick overview of the proposed backup
protection algorithms is presented.

2.3.1 Primary protection schemes

HVDC primary protection schemes can be classified into two main categories: double-ended
schemes and single-ended schemes. Double-ended schemes utilize communication channels
to exchange measurement data or signals between boundary relays at both ends of each
transmission line or cable segment based on which trip or no-trip decisions are made.
Double-ended schemes are inherently selective, even for severe fault conditions such as
high-resistance faults, since protection zones are formed between boundary relays without
requiring DC boundary reactors [49]. However, their slow operation, due to communication
delays, is a major shortcoming that impedes their applicability as fast primary protection
schemes; yet they can be effectively utilized as backup schemes. Fast communication
channels with adequate bandwidth, such as optical-fiber cables, should be used to limit
this delay, increase the reliability of communication channels, and enhance their immunity
against noise such that double-ended schemes can be safely utilized for primary protec-
tion [50]. Furthermore, synchronization between the exchanged data should be carefully
considered to avoid malfunctioning during normal operation or external faults. A compre-
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Figure 2.8: Classification of HVDC grid protection schemes.

hensive survey that covers existing double-ended protection schemes for VSC-HVDC grids
are presented in Section 2.4.

On the contrary, single-ended schemes only require local measurements, and there is
no need for remote-end data. Compared to double-ended schemes, single-ended schemes
are more economical (no need for communication channels) and faster (no communication
delays) [51]. However, their level of selectivity is deteriorated, particularly during high-
resistance faults [52]. Therefore, DC boundary reactors are necessary to divide the entire
grid into individual protection zones such that internal and external faults can be reli-
ably discriminated. Moreover, precise and noise-free local measurements are necessary to
guarantee the secure operation of single-ended schemes. Existing single-ended protection
schemes and their principles are discussed in Section 2.5.

18



2.3.2 Backup protection schemes

Backup protection schemes are not required to be as fast as primary protection schemes.
Therefore, double-ended schemes can be employed to provide selective and reliable backup
protection. Backup protection is essential to ensure power system protection in case of pri-
mary protection failure. Primary protection failure can occur when corresponding breakers
fail to clear the fault, breaker failure, or the primary relay fails to detect the fault, relay
failure. Existing breaker and relay failure backup protection schemes are discussed in de-
tail in Chapters 5 and 6, respectively, highlighting their shortcomings and introducing the
proposed backup protection schemes.

2.4 Double-ended schemes

Double-ended schemes can be categorized according to the exchanged information into two
major groups, i.e., differential and directional schemes. Differential schemes depend on
exchanging information such as fault current measurements. Therefore, they require high
bandwidth communication channels and synchronized exchanged data. On the other hand,
directional schemes are employed to enhance the speed of double-ended schemes, reduce the
communication channel loading, and loosen the stringent synchronization requirements.
Directional schemes use logic (binary) data, representing the orientations or polarities
of measurement quantities or specific extracted features from measurements. Therefore,
selective, reliable, and fast unit protection algorithms with limited communication capacity
are realized [53].

2.4.1 Differential protection schemes

Similar to AC differential protection schemes, DC differential schemes employ operating
and restraining signals that are calculated based on the difference between and the average
of boundary measurements, respectively. For instance, the principle of operation of current
differential schemes is that during normal operation or external faults, the differential cur-
rent approaches zero since measured currents at both ends of the protection zone have the
same direction and approximately the same magnitude. On the contrary, during internal
faults, the differential current will reach a much larger value. Therefore, by comparing the
differential current with a non-zero threshold, to compensate for stray capacitive currents
and other measurement errors, a reliable and selective fault indicator is achieved [54]. For
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example, current measurement information is exchanged between both ends of each pro-
tection zone in the differential scheme introduced in [54], where the positive and negative
pole currents at both ends of each segment are denoised using Discrete Wavelet Trans-
form (DWT). Then, their extracted energy contents are employed to form the operating
and restraining signals of the proposed criterion. The ratios between the operating and
restraining signals of each line are utilized to discriminate between internal and external
faults and identify the faulty pole. The large moving data window (1000 samples) required
in this algorithm and the heavy wavelet computations significantly delay the fault detection
process.

In [55], fault-tolerant inductor-capacitor-inductor (LCL) VSCs, which are capable of
limiting fault currents for extended periods, are employed along with mechanical DCCBs
such that a low-speed, yet highly reliable and highly selective protection system is re-
alized based on a current differential protection criterion. However, the large operating
time of the proposed algorithm (30 — 60 ms) may adversely impact the overall transmis-
sion network’s stability, security, and supply continuity. A similar scheme is proposed
in [56] but with full-bridge MMCs exploiting their distinctive fault-handling capabilities
such that slower and more cost-effective mechanical DCCBs with smaller ratings can be
utilized. However, enhanced control of these converters can substitute the need for DC-
CBs; thus, achieving improved speed at a much lower cost. A fast differential algorithm
has been recently proposed in [57] which realizes a compromise between selectivity and
speed. In [57], transmission lines are modeled by the approximated Bergeron model based
on which the line-mode components of measured currents at boundary relays are rapidly
computed. Then, their differential component is utilized to detect internal faults. Al-
though the Bergeron line model strengthens the immunity of the proposed scheme against
malfunctioning during system disturbances and external faults, its precision needs further
investigation considering line-distributed capacitances. In summary, the common ground
of the above differential protection schemes is that accurate, synchronized, and denoised
current measurements should be exchanged through an efficient communication medium
to guarantee their reliable operation. In addition, the speed of the proposed algorithms
does not comply with the stringent speed requirements recently imposed for multi-terminal
HVDC grids [58].

2.4.2 Directional protection schemes
Directional algorithms result in faster double-ended protection schemes that require com-

munication channels with limited capacity. They vary based on the exchanged pilot signals,
e.g., the directions of fault current measurements, the polarities of reactor voltages, and
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the signs of traveling waves’ transient energies. This section discusses various types of
existing directional protection schemes.

Fault current direction

Digital signals that represent the direction of fault currents at both terminals can be
utilized as pilot signals alongside local measurements for selective fault detection. Similar
to AC systems, the developed scheme may be a tripping scheme (where the local tripping
command will be initiated only if a fault confirmation signal is received from the remote
end) or a blocking scheme (where the local tripping command will be initiated if a blocking
signal from the remote end is not received). A tripping scheme is proposed in [59] based
on exchanging the sign of fault current directions. It is concluded that an internal fault is
detected if the two terminal currents have the same sign, whereas opposite signs indicate
an external fault. In [60], orientations of the transient fault currents at both line ends
are determined by Wavelet Transform Modulus Maximum (WTMM). Then, the extracted
orientations are compared with each other based on which internal and external faults
are identified. However, the required large sampling frequency of 100 kH z increases the
computational burden of this algorithm. In [61], the transient fault current increments in
addition to their polarities at both line ends are evaluated and employed to discriminate
between internal (opposite polarities) and external (same polarities) faults and precisely
estimate the fault distance. The main deficiency of these schemes is that their reliability
deteriorates during high-resistance faults as incorrect current polarities may be extracted
due to the resulting small fault currents. The maximum fault resistance coverage is 300 €2
which is achieved in [60,61]. In addition, the proposed scheme in [60] is the only one
evaluated with multi-terminal grids rather than point-to-point interconnections as in the
case of other schemes.

Boundary reactor-based pilot signals

Although DC boundary reactors are not required with double-ended schemes for grid seg-
mentation, they may be utilized as current limiters to reduce the sharp rise of fault current.
In [62], the polarities of boundary reactor voltages at both line ends are exchanged and
compared to decide whether the detected fault is internal (positive polarities) or external
(opposite polarities). In addition, the faulty pole is identified by integrating the reactor
voltage over a data window to eliminate the coupling effect between the faulty and healthy
poles. Likewise, transient properties of boundary reactor voltages are extracted by Wavelet
transform in [63] based on which a pilot discrimination criterion is proposed. The major
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demerit of these schemes is that DC boundary reactors are not optimally exploited since
their ability to filter the high-frequency transients can be employed to implement adequate
single-ended schemes without requiring communication channels as will be discussed in
Section 2.5.4.

Traveling wave-based pilot signals

During DC faults, TWs are initiated at the fault point, then propagate in both directions
along the faulted segment until reaching the boundary terminals where one part of these
waves is refracted into the healthy part of the grid and the other part is reflected into the
faulted segment and so forth [64]. TW-based algorithms are widely used to design unit and
non-unit protection schemes. The permissive scheme designed in [65] classifies forward and
reverse faults by calculating the energy content ratio of the incident backward fault wave
over the reflected forward wave at terminal relays. Then, a permissive (or blocking) signal
is sent to the other end to initiate (or prevent) the tripping signal of local DCCBs in case
of forward (or reverse) faults. To decrease communication delays and TW attenuations in
long cables, reference [66] proposes a protection algorithm that utilizes multiple intelligent
sensors at cable joints and along the entire cable length. The proposed algorithm is based
on a directional comparison criterion, where a trip signal is initiated if two consecutive
sensors detect a forward fault. Moreover, proactive (or two-stage) DCCBs [44], which
discard the initial trip signal if the fault is not confirmed before the breaker opens, are
employed to further reduce the total fault detection and clearing time. Therefore, the
algorithm speed and security are greatly improved. However, the main deficiency of this
scheme is the increased cost of additional sensors.

Another pilot scheme is proposed in [67] based on comparing the orientations of tran-
sient energies (TEs) computed from the initial fault voltage TWs at both cable ends. The
proposed algorithm effectively discriminates between internal (both TEs are negative) and
external (one or two TEs are positive) faults. It also identifies the faulty pole based on
the ratio between the computed TEs of positive and negative poles of the faulted seg-
ment. In addition, it estimates the fault location based on detecting the initial voltage
surge arrival instants at both cable terminals, which are extracted by Stationary Wavelet
Transform (SWT). However, the reliable performance of the proposed scheme requires a
substantial sampling frequency (1 M Hz), which increases the computational burden. The
major shortcoming of TW-based schemes is that TW attenuations in case of lengthy trans-
mission lines are not investigated. With severe attenuations, misleading estimation of the
exchanged data will result in the maloperation of the proposed schemes, particularly under
severe fault conditions.
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Harmonic current-based pilot schemes

In such schemes, converters’ harmonic currents at both line terminals are extracted and
analyzed to identify internal and external faults. In [68], first carrier frequency harmonic
(FCFH) currents are extracted by Discrete Fourier Transform (DFT) at both cable ends.
Based on their magnitudes during a specified window length, the protection units at both
terminals detect internal faults and distinguish them from external faults. The proposed
algorithm was only applied to point-to-point configurations and did not consider high-
resistance faults. A similar, yet improved scheme is proposed in [69] based on FCFH
currents extracted by Hilbert-Huang Transform (HHT) which has several advantages over
Fourier and wavelet transforms in terms of instantaneous frequency detection precision
in the time domain. Furthermore, compared with the previous scheme, the algorithm
was evaluated in a multi-terminal grid rather than a simple point-to-point configuration.
In addition, a larger range of fault resistances was tested. It is worth mentioning that
harmonic-based schemes require high computation capacity and they are easily affected by
noise and disturbances. Therefore, their sensitivity and selectivity may deteriorate under
severe fault scenarios.

Special methodologies for pilot schemes

Recently, new mathematical approaches, which require lower computation capacity com-
pared with conventional methods, have been exploited to design fast and effective DC
protection schemes. Morphological Gradient (MG) theory is employed in [70] to develop
the Multi-resolution Morphological Gradient (MMG) algorithm, which efficiently extracts
the desired waveform information even during loss of communication. In [70], MMG, which
eliminates the errors resulting from data-synchronization mismatches, is applied to line-
mode voltage TWs. The proposed scheme discriminates between internal and external
faults by estimating the correlation coefficient between MMGs of line-mode voltage TWs
at line terminals (the forward wave at one end and the backward wave at the other end).
Finally, faulty pole identification is achieved based on calculating the ratio of MMG for
the positive and negative poles of the faulted segment. However, the operating time of this
algorithm (5 ms) needs to be reduced to comply with the recent HVDC protection system
speed requirements.

The cosine distance criterion is another recent approach proposed in [71]. This cri-
terion is based on comparing the orientations of the reference internal fault voltages and
currents with the corresponding orientations of the actual superimposed fault quantities
via calculating the cosine distance function. Protection algorithms based on Hausdorff
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Distance (HD) approach are proposed in [49,72]. The HD between two nonempty sets
can be mathematically defined as the maximum distance of a set to the nearest point in
the other set. The proposed methods in [49, 72] provide major advantages in terms of
noise-tolerance capability and elimination of the compulsory data synchronization require-
ment. The fundamental principle proposed in both algorithms is based on evaluating the
degree of similarity, via HD theory, between the initial fault voltage backward and forward
TWs at line terminals (the forward wave at one terminal and the backward wave at the
other terminal) to detect and discriminate between internal and external faults. More-
over, the faulty pole is identified in [72] based on the ratio of TEs of the positive pole
over its counterpart of the negative pole. However, due to the relatively low speed of this
scheme, it can be employed for backup protection rather than primary protection. The
major disadvantage of these schemes is that they are not straightforward to implement due
to their dependence on complicated mathematical approaches. In addition, their general
applicability with various grid configurations is not investigated.

2.4.3 Comparison between double-ended schemes

Table 2.2 presents a summarized comparison among the reviewed double-ended schemes.
The comparison is based on various aspects such as the exchanged data, mathematical
approach, sampling frequency, and data window length based on which the algorithm can
make decisions. Furthermore, the configuration of test grids and the converter technologies
employed to evaluate the proposed schemes are provided. Moreover, the speed of the
considered algorithms and their fault resistance coverage, beyond which the selective and
reliable performance of the proposed algorithms will no longer be guaranteed, are compared.
It is worth noting that the reported operation times of the algorithms depend on the
propagation speed of TWs and the communication delay which depends on the employed
communication medium and the lengths of overhead lines and/or cables within the test
grid.

Based on Table 2.2, it is evident that differential schemes are generally slower than
directional schemes. To the best of the author’s knowledge, the fastest differential algo-
rithm is the one reported in [57] with an operating time of 7.5 ms, given that the longest
transmission line within the test grid has a length of 800 £m. However, this operating time
is still large considering the recent HVDC protection system speed requirements. Further-
more, stringent synchronization requirements are mandatory to accurately estimate the
differential current and avoid relay maloperation during severe external faults. On the
contrary, directional schemes have shorter operating times as they only require the ex-
change of binary signals with less stringent synchronization requirements. The minimum
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Table 2.2: Comparison between existing double-ended protection schemes.

. . . Window
Reference Exchanged Mathem?tlcal Al.gorlt%lm Sampling Length ’I:ested Converter Fa.ult Re- Operation
(Category) Data Analysis Triggering Frequency (Number of Grid Con- Topology sistance Time(ms)
Tool Criterion (kHz) figuration Coverage
Samples)
high three-
[54] current mea- N terminal three-level
(differential) surements DWT frequ'ency 100 1000 star- NPC-VSC 300 10
transients connected
[55] current mea- direct data differential 10 instantaneous four-terminal two-level N/A 30 — 60
(differential) surements processing current measures meshed grid LCL-VSC
[56] current mea- direct data differential N/A instantaneous CIGRE test full-bridge 400 Q 20
(differential) surements processing current measures grid MMC
. . three-
[67] current mea- ]z?:;zfgc}f:l dl?j;::ﬁtlal 10 instantaneous terminal LCC/MMC 500 Q 75
(differential) surements tion (1-mode) measures star- (hybrid) .
connected
= . current P _
L N et vl : oo mie o ewlel wo
same as the . .
[60] fault current s . instantaneous four-terminal two-level
(directional) direction WTMM main 100 measures meshed grid VSC 300 3
algorithm
. abrupt . . .
) [61] current direct dgta current 20 instantaneous point-to- half-bridge 300 ©Q N/A
(directional) polarity processing L. measures point MMC
variations
reactor phase modal reactor . .
. [62] voltage transforma- voltage 50 25 four—termlgal half-bridge 400 2 3
(directional) N . . meshed grid MMC
polarity tion gradient
[66] fault current direct data voltage/current N/A instantaneous four-terminal half-bridge 1000 Q 5
(directional) direction processing variations measures meshed grid MMC
integration abrupt . .
[67] . four-terminal half-bridge
(directional) TE polarity ol:f)c:z\\)/vz\;e v;’ﬁ{;;iig 1000 500 meshed grid MMC 150 © 2.57
cFl‘SiIr?t same as the point-to- two-level
(directional) detection DFT main N/A 27 point VSC 100 © N/A
flag algorithm
F(:fljt same as the CIGRE test two-
Lo currer HHT main 100 512 o ves level /three- 500 N/A
(directional) detection . grid
flag algorithm level VSC
[70] line mode . four-terminal half-bridge
(directional) voltage MMG MMG value 10 31 meshed grid MMC 1000 & 5
fault cosine same as the . .
. [71] detection distance main 5 10 four—termlr}al half-bridge 1000 ©2 3
(directional) . . . meshed grid MMC
signal function algorithm
forward and instantaneous
[72] backward improved HD frequency four-terminal half-bridge
(directional) voltage hypothesis obtained 20 40 meshed grid MMC 1000 & 7.22
waves from HHT

operating time of the reviewed directional schemes is 2.57 ms, which is reported in [67]

given that the longest cable within the test grid is 200 £m long. In addition, the fault
resistance coverage of this scheme is 150 €2, which is relatively small compared to other
unit protection schemes. The largest fault resistance coverage is 1000 €2, which is achieved
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by the proposed directional schemes in [66, 70-72], while the lowest coverage is 100 Q) as
reported in [59, 68].

Compared with differential schemes, directional schemes usually require a large sam-
pling frequency and a high computation capacity. The directional scheme proposed in [67]
has the largest sampling frequency of 1 M Hz. In contrast, the lowest sampling frequency is
2 kHz as reported in [59]; however, the fault resistance coverage of this algorithm is small in
addition to its slow speed. Regarding the employed test grid, three- and four-terminal grids
are commonly used to evaluate the proposed schemes. Regarding the converter topology,
MMCs are the commonly employed converter topologies in the reviewed papers, particu-
larly half-bridge MMC. Half-bridge MMCs are the most commonly employed converters
due to their simplicity and reduced cost and losses compared to full-bridge MMCs. How-
ever, full-bridge MMCs have a superior advantage which is the fault-blocking capability
that can be exploited to relax the stringent speed requirements and reduce the ratings of
DCCBs.

In summary, it can be concluded that communication-based schemes can attain a high
level of selectivity since the multi-terminal grid is divided into separate protection zones
at line boundaries where the information is exchanged; thus, the faulted segment can be
reliably identified. Furthermore, recently proposed pilot schemes can comply with protec-
tion system speed requirements, particularly with short distances up to 200 km [67, 71].
Consequently, these algorithms can provide primary and backup protection. However,
with longer transmission lines/cables and the imposed synchronization requirements, their
utilization will be merely restricted to backup protection. Fiber-optic links are typically
utilized by existing double-ended schemes as the communication medium for exchanging
data between boundary relays due to their high reliability and immunity against commu-
nication failures and erroneous data transmission. Furthermore, they are robust against
electromagnetic interference, and their large bandwidth facilitates the transmission of a
large amount of data.

2.5 Single-ended schemes

Double-ended schemes are mostly slow due to the inevitable communication delays, which
become longer as the transmission line or cable length increases. Furthermore, various
errors in the exchanged data may occur due to noise and loss of synchronization. Conse-
quently, double-ended schemes are practically recommended to provide backup protection,
while single-ended protection schemes are required to provide fast primary protection.
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The main challenge that hinders the design of single-ended schemes is achieving high se-
lectivity, especially during remote faults with large resistances. Furthermore, to guarantee
high accuracy, a large sampling frequency is commonly required, which increases the al-
gorithm’s computational burden. Additionally, attenuation of TWs associated with long
transmission lines should be carefully considered to avoid the maloperation of single-ended
algorithms [73]. Various approaches and methodologies have been proposed to design se-
lective, sensitive, and reliable single-ended protection schemes that will be reviewed in this
section.

