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Abstract

As a promising solution for connecting remote, asynchronous, and intermittent re-
newable energy resources with existing AC grids, high voltage direct current (HVDC)
systems are being built in many countries around the world. HVDC lines are used for
bulk power transmission over long distances with low power losses and high security,
reliability, and system stability. With the development of various HVDC technolo-
gies, HVDC systems in various forms are being constructed, and eventually will be
connected to each others. The expansion of HVDC grids may result in systems with
HVDC converters that have different fault blocking capabilities. Even though con-
siderable relaying and restoration algorithms are developed for HVDC systems, many
of these algorithms are only applicable to one specific type of HVDC converter. This
thesis presents a universal protection scheme that can be implemented in HVDC
grids with different topologies and with converters that have different fault blocking
capability, i.e., half-bridge modular multilevel converter (HB-MMC) and full-bridge
MMC (FB-MMC).

A fault current calculation method is developed first to calculate the current
derivative of each line in an HVDC system during a DC fault. The developed method
calculates fault currents by solving matrix-form differential equations, whose matri-
ces can be automatically built based on system parameters and without requiring
any information corresponding to the fault condition. The calculation method can
be used in HVDC grids with various topologies, structures, and fault types. The
universal protection scheme consists of a universal relaying scheme and a universal
restoration algorithm. The universal relaying scheme provides a systematic approach
to design the current derivative-based relaying algorithm for a specific HVDC sys-
tem. The relaying algorithm compares the locally measured current derivative with
thresholds to detect DC faults in HVDC systems and to differentiate between in-
ternal and external faults. Instead of using the traditional method, which is based
on extensive time-consuming electromagnetic transient (EMT) simulations, to de-
termine the relay settings, this thesis developed a systematic method to calculate
the settings. The universal restoration algorithm can quickly and reliably restore
a hybrid HVDC system with different types of converters including HB-MMCs and
FB-MMC:s.

Study results show that (i) the matrix-form differential equations can calculate
the current derivative of each line right after a DC fault accurately and quickly,
(ii) for most HVDC configurations and fault scenarios, settings of each relay can
be calculated using the matrix-form differential equations, (iii) the developed re-
laying algorithm selectively detects internal faults in a few milliseconds and meets
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the requirement of dependability and security, (iv) the developed restoration algo-
rithm restores hybrid HVDC systems with low voltage oscillations and limited inrush
currents, and (v) the developed relaying scheme and restoration algorithm are flex-
ible and can be employed to HVDC grids with different combinations of converter
topologies and technologies with limited modifications.
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Chapter 1

Introduction

1.1 HVDC grids

The global warming resulted from the extensive burning of fossil fuels has demon-
strate devastating impacts on the environment, wildlife, and humans, such as extreme
heat waves, biodiversity loss, and food crisis [7, 8]. As a response to the climate-
change threat, 194 states and the European Union have signed the Paris Agreement
by February 2021, which aims to limit the global temperature rise of this century well
below 2 degrees Celsius above pre-industrial levels [9]. This goal should be achieved
by obtaining net-zero emission of carbon dioxide (C{ by 2050 [10], where zero-
carbon resources are expected to supply 76% of electricity globally [11]. Particularly,
as the main driver of this decarbonization process, wind and PV sources should grow
from 9% of the global electricity generation today to 56% by 2050 [11]. However,
the addition of renewable resources to the existing energy system to reduce the,CO
emission has resulted in various challenges to the security and stability of traditional
alternating current (AC) transmission systems due to the distributed and uctuating
nature of renewable resources [5].

The high voltage direct current (HVDC) technology has signi cant potential for
resolving the security and stability issues of the AC power systems integrated with
large amounts of renewable resources because HVDC systems o er better control on
the power transmission compared to traditional AC systems [2, 12]. Furthermore,
HVDC lines can connect two asynchronous power systems and serve as a boundary
in case of a cascading failure. HVYDC systems also o er a lower power loss for long-
distance power transmission between load centers and remote renewable resources



[13]. All of the benets of HVDC transmissions have resulted in a boost in the
HVDC market. According to [14, 15], the global HVDC converter station market is
expected to grow from USD 7.9 billion in 2017 to USD 15.74 billion by 2026, with
an average annual growth rate of 7.96%.

By 2020, there have been more than 200 HVDC projects operating or being
constructed all over the world [16]. These HVDC systems vary in topology, converter
type, grounding con guration, and grid con guration. For example, the world's rst
commercial HVDC link, Gotland 1, was operated in 1954 and is a point-to-point
asymmetric monopole grid based on the mercury arc valve using the sea for the
return current [17]. With the development of HVYDC technology, in recent HYDC
projects, the state-of-art converters, environment-friendly grounding options, and
more exible con gurations are used to increase the controllability, exibility, and
DC voltage level. For example, the Zhoushan ve-terminal HVDC grid operated in
2014 is a bipolar grid using the modular multilevel converter (MMC) at each station
[18], Fig. 1.1. Compared to Gotland 1, the Zhoushan HVDC grid has a higher
degree of controllability on the DC voltage [19] and more redundancy in case of the
loss of a transmission pole [20]. The di erent topology, type of converters, grounding
con guration, and grid con guration of HVDC systems will result in di erent fault
responses, the analysis of which has signi cant importance to HVDC protection
design.

Figure 1.1: Zhoushan ve-terminal HVDC grid [1].



1.1.1 Converters of HVDC Systems

There are three main technologies for HVDC converters, the line commuted converter
(LCC), two-level and three-level voltage source converters (VSCs), and the modular
multilevel converter (MMC) [21, 22]. For the sake of simplicity, VSC in the remaining
part of this thesis corresponds to a two-level or three-level converter.

The LCC, also known as a current source converter, uses semi-controlled thyris-
tors as switches [21]. On the contrary, the VSC, which employs fully-controlled
insulated-gate bipolar transistors (IGBTs) for AC-DC conversion, has a higher de-
gree of controllability than the LCC. The VSC is able to [21, 23]

" be connected with a weak AC grid,
" perform black start,

" control active power and reactive power separately, and thus requires no addi-
tional reactive power compensation, and

" achieve a bi-directional power transmission.

However, a VSC should operate at a high frequency to reduce harmonics in the DC
voltage waveform, which will result in high switching losses. Furthermore, the voltage
level of a VSC is restricted by the voltage rating of IGBTs. In order to overcome
the two main disadvantages of the VSC, the technology of MMC was developed [23].
An MMC consists of six arms, where each arm connects an AC phase to a DC pole.
Multiple submodules (SMs) are connected in series and controlled separately in each
arm of an MMC. The voltage level of an MMC can be easily increased by increasing
the number of SMs in each arm. Meanwhile, the switching frequency of each IGBT
in an SM is around the AC frequency. Compared to the VSC, the MMC [22, 24]

N

has lower switching losses,

has a lower requirement for IGBT's voltage rating,
does not require the DC-link capacitor,

can be modularly designed, and

can generate the DC voltage with fewer harmonics.



Being bene ted by so many advantages, the MMC has become the most favorable
type of converter for HVYDC systems [25]. This thesis will only focus on HVDC
systems based on MMCs.

Each SM is a basic AC-DC conversion circuit consisting of IGBTs, freewheeling-
diodes, and DC capacitors. Di erent types of SMs have various operating principles
and fault ride-through characteristics. This subsection will introduce two basic SMs,
the half-bridge (HB)-SM and the full-bridge (FB)-SM.

An HB-SM consists of two IGBTs with freewheeling-diodesy; and S;) and a
DC capacitor (C) [22], Fig. 1.2(a). During the normal operation, the capacitor
voltage v, is regulated around a constant valuq\lvg—;, where V. is the rated output
DC voltage of the MMC, andNsy is the number of SMs in each arm of the MMC.
An HB-SM can output a two-level voltage,v. or 0. If S; is in the on-state S; = 1),
the output voltage vy is v¢; if S; is in the o-state (S; = 0), vy = 0. Since an
HB-SM can only generate a monopole output voltageyy. of an HB-MMC cannot
be smaller than the peak AC phase voltage [26]. If a DC fault occurs, the MMC will
be blocked|all IGBTs in the MMC are switched to the o -state|to protect each
device from being damaged by the large DC fault current. However, the HB-SM does
not have the fault-current interrupting capability. Even though the each HB-SM is
blocked during the fault, the fault current can still ow through the freewheeling-
diodes until the fault disappears, the MMC is disconnected from the fault, or the AC
grid is disconnected from the MMC. As a compensation for HB-MMC's incapability
of interrupting the fault current, DC circuit breakers (DCCBs) or AC circuit breakers
(ACCBs) should be installed on the DC side or the AC side, respectively.

An FB-SM consists of four IGBTs with freewheeling-diodess;, S;, S,, and S,)
and a capacitor C), Fig. 1.2(b). Each FB-SM can output a three-level voltagey.,
Ve, or 0. If S; and S, are both 1, ve = v,; conversely, ifS; and S, are both 0,
VE = V. if S; and S, are of dierent values (S; =1 and S, =0or S; =0 and
S, =1), ve =0. Since an FB-SM can generate a bipolar output voltage, the,. of a
FB-MMC can be smaller than the peak AC phase voltage [26]. This characteristic is
useful for a FB-MMC to raise the DC grid voltage smoothly during the restoration
process. If a FB-MMC is blocked during a fault, the four IGBTs in each FB-SM
will all be switched to the o -state so that the fault current cannot ow through
them. In this case, the DC fault current will be interrupted by the FB-MMC when
each FB-SM capacitors are fully charged. Fig. 1.3 shows the fault-current path in
an FB-MMC, whose each arm contains only one FB-SM for the sake of simplicity
and AC side is -connected. For example, after the occurrence of a pole-to-pole
(P2P) fault in an HVDC grid, if the phase A-to-C voltage reaches its peak, the fault
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Figure 1.2: (a) HB-SM's and (b) FB-SM's circuits and output voltage waveforms.

current will ow from phase A, ow through the diodes in the SMs on the upper arm
connected to phase A, charge the capacitors in these SMs, ow from the positive pole
to the negative pole through the fault point, ow through the SMs on the lower arm
connected to phase C, charge corresponding capacitors, and return to phase C, Fig.
1.3. During the process that the fault current charges SM capacitors, the capacitor
voltages are rising. When the sum of SM-capacitor voltages of an upper arm and a
lower arm rises to the peak phase-to-phase AC voltadk,, the AC side will not feed
any fault current to the HVDC grid. As a result, the fault current is interrupted by
the blocked FB-MMC. Since FB-MMCs can interrupt fault currents, neither DCCBs
nor ACCBs are required to be installed around FB-MMCs in a point-to-point HYDC
link.