2.5.1 Voltage derivative-based schemes

One of the earliest approaches that have been adopted to design single-ended protection
schemes is based on the continuous computation of the rate-of-change-of-voltage (ROCOV)
or voltage-derivative values based on local voltage measurements. Since DC faults are ac-
companied by a rapid voltage decline, the ROCOV value can be exploited to detect fault
events. For instance, the proposed scheme in [74] utilizes the line-side reactor voltage mea-
surements to estimate the ROCOV value, which is compared to a pre-adjusted threshold
for DC fault detection and localization. The authors of [75,76] have further improved the
selectivity, reliability, and fault resistance coverage of ROCOV-based schemes by propos-
ing an extra directional feature based on the ratio of ROCOV values measured at both
sides of boundary reactors. In addition, the proposed scheme is augmented with a di-
rectional comparison ROCOV-based criterion to selectively detect high-resistance faults.
This directional criterion has been further improved in bipolar grids with a metallic re-
turn path via inserting small reactors at both ends of the return conductor [76]. In [77],
a double-stage scheme is proposed. In the first stage, the fault is detected based on an
undervoltage criterion. The second stage is the discrimination stage based on undervoltage
and voltage-derivative criteria to discriminate between internal and external forward faults
as well as a current-derivative criterion to identify forward faults from reverse faults. How-
ever, these schemes require large sampling frequencies to accurately calculate the ROCOV
value. Additionally, their selectivity deteriorates during high-resistance faults.

2.5.2 Current derivative-based schemes
Analogous to voltage derivative-based schemes, current derivative-based schemes have been

proposed, in which the instantaneous increase of fault current and the corresponding rate-
of-change-of-current (ROCOC) value are utilized to detect fault events. In addition, the
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ROCOC criterion can be integrated with other criteria to develop selective algorithms
and improve the algorithm’s reliability and immunity against maloperations. In [78], five
ROCOC indices are calculated based on which various faults are detected (including faults
that involve the metallic return conductor in asymmetric bipolar configurations) and the
faulty pole is identified. Another ROCOC-based scheme is proposed in [79] which provides
both primary and backup protection for multi-terminal HVDC grids. In [79], a statistical
Bayesian classifier is adopted to select the necessary thresholds and establish proper time-
coordination between primary and backup relays. The main disadvantage of these schemes
is the limited fault resistance coverage since the ROCOC value is drastically impacted as
the fault current decreases with higher fault resistances. The proposed scheme in [78] can
detect faults with resistances up to 50 €2 (limited coverage).

2.5.3 Transient schemes based on voltage and current measure-
ments

DC faults are associated with abrupt increases in the fault current and sudden dips in
the measured voltage. Therefore, direct measurements of local voltages and currents can
provide fault indicators and can be employed in the design of rapid fault detection algo-
rithms. It is worth noting that reliable voltage and current measurement devices with a
high bandwidth should be utilized to provide precise and noise-free measurements based on
which correct decisions can be made by the proposed algorithms [80]. In [81], the proposed
fault detection criterion depends on transient voltage measurements at both sides of the
boundary reactors, where the ratio of the transient voltages (ROTV) at both reactor sides
is used to distinguish between internal and external faults. In [82], fault detection and
identification (FDI) units are arranged at each bus to promptly detect faults, discriminate
between bus and line faults, and selectively identify the faulted line or busbar based on
local current measurements.

In [83], the proposed criterion depends on cable sheath voltage measurement which
is typically zero during normal operation while having a non-zero value during the fault.
Furthermore, in [83], the amplitude and polarity of the measured sheath voltage are utilized
to identify the faulted segment and determine the faulty pole. The proposed scheme
in [84] utilizes the transient fault voltage measurements to estimate the first peak time
(FPT), which represents the time duration between the sudden voltage dip instant and the
instant when the first peak is detected in the filtered voltage waveform, based on which
the protection criterion is established. In [85], the change in the average voltage of positive
and negative poles is employed to selectively detect various fault events. However, the
employed data window length is large (5 ms).
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In [86], the magnitudes and derivatives of the line-mode and zero-mode components
of the local fault current are extracted based on modulus decomposition transformation.
Then, the extracted values are projected on a protection phase plane, which is divided
into fault regions according to the fault type. Consequently, internal faults can be de-
tected and discriminated from external faults, and the faulty pole can be identified as
well. The proposed scheme in [87] utilizes local fault voltage and current measurements
to estimate three independent fault indicators, i.e., pole-current variations, pole-to-earth
voltage variations, and converter neutral current variations, based on which different faults
can be detected. In [88,89], initial fault currents are analyzed and calculated by propos-
ing a transient high-frequency equivalent model for the employed meshed grid. Then, a
fault detection and discrimination criterion is proposed based on estimating the transient
energy of the superimposed high-frequency components of local current measurements.
In [89], the derived current expressions during the initial fault stage are used to detect and
discriminate between internal and external faults. In summary, there are two major short-
comings of transient-based schemes: first, their sensitivity and selectivity reduce as the
fault resistance increases. Second, the grounding impedance value as well as the number
of grounding points and their locations have a substantial impact on the transient fault
voltages and currents, particularly in large multi-terminal grids. This aspect has not been
sufficiently investigated in the reviewed schemes, which restrict their application to certain
grid configurations.

2.5.4 Boundary reactor-based schemes

As previously highlighted in Section 2.2.1, DC boundary reactors are installed at both
ends of each transmission line or cable segment in HVDC grids to limit the sharp increase
of fault currents and divide the grid into separate protection zones. Various protection
schemes based on boundary reactor measurements have been proposed in the literature.
In [90], the estimated value of the boundary reactor power is utilized to detect and discrim-
inate between internal and external faults. However, the proposed scheme is not reliable in
detecting high-resistance faults. Therefore, an auxiliary pilot backup criterion is developed
for such faults. In [91], the proposed criterion depends on voltage measurements across
boundary reactors to detect and discriminate various faults and identify the faulty pole.
Depending on the rate of change of the reactor voltage, the proposed scheme in [92] can de-
tect fault events. Besides, internal faults are discriminated from external faults depending
on the voltage polarities and amplitudes of reactors that are connected to the same bus.
However, in [92], only PTP faults are tested without providing a faulty-pole identification
criterion. In [93], the proposed algorithm detects DC faults by calculating the difference
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between the ratios of the root mean square values of transient voltages at both sides of
boundary reactors. Moreover, the faulted pole is identified by calculating the instantaneous
zero-sequence voltage (IZSV) at the converter’s AC side. The concept of asymmetric pole
inductors has been recently proposed in [94], where the value of the DC reactor installed
at the positive pole is different from that of the negative pole. The difference between the
inductor voltages of the two poles is utilized as the fault detection criterion. However, this
scheme is incapable of detecting unsymmetrical DC faults, i.e., PTG faults. The lack of
clear criteria to optimally select the size of boundary reactors in large multi-terminal grids
is the major shortcoming of these schemes.

2.5.5 Traveling wave-based schemes

Similar to double-ended schemes, TW propagation theory has been widely applied in the
design of single-ended schemes. In such schemes, fault-induced TWs are detected and their
high-frequency contents and arrival instants are extracted using various signal processing
tools based on which DC faults are detected. For example, DWT applied to local fault
voltage TWs is exploited in [95] to identify the faulted segment. In [96], DWT is applied to
local current measurements to design the protection criterion, where fault discrimination
is achieved by detecting the high-frequency components associated with internal faults.
During external faults, these components are attenuated due to shunt capacitors installed
at the grid tie buses and the stray capacitances at each bus. The proposed discrimination
criterion employs the ratio of the high- to low-frequency TEs to distinguish between internal
and external faults. However, the proposed scheme lacks generalization since it is tested
in a special grid structure that contains tie buses. The proposed scheme in [97] locally
extracts the distinctive frequency contents of the first incident current TW utilizing DW'T
to distinguish between internal and external faults. In [98], DWT is used to extract high-
frequency components of line-mode voltages and currents of the fault-induced forward and
backward TWs to discriminate between forward and reverse faults.

In [99], the high-frequency content extraction is performed by Short-Time Fourier
Transform (STFT) applied to local fault current measurements to develop a frequency-
domain-based relaying algorithm. Moreover, a time-domain-based detection criterion is
proposed based on estimating the correlation degree between the DC link capacitor dis-
charge current and the local fault current. In [100], the orientations and high-frequency
content of the initial fault current TW extracted by Fast Fourier Transform (FFT) are
utilized to construct the fault detection and identification criteria. However, the proposed
method requires a large sampling frequency and large computations.
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Recently, HHT has been used in several protection schemes due to its capability of ex-
tracting instantaneous features with a physical meaning in the time domain. For instance,
in [101], the average frequency of the transient voltage signal is estimated by HHT and the
marginal Hilbert spectrum (MHS). Then, the estimated value is compared with a prede-
fined distance-frequency curve to assess the fault location. However, this scheme requires
extensive calculations to find the distance-frequency curve for each segment within the
grid. In addition, the selectivity of this scheme is examined only for low-resistance (1 €2)
faults. In [102], the instantaneous energy density, estimated by HHT, is selected as the
fault detection criterion. However, the frequency band, within which the density level is
estimated, depends on the operating point of the system. Moreover, the fault resistance
coverage of this scheme is relatively small (50 €2).

In [103], a protection algorithm is proposed based on the zero- and line-mode com-
ponents of the fault-induced backward TWs extracted by Phase-Modal Transformation
(PMT). Similarly, PMT is employed in [104], where internal faults are detected by using
the line-mode component of the boundary reactor voltage, and the faulty pole is identified
based on the zero-mode component. In [105], a PMT-based algorithm is proposed which
uses two criteria to detect fault events: 1) the derivative of the line-mode forward TW and
2) a directional criterion based on the surge arrival time difference (SATD) between line-
mode components of backward and forward TWs. The major shortcoming of TW-based
schemes is that TW attenuations in case of lengthy transmission lines are not investigated.
With severe attenuations, the proposed schemes will maloperate, particularly under severe
fault conditions. In addition, rapid detection of close faults based on TWs is challenging
since the initial fault-induced backward TW can not be detected.

2.5.6 Artificial intelligence-based schemes

Various protection schemes based on artificial neural networks (ANNs) have been proposed
that benefit from intelligent fault detectors and classifiers. In [106], an ANN-based scheme
depending on local fault current measurements is proposed. However, this scheme has
a long operating time of 5 ms. In [107], Wavelet transform along with Principal Com-
ponent Analysis (PCA) are applied to local current measurements to extract distinctive
features, which are utilized as inputs to a Genetic Fuzzy System (GFS) to discriminate
between internal and external faults. Furthermore, in [108], an artificial intelligence-based
discrimination criterion is proposed based on the fault-induced TW propagation features
extracted by a convolutional neural network (CNN). It is worth mentioning that artificial
intelligence-based schemes require high computational capacity, exhaustive simulations,
and large data sets to train the proposed algorithms.
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2.5.7 Special non-unit schemes

Recently, various mathematical approaches have been used to design efficient single-ended
protection algorithms. The authors of [109] have developed a non-unit protective scheme
based on the MG theory. In [109], MG theory is used to extract the amplitude and arrival
instant of the initial fault wavefront from local voltage measurements to detect fault events.
In [110], this scheme is modified based on the multiplication of the estimated second-level
MG values of line-mode components of the fault voltage and current TWs. The proposed
scheme in [111] depends on detecting sudden changes of fault transients associated with
local fault voltage and current TWs using the Median Absolute Deviation (MAD) statistical
approach. However, solid and noise-free faults are only considered to evaluate this scheme;
thus, the MAD-based fault detection criterion may fail under severe fault conditions.

In [112,113], the Levenberg-Marquart curve fitting technique is applied to the zero-
mode component of the first incident TW of the measured fault current to extract index
coefficients, which are utilized to distinguish internal from external faults. A similar scheme
is developed in [114], where the fault resistance and location are estimated based on the
magnitude and distortion degree of the incident fault current TW. Moreover, in [114], the
effect of fault resistance is eliminated by utilizing adaptive thresholds, which are adjusted
based on the extracted fault information from a curve-fitting criterion. Although the pro-
posed scheme can reliably identify PTG faults with large fault resistances, it fails to detect
PTP faults. Furthermore, it requires a large sampling frequency and a large computational
capacity. Finally, a recent algorithm is proposed in [115] based on the statistical random
matrix theory (RMT) applied to local current measurements. The major disadvantage of
these schemes is that they are not straightforward to implement due to their dependence on
complicated mathematical techniques. In addition, their general applicability with various
grid configurations is not investigated.

2.5.8 Comparison between single-ended schemes

A comparison between existing single-ended schemes is presented in Table 2.3. The same
comparison aspects as those used for double-ended schemes are investigated in addition
to the size of boundary reactors employed in existing schemes. From Table 2.3, it can
be concluded that single-ended schemes are fast with operating times less than 1 ms
[76,82,100,110]. The algorithm proposed in [85] has the longest operation time of 5 ms. The
speed of the remaining schemes complies with the protection system speed requirements
(3 ms or less), except for the one in [101] (4 ms). The smallest sampling frequency is
10 kH z, which is employed in [89,98,102,111]. The highest sampling frequency (2 M Hz)
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Table 2.3: Comparison between existing single-ended protection schemes.

Reference Mathematical Algorithm Sampling ‘g’égda‘:’ Tested c " Boundary Fault Re- o i
. : . g . _ onverter . peration
(Category) Analysis Triggering Frequency (Number of Grid Con Topolo Reactor sistance Time(ms)
00 riterion z guration ize(m overage
gory Tool Criteri kH fi i pology Si H c
Samples)
. same as the three- .
(Ro[éﬁ(]jv) direct data main 25 N/A terminal hall\f/}bl\;élge 40 200 © 0.2
processing algorithm meshed grid
(78] direct data same as the N/A N/A tetjlnlijcuclal half-bridge 0 w0 L
(ROCOCQC) processing main star- MMC
algorithm connected
[77] (RO- direct data ) four-terminal half-bridge _
COV/ROCOC) processing undervoltage 100 10 meshed grid MMC 20 — 40 60 2.11
. same as the . .
[82] direct dfzta main 50 20 fourftermlrfal half-bridge 50 N/A 0.5
(Transient) processing . meshed grid MMC
algorithm
. average . .
[85] direct data four-terminal half-bridge
(Transient) processing voltage 20 100 meshed grid MMC 300 500 5
change
[89] direct data current four-terminal two-level P
(Transient) processing derivative 10 20 meshed grid VSC 100 500 3
c . same as the e _
[90] (DC direct data main N/A N/A point-to two-level 5_ 145 N/A 2.6
Reactor) processing . point VSC
algorithm
[91] (DC direct data DC reactor four-terminal half-bridge
Reactor) processing overvoltage N/A N/A meshed grid MMC 150 380 © 1
[93] (DC voltage four-terminal half-bridge
Reactor) DWT derivative 20 40 meshed grid MMC 150 300 2
current five-terminal half-bridge
[95] (TW) DWT variation 96 10 meshed grid MMC 150 500 @ !
three-
voltage & N
[98] (TW) DWT current 10 30 terminal LOC/MMC 75 — 150 300 Q 3
P star- (hybrid)
derivatives
connected
same as the CIGRE test  half-bridg
[100] (TW) FFT main 2000 1000 o bes at-oricee N/A 200 Q 0.5
. grid MMC
algorithm
undervoltage four-terminal half-bridge
[101] (TW) HHT & current 50 200 . g 50 1Q 4
. . meshed grid MMC
derivative
same as the seven-
102] (TW HHT main 10 16 terminal two-level N/A 50 Q 2
VSsC
algorithm meshed grid
voltage four-terminal half-bridge
[104] (TW) PMT g N/A N/A meshed grid MMO 150 200 Q 1.1
voltage four-terminal half-bridge
[105] (TW) PMT gradiont 20 6 meshed grid MO 200 — 300 800 Q 1
[108] ) .
(Artificial ONN accumulated 50 50 four—termuTal half-bridge 100 300 ©Q 3
Intelligence) TW energy meshed grid MMC
[110] four-terminal half-bridge
(Special) PMT/MG  undervoltage 20 N/A meshed grid MMC 50 300 © 0.6
[111] same as the four-terminal LCL
(s ial) MAD main 10 50 shed grid half-bridge 20 N/A 3
pecia algorithm meshed gri MMC
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and the largest window length (1000 samples) are associated with the FFT-based scheme
proposed in [100].

Three significant aspects should be carefully considered when evaluating the perfor-
mance of single-ended schemes. First, the fault resistance coverage of single-ended schemes
should be large enough such that critical fault scenarios can be detected. The maximum
fault resistance coverage is 800 €2, which is achieved by the proposed scheme in [105]. In
contrast, only faults with 1  resistance are simulated in the proposed scheme in [101].
Second, the size of boundary reactors should be optimized since large reactors may re-
sult in severe stability issues, particularly with power flow reversal which is common in
multi-terminal grids. Small reactors are superior in terms of stability and cost, yet their
role in damping the sharp rise of fault currents may be seriously impacted. In [105], large
reactor sizes in the range of 200-300 mH are employed to achieve the large fault resistance
coverage of 800 2. The lowest reported reactor size is 5 mH which is tested with the
proposed scheme in [90]. Third, severe external faults such as solid local- and remote-end
bus faults should be evaluated, and the proposed algorithms should be able to discriminate
these faults from high-resistance internal faults. Note that this aspect may also affect the
selection process of reactor sizes according to the required filtering level that guarantees
successful discrimination between internal and external faults.

Comparing double-ended schemes (Table 2.2) with single-ended schemes (Table 2.3),
it is evident that single-ended schemes have relatively higher sampling frequencies and
less fault resistance coverage compared to double-ended schemes. However, single-ended
schemes are faster than double-ended schemes, mainly due to the exclusive dependency
on local measurements, and hence, the absence of communication delays. Furthermore,
single-ended schemes are more accurate as they do not rely on communicated data; thus,
they are not affected by communication and synchronization errors. In summary, there
is a trade-off between selectivity and speed in single- and double-ended schemes. Based
on the aforementioned discussions in Sections 2.4 and 2.5, selective single-ended schemes
are the appropriate candidates for primary protection, whilst double-ended schemes should
be employed as reliable backup protection algorithms. Furthermore, an exemplary single-
ended scheme should be augmented with a powerful mathematical tool capable of rapidly
extracting the internal fault signature under severe fault conditions. Although relatively
fast double-ended schemes have been proposed in the literature, communication delay, data
synchronization mismatch, and incidental communication failure are the major obstacles
that endanger their reliable operation for primary protection.

Although single-ended primary protection schemes have been already proposed, an
improved scheme is still necessary to tackle the following shortcomings that have not been
sufficiently investigated in the literature:
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1. Severe fault conditions are not intensively investigated as the performance of most
existing schemes deteriorates under these conditions.

2. Fault resistance coverage needs to be improved without requiring large reactor sizes
as the case in [85,105].

3. The general applicability of existing schemes in large multi-terminal grids with vari-
ous configurations is not examined.

4. Most existing schemes use fixed thresholds based on extensive simulations which
impede their general applicability; rather, adaptive thresholds based on analytical
derivations should be adopted.

2.6 Conclusion

A comprehensive survey of existing HVDC grid protection schemes is presented in this
chapter. There is a trade-off between selectivity and speed in single- and double-ended
protection schemes. Highly selective single-ended protection schemes are the appropriate
candidates for providing primary protection. Furthermore, single-ended schemes should be
augmented with a powerful signal processing tool capable of rapidly extracting the internal
fault signature under severe fault conditions. On the other hand, double-ended protection
schemes can be employed as reliable backup protection algorithms. The inevitable com-
munication delays as well as data synchronization and incidental communication failures
impede the use of double-ended schemes as primary protection schemes. Reliable primary
protection, backup protection, and fault location identification schemes are necessary to
entirely protect the grid and tackle the shortcomings of existing schemes. All protection
requirements should be thoroughly satisfied under various grid configurations and severe
fault conditions.
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Chapter 3

Primary Protection Scheme

3.1 Introduction

To attain reliable future supergrids with low carbon emissions, multi-terminal HVDC grids
are considered as a promising candidate [58,116]. Protection of HVDC grids is a crucial step
that requires further advancements to ensure the secure integration of RESs [117,118]. A
comprehensive review over existing primary protection schemes is presented in Chapter 2.
Among the reviewed categories, TW-based schemes exhibit a more superior performance
in terms of speed and fault resistance coverage since the fault-induced TWs can be used
to form a reliable fault detection criterion. For instance, the proposed TW-based scheme
in [100] detects various faults in 0.5 ms based on FFT. However, its fault resistance coverage
is not large enough (200 Q); in addition, it requires a large sampling frequency (2 M Hz).
Another example is the proposed TW-based scheme in [105] that detects various faults with
a fault resistance as large as 800 (2 based on mathematical morphology. However, large
boundary reactor sizes (200 — 300 mH) are required to reliably distinguish between high-
resistance internal faults and external faults; thus, resulting in dynamic stability issues that
arise with power flow reversal [94]. In summary, although TW-based schemes are superior
to other schemes for HVDC grid protection, further improvements to achieve rapid fault
detection and large fault resistance coverage are necessary.

TW-based protection schemes employ fault-induced TWs alongside their propagation
characteristics to detect internal faults. Therefore, they require a robust signal processing
technique to detect fault-induced TWs. Effective utilization of signal processing techniques
in fault detection can facilitate the extraction of internal fault signatures; thus, resulting
in protection schemes that do not require grid-dependent thresholds or predefined settings
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[119]. Hence, signal processing-based protection schemes can be applied to HVDC grids
with various operating points and configurations [120]. HHT is an adaptive and robust
signal processing technique that can extract instantaneous features, i.e., instantaneous
frequency and energy, from fault-induced TWs [121]. These instantaneous features can be
used to promptly detect internal faults. Compared to Fourier transform, STFT, and the §
transform, HHT retains the same domain, i.e., the time domain, during the transformation;
thus, resulting in the extraction of real-time or instantaneous features. Since there is a
compromise between frequency and time resolution in Wavelet transform, the extracted
instantaneous features by HHT are more precise in time. Therefore, compared to Wavelet
transform, HHT is more tailored to capturing rapidly varying transients associated with
internal faults [122]. In addition, the selection of a proper mother wavelet is challenging
and has a significant impact on the resulting transform coefficients. In contrast, HHT is
an adaptive transform that does not require a predefined basis function [121].

This chapter proposes a fast, reliable, and selective single-ended primary protection
scheme for multi-terminal HVDC grids that addresses the shortcomings in existing schemes.
In the proposed scheme, HHT is applied to local voltage measurements to extract the
instantaneous frequency and energy features. Abrupt changes in these features during
internal faults are detected as outliers. Simultaneous outliers in the extracted features
correspond to internal faults, which offers a setting-less fault detection criterion; thus,
eliminating the need for simulation-based and grid-specific thresholds. This chapter is
organized as follows: in Section 3.2, TW propagation theory and the fundamental math-
ematical description of HHT are presented. The simulated test system is introduced in
Section 3.3. The instantaneous features extracted by HHT during various internal and ex-
ternal faults are analyzed in Section 3.4. The proposed protection algorithm is described in
Section 3.5, and the simulation results are exhibited in Section 3.6. Finally, the conclusions
are highlighted in Section 3.7.

3.2 Fault-Induced Traveling Waves and Hilbert-Huang

Transform

In this section, propagation properties of fault-induced TWs are introduced. Then, two
stages of HHT are elaborated and the instantaneous features extracted by HHT are pre-
sented.
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3.2.1 Propagation of Traveling Waves

DC faults result in abrupt changes in voltage and current values at the fault point. As a re-
sult, high-frequency electromagnetic TWs are induced at the fault point, which propagate
towards line terminals with a speed approximately equal to light speed [123]. The fun-
damental dynamic equations that describe the propagation phenomenon of fault-induced
voltage (v) and current (i) TWs, as a function of time (¢) and distance from the fault point
(x), are as follows [124]:

Pv(x,t)  , O*v(x,t)

oz - o (3:1)
%i(x,t) 5 0%(x,t)
81’2 =7 at2 ) (32)

where 7 is the propagation constant given by:

v=VZY, (3.3)

where Z and Y are the per unit series impedance and shunt admittance of the line, respec-
tively. The time-domain solution of (3.1) and (3.2) is given by [125]:

vz, t) = vb(t—ﬁ) + W(Hﬁ) (3.4)
——

Backward Component  Forward Component

(e, t) = ilt———) 4+ ipt+——)

vrw Vrw
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Backward Component  Forward Component (35)
1 T 1 x
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1
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where vy is the TW propagation velocity and Z. is the characteristic impedance of
the line. v, and vy are the backward (incident) and forward (reflected) voltage TWs,
respectively. Similarly, i, and iy are the backward and forward current TWs, respectively.
It is worth mentioning that the forward direction is from the line terminal (measurement
point) to the fault point. Equations (3.4) and (3.5) show that the voltage and current
at any point along the line, at a certain time instant from the fault inception, consist
of backward and forward components. If the voltage and current measurements at line
terminals are denoted by v,,(t) and 4,,(t), respectively, the backward and forward voltage
TWs at the relay location can be expressed as follows [124]:

Um(t) - Zc Zm(t)

Up (t) = 2 s

(3.8)

U (t) + Ze i (1)

Uf(t) = 5 . (39)

Since the first incident backward TW at the relay location carries the internal fault
signature, it will be used in this chapter to design a fast and reliable primary protection
scheme.

3.2.2 Hilbert-Huang Transform

Equations (3.8) and (3.9) describe the fault-induced TWs at the relay location. In terms
of frequency content, the fault-induced TWs consist of high-frequency components with
different amplitudes [126]. Thus, a robust signal processing technique should be employed
to extract the instantaneous features associated with the fault-induced TWs from the
measured signals [124]. HHT is an adaptive and empirical signal processing technique
capable of reliably analyzing nonlinear and non-stationary signals, e.g., transient fault
signals [121]. Compared to Wavelet transform and STFT, where the mother wavelet and
the window length are selected based on numerous simulation studies, HHT does not
require prior settings [122].

HHT generates an analytic complex-valued signal z(t) from real-valued data, e.g., a
measurement signal y(¢). From the complex-valued z(), real-time instantaneous features
such as the instantaneous frequency IF(t) and instantaneous energy IE(t) can be ex-
tracted. HHT has two stages. In the first stage, empirical mode decomposition (EMD)
is employed to decompose y(t) into a set of intrinsic mode functions (IMFs) through the
sifting process [121,127]. An IMF should be locally symmetric and the number of extrema
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Figure 3.1: Simplified steps of the EMD sifting process.

and zero crossings of the IMF should be equal or differ at most by one. These two con-
ditions are vital to guarantee that the estimated IF(t) reflects the embedded frequency
variations [121]. Mathematically, the EMD of y(¢) can be represented as:

y (t) = Z IMF; (t) + 1, (1),

where r,(t) is called the residue. r,(t) is a monotonic signal for which the IMF conditions

can not be satisfied anymore [127].

Figure 3.1 summarizes the steps of the sifting process.
maxima and minima of y(¢), the local maximum points are interpolated by a cubic spline
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to form the upper envelope. Similarly, the lower envelope is obtained by connecting the
local minimum points with a second spline. Then, to achieve a symmetric IMF, the local
average of the two envelopes m(t) is subtracted from y(¢) to obtain h(t). This step is
repeated until the first IMF is extracted. Then, the obtained IMF is subtracted from y(t)
to obtain z(t). If z(¢) is not monotonic, these steps will be repeated to obtain the remaining
IMFs. The sifting process is completed once z(¢) becomes monotonic. The sifting process
results in the first extracted IMF to have the highest frequency component and r,(t) to
be a monotonic signal. An advantage of EMD is that any superimposed riding waves, e.g.,
harmonics and measurement noise, on y(t) will be inherently eliminated through the sifting
process; thus, improving the robustness of the extracted instantaneous features.

In the second stage, Hilbert transform H|[.] is applied to the obtained IMF(s), and z(t)
is formed as [121]:

b(t) = H[IMF, (1)) = » / THIME(T) (3.11)
T J_ oo t—T7
(8 = IMF; (£) + j blt). (3.12)

Finally, the instantaneous features [ F'(t) and I E(t) are calculated based on (3.13) and
(3.14), respectively, where I F'(t) is the derivative of the phase angle of z(t) and IE(t) is
the square of the amplitude of z(t).

R =~ 2 {tanl ﬂ} (3.13)

[E; (t) = IMFy(t)* + b(t)? (3.14)

IF(t) is the time-varying (local) frequency value of mono-component signals, which are
defined as signals that have a single positive instantaneous frequency value at any time
instant [121]. In other words, I F'(t) represents the intra-wave frequency variations due to
the nonlinearity and non-stationarity of y(¢). To calculate I F(t), y(t) is decomposed into
locally symmetric IMFs, which represent the various modes of oscillations, i.e., frequency
components, embedded in y(t). Therefore, the estimated IF(t) can capture any abrupt
changes in y(t) in real-time [121]. In conventional transforms such as Fourier transform,
the calculated (global) frequency corresponds to sinusoidal components with constant am-
plitudes that are embedded in the signal. However, the global frequency is not sufficient
to describe non-stationary signals, where the frequency and amplitude of the decomposed
components are continuously changing [122].
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Figure 3.2: Four-terminal HVDC test grid.
3.3 Test Grid

The same four-terminal symmetrical monopolar HVDC grid, introduced in Chapter 2, is
employed in this chapter, Figure 3.2. Half-bridge MMCs are installed at the four terminals.
Five cables with different lengths are employed to connect the four terminals. At both ends
of each cable, hybrid DC circuit breakers (DCCBs) and boundary reactors are implemented.
The hybrid DCCBs are capable of interrupting the fault current within 2 ms [35]. The grid
parameters are listed in Table 3.1. Active power control is provided by MMC 1 and MMC
2, while droop control is provided by MMC 3 and MMC 4. Further details regarding the
grid parameters and converter control strategy can be found in [35].

3.4 Internal Fault Signature Based on HHT

In this section, the instantaneous features extracted by HHT for internal and external
faults are presented. In addition, the robustness of these features to fault location and
resistance as well as measurement noise is demonstrated.
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Table 3.1: Test grid parameters

Parameter Terminals 1-3 Terminal 4 Unit
Rated power 900 1200 MVA
Rated voltage 400 kV
;':) Grid reactance 17.7 13.4 Q
S:) Grid resistance 1.77 1.34 Q
Rated voltage 380 kV
Number of SMs 50 _
per arm
O SM capacitance 1465 1950 uF
é Arm inductance 84.8 63.6 mH
Arm resistance 0.885 0.67 Q
.rq,: Rated voltage +320 kV
S i i

3.4.1 Internal Faults

In this chapter, Ry3 is the relay of interest that provides primary protection for cable 13.
An internal PTP fault F} occurs at 0.71 s in the middle of cable 13. Figure 3.3 shows
the positive-pole voltage waveform V3 , associated IMFs, and the instantaneous features
of IMF;. As shown in Figure 3.3a, Vi3, is decomposed into IMF}, corresponding to the
oscillation mode of the voltage waveform, IM F», and the residue. Based on (3.8), once
the first backward TW (v;) reaches the relay location, a sudden dip occurs in the voltage
waveform; thus, resulting in a change in the oscillation mode of the signal and an abrupt
increase in [F(t), as shown in Figure 3.3b. Similarly, as depicted in Figure 3.3b, I E(t)
variations are correlated with the voltage waveform transients since I E(t) corresponds to
the instantaneous amplitude of the signal, according to (3.14). Therefore, the sudden dip
in the voltage will result in a sudden change in I E(t). In this fault scenario, two IMF's are

43



6000

400

N
-t
®
>
3
=
S
N

: 0

0.711 0.712 0.713 0711 0.712 0.713

Time (s) Time (s)
(a) EMD of Vi3, . (b) IF(¢t) and IE(t).

Figure 3.3: Vi3, and the corresponding features for Fi.

obtained. However, only the first IMF preserves the fault signature since the sudden dip in
Vi, appears only in I M Fy, as shown in Figure 3.3a. This results in simultaneous abrupt
changes in I F'(t) and [ E(t), as shown in Figure 3.3b. IM F; has a smooth change when the
fault wave arrives at R13 and consequently does not capture the fault signature. Therefore,
the instantaneous features of /M F5 will not be correlated with fault transients. It should
be noted that the second incident TW reflected at the fault point causes a second abrupt
change in I F'(t) and [ E(t), as shown in Figure 3.3b. However, these changes are less sharp
with smaller amplitudes compared with the first abrupt change due to the attenuation of
the second backward TW.

To emphasize the importance of the EMD stage and the robustness of the extracted
instantaneous features by HHT, the fault parameters are changed and the obtained IMF's as
well as the instantaneous features of I M F; are investigated. The impact of high-resistance
faults on the extracted features is shown in Figure 3.4, where the fault resistance (Rp) is
1000 €2. Similar to the solid fault scenario, the fault signature is only exhibited in IM F}
and results in simultaneous abrupt changes in the instantaneous frequency and energy.
The same conclusion is obtained when Vi3, has a signal-to-noise ratio (SNR) of 40 db,
Figure 3.5.

The impact of fault location on the extracted instantaneous features is shown in Fig-
ure 3.6, where four internal solid PTP faults along cable 13 are simulated. Regardless of the
fault location, simultaneous abrupt changes in IF'(t) and I E(t) are observed when an in-
ternal fault occurs. Moreover, for faults close to Ry3, the successive TW reflections between
the relay location and fault point result in subsequent changes in IF(t) and IE(t) with
smaller amplitudes compared with the initial abrupt changes, Figure 3.6b. The number of
obtained IMF's depends mainly on the fault location and data window length. Considering
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Figure 3.5: Vi3, and the corresponding features for F; with SN R = 40 db.

a 1 ms window for the four fault scenarios, only one IMF is obtained for the faults located
at 125 km and the end of cable 13 as shown in Figure 3.6c and Figure 3.6d, respectively.
In Figure 3.6a, a solid fault at the beginning of cable 13 causes Vi3, to immediately drop to
zero, and only one IMF is obtained. Based on the analyses presented in this section, it is
evident that only the first IMF carries the fault signature. Furthermore, the instantaneous
features extracted from IMF; by HHT can be used for fault detection since the abrupt
changes in these features are directly related to the fault-induced TWs.

3.4.2 External Faults

In this section, the extracted features for two external fault scenarios are studied. Fault
Fy is a forward external PTP fault in the middle of cable 34, whereas F3 is a reverse
external PTP fault in the middle of cable 12. The EMD of Vi3, and the extracted features
of IMF, for F, and F3 are shown in Figures 3.7 and 3.8, respectively. As shown in
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Figure 3.6: EMD of Vi3, and the corresponding extracted features for various internal

faults along cable 13.
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Figure 3.8: Vi3, and the corresponding features for a reverse external fault Fj.

Figures 3.7a and 3.8a, there are no sudden dips in Vi3, and IMF;. The reason is that
the first backward TW v, will be drastically attenuated and its sharp wavefront and high-
frequency components will be smoothed out after passing through two boundary reactors
and before reaching Ri3. Therefore, compared to internal faults such as Fj, no abrupt
changes are observed in [F(t) and IE(t), Figures 3.7b and 3.8b. To study the impact of
boundary reactor size on the extracted features, F; and Fj are re-simulated with a smaller
boundary inductance of 25 mH. The EMD of Vi3, and the extracted features of M Fy for
F, and Fj are shown in Figures 3.9 and 3.10, respectively. As the boundary inductance
decreases, the dip in v;3, increases. Therefore, IE(t) will have a larger peak compared to
those of Figures 3.7b and 3.8b. However, no abrupt changes are observed in IF(t) and
IE(t) since there are no sudden dips in Vi3, and IMF;.

Breaker operation during external faults is one of the transients that might result in
relay maloperation. To investigate this scenario, F3 is simulated and the impact of primary
breaker operation of cable 34 on R;3 is examined, Figure 3.11. Primary breakers of cable
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Figure 3.10: Vi3, and the corresponding features for F3 with Lgq. = 25 mH.

34 are set to isolate the fault 2 ms after fault detection, which results in a sudden increase
in V34, corresponding to the developed counter voltage across the breaker caused by the
surge arrester, as shown in Figure 3.11a. However, as shown in Figure 3.11b, no abrupt
changes are observed in [ F(t) and I E(t), calculated by R;3, since there are no sudden dips
in Vi3,. Other scenarios such as changes in the system operating point may impact the
performance of the proposed scheme. To investigate those cases, the reference DC voltage
of bus 1 is reduced to £288 £V (10% drop) while running the simulation, Figure 3.12. As
shown in Figure 3.12b, similar waveforms as those shown in Figure 3.11b are obtained with
no abrupt changes in /F(t) and IE(t) since there are no resulting sudden dips in Vi3 , as
shown in Figure 3.12a. In summary, it can be concluded that the instantaneous features
IF(t) and [ E(t) extracted from IMF; by HHT can be used to form a fast fault detection
criterion that can reliably distinguish between internal and external faults under various

fault conditions.
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Figure 3.12: Vi3, and the corresponding features during the change of the reference DC
voltage.

3.5 Proposed Fault Detection Algorithm

In this chapter, a fast and reliable primary protection algorithm is proposed, which only
uses local voltage measurements of the positive and negative poles. The proposed algorithm
consists of three stages, as shown in Figure 3.13. In the first stage, the instantaneous
features of both poles, i.e., I'F,, IF,, IE,, and IE,, are extracted by applying HHT to a
1 ms moving window of measured voltages of positive and negative poles. The employed
sampling frequency is 100 kH z such that the extracted instantaneous features capture the
fault-induced TWs, which have high-frequency components in the order of hundreds of
kHz [123]. It is worth mentioning that modern digital signal processors have sufficiently
large sampling rates to process the measured signals and execute the required computations
of the proposed algorithm [128]. It is worth noting that [F(t) remains below 50 kHz
across all simulated fault scenarios. This complies with the Nyquist theorem and ensures
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Figure 3.13: Flowchart of the proposed primary protection scheme.

that the extracted fault-induced frequency components are accurately captured at the
employed sampling rate. The proposed scheme does not require a startup criterion that
may fail under severe fault conditions, which prevents the protection scheme from being
triggered. Most startup criteria in the literature depend on voltage derivative [74] and
voltage gradient [129]. These criteria not only require grid-specific thresholds but also may
fail during high-resistance faults.

The second stage is the fault detection stage, where a fault flag F'F is triggered during an
internal fault event if simultaneous outliers in the instantaneous frequency and energy are
detected. In statistics, outliers are defined as singular data points that falls significantly
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outside the remaining points in a data set [130]. Mathematically, a data point a; in a
window of N samples is detected as an outlier if its value is above the window average u
by at least three times the standard deviation o of the window [131].

a; > u+3o0, (3.15)
where,
| N
2{1(%‘ — 1)
=\ == 3.17
o ¢ L% (3.17)

The results of applying the proposed outlier-based fault detection criterion to the in-
ternal fault scenario F are shown in Figure 3.14. At ¢t = 0.71054 s, the fault-induced TWSs
reach the relay location, which results in a sudden dip in Vi3, and simultaneous abrupt
changes in [F(t) and [E(t) at the same instant, as shown in Figure 3.3b. Once these
abrupt changes arise around the center of the moving window, simultaneous outliers will
be observed. For F}, the simultaneous outliers are detected by the data window captured
at t = 0.7108 s, as shown in Figure 3.14. Employing outlier detection provides a robust and
setting-less fault detection criterion in the proposed scheme as internal faults, regardless of
fault parameters and conditions, are associated with abrupt changes in voltage measure-
ments. These changes result in simultaneous sharp notches in [ F(t) and I E(t) that can be
reliably detected as outliers. This feature not only improves the reliability and robustness
of the proposed scheme under severe fault conditions but also guarantees its applicability
to large multi-terminal HVDC grids with various configurations. It should be noted that
the first and last ten values of the extracted instantaneous features are discarded to avoid
any maloperation due to the edge effect of HHT, which is caused by the fitting process of
the maximum and minimum splines [121].

The third stage is the fault classification stage, where the fault type is identified based
on the calculated F'F' values in the second stage. As shown in Figure 3.13, a PTP fault
is identified if both F'F' values of the positive and negative poles are unity. If only the
F'F of the positive pole is triggered, the fault is a positive-pole-to-ground (PPTG) fault.
If only the F'I' of the negative pole is triggered, the fault is a negative-pole-to-ground
(NPTG) fault. If both F'F values are zero, an undervoltage criterion is employed to check
for external faults. The undervoltage threshold V., is selected as 0.85 p.u. such that a 15%
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Figure 3.14: Vi3, F'F,, and the detect outliers in IF(t) and IE(t) during the fault F}.

voltage drop, as recommended in [77], is allowed during normal grid operation. It is worth
mentioning that since the F'F' values of positive and negative poles are simultaneously
calculated, no additional fault classification criterion is required to identify the fault type.
This is an advantage compared to most existing schemes in the literature, such as the
one proposed in [105], where the zero-mode voltage integral is used to identify the faulted
pole(s). Therefore, the proposed scheme is fast and requires less computation compared to
existing schemes. Fault classification is essential for isolating the faulted pole and ensuring
supply continuity in case of pole-to-ground faults via the sound pole; therefore, enhancing
the transmission system stability and security. Furthermore, fault type information is
required for fault location and reclosing schemes to determine the exact fault location
and distinguish between permanent and temporary faults; thus, achieving rapid system
restoration [132].

The moving window length of the proposed algorithm is selected such that fast fault
detection is attained provided that the extracted instantaneous features are directly corre-
lated with the fault-induced TWs. The algorithm will maloperate if short moving windows
are selected as the extracted instantaneous features may not capture the internal fault
signature due to insufficient voltage samples. For instance, Figure 3.15a depicts the in-
stantaneous features for F; when a 0.5 ms moving window is employed. As shown, no
outliers are detected since there are no abrupt changes in I F(t) and IE(t) as compared
to Figure 3.15b, where a 1 ms moving window is employed, and simultaneous outliers
are detected at time ¢ = 0.71054 s. In addition, a second peak in IF(t) is obtained in
Figure 3.15a, which is not correlated with fault-induced TWs and may result in false de-
tection of an internal fault. On the other hand, longer moving windows will unnecessarily
slow down fault detection speed of the proposed algorithm. In Figure 3.15¢, the extracted
features when a 2 ms moving window is employed are shown. It can be seen that the same
outliers as of Figure 3.15b are obtained.
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3.6 Simulation Results

The reliability and selectivity of the developed primary protection scheme under various
internal and external fault scenarios are demonstrated in this section.