1.1.2 HVDC System Structure

Based on structure, HVDC systems can be classi ed into point-to-point HVDC links,
multi-terminal HYDC (MTDC) grids, and meshed HVDC grids [2]. HVDC systems
in these three structures are shown in Fig. 1.4.

The point-to-point HVDC link can be embedded in an AC grid for transferring
bulk electric power over long distances. Both an MTDC grid and a meshed HVDC

5



Figure 1.3: Fault-current path in an FM-MMC during a P2P fault.

Figure 1.4: Structure of HVDC systems: (a) point-to-point HVDC link, (b) MTDC
grid, and (c) meshed HVDC grid [2].

grid contain multiple converter terminals. The major di erence between these two
grids is that the meshed HVDC grid contains at least one loop while an MTDC grid
does not [2]. Being bene ted by the transmission loop, a meshed HVDC grid can
function normally even when a transmission line in the loop is lost. However, a more
complex grid structure requires more advanced converters. For example, a meshed
HVDC grid can only use VSCs or MMCs, while an MTDC grid can use LCCs, VSCs,



or MMCs. Compared to traditional HVAC grids, meshed HVDC grids and MTDC
grids demonstrate an improved performance in reducing grid congestion, providing
increased system stability, and enabling the interconnection of asynchronous power
resources [2].

1.1.3 Topology and Grounding Con gurations of HYDC Sys-
tems

HVDC systems can be formed in various topologies such as symmetric monopole,
asymmetric monopole with ground or metallic return, and bipole with ground or
metallic return [20], Fig. 1.5. This subsection will introduce the above ve topologies
with their corresponding grounding con gurations brie y.

Figure 1.5: Topology of a point-to-point HVDC link: (a) symmetric monopole con g-
uration, (b) asymmetric monopole con guration with ground return, (c) asymmetric
monopole con guration with metallic return, (d) bipolar con guration with ground
return, and (e) bipolar con guration with metallic return [3].

A symmetric monopole system contains one MMC at each terminal and employs
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two transmission lines corresponding to two poles for a transmission path, where
each line requires full insulation. If a P2P fault occurs on the transmission line,
the power transmission in this system will be interrupted until the fault is cleared.
If a pole-to-ground fault occurs, the fault response of the system varies depending
on the grounding con guration on the AC side [4], Fig. 1.6. In the rst ground-
ing con guration, the transformer on the AC side is Y- connected to the MMC,
and grounding branches are installed between the transformer and the MMC, Fig.
1.6(a). If a P2G fault occurs, the grounding branches will supply the unbalanced
fault current. In order to restrict the magnitude and rising speed of fault current,
inductors and resister in grounding branches should be large, e.iy = 3 H and
Ry = 1000 [6]. In the second grounding con guration, the transformer is -Y con-
nected to the MMC, and a large grounding resister is connected to the neutral point
of the transformer, Fig. 1.6(b). The owing path of fault current in this con gura-
tion during a P2G fault is similar to that in the rst con guration, except the fault
current in this con guration will ow through the secondary side of the transformer.
From the transformer protection perspective, this con guration can only be used in
low voltage systems. In the third con guration, the transformer is -Y connected to
the MMC, and two series-connected resistors are installed on the DC side with the
neutral point grounded, Fig. 1.6(c). These two resistors may result in DC voltage
unbalance and will increase the power loss. Consequently, this con guration cannot
be used in a high-voltage grid. Among the three con gurations, the rst grounding
con guration is the most reliable and is used in many existing HVDC systems, e.g.,
the Trans Bay Cable in the USA. As a result, in this thesis, the symmetric monopole
grid has the rst grounding con guration.

An asymmetric monopole system only uses one pole for power transmission, and
that pole is preferred to be the negative pole to reduce corona e ects [27]. The return
current can ow through the ground or metallic conductor. If the ground return is
used, each terminal should be low-impedance grounded to reduce the power loss [20].
In this con guration, continuous return current will ow through the ground along
the transmission path, which requires speci ¢ permission [3]. Speci cally, sea can also
be used for the return current, e.g., Gotland 1 HVDC line [17]. If the metallic return
is used, only one terminal should be low-impedance grounded, and other terminals
can be high-resistance grounded or ungrounded [20].

A bipolar system contains two MMCs at each terminal, where each MMC con-
nects a pole and the neutral point, which can be low- or high-impedance grounded.
The grid can use ground return or metallic return [20]. If the ground return is used,
all terminals should be low-impedance or high-impedance grounded. In this con g-



Figure 1.6: Grounding con guration for a symmetric monopole point-to-point HYDC
link: (a) with grounding branches between the transformer and MMC, (b) with
a resistor connecting to the neutral point of the transformer, and (c) with series-
connected resistors on the DC side [4].



uration, no continuous ground current will ow through the transmission path, but
the permission for temporary operating with ground current is still required [3]. If
the metallic return is used, at least one terminal should be grounded, and other ter-
minals can be high-impedance grounded or ungrounded. The bipolar grid has a 50%
redundancy; therefore, if a P2G or pole-to-metallic (P2M) fault occurs on the grid,
the power transmission on the healthy pole|50% of the rated grid capacity|will

not be interrupted.

1.2 Statement of the Problem and Thesis Objec-
tives

Although extensive research has been conducted on the protection of HYDC systems,
a universal protection scheme for HVDC systems in various forms has not been
proposed. The objective of this thesis is to develop a universal protection scheme
that is suitable for HVDC systems in various forms. The variety of system forms
includes three aspects:

N

structure of the system, i.e., point-to-point, MTDC, or meshed HVDC,

" type of MMCs in the system, i.e., only FB-MMCs, only HB-MMCs, or both
FB- and HB-MMCs, and

system topology and grounding con guration, i.e., symmetric monopole, asym-
metric monopole with ground or metallic return, or bipole with ground or
metallic return.

A universal protection scheme for HVDC systems contains two parts: a universal
relaying scheme and a universal restoration algorithm to quickly restore the system
with low voltage oscillations and limited inrush currents. The developed relaying
scheme only uses the locally measured current derivatives to detect internal faults,
and the relay settings are calculated based on di erential equations of the system
after fault occurrence instead of being obtained by extensive time-consuming elec-
tromagnetic transient (EMT) simulations.

In order to ful Il the objective of this thesis, the following methodology is used:

" Each component in an MMC-based HVDC system is linearized and an equiv-
alent circuit of an MMC-based HVDC system right after a DC fault is built,
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“ A matrix-form di erential equation that can calculate the current derivative of

each line right after a DC fault is developed (for each grid form and each fault
scenario, a matrix-form equation is developed),

A method that uses the calculated post-fault current derivative of each line to
determine the setting of each relay in an HVDC system is developed,

A linear control block for HB-MMCs to raise the grid DC voltage stably during
the restoration process is designed, and

Time-domain simulations in PSCAD/EMTDC that can demonstrate the feasi-
bility of the relaying scheme and restoration algorithm are performed. Various
grid con gurations and fault scenarios are investigated in PSCAD/EMTDC.

1.3 Thesis Layout

The rest of this thesis is organized as follows:

A

Chapter 2 presents an approach to build the equivalent circuits and construct
the matrix-form di erential equations for post-fault MMC-HVDC grids in var-
ious topologies under various fault scenarios. In the simulation section, the
matrix-form di erential equation is used to calculate the fault current in an
HVDC grid right after a DC fault. The accuracy of the di erential equation is
discussed in various grid topologies under various fault scenarios.

Chapter 3 presents a universal relaying scheme, specic relaying algorithms
corresponding to various grid topologies, and a new method that uses di eren-
tial equations to calculate the relay settings. In the simulation section, various

types of DC faults are employed to grids in various topologies to evaluate the
performance of the developed relaying algorithms and the calculated relaying
settings.

Chapter 4 analyzes the voltage-control and power-control abilities of FB- and
HB-MMCs during the restoration process and presents a universal algorithm
for the restoration of various types of HVDC grids, which may even contain
di erent types of MMCs with and without fault blocking capability. A voltage-
control block is designed for HB-MMCs to stabilize the rise of the DC voltage
during restoration when the HB-MMC controls the DC voltage in the HVDC

11



grid. In the simulation section, the performances of the developed restoration
algorithm is evaluated.

" Chapter 5 presents the contributions and conclusions of this thesis and points

out the directions for future work.
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Chapter 2

Fault-Current Calculation for
HVDC Systems

2.1 Introduction

The design of a relaying algorithm for HVDC grids requires comprehensive under-
standing of the fault transient, which can be obtained by performing electromagnetic

transient (EMT) simulations, frequency-domain analysis, or time-domain analysis on

the equivalent models of HVDC grids. In the literature, various equivalent models of

HVDC components are developed to achieve the fault-transient analysis in various
levels of detalils.

An MMC can be built as a detailed model [22, 28], a continuous model [29], or a
RLC branch [5, 30, 31]. The detailed MMC model is constructed with the the highest
delity, where each SM and non-linear semiconductor device is individually modeled
and controlled. For some highly detailed models, the temperature e ect on semicon-
ductors is even simulated. The detailed model enables the analysis in the level of
devices, such as the behavior of an individual SM during a transient. However, the
extensive appearance of nonlinear devices in the detailed model requires signi cant
calculation resources and comprises the model's calculation e ciency. If only the
analysis in the grid level is required, the MMC can be represent by a continuous
model [29], which consists of a controlled voltage source with a few semiconductor
switches. The continuous model is of high accuracy during the steady state, fault
transient, and operation transient. Meanwhile, the simulation e ciency of the con-
tinuous model is signi cantly higher than that of the detailed model. If the analysis
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only focuses on the period right after the fault (tens of milliseconds), a RLC branch
with [30, 31] or without a controlled current source [5, 6] can be used to represent
an MMC. The equivalent RLC branch signi cantly simpli es the MMC and enables
the mathematical expression of the fault current right after a fault.

An transmission line can be represented by the frequency dependent (FD) model,
the lumped model, or a RL branch. In the FD model, the line resistance, induc-
tance, and capacitance are distributed along the transmission line, and the traveling-
wave dispersion resulted from the di erent propagation speeds of traveling-waves
with di erent frequencies is considered. The FD model is excellent in describing the
traveling wave phenomenons during the transient, such as the propagation of fault
current and the over voltage resulted from the re ected traveling waves between ter-
minals. However, it is hard to use the FD model to analyze the fault transients in
HVDC grids other than by using simulation tools. The lumped model, which rep-
resents a transmission line with a resister, an inductor, and two capacitors, enables a
mathematical approach to describe the HVDC grid with impedance or conductance
matrix. If a transmission line has small capacitance, e.g., an overhead line, this line
can be further simplied as a RL model. Both the lumped model and the RL
model provide the approach to mathematically express the fault current right after
the fault occurrence with acceptable accuracy.

This chapter presents a set of matrix-form di erential equations to calculate the
fault current in HVDC grids right after a DC fault. The matrix-form di erential
equations can be easily built and are suitable for:

" various grid topologies, e.g., symmetric monopole, asymmetric monopole with
ground or metallic return, and bipole with ground or metallic return;

"~ various fault scenarios, e.g., P2P, P2G, and pole-to-metallic (P2M) faults;

" grids with dierent types of MMCs, e.g., a grid with both FB-MMCs and
HB-MMCs.

Section 2.2 introduces the test grid. Section 2.3 presents the matrix-form equations
for various grid topologies and fault scenarios. Section 2.4 evaluates the accuracy of
the developed calculation methods.
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Figure 2.1: Four-terminal meshed HVDC test grid.

2.2 Test Grids

Five four-terminal meshed HVDC grids in di erent con gurations|symmetric monopole,
asymmetric monopole with ground or metallic return, and bipole with ground or
metallic return|are tested in this chapter, Fig. 2.1. For each con guration, FB-
MMCs are installed at terminals 1 and 4, and HB-MMCs are installed at terminals
2 and 3. The rated DC voltage of each MMC station i¥4. = 640 kV, i.e., the rated
P2P voltage of the bipole grid is ¥..

For each con guration, the MMC is connected to the AC grid through a -Y
connected transformer, where and Y are on MMC and AC sides, respectively
[6]. For the symmetric monopole grid, each MMC is connected with grounding
branches|three Y-connected inductors in series with a resistor|on the AC side and
un-grounded on the DC side [4], Fig. 2.2. The asymmetric monopole and bipole grids
have no grounding branch on the AC side and are low-impedance (10 grounded on
the DC side. The asymmetric monopole grid uses the negative pole for transmission.

Transmission lines in test grids are overhead lines (OHLS), which are represented
by RL branches [30] to simplify the calculation of fault currents. At both ends of a
line, terminal inductors are implemented to limit the rising speed of the fault current
[32]. Between each MMC and a terminal inductor, a hybrid DCCB is implemented.
The hybrid DCCB model is presented by [33], which will open within 2 ms after
receiving a trip signal generated by the relay. Between the two terminal inductors
on each line, eleven fault points are equally distributed. These fault points will be
used in Section 2.4.3. For the sake of simplicity, these fault points are only shown on
line 12 in Fig. 2.1. The grid and converter parameters are shown in Table 2.1 [6].
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Table 2.1: Converter and grid parameters

Items Values
Converter stations
AC grid voltage 400 kV
Nominal ratio of transformer 400 kV/380 kV
Transformer leakage inductance () 0.15 p.u.
Grounding inductance (1°) 3H
Grounding resistance ¢2°) 1000
Dc grid rated voltage (Vqc) 640 kV
Sub-module (SM) capacitance ¢SM) 10000 F
IGBT and diode on-state resistance (on) 5m
Arm inductance (13™ ) 20 mH
Arm resistance (2™ ) 0
Number of SMs per arm Nsy) 76
DC overhead lines
Resistance per unit length 0.014 /km
Inductance per unit length 0.82 mH/km
Terminal inductance (I') 50 mH
Control mode
FB-MMC 1 V=640 kV
HB-MMC 2 P=-900 MW
HB-MMC 3 P=-900 MW
FB-MMC 4 P=950 MW

2.3 Calculation of Fault-Current Derivatives

This section introduces a new methods to calculate the DC current right after a DC
fault occurs in a multi-terminal HVDC grid. All of the grid topologies and fault
scenarios are covered by the calculation methods. Namely, a P2G or P2P fault in a
symmetric monopole grid, a P2G fault in an asymmetric monopole grid with ground
return, a P2G or P2M fault in an asymmetric monopole grid with metallic return,

a P2G or P2P fault in a bipole grid with ground return, and a P2G, P2M, or P2P
fault in a bipole grid with metallic return are studied in this section. An advantage
of the calculation methods is that the di erential equations used for the calculation
are all in the similar matrix forms, and these matrices can be easily built or modi ed
once an HVDC grid is expanded or reconstructed
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This section will introduce the calculation method for four typical fault scenarios]
P2G and P2P faults in a symmetric monopole grid, a P2G fault in an asymmetric
monopole grid with metallic return, and a P2M fault in a bipole grid with metallic
returnjand a uniform matrix-form equation with a table where matrices for all fault
scenarios are listed. The equivalent MMC models are introduced in 2.3.1, and the
current calculation method for the four fault scenarios is introduced in 2.3.2-2.3.6.

2.3.1 Equivalent MMCs right after a DC Fault

Right after a P2P fault, an MMC can be represented by an RLC branch [5], Fig.

2.2. After the fault occurrence and before the operation of the protection system
(less than 10 ms), SM capacitors discharge rapidly and lead to large fault currents.
Comparatively, currents from the AC side are small, so the AC side is not considered
in this equivalent MMC model [5, 34]. Parameters of the equivalent MMC model are

Figure 2.2: Equivalent MMC model right after a P2P fault [5].

expressed as (2.1) [5],

2(r&™ + Nsw Ns“ron) |

re= 3 (2.1a)
2@

C — .

If =~ (2.1b)
6c°M

C= 1 —; 2.1c

9= New (2.1c)
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wherer™ and ™ are arm resistance and inductance of MM, respectively;Nsy
is the number of SMs in each armiNg, is the number of IGBTs in an SM, e.g.Ngw
is 2 in a HB-SM and is 4 in an FB-SM;roy is the on-state resistance of an IGBT
or diode; <1-$’V' is the SM capacitance of MMQ; and r{, If, and ¢ are the equivalent
resistance, inductance, and capacitance of MM[G respectively.

Right after a P2G fault, an MMC can be represented by the aforementioned RLC
branch with two equivalent grounding branches as shown in Fig. 2.3(b), the proof of
which is expressed below [6].

Figure 2.3: (a) Original and (b) equivalent circuits of an MMC right after a P2G
fault [6].

According to the superposition principle, an MMC terminal during a P2G fault,
Fig. 2.4(a), can be decomposed into a steady-state circuit, Fig. 2.4(c), and a fault
circuit, Fig. 2.4(c). Since the -connected transformer on the AC side cannot provide
the unbalanced P2G fault current, the steady-state circuit can be neglected during
the P2G-fault analysis.

Fig. 2.5(a) shows a single phase of the circuit in Fig. 2.4(c). Since the grounding
impedance is much larger than the upper and lower arm impedanceﬁg( ij and

Z["), the equivalent -connected circuit in Fig. 2.5(b) can be approximated as (2.2)
by employing the Y- transform.
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Figure 2.4: MMC circuit during a positive P2G fault: (a) original circuit; (b) steady-
state circuit; and (c) fault circuit [6].

Zpg - Zg + Zp + ZJgZ]p Zzg _ 2” ac +6rac. (2 Za.)
oA AT Tz i =1et j :
an — Zg + Zn + ZJQZJH ZZg =il ac +6rac. (2 2b)
T j ij i =140 i .

zZPzn 1
ijn = ij + Zjn + szgl ij + Zjn = i +j21 ja\rm +2rjarm ; (2.2¢)

whereZ, 2, and Z" are the equivalent impedances of the -connected circuit
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Figure 2.5: (a) Circuit and (b) equivalent circuit for a single phase of an MMC [6].

in Fig. 2.5(b). q“” can be calculated based on the energy balance principle [35, 36]:
8.1 1
< EC]Dn\/dzc = ZNSM ECSMVSZM ) Cpn - 2 CSM' (2 3)
: ! N ' '
Vic = NsmVsm M

The equivalent MMC during a P2G fault can be obtained by connecting three of the
circuits shown in Fig. 2.5(b) in parallel. As a result, the parameters of the equivalent
grounding branch are expressed as (2.4),

9 2|jac

7 = 3 ; (2.4a)
6rac

f= =2 (2.4b)

where rjg and Ijg are the equivalent resistance and inductance of the grounding
branches for MMCj, respectively.

2.3.2 P2G Fault in the Symmetric Monopole Grid

Fig. 2.6 shows the equivalent test grid when a positive P2G fault occurs on line
12. Branch (:urrentsi}ok and ijj are the positive and negative pole currents owing
from MMC j to MMC Kk, respectively. Branch currents of faulty lines aref, and
if,, wheref denotes the fault point. The capacitor currenti® is owing from the
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negative pole of MMCj to its positive pole. Ground currentsijp and i are owing
from the ground to positive and negative poles of MM, respectively. The voltage

acrossg’ is v, Bold variablesi®, i", ¢ andv® represent column vectors off , if}, if
and vy, respectlvely Speci caIIy, two faulty line currents form the last two elements
of the current vector, i.e.,i?(5) = if; andiP(6) = i}, for the test grid.