3.6.1 Internal Faults

The analyses presented in Section 3.4.1 show that the instantaneous features of I M Fj
extracted by HHT have the internal fault signature under various fault parameters and
conditions. In this section, 165 internal fault scenarios along cable 13 are simulated. Rp is
changed from 0.01 © (solid fault) to 1000 €2 in steps of 100 Q. For each Rp value, various
fault types (PTP, PPTG, and NPTG) are simulated along the entire cable length starting
from the local end, right after R;3, towards the remote end in steps of 50 km. All faults
are initiated at 0.71 s. All simulated scenarios are successfully detected as internal faults
in less than 1 ms, and the correct F'F's are triggered.

The algorithm operating time is defined as the time interval between the instant when
a F'F is triggered and the arrival time of v, at Ry3. The largest operating time of the
proposed algorithm is 0.73 ms, which is associated with a solid PPTG fault at the remote
end of the cable. The operating time of the algorithm for PPTG and NPTG faults is the
same when other fault parameters are identical. Moreover, the algorithm operating time
in case of PPTG and NPTG faults is slightly longer than PTP faults due to the mutual
coupling between the faulted and healthy poles, which slightly delays the abrupt changes
in the instantaneous features. For instance, the operating time of a solid PTP fault at the
remote end of the cable is 0.71 ms, while that of a PPTG is 0.73 ms. The computation
time of modern digital signal processors is in the range of a few microseconds [133]. With
a sampling frequency of 100 kH z, a new sample will be acquired after 10 us, which is a
sufficient time for modern digital signal processors to perform the required computations.
Consequently, the fault detection time of the proposed algorithm will not exceed 1 ms for
all fault scenarios.

As the fault location moves away from R;3, the operating time increases due to the
attenuation of v,, which delays the abrupt changes in the instantaneous features, Fig-
ure 3.16. For the same reason, as shown in Figure 3.17, the operating time increases as Rp
increases. A special scenario is a remote-end fault located at 200 km from bus 1, for which
the operating time decreases as Ry increases, Figure 3.18. The reason is that v, and the
first reflected TW will simultaneously reach Ri3; besides, as R increases, the magnitude
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of the reflected wave increases [124]; thus, accelerating the detection of abrupt changes in
the instantaneous features.
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3.6.2 External Faults

In this section, 36 solid PTP, PPTG, and NPTG external faults at the beginning, middle,
and end of cables 34, 12, 14, and 24 are simulated. Two solid PTP faults at buses 1 and
3 are studied as well. The resulting F'F' values for R;3 are all zero; thus, confirming the
selectivity and reliability of the proposed scheme under various external faults, including
critical ones at buses and the beginning of adjacent cables. Furthermore, as shown in
Figures 3.7 and 3.8, there are no abrupt changes in the voltage waveform during external
faults regardless of the fault direction. Therefore, forward and reverse external faults
result in no abrupt changes in the extracted instantaneous features; thus, no outliers are
detected by the proposed scheme. This is one of the advantages of the proposed method as
the majority of existing schemes use fault direction, obtained from current measurements,
in the initial step to prevent relay operation during reverse external faults. Then, a second
criterion is applied to distinguish between internal and forward external faults [101].

During internal faults, the proposed fault detection criterion depends only on the first
incident TW before it is reflected at the boundary reactor. Therefore, the size of bound-
ary reactors has no impact on the performance of the proposed scheme during internal
faults. On the other hand, boundary reactors filter out the fault-induced high-frequency
components during external faults. Hence, the sudden dip in the voltage waveform will be
smoothed, and consequently, no abrupt changes in the extracted instantaneous frequency
and energy will be observed. As a result, no outliers will be detected by the proposed fault
detection criterion. Thus, external faults can be successfully discriminated from internal
faults, and the maloperation of the proposed scheme during external faults is avoided. The
inductance of the boundary reactors in the test system shown in Figure 3.2 is 50 mH.
To evaluate the impact of the inductance on the performance of the proposed fault de-
tection criterion during external faults, critical external fault scenarios are studied. These
scenarios include a forward PTP fault at the beginning of cable 34 and two reverse PTP
faults at the beginning of cables 12 and 14 with reactor sizes of 50 mH, 25 mH, and
10 mH. Figure 3.19 shows the extracted instantaneous features of these fault scenarios.
In all these fault scenarios, regardless of the reactor size, no abrupt changes in I F(t) and
IE(t) are observed, and no outliers are detected. This confirms the correct performance
of the proposed algorithm even in an HVDC grid with a small boundary inductance of
10 mH. This is one of the main advantages of the proposed scheme as smaller reactors are
less costly, have a smaller footprint, and have lower losses. In addition, larger inductances
may impose dynamic stability issues, particularly with power flow reversal [94].

It should be noted that the minimum size of boundary reactors, where the performance
of the proposed scheme is not impacted, is not fixed at 10 mH for all HVDC grids. Rather,
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it depends on system parameters such as system voltage, line impedance, the equivalent
impedance of MMCs, and the typical rate of change of the system voltage during the
fault. Those parameters change from one system to another. Thus, the minimum size of
boundary reactors can be determined based on simulation studies for each grid individually.
However, the proposed scheme manifests its applicability to multi-terminal grids with weak
boundary conditions and will not require large boundary reactors compared to the existing
schemes. For instance, the proposed scheme in [104] will work well only if the limiting re-
actors are larger than 100 mH. Moreover, a large boundary reactor of 300 mH is required
in [105] to distinguish between internal and external faults. As mentioned in [134], the
size of boundary reactors in HVDC grids is usually between 100 — 200 mH. For instance,
the Zhangbei four-terminal HVDC grid in China, the world’s first multi-terminal meshed
grid, utilizes 150 mH boundary reactors at both ends of each line within the grid [48].
The presence of boundary reactors, regardless of their size, ensures the effectiveness of the
proposed algorithm since their smoothing effect prevents simultaneous abrupt changes in
the extracted instantaneous frequency and energy (Figure 3.19). Consequently, external
faults can be reliably distinguished from internal faults; thus, avoiding the maloperation
of the proposed scheme during external faults. The designed scheme is capable of reliably
detecting simultaneous faults within the HVDC grid. If two faults occur nearly simulta-
neously on different lines, each fault is detected independently by its respective primary
relay. If both faults occur on the same line, the nearest local relay to each fault will detect
and isolate the fault based on local voltage measurements. This localized detection ensures
that the scheme remains effective even under simultaneous fault conditions.

3.6.3 Impact of Measurement Noise

To study the impact of measurement noise on the performance of the proposed scheme,
SN Rs of 40 and 50 db for the voltage measurements are considered. Internal PTP faults
with Rp = 500 € and 1000 €2 are simulated at the beginning, middle, and end of cable
13. Additionally, external faults are simulated at the beginning of cables 34, 12, and
14. As shown in Table 3.2, all the simulated internal faults are successfully detected by
the proposed scheme, i.e., all F'F's are unity. On the other hand, all F'F's are zero for all
external faults; thus, confirming the security of the proposed scheme during severe external
faults. It is worth mentioning that the proposed scheme may maloperate with lower SN R
values. However, the typical range of SN R values in transmission systems is 80—90 db [135].
This range is guaranteed through proper shielding of sensors and using filters and signal
processing techniques such as averaging and noise cancellation algorithms [136].
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Table 3.2: Performance of the proposed scheme in the presence of measurement noise

Fault
Fault Faulted . FF, & Operating
Type Cable Location SNR (db)  Rp () FF,  Time (ms)
(km)
0 1 0.21
PTP  Cable 13 100 50 500 1 0.34
200 1 0.50
0 1 0.23
PTP  Cable 13 100 40 500 1 0.39
200 1 0.51
0 1 0.24
PTP  Cable 13 100 50 1000 1 0.43
200 1 0.48
0 1 0.26
PTP  Cable 13 100 40 1000 1 0.47
200 1 0.49
Cable 34 0 0 -
PTP  Cable 12 0 40-50 0.01 0 -
Cable 14 0 0 -

3.6.4 Comparison with Other Schemes

Table 3.3 shows a detailed comparison between the proposed scheme and existing schemes
in the literature. Compared with HHT-based schemes [69,101,102], the proposed scheme
detects high-resistance faults up to 1000 €2, which is double the maximum achievable cov-
erage in [69]. Moreover, internal faults are rapidly detected in less than 1 ms, which is
half the operating time of the fastest HHT-based algorithm (proposed in [102]); thus, com-
plying with the stringent HVDC grid primary protection speed requirements. In addition,
the proposed scheme reliably detects severe internal faults, such as remote high-resistance
faults, and distinguishes them from critical external faults like solid bus faults. The pro-
posed scheme in [101] fails to detect these fault scenarios, and they are not investigated
in [69,102].
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Table 3.3: Comparison between the proposed scheme and existing schemes
Signal . . . .
Reference Processing Fault Detection Tested Grid Boundary Rp Operating Sampling
Technique Criterion Configuration Reactor Size Coverage Time Frequency
[97] DWT Energy of'Wavelet Three-terminal Not reported 50 3 ms 50 kHz
coefficients star-connected grid
Instantaneous Five-terminal
[95] DWT current-differential meshed grid 150 mH 500 © L ms 96 kHz
Forward /backward Three-terminal X
[98] DWT TW ratio star-connected grid 150 mH 300 Q 3 ms 10 kHz
TW frequency CIGRE
[100] FFT sectral rati nine-terminal Not reported 200 Q 0.5 ms 2 MHz
spectral ratio benchmark grid
[104] Modal—Do%naln Line-mode reactor Four—termu‘)al 150 mH 200 © 1.1 ms 100 kHz
Analysis voltage meshed grid
[120] S Transform Gaussian function Sz:;;:ilrgrlir;lal Not reported 10 © 1.3 ms 10 kHz
Mathematical TW surge arriving Four-terminal
-
[105] Morphology time difference meshed grid 300 mH 800 © L ms 20 kHz
[102] HHT Density of TE(t) Sfx::hzzr';‘r‘;‘ial Not reported 50 Q 2 ms 10 kHz
[101] HHT Average frequency Frzl;:::éngnr?gl 50 mH 1Q 4 ms 25 kHz
CIGRE
[69] HHT Harmonics nine-terminal Not reported 500 Q Not reported 100 kHz
benchmark grid
Froposed HHT Outliers B el 50 mH 1000 © 1ms 100 kH=

Compared with existing TW-based schemes [95,97,98,100,104,105,120], whose thresh-
olds are selected based on intensive simulations and applied only to a specific test grid, the
proposed scheme provides a robust and setting-less fault detection criterion that does not
rely on the grid configuration or parameters. Furthermore, the proposed scheme reliably
detects high-resistance faults in HVDC grids with small boundary reactors (up to 10 mH),
while large boundary reactors (200 — 300 mH) are required to detect such faults in [105].
It should be noted that boundary reactor sizes reported in Table 3.3 are the typical values
of the reported test grid. Additionally, the proposed scheme does not require an additional
criterion to identify the faulted pole or the fault direction, which is the case in [101,105,120].
Compared to DWT-based schemes [95,97,98], the proposed HHT-based scheme achieves
higher resistance coverage and operates with smaller boundary reactor sizes, enhancing
its sensitivity and applicability in practical HVDC networks. In terms of computational
complexity, the EMD stage in HHT is more intensive than DW'T, but remains feasible for
real-time implementation, as demonstrated in Chapter 7. Furthermore, the HHT-based
scheme can be realized on standard DSP platforms without requiring extensive filter banks
or multi-resolution analysis, resulting in comparable or even lower hardware costs in prac-
tice [127].
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TW-based schemes are typically implemented in microprocessor-based relays capable
of fast data acquisition and processing; thus, ensuring rapid fault detection and isola-
tion [137]. A practical example is the well-known control and protection system called
Modular Advanced Control for HVDC (MACH™), developed by Hitachi Energy and prac-
tically installed in many HVDC projects. The MACH control and protection system is
equipped with state-of-the-art microcontrollers and digital signal processors to facilitate
the implementation of TW-based schemes [138]. Finally, it is worth mentioning that the
proposed scheme is conceptually scalable to large multi-terminal HVDC grids with any
number of terminals. This is primarily due to its setting-less fault detection criterion,
which relies only on local voltage measurements and does not require system-wide com-
munication. As a result, the scheme is computationally modular and can be executed
independently at each terminal, making it a promising protection solution for future large-
scale HVDC grids.

3.7 Conclusion

A robust single-ended protection scheme for multi-terminal HVDC grids is proposed in this
chapter. The proposed scheme rapidly detects internal faults and reliably distinguishes
them from external faults. HHT is applied to local voltage measurements to extract the
instantaneous frequency and energy features. Internal faults are identified when simultane-
ous outliers in both instantaneous frequency and energy are detected. The main advantages
of the proposed scheme are summarized as follows:

e Rapid detection and discrimination of internal faults in less than 1 ms.

e A setting-less fault detection criterion, which is based on outlier-detection, is pro-
posed, eliminating the need for simulation-based and grid-specific thresholds. This
ensures its applicability to multi-terminal HVDC grids with various configurations
and parameters.

e The proposed scheme detects internal faults with high resistances up to 1000 €2
without requiring large boundary reactor sizes. Additionally, it reliably distinguishes
between internal and external faults even when the boundary reactor size is as small
as 10 mH.

e The proposed scheme reliably detects severe internal faults such as close solid faults
and remote high-resistance faults, whereas it is blocked during critical external faults
such as bus faults and faults at the beginning of adjacent lines.
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e No additional fault classification or faulted pole selection criteria are required since
F'F values can directly identify the faulted pole(s). Therefore, the proposed scheme
is fast and computationally efficient compared to other schemes that require an ad-
ditional criterion for faulted pole identification.

e The proposed scheme is highly robust to fault resistance, fault location, boundary
reactor size, and measurement noise.
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Chapter 4

Fault Location Identification Scheme

4.1 Introduction

Fault location identification schemes are substantial to minimize the duration of HVDC
grid outages and accelerate the restoration of its normal operation [139,140]. In HVDC
grids, DC fault currents reach high levels within a few milliseconds due to the low network
inertia and impedance [34,141]. Therefore, primary relays are required to rapidly detect
faults in less than 3 ms [142]. Thus, fault location identification schemes have limited fault
data to estimate the fault location. Fault location schemes are classified into single-ended
and double-ended schemes [143,144]. Single-ended schemes estimate the fault location
based on local measurements and by determining the arrival instants of the first two back-
ward traveling waves (BTWs) reflected from the fault location [145,146]. In double-ended
schemes, the fault location is estimated based on the two time instants when the initial
fault-induced BTWs reach both terminal relays [123]. Single-ended schemes are less accu-
rate, have lower fault resistance coverage, and require higher sampling frequency compared
to double-ended schemes [139]. The reason is that the detection of the second reflected
BTW is challenging, primarily due to attenuation caused by successive reflections at the
relay and fault location. Additionally, during remote faults, the BTW reflected from the
remote terminal arrives at the local relay before that reflected from the fault location; thus,
resulting in an inaccurate estimation of the fault location [147].

Various double-ended TW-based fault location identification schemes have been pro-
posed in the literature [123,139,148-150]. In [139], a convolution-based algorithm is pro-
posed to estimate the fault location. However, the fault location estimation error is rela-
tively high as it depends on curve fitting methods. In addition, this scheme can not locate
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high-resistance PTP faults. In [123], voltage measurements are optimally segmented, then
a search algorithm is applied to detect BTWs. However, the error of this scheme is large,
and the fault resistance coverage is limited. HHT-based fault location schemes have better
accuracy than other TW-based schemes [148-150]. The reason is that HHT can accurately
detect the arrival time of BTWs in real time based on the extracted instantaneous features
that are instantly affected by fault transients [122]. In [148], the product of the instan-
taneous amplitude and frequency is compared with a threshold to capture the wavefront
arrival instants at both terminals. The proposed criterion in [149] depends on a modi-
fied instantaneous frequency spectrum to detect BTWs, while the proposed one in [150] is
based on an amplitude-frequency coefficient (AFC) extracted by HHT. The main deficien-
cies of existing HHT-based fault location schemes are: 1) limited fault resistance coverage;
2) long data window requirement; 3) high sampling frequency requirement to accurately
capture BTWs; and 4) dependence on threshold values that rely on network configuration
and parameters. A double-ended fault location scheme is proposed in this chapter. Based
on HHT, the arrival instants of the initial fault-induced BTWs at both line terminals are
determined to estimate the fault location. The organization of the remainder of this chap-
ter is as follows. In Section 4.2, TW propagation theory is briefly revisited, and the fault
location formula employed in this chapter is derived. In Section 4.3, the instantaneous
features extracted by HHT are analyzed during internal faults, based on which the arrival
instants of BTWs are identified. The proposed scheme is described in Section 4.4, and the
simulation results are presented in Section 4.5. Finally, the conclusions derived from this
chapter are outlined in Section 4.6.

4.2 Traveling Wave Propagation Theory

TW propagation theory states that transmission network faults induce electromagnetic
TWs that travel from the fault location towards line terminals, where reflections and
refractions occur, as shown in Figure 4.1 [124]. TW propagation can be mathematically
represented by a second-order differential equation as follows [124]:

QPu(r,t) 5 O%u(r,t)
orr T Toe
where u is the voltage TWs and r is the distance from fault location at time ¢. + is the
propagation constant calculated based on the series impedance and shunt admittance of

the line as given in (4.2). The reciprocal of 7 represents the TW propagation velocity vy
(4.3).

(4.1)
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N=NZY (4.2)

1
v e —
T™W /—ZY

The arrival instants of the initial fault-induced BTWs at both line terminals ¢; and ¢,
can be expressed as:

(4.3)

| —
=" & =T (4.4)

Urw Vrw

where x is the fault location and [ is the line length. Based on (4.4), fault location is
calculated as:

= l + UTW2<t1 — tg) ' (45)

4.3 Fault Analysis With Hilbert-Huang Transform

In this section, the test grid and the extracted instantaneous features that will be later
used in the proposed fault location identification scheme are presented.
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Figure 4.2: Test Grid.

4.3.1 Test Grid

The same HVDC grid employed in previous chapters is shown in Figure 4.2 with two relays
added at both terminals of cable 13, i.e., the local relay R;3 and the remote relay Rs;.
The proposed scheme is applied to R;3 and R3; to capture the time instants t; and to,
respectively, required for estimating the fault location.

4.3.2 Instantaneous Features Extraction By HHT

The instantaneous frequency I F'(t) and the instantaneous energy [ E(t), extracted by HHT,
are employed to capture the BTW arrival time instants ¢; and ¢5. The same HHT steps
presented in Section 3.2.2 are employed in this chapter to extract [F(t) and IE(t). Fig-
ures 4.3 and 4.4 shows the instantaneous features extracted by HHT from positive-pole
voltages Vi3, and V5, during a PTP fault (F7), that occurs at 0.7 s on cable 13 at 75 km
from Ri3. As shown in Figures 4.3 and 4.4, positive-pole voltages suddenly drop at the
instant when the fault-induced BTWs reach terminal relays. The high-frequency compo-
nents associated with the fault-induced BTWs appear in the first IMF extracted during
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Figure 4.4: V31, and the corresponding features extracted at Rs; for F.

the EMD stage. Therefore, an abrupt change in the extracted instantaneous frequency
occurs at the same instant when the voltage suddenly drops, as shown in Figures 4.3a
and 4.4a. Similarly and simultaneously, an abrupt change in the extracted instantaneous
energy occurs, as shown in Figures 4.3b and 4.4b. The reason is that the sudden voltage
dip causes a sudden change in the extracted instantaneous amplitude and, hence, abruptly
changes I E(t). The time instants when simultaneous abrupt changes arise in IF(t) and
ITE(t) extracted at Ry3 and Rs; correspond to t; and o, respectively. Therefore, the in-
stantaneous features extracted by HHT can be reliably used to identify the time instants
t; and ty, required for estimating the fault location. It should be noted that the sifting
process results in irregular edges in IF(t) and [E(t) [121]. As these edges can drastically
impact the accuracy of the proposed scheme, they are eliminated prior to estimating ¢,
and to.
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Figure 4.5: Detected outliers at relays and captured arrival instants of BTWs.
4.4 Proposed Fault Location Identification Scheme

The abrupt changes in [F(t) and [ FE(t) can be detected as outliers. Based on the outlier
definition in (3.15), simultaneous outliers in [ F(t) and [ E(t) are detected at Ry3 and Rs;
during Fi at t; = 0.70041 s and t5 = 0.70068 s, respectively, as shown in Figure 4.5. Given
that vy = 183.5 km/ms [35], the fault location z is calculated from (4.5) as 75.2275 km,
where F7 actually occurs at 75 km from Ry3. It is worth mentioning that off-line estimation
of fault location is valuable for the maintenance crew to restrict the area where fault-
pinpointing field tests, such as the sniffer test, are executed to determine the exact fault
location [151]. Figure 4.6 summarizes the steps of the proposed scheme for R;3. If a fault is
detected by the primary protection relay, the proposed fault location identification scheme
starts to operate. Firstly, HHT is applied to a 1 ms data window to extract [F'(t) and
TE(t) from voltage measurements. From the fault data recorded by the primary relay, the
initial window should equally have pre-fault and post-fault samples such that the sudden
voltage drop associated with the fault is processed by HHT. Then, the outlier detection
criterion is applied to the extracted features. The instant when simultaneous outliers are
detected by Rj3 is recorded as t;. If simultaneous outliers are not detected, the data
window will be updated to include more post-fault samples until simultaneous outliers are
detected. Finally, t5 is received from Rs;, and z is calculated from (4.5). The sampling
frequency is 100 kH z. It should be noted that a 1 ms window is optimally selected since it
has sufficient samples to accurately extract the instantaneous features by HHT [119, 121].
Shorter windows may result in misleading peaks in the extracted features. On the other
hand, fault location schemes with longer windows are not compatible with fast primary
protection schemes due to limited post-fault samples.
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Figure 4.6: Flowchart of the proposed fault location scheme of R;3.