Figure 2.6: Equivalent model of the symmetric monopole test grid when a positive
P2G fault occurs on line 12 [6].

For each current iniP, i", and i€ a dierential equation can be formed by em-
ponlng KVL to the electrical path that the current passes. For example, equations
fori&,, if, i, andi$ is expressed in (2.5a), (2.5b), (2.5c), and (2.5d), respectively.

. . di§ di§ dif

0=rdi5+raqib, riif+15-2 5+l di"‘ |gd7t4; (2.5a)
gip p dif dif

O=riiy+ ropige +reig + I i + Iy —— o ; (2.5b)
. : . di} dif di

0=rdil+rpil, rdi5+19 dl + lpp dtz |gd7t2 (2.5¢c)

. . di] di di®
Vo= rig e rgig rgin e 190y A e di, (2.5d)

Tdat  tdt tdte

Each ground current can be replaced by the sum of certain currentsii, i", andi®.
For example,if = if + it + i, S, andi] =i, + il;+ i, + iS. Replacing ground
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currents in (2.5a-2.5d) with currents iniP, i", andi® yields

_ .gp gip gip 94 ,9)iP gic 4 .0ic
0= r3igg+ raizg + rgigg +(raa+ ry+ry)iz raiz+raig
P p ip P ic ic 2.6a
9% L odids | qdB L L, oy DB oIS, gdi§, (2.6a)
3o Tl t it (laa+ I3+ 13)—= 13>+ 17—
dt dt dt dt dt dt
_ g p p ) gip gic
O=(ras +ry+re)iyy reig,+ riijg+riig,  riiy
g digf gdi?s gdi§4 gdii (2.6b)
+ (s + 13 tli—=+ == 1=
dt dt dt dt
_.gin gin gin 9., ,0yin gic L Gic
O=riifg+ riiyy r3igg+(roa+ry+r3)ig, +riiy riiz
in in n in 1C 1
+ 991 | o dils Igd|24+(I o194 0y 02, odif  gdif, (2.6¢)
i tlhE—— L—— ptli+h)—/=+ 11— 5=
dt dt dt dt dt dt
C — grs:p P p Hil in n C dy;c
vi= ri(iy +iggt+iy, i1, iz i) +(ri+2r7)iy
(2.6d)

d oo 0 di¢
I%a(lgf+|23+lg4 i1, il '24)+(|i+2|%)a3

2.3.2.1 The matrix-form representation of currents and voltages rela-
tionship

There are D+ N +1 currents ini®, i", andi®in total, where N is the number of MMC
terminals, andbis the number of positive pole lines before the fault occurrence. The
equations for all currents can be expressed in the matrix form,
Mgy Vo= Ry, i+ Ly O 2.7
pg V"= Rpg 1+ Lpg 5 (2.7)
whereA pg = [On:opers INT7, 1 =[iP750"7; i€, and Iy isaN N identity matrix.
The rst b 1 rowsin (2.7) are in the form similar to (2.6a), and they correspond to
the positive healthy pole currents. Likewise, théy, to (b+1)y,, (b+2)y, to (2b+1)y,,
and (2b+ 2)y, to (2b+ N + 1)y, rows are in the forms similar to (2.6b), (2.6c), and

(2.6d), respectively.

Rpgand Lyg are (b+ N +1) (2b+ N +1) resistance and inductance matrices,
respectively. R ,q is expressed as

2 3
A (R9+ Rf)Af> + le Op+1 b AiR?®
Rpg = 4 Obb+1 AoRIAZ + R AgRY 5; (2.8)
RI*A? R9ZA3 R¢+2R0Y

where A, is the incidence matrix for the pre-fault grid which has a row for each
transmission line and a column for each terminal [37A; is the incidence matrix for
the post-fault grid, which is formed by 1) splitting the row in Ay corresponding to
the faulty line into two rows that contain a non-zero element, and 2) moving these
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two rows to the bottom of A,. For example,A, and A; for the test grid during a
P2G fault on line 12 are shown in (2.9).

2 3
2 3
L 1o o 10 1 0
1 0 0 1
1 0 1 0 51 o 1
Ao=§1 0 0 1% A;=80 1 0 2.9)
01 0 1
o0 1 1 10 0 0
0O 1 0 0

RY, RS R, and R} are diagonal matrices with ground resistances, MMC equivalent
resistances, line resistances of the pre-fault and post-fault grids on diagonals, respec-
tively. The sequences of line resistances R, and R! correspond to the sequences

of lines in Ao and A¢, respectively. R" is the fault resistance matrix. For example,
these matrices for the test grid are

RY =diag(r{;rd;rg;rd); (2.10a)
R¢=diag(ri;rs;rs;rg); (2.10b)
Ry = diag(ri2;13;14;24; F34); (2.10c)
le =diag(riz;ra;roa;raa;ra;re2); (2.10d)
R =11 144 (2.10e)

wherel,, is a4 4 all-ones matrix, and the diagonal function diag] is de ned in
[38].

The structure of L4 is the same aRR g, except allR and r in R4 are replaced
by L and I, respectively. GenerallyL' is a zero matrix.

The matrix form equation for all capacitor voltages is expressed as

dv _

dt

where the elastance matriXE€ is a diagonal matrix with the reciprocal of each equiv-
alent MMC's capacitance as the element,

E° = diag(1=¢; : 1:(;9; 1= (2.12)

EC A7y i (2.11)

Combining (2.7) and (2.11) yields the matrix-form equation for the P2G fault

scenario,
d i _ Ly Rpg Lpg Apg i
dt \ Epg ON;N \

whereE,g= E° AQ,.

; (2.13)
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2.3.3 P2P Fault in the Symmetric Monopole Grid

Fig. 2.7 shows the equivalent model of the symmetric monopole test grid when a
P2P fault occurs on line 12. The matrix-form equation for a P2P fault scenario is
expressed as (2.14) [5].

Figure 2.7: Equivalent model of the symmetric monopole test grid when a P2P fault
occurs on line 12.

d % Ly Rep Lpp App 0P

dt VC Epp ON;N VC '
Rpp @and Ly, are (b+1) (b+ 1) resistance and inductance matrices, respectively.
EppisaN (b+ 1) elastance matrix.

(2.14)

Rpp = A (RS+ RT)AT +2R!; (2.15b)
Lpp = AfLCA7 +2L}; (2.15¢)
Epp= E° Aj (2.15d)

A:, RS R", RL, LS L, and E® are the same as expressed previously.

2.3.4 P2G fault in the Asymmetric Monopole Grid with
Metallic Return

The equivalent circuit when a negative P2G fault occurs on line 12 in the asymmetric
monopole test grid with metallic return is shown in Fig. 2.8. Since each MMC
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Figure 2.8: Equivalent model of the asymmetric monopole test grid with metallic
return when a positive P2G fault occurs on line 12.

connects the neutral point with the negative pole, the voltage of the equivalent
capacitor of MMC j is denoted asv(", the positive direction of which is from the

neutral point to the negative pole, Fig. 2.8. The voltage vector, MMC current vector,
MMC resistance matrix, MMC inductance matrix, and MMC conductance matrix
are denoted asy", i°", R, L, and E®", respectively. The vectori™ consists of
each current on the metallic return line. The matriceRg and Lg' are similar to

RY and L}, respectively, except thatR]' and L' correspond to the metallic return
lines. For example,i™ and R{ for the asymmetric monopole test grid with metallic
return are expressed as

i :[iTQ;iTg;iT4;ir2n4;i5n4]>; (2.166.)
R{ =diag(ri;rix;riurosri): (2.16b)

R9 and L9 are still diagonal matrices consisting of the grounding resistance and
grounding inductance at each terminal, respectively. If MMQ is ungrounded,rjg
and Ijg should be set at a very large value, e.g., 100 times larger than the maximum
line resistance and inductance, respectively.

The matrix-form equation for this scenario is express as

d i _ Lyt Rpg Lot Apg i

a yen - Epg ON;N yven ; (2-17)
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where

i=[i"imT (2.18a)

Apg =[A7;Onp]™; (2.18b)
_ Af(R™+R9+ RNHA?> + R} AfRIAZ _

Rpa = AoRIA? AoRIAZ + RD (2.18¢)
_ Af(LO + LA + L} A;LIAZ _

Lpg = AQLIA> AoL9AZ + LD (2.18d)

Epg = E™ Ay (2.18e)

If the test grid is low-resistance grounded at one MMC terminal and ungrounded
at other terminals, the earth current during normal operation will be small, but
P2G faults far away from the grounding terminal can be hardly detected. If one
terminal is low-resistance grounded and others are high-resistance grounded, the
earth current during normal operation will be small, and P2G faults far away from
the low-resistance grounded terminal can be detected easily.

2.3.5 P2M fault in the Bipole Grid with Metallic Return

The equivalent circuit when a fault occurs on line 12 in the bipole test grid with
metallic return is shown in Fig. 2.9. In this fault scenario, the P2M fault branch is
considered as a virtual MMC with an equivalent resistance of , zero inductance, no
capacitance, ground resistance of, and ground inductance ofl?, wherer? and I?
are arbitrary large values that are 100 times larger than the maximum line resistance
and inductance, respectively.