4.5 Simulation Results

The accuracy of the proposed scheme is evaluated in this section. Various fault scenarios
obtained by changing the fault type, location, and resistance are simulated. Then, the
proposed scheme is compared with existing fault location schemes, highlighting its superior
performance.
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Table 4.1: Fault location calculated by the proposed scheme for various solid internal faults
Fault

Type Taer (kM) t1 (s) ty (8) z (km) Yoerror
PTP ) 0.70002 0.70106 4.58 0.21
PPTG 25 0.70013 0.70095 24.765 0.1175
NPTG 20 0.70027 0.70082 49.5375 0.231
PTP 75 0.70041 0.70068 75.2275 0.114
PTP 100 0.70054 0.70054 100 0
PTP 125 0.70068 0.7004 125.69 0.345
PPTG 150 0.70082 0.70027 150.4625 0.231
NPTG 175 0.70095 0.70013 175.235 0.1175
PTP 195 0.70107 0.70002 196.3375 0.6688

4.5.1 Solid Internal Faults

Numerous solid fault scenarios, including PTP, PPTG, and NPTG faults, along cable 13
are simulated. Table 4.1 shows the obtained results. All faults are triggered at 0.7 s.
Positive-pole voltages are processed to capture t; and t, during PTP and PPTG faults,
whereas negative-pole voltages are used during NPTG faults. For each scenario, the fault
distance from Rj3 is calculated based on (4.5), besides the percentage error is calculated

as follows [145]:

‘x_xact|

Yoerror = * 100% (4.6)

13
where z,. is the actual fault location from R;3, and [y3 is the length of cable 13 which is
200 km. As shown in Table 4.1, the maximum %error is less than 0.7%, which manifests
the high precision of the proposed scheme.

4.5.2 Fault Resistance Coverage

To evaluate the robustness of the proposed fault location identification scheme to fault
resistance, various fault scenarios are simulated with fault resistances Rrp = 500 €2 and
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Table 4.2: Fault location calculated by the proposed scheme for various non-solid internal
faults

Fault Tact

Type (ko) Rr (92) t1 (s) ty (8) x (km) Yoerror
PTP ) 500 0.70002 0.70106 4.58 0.21
PTP ) 1000 0.70002 0.70106 4.58 0.21
PTP 25 200 0.70013 0.70096 23.8475 0.576
PPTG 25 1000 0.70013 0.70096 23.8475 0.576
PTP 75 500 0.7004 0.70068 74.31 0.345
NPTG 75 1000 0.7004 0.70068 74.31 0.345
PTP 100 500 0.70054 0.70054 100 0
PTP 100 1000 0.70054 0.70055 99.0825 0.459
PPTG 125 500 0.70069 0.70041 125.69 0.345
PTP 125 1000 0.70069 0.70041 125.69 0.345
NPTG 175 500 0.70096 0.70013 176.1525 0.576
PTP 175 1000 0.70096 0.70013 176.1525 0.576

1000 2. The results are tabulated in Table 4.2. It is evident that the proposed scheme is
highly accurate during faults with R values up to 1000 €2.

4.5.3 Comparison

The proposed scheme is compared to existing double-ended fault location identification
schemes in terms of the maximum tolerable fault resistance (Max Rp), data window
length, sampling frequency, and the maximum percentage error, as shown in Table 4.3.
The proposed scheme has a remarkably higher fault resistance coverage than existing fault
location schemes. Although the proposed schemes in [148-150] have relatively better ac-
curacy than the proposed scheme, their accuracy deteriorates when Rp exceeds 300 (2.
Compared to [139,148,150], a significantly smaller data window is utilized by the proposed
scheme. Therefore, the proposed scheme can be employed along with recent primary pro-
tection schemes that rapidly detect faults within 1 ms [119]. Compared to [149,150], a
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Table 4.3: Comparison between the proposed scheme and the existing double-ended
schemes

Max R Data Sampling Maximum
Reference Criterion Q) F Window Frequency Percentage
Length (ms) (kHz) Error (%)
[139] Convolution 500 5 10 1.3
[123] Segmented 450 1 250 2.12
signals
[148] AFC 300 10 100 0.18
IF
[149] 300 Not reported 1000 0.33
Spectrum
[150] AFC 300 5 1000 0.5
Proposed Outlier
Scheme detection 1000 1 100 0.67

significantly smaller sampling frequency is required, resulting in a reduced computational
burden. Furthermore, the arrival instants of BTWs are captured by the proposed scheme
based on detecting outliers without adjusting any thresholds, which is the case in most
existing schemes [123,139,148-150].

4.6 Conclusion

Accurate identification of fault location in multi-terminal HVDC grids contributes to re-
ducing the downtime of the faulted segment and determining critical locations frequently
exposed to fault incidents. A fast, accurate, and reliable fault location identification scheme
is proposed in this chapter. The arrival time of the initial fault-induced BTW is identi-
fied when simultaneous outliers in the instantaneous frequency and energy extracted by
HHT are detected. The double-ended scheme identifies the fault location based on the
two arrival instants estimated by terminal relays. Several simulation results are presented,
demonstrating the accuracy and robustness of the proposed scheme to high-resistance
faults. The main advantages of the proposed scheme are summarized as follows:
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Fault location is identified with high precision with a maximum percentage error less
than 0.7%.

The arrival instants of BTWs are estimated based on a setting-less outlier-based
criterion; thus, expanding the applicability of the proposed scheme to large multi-
terminal HVDC grids with different configurations and parameters.

Fault location is rapidly identified within 1 ms before tripping the faulted line by
primary breakers.

The proposed scheme is robust to high-resistance faults up to 1000 €.
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Chapter 5

Breaker Failure Backup Protection
Scheme

5.1 Introduction

Persistent faults in multi-terminal HVDC grids can lead to grid component damage due
to excessive current and voltage levels and may result in the disconnection of a substantial
portion of the grid [144]. In addition, uncleared faults may cause converters blocking,
and consequently loss of their controllability [26]. Primary protection failure occurs when
corresponding breakers fail to clear the fault, i.e., breaker failure, or the primary relay
fails to detect the fault, i.e., relay failure [34]. DCCBs may fail to trip due to [44,152] i)
significant stress caused by fault energy and transient overvoltages, ii) fault arc restrike, iii)
commutation failure between conduction and energy absorption branches of DCCBs, iv)
performance degradation due to aging and frequent switching, and v) failure of the breaker
surge arrester due to fractures and punctures. Therefore, a fast and reliable breaker failure
backup protection scheme is required to protect HVDC grids during breaker failure events.

Several schemes have been proposed in the literature to detect breaker failure incidents
in HVDC grids. The proposed scheme in [55] compares the breaker current with a pre-
specified threshold 20 ms after the trip instant. However, this large delay considerably
jeopardizes the grid’s reliability and security and may damage grid equipment [153]. The
breaker failure detection speed is significantly improved in [154,155] by employing statistical
classifiers based on linear discriminant analysis and K-nearest neighbor techniques applied
to local voltages and currents. However, their performance with high fault resistances is
not evaluated. In addition, intensive simulations are required to train the classifiers and
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set the algorithm thresholds. In [156], the quickest change detection algorithm, another
statistical method, is applied to the breaker voltage to detect breaker failure events. How-
ever, additional measurement devices are required in [156] to measure the voltage across
each breaker; thus, resulting in an increased cost. In [157], the breaker counter voltage
during tripping is estimated based on local voltage and current measurements and then
compared with the corresponding calculated value to detect breaker failure events. The
proposed scheme depends on simulation-based thresholds and the approximated nonlinear
resistance of the breaker surge arrester. A voltage-derivative-based scheme is proposed
in [158] to detect unsuccessful breaker operations. However, the derivative-based criterion
depends on thresholds that are obtained from simulations. In addition, the derivative value
is adversely impacted by fault resistance and measurement noise [144].

In summary, the main shortcomings in existing breaker failure backup protection schemes
include: i) delayed detection time, ii) additional voltage sensors requirement, iii) reliance
on simulation-based thresholds, and iv) additional parameter or measurement requirements
that may deteriorate the algorithm accuracy under severe fault conditions, e.g., surge ar-
rester resistance or breaker counter voltage. Compared to primary protection schemes,
much less attention has been dedicated to breaker failure backup protection of multi-
terminal HVDC grids. Based on the aforementioned shortcomings, there is a significant
need for implementing a reliable breaker failure backup protection scheme that rapidly de-
tects unsuccessful breaker operations. This chapter proposes a novel breaker failure backup
protection scheme for multi-terminal HVDC grids. The basic principle of the proposed
scheme is that a successful breaker trip is always associated with a sudden increase in local
voltage measurements corresponding to the counter voltage generated across the breaker
during breaker operation. In the proposed scheme, detected outliers in the instantaneous
features extracted by HHT are employed to infer the occurrence of abrupt changes in local
voltage measurements. A breaker failure event is detected if simultaneous outliers in the
instantaneous frequency and energy are not observed following a trip signal issued by the
primary relay. The remaining of the paper is organized as follows: Section 5.2 investigates
the instantaneous frequency and energy extracted by HHT during successful breaker oper-
ation and breaker failure scenarios. Then, the proposed breaker failure backup protection
scheme is presented. In Section 5.3, several simulation studies are presented to validate
the reliability and effectiveness of the proposed scheme under severe fault conditions. The
conclusions are outlined in Section 5.4.
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Figure 5.1: Four-terminal HVDC test grid.
5.2 Breaker Failure Backup Protection Scheme

In this section, first, the impact of breaker failure on local voltage measurements is an-
alyzed. Then, the instantaneous frequency and energy extracted by HHT are presented
during successful breaker operation and breaker failure. Finally, the proposed breaker
failure backup protection scheme is presented.

5.2.1 Test System

The same HVDC grid employed in previous chapters is presented again in Figure 5.1. Se-
lective fault clearing strategy is accomplished by inserting hybrid DCCBs at both terminals
of each cable, which are capable of clearing the fault within 2 ms [44]. The breaker model
consists of a switch in parallel with a surge arrester, which is responsible for absorbing the
fault energy [35]. The switch opens 2 ms after receiving the trip signal in order to simulate
a hybrid DCCB [159]. The voltage rating of the surge arrester is 480 kV', which is 150% of
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the DC voltage rating. Figure 5.2 shows the breaker failure backup protection system for
cable 13. The proposed breaker failure backup protection scheme is implemented at both
terminals of each cable. Only local voltage measurements are required for the proposed
scheme to detect breaker failure events. If a fault at cable 13 is detected by the primary
relay and the primary breaker B3 fails to isolate the fault, trip signals issued by the pro-
posed scheme will be sent to the remaining breakers connected to Bus 1, i.e., By, Bys, and
By4. Likewise, if Bsg; fails to trip, Bs and Bsy will receive backup trip signals from the
proposed scheme implemented at Bus 3.

5.2.2 Local Voltage Measurement During Breaker Operation

To analyze the impact of breaker operation on local voltage measurements, an internal solid
PTP fault in the middle of cable 13 is simulated. The permanent fault is triggered at 0.7 s.
The fault is assumed to be successfully detected by the primary relay immediately after
the fault-induced TWs reach the local terminal at Bus 1. Therefore, a trip signal is issued
to the primary breaker, i.e., Byz. Figure 5.3 shows Vi3, for the two possible scenarios
of successful and unsuccessful breaker operation. As shown in Figure 5.3, a successful
breaker trip is associated with an abrupt change in the voltage waveform, 2 ms after fault
detection. This sudden increase corresponds to the developed counter voltage across the
breaker caused by the surge arrester. This sudden increase in the voltage waveform is
about 480 kV/, i.e., the voltage rating of the surge arrester. On the contrary, if the breaker
fails to clear the fault, the voltage oscillations will persist, and no abrupt changes will
occur. Consequently, breaker failure events can be rapidly detected if there are no abrupt
changes in the voltage waveform during the anticipated trip time.
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Figure 5.3: Positive-pole voltage waveform during successful breaker trip and breaker fail-
ure.

5.2.3 IF and IE During Breaker Operation

Figure 5.4a shows the extracted instantaneous features by HHT, i.e., I F(t) and I E(t), for
a 1 ms window of Vi3, during successful breaker trip and breaker failure. The same HHT
steps presented in Section 3.2.2 are employed in this chapter to extract IF(t) and [E(t).
As shown in Figure 5.4a (left side), the abrupt change in V}3, associated with successful
breaker operation causes [ F'(t) and I E(t) waveforms to be similar to an impulse function.
The reason is that the abrupt change in Vi3, results in a sudden change in the oscillation
mode of the signal; thus, promptly increasing the extracted instantaneous frequency. In
addition, the sudden increase in the amplitude of Vi3, results in a prompt increase in
the extracted instantaneous energy [119]. On the contrary, if the breaker fails to trip, no
abrupt changes will occur in Vi3 . Therefore, 1F(t) and IE(t) waveforms will be smooth
and without any abrupt changes, as shown in Figure 5.4a (right side). Therefore, breaker
failure events can be detected if there are no abrupt changes in IF(t) and I E(t).

5.2.4 QOutlier Detection

The outlier definition in (3.15) is applied to the extracted instantaneous frequency and
energy shown in Figure 5.4a. As shown in Figure 5.4b (left), simultaneous outliers in
IF(t) and I E(t) are detected at 0.7026 s during successful breaker operation. On the other
hand, no outliers are detected during breaker failure, as shown in Figure 5.4b (right). It
is worth mentioning that the proposed scheme depends on the detected outliers in both
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Figure 5.4: The extracted instantaneous features of Vi3 and detected outliers during
successful breaker trip and breaker failure.
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the instantaneous frequency and energy to increase the reliability and robustness of the
proposed criterion. In addition, maloperation of the proposed scheme due to individual
outliers in I F(t) or I E(t) during fault transients (after fault detection and before primary
breaker operation) are avoided. To mitigate the HHT edge effect, the proposed scheme
discards the outliers that occur within the first and last ten samples of the 1 ms data
window.

5.2.5 Proposed Scheme

Figure 5.5 shows the flowchart of the proposed breaker failure backup protection scheme.
The proposed algorithm commences once a trip signal is issued by the primary relay.
Therefore, the proposed scheme is not vulnerable to maloperation during normal operation
of the system, changes in system operating points, or external faults. HHT is applied to
a 1 ms moving window of the measured voltage to extract the instantaneous frequency
and energy. If simultaneous outliers in IF(t) and I E(t) are detected, a successful breaker
trip is concluded. Otherwise, breaker failure is detected given that sufficient time, T¢jqpsed,
has been devoted for the corresponding breaker to trip. In this chapter, T,qpseq is equal
to 3 ms, which is 1 ms more than the anticipated breaker trip time. It is important to
note that T,,pseq is established based on the breaker speed, which is readily available for
any HVDC grid. For example, the Zhangbei HVDC grid in China, the world’s first multi-
terminal meshed grid, employs hybrid circuit breakers that can fully interrupt substantial
DC fault currents (> 25 kA) in less than 3 ms [48]. Additionally, T¢i4pseq Setting remains
unaffected by changes in grid configuration or parameters.

5.3 Simulation Results

Several simulation studies are presented in this section to evaluate the performance of the
proposed breaker failure backup protection scheme under different fault conditions, such
as various fault locations, fault resistances, and boundary inductances. Furthermore, the
proposed scheme is applied to a bipolar HVDC grid to emphasize its general applicability.
In addition, the main advantages of the proposed scheme and its superiority compared to
existing schemes are demonstrated.
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Figure 5.5: Proposed breaker failure backup protection scheme.

5.3.1 Fault Location

Various internal faults along the entire length of cable 13 are simulated. B3 is considered
as the primary breaker under investigation. The fault location is changed, and the perfor-
mance of the proposed breaker failure scheme during successful breaker trip and breaker
failure is evaluated. All faults are permanent and were initiated at 0.7 s. Figure 5.6 shows
Vi3, and the extracted instantaneous features as well as the detected outliers for a solid
PTP fault at the beginning of cable 13. As shown in Figure 5.6, Vi3, immediately drops
to zero at 0.7 s since the fault resistance is zero, and the fault location is just right after
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Figure 5.6: A solid PTP fault at the beginning of cable 13 during successful and unsuc-
cessful breaker trip.

the primary relay. When the breaker successfully trips, the abrupt increase in Vi3, which
occurs 2 ms after fault detection, causes the waveforms of I F'(t) and I E(t) to have abrupt
changes that are detected as simultaneous outliers by the proposed scheme indicating suc-
cessful breaker operation. On the other hand, when the breaker fails to trip, Vi3, remains
zero, resulting in zero instantaneous features with no outliers. In this case, the proposed
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(b) IF(t), IE(t), and detected outliers.

breaker trip.

scheme detects a breaker failure. In Figure 5.7, the fault location is changed to be at the
remote end of cable 13. Likewise, simultaneous outliers are detected in [ F(t) and IE(t)
when the breaker successfully trips, whereas no outliers are detected during breaker failure.
It is evident that the proposed scheme can reliably distinguish between successful breaker

trip and breaker failure regardless of the fault location.
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Figure 5.7: A solid PTP fault at the end of cable 13 during successful and unsuccessful



Table 5.1: Detection time of successful operation of Bi3 for various fault locations

Fault Distance

From Bus 1 (km) tr (s) fo (5) fa (ms)
0 0.7 0.70205 2.05
50 0.70026 0.7023 2.04
100 0.70053 0.7026 2.07
150 0.70081 0.7029 2.09
200 0.70108 0.7032 2.12

The fault location affects the fault detection instant when the fault-induced TWs arrive
at the relay location. Therefore, the time instant of breaker operation and, accordingly,
the detection instant of simultaneous outliers in IF(t) and IE(t) will vary by changing
the fault location. However, this will not impact the reliable performance of the proposed
scheme. As the fault distance increases, the time instant, when simultaneous outliers are
detected, increases as well. Table 5.1 shows the detection time of simultaneous outliers for
various fault locations. ¢y is the time instant when the fault is detected by the primary
relay and a trip signal is sent to the primary breaker. t; is the instant corresponding to the
sudden voltage dip in Vi3, which occurs when the fault-induced TWs arrive at the relay
location. ¢, is the time instant when simultaneous outliers in [ F'(t) and I E(t) are detected
indicating successful breaker operation. ¢4 is the time difference between t, and ¢, which
is the required time by the proposed algorithm to detect successful breaker operation. As
shown in Table 5.1, ¢4 is less than 3 ms; thus, successful breaker operation can be identified
by the proposed scheme within 1 ms from the intended breaker trip instant. If the breaker
fails to trip, a breaker failure will be detected by the proposed scheme 3 ms (Tiigpseq) after
receiving the trip signal, i.e., 1 ms after the intended breaker trip instant.