Since the fault branch is considered as a virtual MMC branch, one more column
will be added toA, and A, and one more diagonal element will be added P,
R¢ R9Y, LC, L L9, E, and E®", whereR°P, L, and E®P are resistance matrix,
inductance matrix, and conductance matrix of the equivalent MMCs connected to
the positive pole, respectively. v is the voltage vector of the equivalent MMCs
connected to the positive pole. A star marker { will be added to the superscript of

each matrix that is modi ed for the virtual MMC branch. For example, the modi ed
matricesA,, A;, R’ , R9 , and E®? for the bipole test grid with metallic return
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Figure 2.9: Equivalent model of the bipole test grid with metallic return when a
positive P2M fault occurs on line 12.

are expressed as

2 3
1 1 0 0 O
10 1 0
A,=81 0 0 1 ; (2.19a)
01 0 1
0 O 1 10
2 3
10 1 0 O
1 0 0 1 0
_go 1 0 1 04,
At=80 o 1 1 o01° (2.19b)
10 0 0 1
0O 1 0 0 1
R =diag(r{*;rsP;rsPirsPire); (2.19¢)
RY =diag(r{;r3;rd;ri;r?); (2.19d)
1. 1. 1 1
E® =diag( - =o' = =, 0): 2.19
|ag( C(]:-p1 Cgpa Cgp- Cipa ) ( e)
(2.19f)
The matrix-form equation for the bipole grid is express as
d i Los R Lo A [
a — pm pm pm pm 2.20
dt v Epm Oon+2i2n4+2 V] (2.20)
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where

i =[iP7imi" T (2.21a)
v =[v?®>;0; v”;0[; 3 (2.21b)
A Op+1 N +1
Apm = 40pi1n+1 Opran+1?; (2.21c)
Opn +1 Ao 3
A (R® +R9I)A” +R! ARIAZ ARIAZ
Ropm = 4 ARIAS A{RIAZ +RP A(RYI A7 S, (2.21d)
A RI A A RI A A (R + RI)A; + R}
_ E® ON+1 N +1 > .
Epm - On +1 N +1 E°" Apm- (2.216)

Lom is the same aRR,n, except thatr and R are replaced byl and L.

2.3.6 Uniform Matrix-Form Equations for Current Calcula-
tion

The uniform expression of the di erential equation for current calculation is

d i _ L'RL¥A i

Gy E 0 v (2.22)

For each grid topology and fault type, the corresponding, v, L, R, A, and E can
be found in Table 2.2.

For the matrices listed in Table 2.2,R¢, R, R®", L€, L%, L, E¢, E®, E®",
and R9 are determined by the the number of MMC terminals, MMC parameters,
and the grounding con guration of each MMC terminal;A,, Ry, RY, L, and LY
are determined by the grid structure and line parametersA¢, R}, R", L}, and
L{" are determined by the grid structure, line parameters, the faulty line, and the
fault position on the line; R" is determined by the fault resistance and the number
of MMC terminals in the grid. The modied matrices A,, A;, R%, Ry’ , R§",
Ly’ , andL§" are only used in the P2M fault scenario in a bipole grid with metallic
return. None of the aforementioned matrices depend on the fault type.

The negative P2M fault in a bipole grid with metallic return and the negative
P2G faults in a symmetric monopole grid, bipole grid with ground return, and bipole
grid with metallic return are similar to their corresponding positive ones. For the
sake of clarity, the aforementioned negative faults are not presented in Table 2.2.
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2.4 Simulations

This section validates the accuracy of the current calculation method by comparing
the calculated current derivatives with the simulated ones. Hybrid four-terminal
HVDC grids in di erent con gurations are modeled in PSCAD/EMTDC. Three fault
scenarios|P2G and P2P faults in the symmetric monopole grid and a P2P fault in
the bipole grid with metallic return|are studied in this section. The fault impedance
varies from 0.01 to 500

2.4.1 P2P fault in a symmetric monopole grid

Since P2P faults are generally of low resistance in a symmetric monopole grid [39], a
P2P fault with a resistance of 0.01 is applied to line 12 near terminal 1. Fig. 2.10
shows current derivatives within 3 ms after the P2P fault that occurs at = 0 ms.
Only 3 ms is shown in Fig. 2.10 because this period is long enough for relays to detect
the fault [40]. The simulated current derivatives contain signi cant oscillations, which
are caused by the high operating frequency of MMCs. However, these oscillations do
not a ect relays' normal operation because oscillations are relatively small compared
to current derivatives caused by the fault. Fig. 2.10 shows that the calculation
results are accurate for both healthy and faulty line currents.

2.4.2 P2G fault in a symmetric monopole grid

Eleven fault points are equally distributed between the two terminal inductors on
line 12. The fault point d = O indicates the fault close to MMC 1; andd = 1

indicates the fault close to MMC 2. For each fault point, a positive P2G fault with
a resistance of 500 is employed, and the initial current derivative of each line is
obtained. The simulated and calculated initial current derivatives corresponding to

iP in _
each fault point are plotted in Fig. 2.11, Where'jok represents %0+ %o . Fig.

2.11 shows that for each fault point on line 12, the calculation method can provide
an accurate estimation of the current derivative. Meanwhile, the initial derivatives
of faulty line currents are far larger than those of healthy line currents, making it
possible to determine a secure and dependable threshold to detect faults and identify
the fault location in symmetric monopole grids.
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Figure 2.10: (a) Faulty, and (b) healthy line current derivatives during a P2P fault
on line 12 near MMC 1 in a symmetric monopole gridr{ =0:01 ).

2.4.3 P2P fault in a bipole grid with metallic return

On both line 12 and line 24 in the bipole test grid with metallic return, eleven fault
points are equally distributed between the two terminal inductors. A P2P fault with
a resistance of 0.01 is applied to each fault point, and the initial derivative of
if, and i}, are obtained. The simulated and calculated initial current derivatives
corresponding to each fault point are plotted in Fig. 2.12, wherdy and i5; are %’

and |§? when the fault is on line 12 and line 24, respectively. Fig. 2.12 justies
the accuracy of the developed current-derivative calculation method for the bipole
grid with metallic return during a P2P fault. Meanwhile, Fig. 2.12 indicates that

when the fault move from line 12 to line 24, the magnitude of!j—%o will decrease

will rise to a large value.

ip
diz,

signi cantly, and the magnitude of —z*
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Figure 2.11: Initial current derivatives when a P2G fault occurs on di erent points
of line 12 in an symmetric monopole grid.

Figure 2.12: Initial current derivatives when a P2P fault occurs on di erent points
of line 12 and line 24 in a bipole grid with metallic return.
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Chapter 3

Current Derivative-Based Relaying
Algorithm for HVDC Grids

3.1 Introduction

Various relaying algorithms for HVDC grids can be categorized into time-domain

[5, 32,41, 42, 43, 44, A5, 46, 47, 48] and frequency-domain [49, 50, 51, 52, 53, 54, 55,
, 57]. Time-domain relays include overcurrent [42], undervoltage [41], derivatives
[40, 58, 59], current di erential [60, 61], traveling wave [45], and Al-based [46, 47, 48]

approaches. Overcurrent and undervoltage relays require few calculation resources
but lack selectivity and quick response [42]. Derivative relays use the rising speed of
current or voltage to detect the fault. They respond quickly to the fault and have
selectivity if terminal inductors are implemented at the ends of each transmission
line [43]. Two main concerns about derivative relays are determining the pick-up
threshold and measuring accurate derivatives [5, 44]. Current di erential relays rely
on communication channels. They provide high sensitivity, but the inherent com-
munication delay limits their applications as the primary protection scheme in large
HVDC grids [54]. Traveling wave-based relays rely on the detection of steep voltage
wavefronts [32, 45]. These relays respond quickly to the fault but require a high
sampling frequency of currents and voltages, which adds to the investment. Pick-up
thresholds for these relays can be obtained by using the simplied HVDC model
[45]. Al-based relays employ algorithms in pattern recognition elds to identify and
locate faults [46, 47, 48]. Al algorithms are rstly trained on datasets (e.g., volt-
ages and currents) of di erent fault scenarios. Then, these algorithms are applied to
real-time measured voltages and currents to identify the fault. Generally, Al-based

33



relays require signi cant calculation resources.

Most frequency-domain relays rely on high-frequency components of current or
voltage measurements because high-frequency components of currents and voltages
on the faulty line are larger than those on healthy lines [49]. For these relays, an
internal fault is detected if the square of the high-frequency component [49, 50]
or the ratio between the high-frequency and low-frequency components exceeds a
threshold [51], whereas [50, 51] use current measurements, and [49] uses voltage
measurements. Frequency components are extracted by the Laplace transform [52],
the short-time Fourier transform [53], the S transform [54], or the wavelet transform
(WT) [55, 56], and the relay settings are determined by extensive simulations, which
are time consuming. Disadvantages of frequency-domain relays are that 1) the design
of high-frequency lters is not trivial, 2) transform algorithms require signi cant
calculation resources, and 3) frequency-domain relays are slower than time-domain
ones [57].

This chapter presents a number of relaying algorithms for HVYDC grids in various
con gurations. All of these relaying algorithms use locally measured current deriva-
tives, and they are fast, selective, and calculation-resource-sparing. Furthermore, all
relay settings are calculated instead of being obtained by performing time-consuming
electromagnetic transient (EMT) simulations. Section 3.2 introduces the developed
relaying algorithms. Section 3.3 introduces the calculation of the relay settings. Sec-
tion 3.4 shows simulation results when the developed relaying algorithm is employed
in the test grid.

3.2 Current Derivative-Based Relaying Algorithm

This section presents a number of relaying algorithms for HVDC grids in various
con gurations. In this section, rst, a universal framework of the relaying algorithms
is presented, and then, the speci c relaying algorithms for ve grid topologies|the
symmetric monopole grid, the asymmetric monopole grid with ground or metallic
return, and the bipole grid with metallic or ground return|are presented.

Fig. 3.1 shows the universal framework for relajk, the relay on linejk near
MMC j. The relaying algorithm only uses the locally measured current derivatives
and contains three modules: fault-type discrimination, internal fault detection, and
external fault detection. In the module 1, measured current derivatives are used to
determine the fault type, i.e., P2P, P2M, or P2G, based on the characteristics of
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current derivatives. Based on the current-derivative characteristics, a set of compar-
ison blocks can be designed to distinguish between di erent types of faults, Fig. 3.1.
The characteristics of current derivatives in each grid topology and for various fault

scenarios are listed in Table 3.1. The general trend based on Table 3.1 is that i) for

. dif dify . . ... . . .
a P2P fault, j% + %j is small because the positive and negative derivatives cancel

p n m
each other, ii) for a P2G fault,jd('jl—'{< + d('j—jtkj is large, and iii) for a P2M fault, jd(lj#tk
is large, where the P2M fault in an asymmetric monopole grid with metallic return

is similar to the P2P fault in a symmetric monopole grid. It should be noted that

module 1 can not strictly identify the fault type but only speci es that the fault will

not be a certain type of an internal fault. For example, if a P2G fault occurs far
L . o , Jdif i

away from line jk in a bipole grid with metallic return, j—- + —~j could be small,

and relay jk will know that this fault must not be an internal P2G or P2M fault.