It is worth mentioning that the window length is selected such that sufficient samples
are available for HHT calculations to guarantee accurate estimation of the extracted in-
stantaneous features [127]. The sampling frequency is 100 kH z, and the window length is
1 ms. To investigate the impact of window length, the extracted instantaneous features
and the corresponding outliers during successful breaker operation for a fault on cable 13
at 50 km from Bus 1 under various window lengths are shown in Figure 5.8. When a
0.5 ms window is used, the instantaneous energy outlier is not detected since I F(t) has an
erroneous second peak. Consequently, a breaker failure event will be incorrectly detected.
On the other hand, when a 2 ms window is used, simultaneous outliers in I F'(t) and [ E(t)
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Figure 5.8: Instantaneous features and detected outliers under various window sizes for a
fault at 0.7 s on cable 13, 50 km from Bus 1.

are detected at t, = 0.7023 s, which is the same instant when a 1 ms window is used.
Therefore, inaccurate features may be extracted if small windows are employed, whereas
long windows will unnecessarily slow down the proposed scheme. The sampling frequency
of 100 kH z is employed so that the extracted instantaneous frequency and energy can re-
liably capture abrupt changes in the voltage waveform during successful breaker operation
within the employed window length.
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Figure 5.9: A PTP fault at the middle of cable 13 with Rp = 1500 Q during successful
and unsuccessful breaker trip.

5.3.2 Fault Resistance

To investigate the impact of fault resistance (Rr) on the proposed scheme, two critical
internal faults are simulated where Rr = 1500 € and the fault location is at the middle
and remote end of cable 13, as shown in Figures 5.9 and 5.10, respectively. Figures 5.9
and 5.10 show that the reliable performance of the proposed breaker failure scheme is
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Figure 5.10: A PTP fault at the end of cable 13 with Rr = 1500 €2 during successful and
unsuccessful breaker trip.

guaranteed regardless of the fault resistance value. The reason is that a successful breaker
trip results in an abrupt increase in Vj3, and simultaneous detection of outliers in IF(t)
and [ E(t) regardless of Rp value. Furthermore, the detection time of simultaneous outliers
is not impacted by Rp since the instant when the abrupt increase in Vi3, occurs does not
depend on Rp. Rather, it depends mainly on the breaker speed. For instance, t, = 0.7026 s
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for the middle-cable fault case (Figure 5.9b) and ¢, = 0.7032 s for the remote-end fault
case (Figure 5.10b), which are the same instants compared to the corresponding solid fault
cases, Table 5.1. It is worth mentioning that during the successful breaker operation when
Rp is large, the fault energy is quickly released. Therefore, a quick drop in Vi3, occurs
following the first abrupt increase. The reason is that the released fault energy depends on
the fault current [160], which is inversely proportional to the Rp value. However, as shown
in Figures 5.9 and 5.10, the detection of outliers in IF(t) and [FE(t), and consequently
the performance of the proposed scheme is not impacted by the energy absorption speed
during the breaker interruption process.

5.3.3 Boundary Reactors

In multi-terminal HVDC grids, DC reactors are typically installed at the boundaries of each
line to limit the sharp rate of rise of fault current and to provide individual protection zones
for each line [161]. As the reactor size increases, dynamic stability issues may arise during
power flow reversal [94]. Therefore, small boundary reactors are desired, particularly when
converters can control the fault current within the interruption capability of DCCBs [161].
To examine the impact of small reactors on the proposed scheme, the size of the grid
boundary reactors is changed from 50 mH to 10 mH , and a solid PTP fault at the middle of
cable 13 is simulated. Asshown in Figure 5.11, the proposed scheme correctly discriminates
between successful breaker trip and breaker failure, even with a small reactor size. In this
fault scenario, t, = 0.7026 s which is the same as the detection instant of a middle-cable
fault case with a 50 mH boundary reactor. Therefore, the performance of the proposed
method is not impacted by the size of boundary reactors.

5.3.4 Impact of Measurement Noise

To investigate the impact of measurement noise on the proposed scheme, a solid PTP fault
at the middle of cable 13 is simulated, and a 40 db white Gaussian noise is added to Vi3, .
As shown in Figure 5.12, the proposed scheme detects simultaneous outliers in /F'(¢) and
IE(t) during successful breaker operation. In contrast, a breaker failure event is detected
when no outliers are captured. In this fault scenario, t, is not impacted by measurement
noise (¢, = 0.7026 s).
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Figure 5.11: A solid PTP fault at the middle of cable 13 with a boundary reactor of 10 mH
during successful and unsuccessful breaker trip.

5.3.5 Applicability to Other HVDC Grids

In this section, the proposed scheme is applied to a two-terminal, MMC-based bipolar
HVDC grid, as depicted in Figure 5.13, to demonstrate its setting-less feature. The grid
operates at a rated DC voltage of £320 kV, with AC voltages of 240 kV and 230 kV

on the rectifier and inverter sides, respectively. Terminal converters are connected by a
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Figure 5.12: A solid PTP fault at the middle of cable 13 with a 40 db white Gaussian noise
during successful and unsuccessful breaker trip.

400 km long transmission line. Detailed grid parameters, control strategies, and equiva-
lent models are outlined in [162]. The same breaker model used in the four-terminal grid
(Figure 5.1) is utilized here. A solid PPTG fault is simulated at the midpoint of the line.
The proposed scheme, with identical parameters (such as the outlier detection criteria,
sampling frequency, window length, and T}jupseq), is applied to the positive-pole voltage
at the rectifier side Vg . As shown in Figure 5.14, the scheme reliably differentiates be-
tween successful breaker operation and breaker failure. This evidence confirms that the
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parameters of the proposed scheme are universal and can be applied to HVDC grids with
various configurations and parameters. It should be noted that the breaker model used
in these simulations (a time-controlled switch connected in parallel with a surge arrester)
is adaptable and can represent different breaker technologies [35]. The time delay of the
switch can be adjusted to reflect the speed of various breaker technologies, while the surge
arrester branch remains consistent across all models. Since the proposed scheme depends
primarily on detecting sudden increases in the voltage waveform, which corresponds to
the counter voltage developed across the breaker due to the surge arrester, it can reliably
differentiate between successful breaker operation and failure, regardless of the specific
breaker technology employed.

5.3.6 Comparison with Existing Breaker Failure Backup Protec-
tion Schemes

Table 5.2 compares the proposed scheme with existing schemes in the literature. Compared
with existing schemes, the proposed outlier-based scheme has the minimum breaker failure
detection time and the largest fault resistance coverage without requiring additional sen-
sors or simulation-based thresholds. Furthermore, estimation of breaker parameters, e.g.,
breaker counter voltage and the surge arrester nonlinear resistance, are not required, as
compared to [157]. The sampling frequency of the proposed scheme is relatively large com-
pared to existing schemes. However, as reported in [163], a sampling frequency of 100 kH z
is a typical value used in HVDC grid protection schemes. In addition, modern digital sig-
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Figure 5.14: A solid PPTG fault at the middle of the line during successful and unsuccessful
breaker trip.

nal processors (DSPs) have large sampling rates, in the range of tens of M H z, to rapidly
process the measured signals and execute the required computations of the proposed algo-
rithm [164, 165]. Furthermore, voltage measurement sensors used in HVDC grids have a
wide frequency band. For example, resistive-capacitive voltage divider sensors can sample
voltage signals with sampling frequencies up to 500 kHz, while the maximum sampling
frequency of optical voltage sensors is 30 M Hz [163].
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Table 5.2: Comparison between the proposed scheme and existing breaker failure backup

protection schemes

Reof Criterion Additional Slrrélg:;c:ion— Ry Operating Sampling
Sensors Thresholds Coverage Time Frequency
[55] Current No No Not 20 ms 10 kHz
magnitude reported
Quadratic
[153] discriminant No Yes 10 ©2 2 ms 10 kHz
analysis
Linear Not
[154] discriminant No Yes 3 ms 50 kHz
i reported
analysis
K-nearest Not
[155] neighbor No Yes reported 3 ms 50 kHz
Quickest
[156] change Yes Yes 10 © 4 ms 50 kHz
detection
Breaker
[157] counter No Yes Not 5 ms 100 kH =z
voltage reported
estimation
[158] Voltage Yes Yes 200 © 3 ms 10 kH>
derivative
Proposed .
Outliers No No 1500 €2 1 ms 100 kHz
Scheme

5.4 Conclusion

This chapter proposes a fast, reliable, and setting-less breaker failure backup protection
scheme for multi-terminal HVDC grids. A breaker failure event is detected if simultaneous
outliers in the instantaneous frequency and energy extracted by HHT are not observed.
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The major advantages of this scheme are:
e Fast detection of breaker failure events in less than 1 ms from the intended breaker
trip instant.
e Use of local voltage measurements to detect breaker failure events.
e No need for additional voltage sensors to measure the voltage across the breaker.

e Avoiding delayed detection of breaker failure events by omitting the need for moni-
toring the breaker current to check its progression towards zero.

e Applicable to HVDC grids with various configurations and parameters due to the
use of a setting-less outlier-based criterion.

e Robustness to high fault resistances (up to 1500 €2), small boundary reactors (up to
10 mH), and measurement noise (up to 40 db).

e Capability to reliably distinguish between successful breaker trip and breaker fail-
ure during severe fault scenarios such as solid faults at local ends and critical fault
scenarios such as high-resistance faults at remote ends.
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Chapter 6

Relay Failure Backup Protection
Scheme

6.1 Introduction

Primary protection schemes for multi-terminal HVDC grids may fail to detect critical inter-
nal fault scenarios such as local-end solid faults and remote-end high-resistance faults [144].
In addition, these schemes may maloperate and may not be able to distinguish between
internal and severe external faults, such as solid bus faults [166]. Sustained faults result in
abnormal voltages and currents; thus, endangering grid equipment and causing converters
to block, i.e., acting as uncontrolled converters [1]. Furthermore, DC fault currents mo-
mentarily increase to high levels in a few milliseconds due to low inertia and impedance of
HVDC grids [167]. Therefore, a fast and reliable relay failure backup protection scheme is
required to protect HVDC grids in case of primary protection failure [157,168|.

Several relay failure backup protection schemes for HVDC grids have been proposed
in the literature. To rapidly detect primary relay failure, single-ended backup protection
schemes based on local measurements are proposed in [155,156,169]. In [155], the K-
nearest neighbor technique is applied to local voltage and current measurements to provide
reverse backup protection. However, extensive simulations are required to determine the
algorithm thresholds. Furthermore, high-resistance faults are not investigated in [155].
The quickest change detection algorithm is employed in [156] to provide forward backup
protection using local voltage measurements. However, the fault resistance coverage of
the algorithm proposed in [156] is limited to 10 © only. A double-stage current-derivative-
based backup scheme is proposed in [169]. However, this scheme maloperates when the fault
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resistance exceeds 200 €2. Since speed requirement of backup protection of HVDC grids
is slightly lower than that of primary protection, double-ended backup protection schemes
can be employed due to their higher selectivity and sensitivity compared to single-ended
schemes [144]. For instance, a backup protection scheme is proposed in [57] based on
current differential protection. However, the exchanged measurements between line ends
require communication channels with high bandwidth and should be strictly synchronized.
In addition, line-distributed capacitances affect the accuracy of the calculated differential
current and may result in backup protection maloperation.

Pilot backup protection schemes, which rely on limited information exchange, e.g., logic
signals representing the fault direction, are proposed to conserve the selectivity of differ-
ential schemes while reducing the communication channel bandwidth and relieving the
strict synchronization requirement [166]. A pilot backup protection scheme is proposed
in [170] based on the magnitude and direction of reactive energy estimated by Hilbert
transform [171]. However, since reactive energy is reduced by fault resistance, the coverage
of this scheme is limited to 200 Q. In [62], internal and external faults are distinguished
based on the polarities of boundary reactor voltages at terminal relays, where positive po-
larities indicate an internal fault and opposite polarities indicate an external fault. In [172],
wavelet packet energy entropy (WPEE), applied to current measurements, is utilized to
discriminate between internal and external faults. However, a large post-fault data window
of 10 ms is required, which reduces the algorithm speed. In addition, estimated values of
WPEE are drastically decreased when the fault resistance exceeds 100 €2; thus, deteriorat-
ing the algorithm selectivity. Moreover, selecting a proper mother wavelet and adjusting
the algorithm thresholds are laborious due to their reliance on extensive simulations, grid
configuration, and parameters. The proposed scheme in [173] provides remote backup pro-
tection in both forward and reverse directions based on polarities and arrival instances
of the fault-induced TWs extracted by morphological undecimated wavelet decomposition
(MUWD). This scheme is slow, requires a high sampling frequency (500 kH z), and provides
limited fault resistance coverage (100 2). In [174], the ratio of the backward over forward
TW voltages at terminal relays are exchanged to decide whether the fault is internal or
external. However, [174] requires large boundary reactors (200 mH ), which may endanger
system stability during power flow reversal [94].

In summary, existing relay failure backup protection schemes have the following major
shortcomings:

e Use of a start-up criterion: most existing schemes depend on derivative-based criteria
to initiate the algorithm. The start-up criterion may fail during critical fault condi-
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tions such as high-resistance faults [155,156,170,174], and consequently, the backup
scheme will not be triggered.

e Limited fault resistance coverage [170,172,173]: recent primary protection schemes
can detect internal faults with fault resistances up to 1000 © [175-177]. As backup
protection is the last line of defense against extreme fault conditions, its fault resis-
tance coverage should be greater than that of primary protection. Furthermore, this
coverage should be determined for remote-end internal faults rather than middle-of-
line faults, which is the case in [62,170].

e Delayed operation: most existing schemes suffer from delayed operation since they
use large post-fault data windows with lengths greater than 5 ms [57,172,173], which
is the recommended operating time of backup protection of multi-terminal HVDC
grids [174].

While primary protection schemes for multi-terminal HVDC grids have been extensively
studied in the literature, backup protection has received significantly less attention. Based
on the shortcomings above, it is essential to develop a reliable relay failure backup protec-
tion scheme that can detect primary protection failures and initiate a backup trip signal
for the primary breaker, enhancing the security of HVDC grids. This chapter proposes
a fast and reliable single-ended relay failure backup protection scheme for multi-terminal
HVDC grids. The proposed scheme encompasses two components, i.e., a fault detection
component and a directional component. The fault detection component detects internal
and external faults in both directions based on Bayesian Model Averaging (BMA) [178].
Then, the fault direction is identified by the directional component based on the polarities
of the faulted pole or zero-mode currents, according to the fault type. The proposed scheme
can distinguish between internal, forward, and reverse external faults. Additionally, it can
provide fast local backup protection in forward and reverse directions during internal and
reverse external faults.

The remainder of the chapter is structured as follows: Section 6.2 introduces the HVDC
test grid used in this study. The fault detection and directional components are outlined
in Section 6.3 and Section 6.4, respectively. The proposed relay failure backup protection
scheme is detailed in Section 6.5. In Section 6.6, several simulation studies are presented
to demonstrate the reliability and effectiveness of the proposed scheme under various fault
conditions. In Section 6.7, the BMA algorithm is utilized to detect breaker failure events
based on local voltage measurements. Finally, conclusions of this chapter are summarized
in Section 6.8.
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Figure 6.1: Four-terminal HVDC test grid.

6.2 HVDC Test Grid

6.3 Fault Detection Component
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The same HVDC grid employed in previous chapters is depicted in Figure 6.1 with the
backup relay under investigation (BR;3) located at the beginning of cable 13. The system
operates with a sampling frequency of 50 kH z.

DC faults, regardless of fault resistance, typically cause sudden dips in the voltage waveform
[119]. As the fault resistance increases, the voltage dip and its steepness reduce, resulting in
the maloperation of derivative-based fault detection algorithms [144]. Furthermore, varying
fault conditions, such as fault type and location, system configuration, and the presence
of measurement noise, introduce significant variations in the resulting voltage waveforms.
Therefore, a robust and adaptive abrupt change detection algorithm is required to reliably



identify abrupt changes in the voltage waveform under various fault conditions, ensuring
fast and accurate fault detection.

BMA provides a reliable statistical technique for adaptive data modeling and abrupt
change identification [179]. Various fault scenarios generate different voltage waveforms. To
enable the identification of abrupt changes for all fault scenarios, BMA accounts for data
model uncertainty and infers the optimal model by averaging across a set of candidate
models, weighted by their posterior probabilities [179]. BMA addresses model selection
uncertainty by incorporating all candidate models, rather than utilizing a fixed model.
Furthermore, BMA is capable of identifying potential change points within the data and
estimating the probability that these points signify abrupt changes, providing a probabilis-
tic framework for detecting abrupt changes in any voltage waveform.

The BMA algorithm is described in the following steps [178]:

e Step 1: Consider a voltage signal v(t) with N samples is modeled by a piecewise
linear component 7'(¢) and a residual component €(t) as follows:

u(t) = T(t) + €(t) (6.1)

where T'(t) is modeled by a series of straight line segments defined by their slope a
and intercept b and separated by m change points:

T(t)=a;t+b; formj<t<tiy, j=0,....,m, (6.2)

where 7; = 1, is the initial time instant of the data window and 7,1 = tx is the
time instant corresponding to the last sample N. Therefore, the parameters of a
candidate model M; can be represented as follows:

tep, T=1,....,m
M; = 1 q; j=0,....m , i=1,...,M, (6.3)
b, 7=0,...,m

where M is the number of candidate models and ., are the time instants associated
with the model change points.

e Step 2: While it may seem that there will be an infinite number of candidate models,
a finite set of M models can be selected by employing a probabilistic search method
called the Markov Chain Monte Carlo (MCMC) sampling technique, which is ex-
plained in [179]. MCMC is used to explore the space of possible models by sampling
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from the posterior distribution over candidate time series models. These models dif-
fer in structural features such as the number and locations of change points. MCMC
is preferred over other sampling methods, such as importance sampling or rejection
sampling, due to its scalability and ability to approximate complex posterior dis-
tributions without requiring exhaustive enumeration, making it well-suited for fault
detection under extreme fault conditions [179].

Step 3: Each model M, is assigned a posterior probability P(M; | v) to quantify
how well it fits v(t). P(M; | v) is estimated based on Bayes’ theorem as follows [180]:
P(M; | v) = MP(U | M) P(M) : (6.4)
21 Pv | M) P(My)
where P(v | M;) is defined as the likelihood, which is the probability of observ-
ing v given that the model M; is valid. A normal distribution is selected to model
P(v | M;) to simplify the algorithm computations [178]. P(M;) is the prior proba-
bility of M;, which reflects our existing knowledge about the model before observing
v(t). A uniform prior distribution is selected to model P(M;) to reflect equal initial
likelihoods for all models, indicating no prior preference for any specific model. The
denominator > P(v | M) P(My) is a normalization term, summing over all
possible models.

Step 4: The best values of the optimal model parameters are obtained by weighting
each model’s estimation based on its posterior probability obtained in Step 3.

E[f | v] = ZP(MZ- | v) E[6 | M;, 0], (6.5)

where ¢ is the parameter of interest from (6.3), i.e., m, t, , a;, and b;. E[0 | ¢]
is the expected value of #, averaged over all candidate models. E[f | M;, v] is the
estimate of 6 under model M,;. Equation (6.5) shows how BMA considers model
selection uncertainty by incorporating all candidate models based on their posterior
probabilities, providing a more robust estimate than relying on a single model.

Step 5: The probability that a detected change point truly represents an abrupt
change is calculated as follows:

PAC = P(tcpr |U) =

1 U (6.6)
i g I (to, € change points of M;) ,
i=1
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where P4 is the probability of detecting an abrupt change in v at to, . I(te, €
change points of M;) is an indicator function that is 1 if ¢,, represents a change
point instant in model M;, and 0 otherwise. The value of Py¢ lies between 0 and
1. For instance, if P4c = 1 at a specific time instant ¢, , it indicates that all the
candidate models agree that there is a significant change in v at that instant, revealing
the existence of an abrupt change.

Within the context of fault detection, Pac is simply the fault probability, which de-
scribes the probability that the detected change point corresponds to a fault event. As
P,c approaches one, it strongly indicates the presence of a fault. Therefore, a fault event
is detected by the proposed scheme if:

PAC Z Pset,b (67)

where P ; is a threshold used to distinguish between abrupt changes during fault events
and regular change points during non-fault conditions such as changes in system operating
points.

The BMA algorithm is applied to a critical fault scenario, where an internal PPTG fault
located at the remote end of cable 13 is simulated. The fault starts at 0.8 s with a fault
resistance Rp = 1500 €2. Figure 6.2 shows the positive-pole voltage waveform Vi3 , the
optimal data model estimated by BMA, the detected change points, and the corresponding
P4c values during fault condition and normal operation. As shown in Figure 6.2b, the
estimated model is divided into four line segments (Tj, T3, Ts, and T3) with three change
points (m = 3) at the following time instants: t., = 0.80106 s, t.,, = 0.80118 s, and
tep, = 0.80176 s. The obtained BMA optimal model 7T'(¢) is given in (6.8), where the time
t is in seconds.

Tg : ‘/13;; =318.7 kV
Ty: Vis, = —112875 ¢ 4+ 90738.2 kV

T@)y=4 ' 1 * (6.8)
Ty: Vig, = —1563.8 t + 1558 kV

Ty: Vi3, =11285.5 ¢ —8744.2 kV

The sudden dip in Vy3, during the fault, Figure 6.2b, is detected as an abrupt change at
tep, With Pyc = 0.98, confirming the fault and emphasizing the robustness of the proposed
fault detection criterion to high-resistance faults. By contrast, Vi3, during normal opera-
tion is modeled by a single line segment without change points, as shown in Figure 6.2c.
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Figure 6.2: BMA performance during normal operation and an internal PPTG fault at the

remote end of cable 13 with Ry = 1500 f).

102



320 = 1

300 - ]
= 280 ]
&

& 260 |

240 - i

220 1 1 1 1
0.801 0.8015 0.802 0.8025

Time (s)
(a) Via,,.

Abrupt Change

220 : + |
0.801 0.8015 0.802 0.8025

Time (s)
(b) BMA optimal model and detected change points.

Figure 6.3: BMA performance during a solid forward external PPTG fault at the beginning
of cable 34.

Therefore, the proposed fault detection criterion can reliably discriminate between criti-
cal internal faults with high resistances and normal operation, ensuring high sensitivity
without maloperation during normal conditions.

Besides internal fault detection, the proposed criterion can identify external faults in
both forward and reverse directions. To demonstrate this, forward and reverse external
PPTG faults (with respect to the backup relay BR;3) at the beginning of cables 34 and
12, respectively, are simulated. As shown in Figures 6.3 and 6.4, the proposed criterion
successfully detect these faults, with P4¢ values of 0.84 for the forward fault and 0.87 for
the reverse fault. It is also observed that the values of P4c for external faults are lower
compared to internal faults, as boundary reactors smooth the voltage waveforms before
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Figure 6.4: BMA performance during a solid reverse external PPTG fault at the beginning

of cable 12.

they are captured by BRy3. In summary, in this section, a robust fault detection criterion
based on BMA is proposed, where abrupt changes in the voltage waveform during faults
are detected based on the value of P4¢. This method offers a highly reliable fault detection
criterion, capable of identifying high-resistance internal faults and forward /reverse external

faults.
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6.4 Fault Directional Component

After detecting the fault, the directional component is used to determine the fault direction
with respect to the backup relay BR;3. Current measurements are widely employed to
indicate the fault direction based on their polarities [90]. A positive current polarity
indicates the flow of current from BR;3 towards bus 3, and vice versa [113]. However,
this criterion may maloperate in the presence of high-resistance faults [181]. Alternatively,
the polarity of zero-mode currents is robust to the fault resistance value [181]. Therefore,
the polarity of zero-mode currents are used in the proposed scheme to identify the fault
direction for pole-to-ground (PTG) faults, i.e., PPTG and NPTG faults. Zero-mode and
line-mode currents (iy and ;) are calculated from positive and negative pole currents (i,
and i,) based on the following transformation matrix [181]:

= Al 00

The polarity of 7y during PTG faults is determined by accumulating ¢, samples over a
data window of N samples, as defined in (6.10). {pr¢ is the zero-mode current polarity
during PTG faults. The accumulation of iy samples provides a more robust criterion for
polarity identification compared to relying on a single sample [105].

N
Epre = Z Ty (6.10)
h—1

A binary variable S is defined to indicate the fault direction based on the fault type,
i.e., PPTG fault (Spprg) or NPTG fault (Sypra), as given in (6.11) or (6.12), respectively
(Sppre and Sy prg are complementary).

1 ¢pra > 0 — Forward Fault

Sppra = (6.11)
0 ¢pra < 0 — Reverse Fault
1 <0 — F d Fault

Sxpre = $pra orward Fau (6.12)
0 &prg >0 — Reverse Fault

During PTP faults, ¢y remains zero due to the symmetry of the fault. Therefore, 7,
is used instead of iy to determine the fault direction, given that high-resistance faults are
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The directional criterion is applied to the same three fault scenarios investigated in
Section 6.3, i.e., an internal PPTG fault at the remote end of cable 13 with Rr = 1500 2

1
0

Figure 6.5: Zero-mode current waveforms under internal, forward, and reverse external

PPTG faults.
typically associated with PTG faults, while the fault resistance of PTP faults is generally
very low [113]. The polarity of i, ({prp) is calculated as shown in (6.13), and the directional

criterion for PTP faults (Sprp) is expressed in (6.14).

N
Eprp =Y ip, (6.13)
k=1
Eprp > 0 — Forward Fault (6.14)

Eprp < 0 — Reverse Fault
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Figure 6.6: Positive-pole current waveforms under internal, forward, and reverse external
PTP faults.

and solid PPTG faults at the beginning of cables 34 and 12. Figure 6.5 depicts the obtained
zero-mode current waveforms and the corresponding values of £prg. As shown, Eprg is
positive in case of forward PPTG faults (internal and forward external faults), while £prq is
negative in case of reverse PPTG faults (reverse external faults). Therefore, the polarity of
zero-mode currents can reliably identify the fault direction during PTG faults. Similarly,
the polarity of positive-pole currents is used to identify the fault direction during PTP
faults. Figure 6.6 shows the positive-pole current waveforms and the corresponding values
of £prp for the same fault scenarios, yet the fault type is PTP and Rp of the internal fault

case is 100 €. Again, {prp is positive in case of forward PTP faults and negative in case
of reverse PTP faults.
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6.5 Proposed Relay Failure Backup Protection Scheme

Figure 6.7 shows the flowchart of the proposed relay failure backup protection scheme.
The proposed scheme commences once positive or negative pole voltages drop below a
certain value V.. The value of V. should be selected to accommodate all fault scenarios,
including high-resistance internal faults, typically associated with small voltage dips. As
shown in Figure 6.2a, a large fault resistance of 1500 €2 results in approximately 5% sudden
drop in the voltage waveform. Therefore, V. is selected as 310 kV', corresponding to 3%
voltage drop. Then, the proposed fault detection criterion estimates the values of Pac of
positive and negative poles (Pac, and Pac,) and compares them with Py ;. The value
of Py 1 should be selected such that all fault events are reliably detected while avoiding
relay maloperation during non-fault transients.

To demonstrate how P ; is selected, two transient non-fault scenarios are considered,
and the values of P,¢ for these scenarios are calculated. First, the reference DC voltage at
Bus 1 drops by 5% during the simulation (the same drop as in the internal fault scenario).
As shown in Figure 6.8, only one change point is identified with a small Ps¢ value of 0.35,
indicating a non-fault condition. The second transient scenario that may result in relay
maloperation is the trip of external breakers during external faults. To investigate the
impact of external breaker operation on the proposed fault detection criterion, a forward
external PPTG fault at the middle of cable 34 is simulated, Figure 6.9. The fault is
successfully detected and cleared by the primary protection of cable 34. The developed
counter voltage during successful breaker operation results in a sudden increase in V34,
as shown in Figure 6.9a. However, there are no abrupt changes in Vi3, and two change
points with small Py¢ values are identified by the BMA algorithm, as shown in Figure 6.9b.
Based on the investigated scenarios, Py during fault scenarios is much higher than other
transient scenarios, and therefore, Py, is adjusted at 0.7.

The next step is to identify the fault type. If both Psc, and Psc, are larger than
Pyt 1, the fault type is PTP. If only Pac, (Pac,) satisfies (6.7), a PPTG (NPTG) fault is
identified. Based on the identified fault type, the fault direction S relative to the backup
relay BR;3 is determined, as explained in Section 6.4. Based on the value of S, forward
faults are distinguished from reverse faults. If a forward fault is identified, the value of Py¢
is compared with a higher threshold, P 2, to discriminate between internal and forward
external faults. The sudden dip in the voltage during internal faults causes the value of
Pac to be almost one (as shown in Figure 6.2b), while the sudden dip in the voltage during
forward external faults will be smoothed due to boundary reactors, resulting in lower value
of P4c (as shown in Figure 6.3b). For the most critical forward external fault, a solid PTP
fault at bus 3, Pac is 0.86. Therefore, the value of Py s is selected as 0.95.
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In summary, internal, forward, and reverse external faults are identified based on the
following criterion:

S =1& Psc > Pier2 Internal fault
S =1& Pset1 < Pac < Psera Forward external fault (6.15)
S =0& Psc > Peern Reverse external fault

If an internal fault is identified and the primary relay does not issue a trip signal, a
backup trip signal will be sent to the primary breaker of cable 13. According to HVDC grid
protection speed requirement, the maximum permissible time for primary relays to detect
internal faults is less than 3 ms [144]. Therefore, a time delay of 3 ms is used to coordinate
between primary and backup protection. One notable advantage of the proposed scheme
is that it immediately detects primary relay failure events once the 3 ms time delay has
elapsed. Likewise, if a reverse external fault is identified by the proposed scheme and the
intended primary relay fails to detect the fault, BR;3 will send a backup trip signal to the
primary breaker of cable 12.

6.6 Simulation Results

In this section, numerous fault scenarios are simulated to evaluate the performance of
the proposed relay failure backup protection scheme under various fault conditions. Fur-
thermore, the superiority of the proposed scheme in comparison to existing schemes is
demonstrated.

6.6.1 Performance of the proposed relay failure scheme

Several internal and external fault scenarios are simulated to evaluate the performance of
the proposed relay failure backup protection scheme. The backup relay BR;3 is selected
as the local relay under investigation. Various fault types (PTP, PPTG, and NPTG)
at different locations are simulated with R changing from zero to 1500 2. The obtained
values of Pac, Eprg (or Eprp), and S for all the simulated scenarios are shown in Tables 6.1
and 6.2 for internal and external faults, respectively. These values are calculated based on
the first data window in which the fault is detected, i.e., P4 becomes larger than Ps. ;.
For PPTG and NPTG faults, the calculated values of the faulted pole are given, whereas
for PTP faults, those of the positive pole are only shown. Based on extensive simulations,
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Table 6.1: Performance of the proposed relay failure backup protection scheme under
various internal faults

};?‘;12 Location Di(S]:;I)‘CG’ From Rr (Q) Pa  fpra  &orp S Decision

PPTG cable 13 0 bus 1 0 1 183 — 1 Internal fault
NPTG cable 13 100 bus 1 0 1 —177 — 1 Internal fault
PTP  cable 13 200 bus 1 0 0.99 — 338 1 Internal fault
PPTG cable 13 0 bus 1 100 1 43.9 — 1 Internal fault
NPTG cable 13 100 bus 1 100 1 —32.7 — 1 Internal fault
PTP  cable 13 200 bus 1 100 0.98 — 178 1 Internal fault
PPTG cable 13 0 bus 1 1500 1 3.8 — 1 Internal fault
NPTG cable 13 0 bus 1 1500 1 —3.8 — 1 Internal fault
PPTG cable 13 100 bus 1 1500 1 2.6 — 1 Internal fault
NPTG cable 13 100 bus 1 1500 1 —2.6 — 1 Internal fault
PPTG cable 13 200 bus 1 1500 0.98 3.5 — 1 Internal fault
NPTG cable 13 200 bus 1 1500 0.98 —-3.5 — 1 Internal fault

a 2 ms moving window of the measured voltage is required to reliably capture the abrupt
change associated with the fault, especially during external faults, and to precisely calculate
the value of Psc. The sampling frequency is 50 kH z; thus, the moving window contains
100 samples (N = 100), sufficient for accurate statistical inference [178]. To minimize the
computational burden of the proposed scheme, without impacting its performance, the
moving window is updated every ten samples.

As shown in Tables 6.1 and 6.2, it is evident that the proposed relay failure backup
protection scheme successfully detects all faults and reliably discriminates between inter-
nal and external faults in both forward and reverse directions. Furthermore, the reliable
performance of the proposed scheme is demonstrated under critical internal faults (remote
high-resistance faults) and severe external faults (solid bus faults). Since the window length
is 2 ms, all fault scenarios are rapidly detected by the proposed fault detection criterion in
less than 2 ms depending on the number of post-fault samples required to detect the abrupt
change associated with the fault. It should be mentioned that the proposed fault detection
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Table 6.2: Performance of the proposed relay failure backup protection scheme under

various external faults

Fault . Distance .
Type Location (km) From Rp () Pac Eprp S Decision
External Bus Faults
PTP bus 3 _ _ 086 162 1 FOI'W&I'd
external fault
PTP bus 1 — _ 0.95 —906 0 Reverse
external fault
External Cable Faults
PTP  cable 34 0 bus 3 0.84 102 1 Forward
external fault
Forward
PTP  cable 34 50 bus 3 0.81 98.7 1
external fault
Forward
PTP cable 34 100 bus 3 0.8 89.3 1
external fault
PTP  cable 12 0 bus 1 0.9 —20.8 0 Reverse
external fault
PTP  cable 12 50 bus 1 0.86 —11.6 0 Reverse
external fault
PTP  cable 12 100 bus 1 0.84 ~155 0 Reverse

external fault

criterion can be tailored to provide primary fault detection by exploiting the fact that the
value of P4¢ during internal faults is higher than that of external faults. In this case, P2
can be used as the threshold of the primary criterion. In addition, a shorter data window
may be used because of the steepness of the sudden dip in the voltage waveform during
internal faults compared to external faults. However, in that scenario, a larger boundary
reactor will be required to guarantee reliable discrimination between internal and external
faults, especially during external bus faults.
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6.6.2 Sensitivity to the size of boundary reactors

This section evaluates the sensitivity of the proposed relay failure backup protection scheme
to the size of boundary reactors. Two high-resistance internal fault cases are examined:
PPTG and NPTG faults at the midpoint and end of cable 13, respectively, with Rp =
1500 2. Additionally, two external fault scenarios are considered: forward and reverse PTP
faults at buses 3 and 1, respectively. The simulations consider boundary reactor sizes of
25 mH and 10 mH. As shown in Table 6.3, the proposed scheme successfully identifies all
fault scenarios. As the inductance of boundary reactors decreases, their ability to suppress
fault current and smooth the voltage waveform is reduced, resulting in a steeper voltage
dip during external faults and higher fault currents. Consequently, the values of Psc
during external faults are higher than those presented in Table 6.2. It is evident that the
performance of the proposed scheme remains unaffected by the inductance of boundary
reactors. A significant advantage of the proposed scheme is its applicability to HVDC
grids with weak boundary conditions up to 10 mH. Furthermore, large boundary reactors
might introduce dynamic stability issues during power flow reversal [94].

6.6.3 Sensitivity to measurement noise

This section evaluates the performance of the proposed relay failure backup protection
scheme under measurement noise. The same fault scenarios in Section 6.6.2 (with L4 =
50 mH) are examined, where signal-to-noise ratios (SNR) of 30 and 40 db for voltage
and current measurements are considered. As shown in Table 6.4, the proposed scheme
successfully detects all fault scenarios and discriminates between internal and external
faults, confirming its robustness to measurement noise.

6.6.4 Comparison with existing schemes

Table 6.5 compares the proposed scheme with existing relay failure backup protection
schemes. Compared with existing schemes, the proposed scheme demonstrates superior
performance in terms of fault resistance coverage, sensitivity to boundary reactor size,
speed, and measurement noise withstand capability. One of the most significant advantages
of the proposed scheme is its large fault resistance coverage of up to 1500 €2, whereas the
coverage of existing schemes does not exceed 500 §2. Another notable advantage of the
proposed scheme is its applicability to HVDC grids with small boundary reactors (up to
10 mH), whereas other schemes will fail if boundary reactors are less than 75 — 100 mH
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Table 6.3: Performance of the proposed relay failure backup protection scheme under
different boundary conditions

Fault ) Distance . .
Type Location (km) From Rp (Q) Pac Epre Eprp Decision
de =25 mH
PPTG cable 13 100 bus 1 1500 1 4 — Internal fault
NPTG cable 13 200 bus 1 1500 0.98 —4.6 — Internal fault
PTP  bus 3 _ - 0 0.88 - 280 Forward
external fault
PTP  bus 1 _ - 0 0.96 - ~331 Reverse
external fault
de =10 mH
PPTG cable 13 100 bus 1 1500 1 5.3 — Internal fault
NPTG cable 13 200 bus 1 1500 0.98 —4.9 — Internal fault
PTP  bus 3 - - 0 0.89 _ 468 Forward
external fault
PTP  bus 1 _ -~ 0 0.98 _ 441 Reverse

external fault

[57,169,172]. As the size of boundary reactors reduces, cost, footprint, and losses will
reduce [182].

The single-ended directional criterion of the proposed scheme can efficiently identify
the fault direction based on the polarities of local pole or zero-mode currents without any
need for communication channels; thus, avoiding communication delays and failure and
eliminating the need for synchronization between terminal relays. In contrast, strictly
synchronized current measurements should be exchanged in [57] to distinguish between
internal and external faults. The proposed fault detection criterion can detect solid internal
faults at the beginning of cables, whereas the proposed scheme in [170], based on reactive
energy, fails to detect those faults since the pole voltage drops to zero, and hence, the
estimated reactive energy is zero. Considering protection speed, the proposed scheme can
rapidly detect and discriminate between internal, forward and reverse external faults in less
than 2 ms, which is faster than most existing schemes. In addition, the proposed scheme
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Table 6.4: Performance of the proposed relay failure
different noise levels

backup protection scheme under

Fault . Distance . .
Type Location (km) From Rp () Pic Epra ¢prp S Decision
SNR =140 db
PPTG cable 13 100 bus 1 1500 0.97 2.6 — 1 Internal fault
NPTG cable 13 200 bus 1 1500 0.98 —3.6 — 1 Internal fault
PTP  bus 3 _ _ 0 0.79 — 162 1 Forward
external fault
PTP  bus 1 - _ 0 0.86 - 210 0 Reverse
external fault
SNR =30 db
PPTG cable 13 100 bus 1 1500 0.96 2.7 - 1 Internal fault
NPTG cable 13 200 bus 1 1500 0.98 —3.1 — 1 Internal fault
PTP  bus 3 _ _ 0 0.75 - 161 1 Forward
external fault
PTP  bus1 — _ 0 0.85 - ~206 0 Reverse

external fault

sends backup trip signals to primary breakers in case of primary relay failure during internal
and reverse external faults; thus, providing local backup protection in forward and reverse
directions.

6.7 Breaker Failure Detection Based on BMA

This section demonstrates how BMA distinguishes between successful breaker operation
and breaker failure by investigating the following case study (Figure 5.1). Figure 6.10a
presents Vi3, during breaker trip and failure scenarios for a PTP fault at the middle of
cable 13. The fault type is permanent, and it starts at 0.7 s. As illustrated in Figure 6.10a,
the primary distinction between breaker trip and failure scenarios is the sudden increase
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Table 6.5: Comparison between the proposed scheme and existing relay failure backup
protection schemes

Reference Fault Detection Directional Boundary Pl\::rr:i::ilge Pl\::rr:isrnslil:)rl‘e Rp Operating Sampling
Criterion Criterion Reactor Size . Coverage Time Frequency
Lge Noise Level
[155] K-nearest neighbor Not employed 50 mH invesl\i?gtated invesl\i?gtated invei\igated 3 ms 50 kHz
Quickest change Not -
[156] detection Not employed 100 mH investigated 20 db 10 Q 4 ms 50 kHz
[169] Current derivative Not employed 100 mH 100 mH 50 db 200 Q 1 ms 20 kHz

Line-mode current
[67] differential Not employed 150 mH 75 mH 30 db 500 Q 7.5 ms 10 kHz
protection

Reactive energy flow Not Not

[170] Reactive energy directions 290 mH investigated investigated 200 Q 40 ms 10 kH=z
Polarities of

[62] Boundary reactor boundary reactor 200 mH . N?t . N?t 400 Q 3 ms 50 kHz

voltage gradient 3 investigated investigated
voltages

[172] WPEE Not employed 100 mH 100 mH . N9t 100 @ 10 ms 10 kHz
investigated

(173] MUWD Polarities of incident 50 mH _ Not 30 db 100 © 3 ms 500 kHz

TWs investigated
Proposed BMA Polarities of pole or 50 mH 10 mH 30 db 1500 © 2 ms 50 kHz
Scheme zero-mode currents

in Vi3, in case of successful breaker operation around the anticipated breaker trip instant
(2 ms after fault detection). This sharp increase results from the dissipation of fault
energy through the surge arrester branch, generating a large counter voltage across the
breaker [152]. Therefore, after receiving a trip signal from primary protection, the absence
of abrupt changes in Vi3, indicates breaker failure. Hence, the BMA algorithm can be
employed to infer the breaker status based on local voltage measurements without requiring
additional measuring devices.