Table 3.1: Characteristics of current derivatives in each grid topology and for various

fault scenarios

Grid con guration Fault Characteristics of current derivatives
scenario
diP o din .
. P2G Largej—2< + —K&
Symmetric monopole g J_d?_& o+ J
P2P Smallj - + -]
Asymmetric monopole P2G Large d;'tk
with ground return
Asymmetric monopole P2G Largejd;';k + %
with metallic return P2M Smalljd%tk + d%tkj
iP in
Bipole with ground P2G Largejd;,#k + d('j'tk
return P2P Smallj Sk + Sk
. dif dil} . il .

. . . ko4 Tk ik
Bipole with metallic P2G Larg.ej dt o Ot djina.nd small] dtim
return P2M Med|un;gd;: +nd;::(] and Iargejmd;tkj

P2P smallj + i and smallj ok |

After the completion of the fault-type discrimination module, the current deriva-
tive will be compared with the threshold corresponding to the fault type in module
2. For example, in the bipole grid with metallic return, if the real-time measured
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Figure 3.1: Universal framework for relayk in an HVDC system.

P in . . - P
jdd% + %j is small (unique characteristic of the P2P fault),d('j#tk will be compared
with a threshold corresponding to P2P faults to determine if this fault is an internal

P2P fault. If the derivative is larger than the threshold, an internal fault is detected,
and DCCB jk will be triggered.

If the criteria in module 2 are not ful lled, the derivative will be compared with
a threshold in module 3 to determine if the fault is external. If an external fault
is detected in module 3, DCCBjk will be blocked for 10 ms. Interruption of fault
current by DCCBs on faulty lines may result in large current derivatives on healthy
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lines. The main objective of module 3 is to prevent the trip of DCCBs on healthy
lines due to the trip of DCCBs on faulty lines.

3.2.1 Relaying Algorithm for a Bipole Grid with Metallic
Return

The input data to relay jk are current derivatives of the positive, metallic, and
negative poles of lingk , Fig. 3.2. For the sake of simplicity, the prime mark is used
to denote the derivative in Fig. 3.2. In this subsection, the bipole grid is assumed to
be low-resistance grounded at one terminal and high-resistance grounded at others.

There are three types of faults in a bipole grid with metallic return the P2P,
P2G, and P2M faults. In module 1, the real-time measuref 'k + j |s rstly

compared with DI jﬁEl, whereDI ﬁ?l is sllghtly smaller than the m|n|mumj d('j'tk j

when a P2M fault occurs on lingk . If j 1 > DI Jﬁﬁ‘l, j ] will be compared
with DI Jﬁﬁ‘z, whereDI Jth Is slightly smaIIer than the m|n|mumj —<j when an internal

P2M fault occurs. |fj —J > DI Jﬁi‘z, an internal P2M fault is detectedlrn module 1
instead of module 2. Generally, module 1 is capable of detecting one type of internal
fault. This is why the right block in module 2 of Fig. 3.1(a) is dashed and can be
removed.

iP iP
If jd"k it << < DI @t < i will be compared with DI "3 in module 2. DI "3
is smaller than the m|n|mum when a P2P fault occurs on lingk and is larger

than the maximum détk when an external P2P fault occurs. All the relays in a bipole
grid with metallic return can use the sameDI "'3|which will be proven in Section
3.3. l|so DI 3 does not have a subscript.

If j J <DI |2, d'lk and 2 will be compared with DI #*and DI P*, respec-
P
tively. DI "4 is slrghtly smaller than the minimum d+k when an internal positive

P2G fault occurs. If one of the criteria in module 2 is satis ed, an internal fault is
detected, and DCCBjk will be triggered

If no criterion in module 2 is satis ed j j andJ j WI|| be compared withDI ; ihS

in module 3. DI Jﬁ?s’ is slightly smaller than the m|n|mumj —-J when a positive P2M
fault occurs on an adjacent line to lingk. The adjacent Ilnes to linejk are those
directly connected to converterj or converter k. If either one of these derivatives
exceedDl 1{‘5, an external fault is detected, and DCCBk will be blocked for 10 ms.
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Figure 3.2: Operating principle of relayjk in a bipole grid with metallic return.

3.2.2 Relaying Algorithms for a Symmetric Monopole Grid,
an Asymmetric Monopole Grid with Metallic Return,
and a Bipole Grid with Ground Return

The symmetric monopole grid, asymmetric monopole grid with metallic return, and

bipole grid with ground return have a same characteristic: they all have two poles
for power transmission, where the metallic return can be considered as the neutral
pole. Consequently, the operating principles of the relays in these grids are similar,
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Fig. 3.3. This subsection will take the symmetric monopole grid as an example
and introduce this grid's relaying algorithm illustrated in Fig. 3.3(a) in detail. The
relaying algorithms for an asymmetric monopole grid with metallic return and a
bipole grid with ground return will be introduced brie'y.

Figure 3.3: Operating principle of relayjk in (a) a symmetric monopole grid, (b) an
asymmetric monopole grid with metallic return, and (c) a bipole grid with ground
return.

The inputs to relay jk in the symmetric monopole grid are current derivatives
o , - dif o difoL
on the positive and negative poles of lingk. In module 1,j—~ + —j is compared

dif}

. '
with a threshold DI jﬁEl. DI ﬁ?l is slightly smaller than the minimumjd;;tk+ {j when

" o a
a P2G fault occurs on lingjk . If the real-time measuredjd;#tk + d;#tkj is larger than
DI j?*, an internal P2G fault is detected

. dib dil .. dif . . .
If j— + %j is smaller thanDI *, —* will be compared with DI 2 in module

ip
2, whereDI 12 js similar to the de nition of DI "3 in Section 3.2.1. Ifd('j;tk > D] th2
an internal P2P fault is detected.
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If no internal fault is detected, j j andJ j will be compared with DI ; 3 in

module 3. DI ﬁ?3 is slightly smaller than the m|n|mumj —J when a posmve P2G
fault occurs on an adjacent line of lingk . If an external fault is detected, DCCBjk
will be blocked for 10 ms to prevent the trip of DCCBjk due to the trip of DCCBs
on adjacent lines.

For an asymmetnc monopole grid with metallic return,DI i 1 s slightly smaller
than the m|n|mumj it —+-J when a P2G fault occurs on Ilnek DI "2 ijs smaller
than the m|n|mum j j when a P2M fault occurs on Ilnqk and is larger than the

maximum j I i3 js slightly smaller than

dt
the m|n|mumj J when a P2M fault occurs on an adjacent line of lingk .

For a bipole grid with ground return, DI jﬁﬁ‘l is slightly smaller than the minimum

iP in
jd" il —J when a P2G fault occurs on lingk ; DI 2 js smaller than the minimum
j ) When a P2P fault occurs on lingk and is larger than the maX|mumj j when

an external P2P fault occursDI j 3 is slightly smaller than the mlnlmumj j when
a positive P2G fault occurs on an adjacent line of lingk .

3.2.3 Relaying Algorithms for Asymmetric Monopole Grid
with Ground Return

The operating principle for relayjk in an asymmetric monopole grid with ground

return is illustrated in Fig. 3.4. The inputs to reIaka is the current derivative
on the negative poles of lingk. In module 1, d+k is compared with a threshold

DI 1, DI ™ is smaller than the m|n|mumj —&j when a P2G fault occurs on line
jk and is larger than the maX|mumj

real-time measured+ is small than DI thi (j 'kj > DI ™1), an internal P2G fault
is detected. Since there is only one type of DC fault in an asymmetric monopole
grid with ground return, module 2 is useless for relays in this grid topology. If no

internal P2G fault is detected j —J will be compared withDI ﬁ?z in module 3. DI ﬁ?z

is slightly smaller than the minimum j ’kj when a negative P2G fault occurs on a
line adjacent to linejk . If an external fault is detected, DCCBjk will be blocked for
10 ms to prevent the trip of DCCBjk due to the trip of DCCBs on adjacent lines.
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Figure 3.4: Operating principle for relayjk in an asymmetric monopole grid with
ground return.

3.3 Calculation of Relay Settings

This section calculates initial current derivatives, the current derivatives right af-
ter the fault occurrence, of transmission lines and use the calculated initial current
derivatives to determine the thresholds for relaying algorithms. According to (2.13),

(2.14), (2.17), and (2.20), initial current derivatives%O can be approximated as

di
dto
where %O is the vector of initial current derivatives of transmission linesjo and v

are pre-fault values ofi and v, respectively. The elements ilRi, represent pre-fault
voltage drops on electrical paths, while the non-zero elements Av, are close to

L Y(Rio Avo) Vgl *A1; (3.1)
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the rated voltage of the HVDC gridVy. . Since the voltage drops on electrical paths
(<2 kV) are much smaller thanVy. (640 kV for the monopole test grid),Ri, can
be neglected compared t&\vy. Besides,vo can be approximated asv4.1 because
the elements invy are close toVy.. As a result, the approximation in (3.1) can be
obtained.

This approximation provides three advantages: 1) simplifying the expression for
%o, 2) ensuring the calculated thresholds are insensitive to changes in the operating
point, and 3) demonstrating that the initial current derivatives does not depend
on the fault resistance. Due to these advantages, the relaying algorithm based on
current derivatives is dependable even when the operating point changes or the fault
resistance is high.