The BMA algorithm is applied to Vi3, over a 1 ms window during breaker trip and
failure scenarios. As shown in Figure 6.10b, Vi3, is modeled as two line segments separated
by a change point with Psc = 1 due to the abrupt change in the voltage waveform during
successful breaker operation. During breaker failure, Figure 6.10c, Psc of the detected
change point is small due to the smooth change of Vi3, . Consequently, an abrupt change
can be detected if:

PAC > Pset> (616)

where P, is a threshold that distinguishes between abrupt changes during successful
breaker operation and regular change points during breaker failure.
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Figure 6.10: Positive-pole voltage waveform and corresponding BMA models during suc-
cessful breaker trip and breaker failure.

The procedure of the proposed BMA-based breaker failure backup protection scheme
is described in Figure 6.11. If an internal fault occurs, the primary relay detects the
fault and sends a trip signal to the primary breaker. After receiving the trip signal,
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Figure 6.11: Proposed BMA-based breaker failure backup protection scheme.

the BMA algorithm is continuously applied to local voltage measurements using a 1 ms
moving window. To minimize the computational burden of the proposed scheme, without
impacting its performance, the moving window is updated every ten samples. If the breaker
successfully trips, Pac will be larger than P, and an abrupt change is detected by the
BMA algorithm. The value of Py is selected as high as 0.95, Figure 6.10b. If no abrupt
changes are detected after 3 ms (Teiapsed), & breaker failure event is identified, and backup
trip signals are issued by the proposed scheme to other breakers connected to the same
bus.

Various fault scenarios are simulated to demonstrate the efficient performance of the
proposed BMA-based breaker failure scheme. Figure 6.12a shows Vy3, during breaker trip
and failure scenarios for a solid PPTG fault at the local end of cable 13. As shown in
Figure 6.12b (blue), successful breaker operation is associated with an abrupt change with
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Figure 6.12: Performance of the proposed BMA-based breaker failure scheme during a solid
PPTG fault at the beginning of cable 13 with successful breaker trip and failure.

Psc = 1. On the other hand, no abrupt changes exist during breaker failure, Figure 6.12b
(red). Similarly, a PPTG fault is simulated at the remote end of cable 13, and the proposed
scheme reliably discriminates between successful breaker trip and breaker failure, as shown

in Figure 6.13. Therefore, the performance of the proposed BMA-based breaker failure
scheme is not impacted by fault location.

A PTP fault is simulated at the remote end of cable 13 with Ry equal to 1500 Q. As
depicted in Figure 6.14, breaker trip and failure scenarios are successfully distinguished
by the proposed scheme. A significant advantage of the proposed BMA-based breaker
failure scheme is its capability to detect breaker failure events, even if the fault resistance
is as high as 1500 €2. The proposed scheme is robust to high-resistance faults because the
abrupt increase in Vi3, associated with the developed counter voltage depends mainly on
the surge arrester voltage rating, not the fault resistance. It is worth mentioning that a
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Figure 6.13: Performance of the proposed BMA-based breaker failure scheme during a solid
PPTG fault at the end of cable 13 with successful breaker trip and failure.

second abrupt change is detected during successful breaker operation, without affecting
the performance of the proposed scheme, as shown in Figure 6.14b. The second abrupt

change occurs due to the rapid release of the fault energy, which is proportional to the
limited fault current of this scenario as Rp is large [160].

To evaluate the robustness of the proposed BMA-based breaker failure scheme to weak
boundary conditions, the size of boundary reactors is changed from 50 mH (default value)
to 10 mH. A solid PTP fault is simulated in the middle of cable 13. As shown in Fig-
ure 6.15, the proposed scheme successfully distinguishes between breaker trip and failure
scenarios as the detected change points during breaker failure have small P,c values com-
pared with that of the detected abrupt change during breaker trip. Therefore, the proposed
BMA-based breaker failure scheme does not require large boundary reactors, which may
complicate bidirectional power flow control in multi-terminal HVDC grids [94]. To in-
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Figure 6.14: Performance of the proposed BMA-based breaker failure scheme during a PTP
fault at the end of cable 13 with Rrp = 1500 2 with successful breaker trip and failure.

vestigate the measurement noise withstand capability, a solid PTP fault is simulated in
the middle of cable 13 with an SNR of 30 db, Figure 6.16. The BMA optimal models
of this fault scenario (Figure 6.16b) are similar to those of the same fault scenario, yet
without measurement noise (Figures 6.10b and 6.10c), since the averaging feature of the
BMA algorithm helps in eliminating measurement noise. The simulation results of this
fault scenario confirm that the proposed BMA-based breaker failure scheme is capable of
detecting breaker failure events in the presence of measurement noise.
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Figure 6.15: Performance of the proposed BMA-based breaker failure scheme during a solid
PTP fault at the middle of cable 13 with L. = 10 mH with successful breaker trip and
failure.

6.8 Conclusion

This chapter introduces a highly selective and sensitive single-ended relay failure backup
protection scheme for multi-terminal HVDC grids based on BMA and the polarities of the
faulted pole or zero-mode currents. The proposed scheme can reliably distinguish between
internal, forward, and reverse external faults. Additionally, it can provide fast local backup

protection in forward and reverse directions during internal and reverse external faults. The
main features of the proposed relay failure scheme are:
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Figure 6.16: Performance of the proposed BMA-based breaker failure scheme during a solid
PTP fault at the middle of cable 13 with SINR = 30 db with successful breaker trip and
failure.

e Reliable detection of critical internal faults, such as remote-end high-resistance faults,
with a clear distinction from severe external faults, including solid bus faults.

e Rapid fault detection, enabling fast backup protection in case of primary protection
failure.

e High sensitivity to internal faults with fault resistances as large as 1500 2.
e High robustness to measurement noise.

e Compatibility with HVDC grids with small boundary reactors (up to 10 mH).

124



The BMA algorithm is applied to local voltage measurements to provide breaker fail-
ure backup protection. If abrupt changes in local voltage measurements are detected by
BMA following fault detection, successful breaker operation is inferred. Otherwise, breaker
failure is identified. The reliable performance of the proposed BMA-based breaker failure
backup protection scheme is demonstrated under various fault conditions, including differ-
ent fault locations, high-resistance faults, small size of boundary reactors, and the presence
of measurement noise.
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Chapter 7

Real-Time Experimental Validation

7.1 Introduction

Real-time simulation is defined as a process in which a high-speed computer simulates a
dynamic system (such as an electrical power grid) so that the progression of simulation
time coincides with actual time [183]. This allows for the testing of hardware and software
in a realistic and controlled environment. Within the context of power system protec-
tion, real-time simulation enables the testing of different protection schemes under various
fault conditions without risking damage to the actual equipment. In addition, real-time
simulation facilitates hardware-in-the-loop (HIL) tests, where real protection relays can
interact with the power system model in real-time. This is a significant step to ensure that
protection relays will operate correctly in real-world scenarios [184].

This chapter presents the experimental results of real-time validation of the HHT-
based primary protection scheme proposed in Chapter 3, demonstrating its performance
and effectiveness in a real-time HIL experimental setup. The remainder of this chapter
is structured as follows: Section 7.2 details the experimental setup, including a descrip-
tion of the hardware components, their interconnections, and the software configuration.
Section 7.3 presents the experimental results obtained from the executed fault scenarios,
including internal and external faults, to validate the performance of the proposed scheme
in real-time. Finally, Section 7.4 summarizes the key findings and conclusions drawn from
the experimental validation.
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7.2 Experimental Setup

Figure 7.1 outlines the experimental setup used for real-time validation, which features the
interaction of two real-time platforms: the OPAL-RT OP5700 simulator and the dASPACE
MicroLabBox controller. The OP5700 real-time simulator, developed by OPAL-RT Tech-
nologies, is a powerful tool to simulate complex systems in real-time, connect real-world
hardware to those systems, and test the interactions in real-time [185]. In this experi-
mental setup, the OP5700 real-time simulator is used to simulate the four-terminal HVDC
grid (Figure 3.2) in real-time, as shown in Figure 7.1. The dSPACE MicroLabBox is a
compact real-time system that provides a powerful and flexible platform to develop and
test control systems and protection algorithms in real-time [186]. In this test setup, the
primary protection scheme is implemented on the dASPACE MicroLabBox, which serves as
the protection relay. Thus, the protection scheme can be comprehensively evaluated in a
realistic environment.

Figure 7.2 shows the actual hardware test setup, where each platform is connected
to one host PC, and the software required to program each platform is installed on the
corresponding host PC. To simulate the four-terminal HVDC grid on the OP5700 real-
time simulator, the HVDC grid is modeled using MATLAB/Simulink environment. Then,
RT-Lab software, developed by OPAL-RT technologies, is employed to interact with the
model in real-time, e.g., initiate a fault event while running the model in real-time. On the
dSPACE platform, the MATLAB/Simulink-based real-time interface (RTT) tool, developed
by dSPACE, runs the HHT-based primary protection algorithm in real-time, allowing the
dSPACE hardware to act as a real-world protection relay. The ControlDesk software,
developed by dSPACE, is used to evaluate the performance of the implemented protection
relay by visualizing the received voltage measurement and the issued trip signal during the
fault [187].

In this experimental setup, cable 13 is selected as the protected cable, as shown in
Figure 7.1. Figure 7.3 shows a simplified representation of the experimental setup. The
local voltage measurement at bus 1 is continuously transmitted in real-time as an analog
signal since the voltage waveform is inherently continuous. The analog ports of the OP5700
real-time simulator are DB37, while the analog ports of the dASPACE MicroLabBox are
BNC. The connection between the two simulators, shown in Figure 7.2, is made using
BNC lead connectors and BNC cables due to the unavailability of custom-made cables.
The trip signal issued by the relay during the fault is fed back as a digital signal to
terminal breakers on OPAL-RT to clear the fault in real-time. The value of the trip signal
can be one (during internal faults) or zero (during normal operation or external faults).
This high/low nature is perfectly suited for digital representation.
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OP5700 real-time simulator dSPACE MicroLabBox
Figure 7.3: Simplified representation of the experimental setup.

7.3 Experimental Results

The experimental validation tests are performed in two stages. In the first stage, a prelim-
inary open-loop test setup, where the trip signal on dSPACE is not fed back to OPAL-RT,
is employed to evaluate the performance of the primary relay in distinguishing between
internal and external faults in real-time. In the second stage, the trip signal is sent from
dSPACE to OPAL-RT to form the closed HIL test setup, enabling real-time interaction
between both platforms. According to the hardware specifications of ASPACE MicroLab-
Box, the sampling time cannot be less than 50 pus. Therefore, the sampling frequency
used is 20 kHz. With a moving window of 100 samples required by the proposed primary
protection scheme, the fault detection time is less than 5 ms.

Five fault scenarios are executed in real-time in the first stage. As mentioned in Sec-
tion 7.2, the ControlDesk software is used to visualize the voltage signal received from
OPAL-RT and the trip signal issued by the implemented relay on dSPACE. The first fault
scenario involves a solid PTP fault at the beginning of cable 13. Figure 7.4 shows the
positive-pole voltage waveform and the issued trip signal. As shown in Figure 7.4, the
fault is initiated at 6.59 s, causing a sudden drop in the voltage waveform. The primary
protection scheme, implemented on dSPACE, successfully detects the fault and immedi-
ately issues the corresponding trip signal at 6.592 s (within 2 ms). It is worth mentioning
that the oscillations, noises, and irregularities in the voltage waveform in Figure 7.4 are
mainly caused by inefficient cabling between OPAL-RT and dSPACE.

In the second and third scenarios, solid PTP faults occur at the middle and end of
cable 13, initiated at 5.862 s and 4.656 s, respectively (Figures 7.5 and 7.6). In both cases,
the protection scheme promptly detects the fault and issues the corresponding trip signals
in real-time at 5.864 s (within 2 ms) and 4.659 s (within 3 ms), respectively. The fourth
scenario considers a PTP fault at the middle of cable 13 with a fault resistance of 200 2,
initiated at 5.853 s. As illustrated in Figure 7.7, the scheme reliably detects the fault and
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issues the corresponding trip signal at 5.857 s (within 4 ms). In the fifth scenario, an
external fault at the beginning of cable 34 is simulated. As shown in Figure 7.8, no trip
signal is issued since there is no sudden drop in the voltage waveform compared to internal
faults, as shown in Figure 7.9, where the sudden voltage dip during the first fault scenario
is compared with the voltage drop during the external fault scenario.

In the second stage, the closed HIL test setup is employed. Two fault scenarios are
re-simulated: the solid PTP middle-cable fault (Figure 7.10) and the solid PTP fault at
the end of cable 13 (Figure 7.11). As shown in Figures 7.10 and 7.11, the trip signal is fed
back to OPAL-RT to trip terminal breakers, which causes switching transients during the
interruption process followed by the recovery voltage developing to the prefault voltage
level. It is observed that following fault interruption, the recovery voltage exhibits a
prolonged restoration period before reaching its pre-fault level, particularly in the last
scenario (Figure 7.11), when compared to PSCAD offline simulations for the same fault
case (Figure 7.12). This discrepancy between offline and real-time results primarily arises
from the following factors:

e DC breaker modeling differences: In PSCAD, a detailed breaker model is used (as
explained in Section 5.2.1), whereas in RT-Lab, due to software constraints and
computational complexity, the breaker is represented by a simplified switch model
in OPAL-RT. This approximation can significantly influence the transient response
and recovery dynamics.

e Variations in model implementation: Some discrepancies exist in component mod-
eling between the two environments, especially the MMC model and its associated
control parameters, which can affect the system’s dynamic behavior during post-fault
recovery.

It should be noted that the communication delay between OPAL-RT and dSPACE
is negligible, as it is significantly shorter than the used sampling time (50 us). It was
observed that when the trip signal is initiated on dSPACE at a given instant, breaker
switching immediately begins in the next time step, as recorded from the dSPACE side.
This indicates that the total communication time required to transmit the trip signal from
dSPACE to OPAL-RT and to send the voltage signal from OPAL-RT to dSPACE is shorter
than the simulation time step. Hence, it can be concluded that the communication delay
has no impact on the obtained results. In summary, the presented results demonstrate
the effectiveness of the proposed scheme in detecting various fault conditions and distin-
guishing between internal and external faults; thus, confirming its feasibility for practical
implementation.
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Figure 7.8: Real-time positive-pole voltage and corresponding trip signal during an external
PTP fault at the beginning of cable 34.
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7.4 Conclusion

In this chapter, the proposed HHT-based primary protection scheme is tested in real-time
via an experimental test setup. The HIL experimental setup consists of the OP5700 real-
time simulator and the dSPACE MicroLabBox controller. Trip signals are successfully
issued in real-time by the primary relay (implemented on the dSPACE controller) when
internal faults are triggered within the HVDC grid (running in real-time on OPAL-RT'). The
real-time experimental results demonstrate the practical feasibility of the proposed scheme
for physical relay implementation. While the HIL test setup based on OPAL-RT and
dSPACE platforms provides a reliable and high-fidelity environment for real-time testing,
it is important to acknowledge two main limitations. First, the sampling frequency is
restricted to 20 kH z, which may limit the fault detection speed. Second, inefficient cabling
between OPAL-RT and dSPACE can introduce signal oscillations and noise, potentially
affecting relay performance under severe fault conditions.
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Chapter 8

Conclusion and Future Work

8.1 Summary

This thesis focused on the protection of multi-terminal HVDC grids. To avoid the neg-
ative impacts of DC faults on the reliable operation of multi-terminal HVDC grids and
to address the shortcomings of existing protection schemes, primary protection, backup
protection, and fault location identification schemes are designed to reliably protect the
HVDC grid. Numerous simulations in PSCAD/EMTDC software environment for a four-
terminal HVDC grid are executed to demonstrate the rapid and reliable performance of
the designed schemes under various fault conditions. The summary and main conclusions
of each chapter are presented as follows:

e Chapter 1:

This chapter introduces various HVDC grid configurations, protection challenges,
and protection requirements of multi-terminal HVDC grids. In addition, the thesis’s
research objectives and the employed methodology are articulated.

e Chapter 2:

In this chapter, a comprehensive review of existing HVDC grid protection schemes
is presented, highlighting their features and shortcomings. Based on the presented
comparative study, it is concluded that highly selective and sensitive single-ended
protection schemes are required to provide primary protection, while double-ended
protection schemes can be employed as backup protection. Furthermore, single-ended

141



schemes require a powerful signal processing tool capable of rapidly extracting the
internal fault signature under severe fault conditions.

Chapter 3:

In this chapter, the designed primary protection scheme is introduced. Instantaneous
frequency and energy are extracted by HHT applied to local voltage measurements,
based on which the fault detection criterion is designed. A fault is detected if si-
multaneous outliers in the instantaneous frequency and energy are identified by the
designed scheme. The effectiveness of the designed scheme is demonstrated by ex-
tensive simulations under various fault scenarios.

Chapter 4:

A double-ended fault location identification scheme for multi-terminal HVDC grids
is designed in this chapter based on HHT. First, HHT is utilized to extract the in-
stantaneous frequency and energy from voltage measurements at both line terminals.
Then, a setting-less criterion based on outlier detection is employed to capture the ar-
rival time of the initial fault-induced backward traveling waves. Based on the arrival
instants at both line terminals, the fault location is identified with high precision.
Various simulations are executed to demonstrate the accuracy and reliability of the
designed scheme.

Chapter 5:

In this chapter, a setting-less breaker failure backup protection scheme for multi-
terminal HVDC grids is designed. HHT is applied to local voltage measurements
following the fault event. The instantaneous frequency and energy during successful
breaker operation and breaker failure scenarios are investigated. Then, the outlier-
based criterion is employed to detect breaker failure events. The rapid and reliable
performance of the designed breaker failure scheme is evaluated under various fault
conditions.

Chapter 6:

This chapter introduces a reliable single-ended relay failure backup protection scheme
for multi-terminal HVDC grids. The designed scheme utilizes a statistical approach
to detect various fault conditions and consists of fault detection and directional com-
ponents. The designed statistically based fault detection component employs BMA
to reliably and rapidly detect the fault event and classify its type. The directional
component uses local current measurements to identify the fault direction and dis-
criminate between internal and forward /reverse external faults. The designed scheme
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provides fast local backup protection for internal and reverse external faults. The
designed scheme has been extensively evaluated in PSCAD/EMTDC and its robust-
ness to high-resistance faults, weak boundary conditions, and measurement noise has
been demonstrated.

e Chapter 7:

This chapter presents the experimental validation of the designed primary relay.
The four-terminal HVDC grid is simulated in OPAL-RT in real-time. Local voltage
measurements are exported to the dASPACE controller, where the designed primary
protection scheme is built to process the received voltage signal in real-time. Trip
signals are successfully issued in real-time by the primary relay corresponding to the
triggered fault events in the HVDC grid.

8.2 Contributions

In this thesis, four protection schemes are designed for multi-terminal HVDC grids. The
main contributions of this thesis are summarized as follows:

1. Primary Protection Scheme:

e A fast, reliable, sensitive, and selective single-ended protection scheme is de-
signed that detects high-resistance faults in less than 1 ms. Furthermore, bus
and external faults are reliably discriminated from internal faults by the designed
scheme, even when the size of the boundary reactors is as small as 10 mH.

e Qutlier detection is used, for the first time, in the design of HVDC grid pro-
tection schemes, to obtain a setting-less fault detection criterion; thus, enabling
the designed protection scheme to be applicable to HVDC grids with various
configurations and parameters.

2. Fault Location Identification Scheme:

e A fast and accurate double-ended fault location identification scheme is de-
signed. The arrival time of the initial fault-induced BTW is identified when
simultaneous outliers in the instantaneous frequency and energy extracted by
HHT are detected. The designed scheme identifies the location of the fault
based on the two arrival instants estimated at both terminal relays.
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3. Breaker Failure Backup Protection Scheme:

e A robust single-ended breaker failure backup protection scheme is designed
based on the instantaneous features extracted by HHT from local voltage mea-
surements.

e A setting-less criterion based on outlier detection is introduced, which is inde-
pendent of grid configuration, parameters, and breaker technology.

4. Relay Failure Backup Protection Scheme:

e A highly selective and sensitive single-ended relay failure backup protection
scheme is designed based on BMA and the polarities of the faulted pole or
zero-mode currents.

e The BMA algorithm is applied to local voltage measurements to provide breaker
failure backup protection.

8.3 Future Work

Future research can be carried out to address the following challenges related to the pro-
tection of multi-terminal HVDC grids:

e Design a reliable bus protection scheme capable of detecting bus faults and discrim-
inating them from line faults.

e Design a reclosing scheme for multi-terminal HVDC grids to reliably discriminate
between permanent and temporary faults. In addition, an adaptive reclosing scheme
should be able to precisely detect the extinction (deionization) instant of transient
fault arcs during temporary faults.

e The interoperability of the designed protection schemes with multi-vendor HVDC
grids, where the protection relays within the grid are provided by different manu-
facturers, should be evaluated. This step is necessary to facilitate the expansion of
existing small-scale HVDC grids to large-scale supergrids.
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