3.3.1 Calculation of DI thx

Each threshold in the discussed relaying algorithms corresponds to a fault type. For
example, DI "2 in a bipole grid with metallic return corresponds to the P2P fault

becauseD| 3 should be smaller than the minimum‘%O during an internal P2P fault
and larger than the maximum%0 during an external P2P fault. Compared to other
thresholds for the bipole grid with metallic return, DI '3 is the only one that does
not have a subscript, indicating all relays in the grid can use the sani2 3. Some
thresholds for other grid topologies| DI "2 for a symmetric monopole gridPpl1 ™ for
an asymmetric monopole grid with ground returnPI1 2 for an asymmetric monopole
grid with metallic return, and DI "2 for a bipole grid with ground return|have the
same characteristic. These relay settings, denoted & ™ ;x 2 f 1;2;3g, can be

calculated by

i — LG J)+ UGined) .
2 1

where isy and iy, are the initial current derivatives of faulty and healthy lines,

respectively,L (jis; j) and U(jinj) are the lower and upper bounds ofi¢; j and jipj,
respectively. These two bounds are calculated by

(1 e)b ! I+ |c
1+eP 1 L@
2

DI (3.2)

L (jisr j) = Vac

7z (3.33)

"1 k(b k1) Rl QL gag (9) _
(Laag® Te (1t 1)L ©° T P Laag (K)

where all terminal inductances and equivalent MMC inductances are assumed to be
l; and |, respectively. is 1 for the asymmetric monopole grid with ground return;

(3.3b)

U(jine j) = Vac
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and is 2 for the symmetric monopole grid, asymmetric monopole grid with metallic
return, and bipole grid. P is the binomial coe cient \ b choosek", where E =0

whenk > b or k < 0. Kk is the subfactorial ofk, where 10 = 1. Lgsq and e are
expressed as

L diag :order(diag(AOIP_CAS + Lp); (3.4a)
|§ maxXi k b sgksf 1; :bg AOAS(k;S) 1

e: T :
Laiag (0 lemaxe k b sgiar 1 g A0AG (K:S) Ldiag (1)

(3.4b)

diag(AoL°Ag + Lj}) returns a vector containing all diagonal elements ik oL A G +
L. order(diag(A oL A5+ L)) returns a vector where all elements in diag oL A +
L{,) are ordered from the largest one to the smallest one, i.é.giaq(1) is the largest

element inL gag. The proof of (3.3) is presented in Section 3.3.2.

3.3.2 Bounds for Initial Current Derivatives

The initial current derivative of the faulty pole is approximated as

L (b L (1;b+12)

di L Y(k;b) L Ykb+1)
— L YA Vel = Vg : ; (3.5)
dto :
L b Lb L b 1b+1)
L Y(b;h L Yb;b+1)
L Y(b+1:b) L (b+1:;b+1)

where the last two red-colored elements correspond to initial derivatives of faulty
line currents, and other elements correspond to those of healthy line currents. Since
each element inL ! can be calculated as

LK) = e

1 ks b+1); (3.6)

the initial current derivative can be expressed as

di(k) .\ JMbg+ Mol
dt o 7 jdet(L)j

(1 k b+1); (3.7)

where det() is the determinant operator, andmg is the (s; k) minor of L. L will
change when the fault location changes. The following part will calculate the two-
sided bounds foij det(L )j, the lower bound forjmy, + Mp:1 1, J, and the upper bound
for jmpk, + Mk, J @among all fault locations to determine the relay settings.
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3.3.2.1 Bounds for jdet(L)j

Lisa(®+1) (b+1)diagonally dominant matrix, whose two-sided bounds can be
calculated as [62]:

byl . I
O i jL(s;K)j . .
» Lk M ey u U0 detL)]
) (3.8)
bl . I
Y jL(s;K)j .
- L (ki kj + k+1 s brl jL(s;8)] u(s) uk)

where u(k) = P ;"Zlkﬂ jL(k;s)j. Equation (3.8) cannot calculate the bounds for
j det(L)j among all fault locations, because (3.8) requires all elementdino calculate
the bounds. However varies when the fault location changes. In the following,
(3.8) is modi ed such that only A, Lgiag, lt, @andl. are used to calculate the two-sided
bounds forj det(L)jF.)

Since max « b ggof 1. ;bglc AoAG (k;s) max; k p+1 U(K), and the largest
o -diagonal element inL isl., foreach1 k, b 1,

JL (s kn)j

(l e)l_(kh,kh) J L(kh,kh)] kh+1m5 b1 m

u(kn); (3.9)
wheree is de ned in (3.4). According to the de nition of L and A¢, L(b;b+1) 0.
Consequently,

JL(s;ki)j

L (ks ke ) = jL(Kks s Kke)j L P m

u(ke) (3.10)

for eachb ki b+1.

P
SinceL (ky; ki) and Ef”:bL(kf ; ki ) compose the elements ih giag, and L (ks ; Ky )
is not smaller than | ; + |,

byl by 1 by 1
L (ks ; k) (1 eL(kn;kn) (Laag(®) ¢ I)(Te+1)2 ©° 1 Lgag (K):
ki =b kp =1 k=1
(3.11)
Thus, L(jdet(L)j) can be calculated as
by 1
L(det(L)))=(Laag(® 1t 1)(1t+1)@ &° ' Laag (K); (3.12)

k=1

which only uses the pre-fault grid's parameters and is independent of the fault loca-
tion.
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Similarly, the upper bound forj det(L)j can be calculated as

; B — Ldiag(l) 2 b 1Yo ) .
U(jdet(L)j) = ( T) (1+¢) L diag (K): (3.13)
k=2
3.3.2.2 Bounds for jMpk+ Mpe1k]
M « is de ned as follows:
2
o o .. e 1 Ok 1 k+1
M= BLb 1 Fbl2y 4 o, Owp k1 2; (1 k b+1): (3.14)
O1p 1 10 0 |
b k+lk 1 b k+1

It can be proved thatjdet(M )j = jMpx + Mpr1 ]

3.3.2.3 Lower bound for jdet(My,)j

My, isab bdiagonally dominate matrix, whose diagonal elements are elements in
Ldiag €XCept forM, (b; B, whereM , (b; B = L (ks ; ke) | ¢ + l.. Similar to (3.12),
L(j det(M, )j) is expressed as

Yo
LGdetM i )i)=( T¢+ 1)@ € 1 Laiag (K): (3.15)
k=2

3.3.2.4 Upper bound for jdet(My,)j

det(M,) is partitioned into the sum of three determinants:
det(My, ) = det( M, .1) + det( M, ;o) + det( M, :3); (3.16)

whereM y, .1, M, .2, and M, .3 are equal toM , , except thatM i, .1(b; 9, M, .2(b; 9,
and My, .5(b;9 are zero whens 2 fb 1,bg, s2f1, ;b 2g[f by, ands 2

f1; ;b 19, respectively. For exampleM 4, M 4.1, M 4.2, and M 43 for b= 8 are
shown in Fig. 3.5. The colored and un-colored elements in Fig. 3.5 are the diagonal
and o -diagonal elements ofL, respectively.

All of the elements inM y, .1 are divided into three sets,

Setj = fMy,.1(s;K)j( s=k kyn 1)_(kn+1 s=k+1 b 1)g; (3.17a)

Sety = fMy,.1(s;K)j( s kn 17k6s)_(s=kn)_(kn+l s b 17kés 1)g;
(3.17b)

Set3 = My, .1(s;K)j(s= b (b 1 k bg; (3.17¢)
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Figure 3.5: MatricesM 4, M 4.1, M 4., and M 4.3 for b= 8.

where the elements irBet;, Set,, and Set; correspond to the colored, un-colored, and
zero elements of theM 4., in Fig. 3.5, respectively. The upper bound fojdet(M . .1)]
Is expressed as

!

X 2 %
b 2 12K Lgiag () : (3.18)

U(jdet(M «,;1)i) = ((b k+(b 1 k)
k=0 s=1

To obtain (3.18), jdet(M , .1)] is considered as the sum df summands, where each
summand is the product of a sign factor ant elements in di erent rows and columns
of M, .1. Meanwhile, it is assumed that the sign factor of each summand is positive,
all elemer&s inSet, are at their maximum valuel., and the product of k elements
in Set; is ‘;:1 Laiag(s). (!(b  k)+!(b 1 k)) means the number of ways that we
can chooséd Kk un-colored elements in di erent rows and columns frorM y, .1; and

P 2 means the number of ways that we choosecolored elements in di erent rows
and columns fromM , .1.

Similarly,
_ o ke b 2 N .
u(jdet(M ,,2)j) = My, (b;b 1)  ((((b 1 k)+i(b 2 k)) K Ig L diag (9));
e = (3.19a)
_ o o X2 b 2 pq .
U(jdet(M ¢, :3)j) = My, (b;B  ((((b 1 Kk)+(b 2 Kk)) K I L giag (S)):
e = (3.19h)

Considering thatM , (b;b 1) + M, (b; B is an element inL giag, U(j det(M «, )j)
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can be obtained by adding (3.18) and (3.19) together as

Ui det(Mk,)i) U (det(M i, :1)j) + U( det(M k, :2)i) + U(j det(M , 3)))
k1 K :
= ((b K+(b 1 k) bk Lok Lyag(s) (3:20)
k=0 s=1

The bounds forjis j and jiy,j are calculated as

L (j det(M , )j) .

L(jifi j) = Vdc UG det(L)]) (3.214a)
Ui j) = vdc%: (3.21b)

3.3.3 Calculation of DI {*

All of the thresholds DI J-‘lﬁ‘x;x 2 f1;2;3;4;59 that should be speci cally calculated
for relay jk and their corresponding calculation methods are presented in Table 3.2.
Take DI jﬁﬁl for an symmetric monopole grid as an example, a positive P2G fault will
dif

a0
can be calculated by employing (3.1) to this fault scenario. TherDI jﬁEl

be applied to the far end of lingk (the end of linejk close to MMC k), and
dify
dt 0

iP in
can be calculated as the product qfd%0 + d;#tkoj and a safety factor that is slightly
smaller than 1, e.g., 0.95. To calc:ulaté)lj-ﬁ?3 for an symmetric monopole grid, a
positive P2G fault will be applied to the far end of each linexy that is adjacent to

line jk |the far end of line xy is the one far away fgom MMCj or MMC k. Then,
(3.1) will be employed to each fault scenario, an';f’%tkoj for each fault scenario can

and

o
be obtained. Finally, DI th3 can be calculated as the product of the minimum%oj
among all the fault scenarios and a safety factor that is slightly smaller than 1.

3.4 Simulation Results

This section validates the feasibility of developed relaying algorithms. To evaluate
the algorithm, hybrid four-terminal HVDC grids in di erent topologies are modeled
in PSCAD/EMTDC.
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Table 3.2: Calculation method for thresholdDI ‘hx.

Threshold Fault type Fault point(s) Calculated  cur-
rent derivative
I
Symmetric DIt Positive P2G  Far end of line jk jo
monopole grid DI {3 Positive P2G  Far ends of adjacent min(j2 5 =ob)
lines xy
Asymmetric DI J.t,'g 2 Negative P2G  Far ends of adjacent mln(jddt M)
monopole grid lines xy
with  ground
return
Asymmetric DI fh Negative Far end of line jk jwoj
monopole grid P2M
with metallic DI f® Negative Far ends of adjacent min(j %y Oj)
return P2M lines xy
T
Bipole grid DI jt,‘(‘ ! Positive P2G  Far end of line jk j%oj
with ground DI 3 Positive P2G  Far ends of adjacent min(j2 v =)
return lines xy
—
Binole arid DI J-‘E 1 Positive P2G  Far end of line jk jwo'
ipole gri
wi?h mgtallic DI {2 Positive P2M  Far end of line jk jd(lj’tk ol
return DI J{‘“ Positive P2G  Far end of line jk j dt Oj
DI f® Positive P2M  Far ends of adjacent min(j = Oj)
lines xy

3.4.1 Calculation of Thresholds

This subsection presents the calculated thresholds for the relays of the symmetric
monopole grid and the bipole grid with metallic return.

In a symmetric monopole grid, using (3.3) and (3.2), (ji j), U(jintj), and DI 2
are calculated as 903.20 kA/s, 320.41 kA/s, and 611.81 kA/s, respectively. For the
test system of this thesis, the minimum initial derivative of faulty line currents is
1450.2 kA/s, and the maximum initial derivative of healthy line currents is 193.81
kA/s. Since 19381< 61181< 14502, the dependability and security of the designed
relay is ensured.

The initial current derivative of each line during each fault can be obtained.

DI 1 for the symmetric monopole grid can be calculated as 0.9 times the minimum
d|
J dt ot Tt

| when a positive P2G fault occurs on lines adjacent to ling .

—at ol when a P2G fault occurs on lingk , and DI | i3 js 0.9 times the minimum
e dt 0
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The calculated thresholds for the symmetric monopole grid are shown in Table
3.3. Similarly, the thresholds for the bipole grid with metallic return can be calcu-
lated, Table 3.4.

Table 3.3: Thresholds for the symmetric monopole grid

Line jk Line 12 Line 13 Line 14 Line 24 Line 34
DI 1 (kA/s) 356.823 297.171 301.482 323.199 345.123
DI th (KA/s) 611.81

Dlﬁ?3 (kA/s) 40.1508 8.5689 11.5569 15.4485 41.9067

Table 3.4: Thresholds for the bipole grid with metallic return

Line jk Line 12 Line 13 Line 14 Line 24 Line 34

DI (kA/s) 2170.8 1386.63 1388.16 1691.28 2168.55
Dlthz(kA/s) 1979.64 1219.05 1223.46 1510.38 1978.65
DI ' (KA/S) 1475.9

DI '* (kA/s) 3980.88 2541.78 2546.19 3103.65 3978.36
|th5(kA/s) 84.303 46.0296 46.4769 59.1867 85.2624

3.4.2 Performance of the Developed Relaying Algorithm

The relaying algorithms for the symmetric monopole grid and the bipole grid with
metallic return are evaluated in this section. P2P and P2G faults are applied to the
symmetric monopole grid; P2P, P2G, and P2M faults are applied to the bipole grid
with metallic return.

3.4.2.1 Low-impedance P2P fault in the symmetric monopole grid

Fig. 3.6 shows the current derivative of each line when a P2P fault with a resistance
of 0.01 occurs on line 12 near MMC 1 at = 1 ms. After the fault occurrence,

Jd'12 + dllzj andjd'21 + d'21j remain belowDI {3, Fig. 3.6(a). Consequently, relay 12

and relay 21 identify this fault as a P2P fault in module 1. Then; d'lz and dc'ﬁl are
compared with DI "2 in module 2. Since these two derivatives exce@i M2 in one
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Figure 3.6: Current derivatives of each line during a P2P fault on line 12 near MMC
1(r¢f =0:01 ).

sampling period (0.01 ms), relay 12 and relay 21 detect the internal P2P fault and
trigger DCCB 12 and DCCB 21 att = 1:01 ms, Fig. 3.7.

Meanwhile, relays on lines adjacent to line 12 detsct an external_pfault. Take
relay 13 as an example, for:9 ms< t < 1:02 ms,j% + 9Lj and %2 remain
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Figure 3.7: Trip signals during a P2P fault on line 12 near MMC 1r¢ =0:01 ).

below DI {1 = 297:171 kA/s and DI "2 = 611:81 kA/s, respectively, Fig. 3.6(b).
Consequently, relay 13 detects no internal fault and proceeds to module 3, where

Jd('jfj is compared with DI {12, The zoom-in box in Fig. 3.6(b) shows that] d'13j
exceedDI 13 in 0.01 ms. As a result, relay 13 detects an external fault and bIocks
DCCB 13 for 10 ms, Fig. 3.7. When DCCB 12 and DCCB 21 operate at= 3:01
ms, J 2] rises signi cantly and exceedDl h2 = 611:81 kA/s at around t = 3:5 ms.
However DCCB 13 and DCCB 31 will not be triggered, because they have been
blocked att = 1:01 ms. Other relays on adjacent lines to line 12 also detect the

external fault and block their DCCBs for 10 ms, Fig. 3.6(b)-(c) and Fig. 3.7.

Slncejd'34j stays belowDI #}* and when the fault occurs, relay 34 and relay 43
detect no fault Fig. 3.6(c). These two relays will neither mis-trigger DCCB 34 and

DCCB 43 becausq:d'34 + d'34j andJ —2j remain belowDI ;' and DI " when DCCBs
on line 12 operate, respectively.

3.4.2.2 High-impedance P2G fault in the symmetric monopole grid

Fig. 3.8 shows the current derivative of each line when a positive P2G fault with
a resistance of 500 occurs on line 12 near MMC 1 at = 1 ms. After the fault

occurrence,ﬁ"12 + dllzj andjo"21 + d|21j exceed®Dl ' in 0.01 ms, Fig. 3.8(a). Conse-
guently, relay 12 and relay 21 detect the mternal PZG fault and trigger the DCCBs
on line 12 att = 1:01 ms, Fig. 3.9. Meanwhile, the relays on healthy lines detect

the external fault. Take relay 13 as an example. For® ms<t< 2 ms, jd'13 + défj

remains belowDI {1, Fig. 3.8(a); d'13 does not excee®! M2 but exceedsDI I3, Fig.
3.8(b). As a result, an external fault is detected by relay 13, and DCCB 13 is blocked
for 10 ms, Fig. 3.9. Similarly, other relays on healthy lines all detect the external
fault and block their corresponding DCCBs, Fig. 3.8(b)-(c).
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Figure 3.8: Current derivatives on each line during a P2G fault on line 12 near MMC
1(ry =500 ).

Figure 3.9: Trip signals during a P2P fault on line 12 near MMC 1r¢ = 0:01 ).
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3.4.2.3 Bipole grid with metallic return

The P2P, positive P2M, and positive P2G faults with a resistance of 0.01 are
applied to line 12 near MMC 1 in the bipole grid with metallic return att = 1 ms.
Fig 3.10(a) shows current derivatives of the faulty line during the P2P fault. Since
Jd'12 + dllzj andjd'21 + d|21j remain belowDI !, relay 12 and relay 21 identify this
fault as a potential P2P fault through module 1. Then,o'('ﬁ2 and d'21 are compared
with DI 3 in module 2. Since these two derivatives excedl ' in 0.01 ms, an
internal P2P fault is detected, and the DCCBs on line 12 are triggered. When the

positive P2M fault occurs jd'12 + dllzj andjd'21 + d'21j exceedDI !, and j 9z 9% and
Jd'21j exceedDl {12, As a result, an internal P2M fault is detected. When the positive
P2G fault occurs, Jd'12 dllzj and Jd'21 + d'21j exceedDI !, while jFi2j and jS2&]

P
remain belowDI {32. Then, d('j}z and d'21 are compared withDI %% in module 2. Slnce
these two derivatives are larger than the corresponding threshold, an internal P2G
fault is detected.

d|12 d|21

Fig. 3.11 shows the current derivatives of healthy lines during the P2P, positive
P2G, and positive P2M faults. According to Fig. 3.11, the relays on lines adjacent
to line 12 detect an external fault in all fault scenarlos Take relay 13 as an example,
when a P2P fault occurs on line 12 at = 1 ms, j d —13] rises to around 500 kA/s, Fig.

3.11(a). Even though=; d'13 + d'13j and DI {1 are not plotted in Fig. 3.11(a), Jd'13 + d'13J

can never excee®| [} = 1386:63 kA/s aSJd'13j is about 500 kA/s. Besides;j d'13j is
smaller than DI 3 = 1475 9 KA/s. As a result relay 13 proceeds to module 3 and

Jd'13j is compared withDI 5, Slncej 2] exceedDl ¢ 5 quickly, an external fault is
detected, and DCCB 13 is blocked. Slmllarly, other relays on adjacent lines to line
12 can detect the external fault right after the fault occurrence, Fig. 3.11(b)-(c).

For 1l ms<t< 5 ms, Jd'34j does not exceedl 1, indicating relays on line 34
are slightly impacted by the fault on line 12.
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Figure 3.10: Current derivatives of the fault line during a (a) P2P, (b) P2M, and (c)
P2G fault on line 12 near MMC 1 ¢; =0:01 ).
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