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Abstract

Nowadays, the recent trend of high voltage direct current (HVDC) industry is to employ

modular multi-level voltage source converter (MMC-VSC) and to build multi-terminal DC

(MTDC) systems. The MMC-VSC technology allows VSCs to achieve a higher power rat-

ing and the modularity of VSCs provides more flexibility. MTDC systems offer more flex-

ibility and expandability compared with individual point-to-point HVDC connections. It

is possible that different types of converters from different manufacturers will be work-

ing together in a future MTDC system. In general, MMC-VSCs can be divided into two

main categories, full-bridge (FB) VSCs and half-bridge (HB) VSCs depending on the back-

ward current blocking capability. The two kinds of converters have different fault transient

responses and require different protection procedures. This thesis focuses on the protec-

tion of hybrid MTDC systems that contain VSCs with different fault blocking capabilities

against DC faults.

The proposed protection algorithm considered the impact of using the two types of

converters in one MTDC system. The DC fault protection algorithm includes a selective

fault detection and isolation algorithm and a universal restoration algorithm. The fault de-

tection unit uses DC current derivatives as the criteria to detect potential DC faults. When

a pole-to-pole fault occurs, converter-level controllers would block the converters immedi-

ately if the preset current derivative thresholds are exceeded. The central-level controller

compares the current directions of all the transmission lines and locate the fault. In pole-

to-ground fault situations, the central-level controller receives the current measurements

from all the converters and determines a pole-to-ground fault by current magnitude anal-

ysis. The central-level controller can also analyze the current magnitudes of all the trans-

mission line terminals and locates the pole-to-ground fault.

After the fault isolation, the healthy part of the MTDC system should be restored

quickly. A universal restoration algorithm that fits MTDC systems with different types of
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converters is proposed, which is simpler and faster compared with the ones proposed in

the literature. All the converter stations are controlled individually during the restoration

process, avoiding any communication delay. First, fault clearance test is performed by clos-

ing an AC breaker which is connected to a HB converter. Second, DC voltage-controlled

converters are restored when the voltage of the DC grid reaches the preset values. Finally,

the rest of the converters are restored when the DC terminal voltage reaches a stable value.

With the proposed restoration algorithm, the four-terminal MTDC test system of this the-

sis can restore its steady-state operation in one second after isolating the DC fault.

iii



Acknowledgements

I would like to express my deepest appreciation to my supervisors Dr. Sahar, P. Azad and

Prof. Venkata Dinavahi for their supportive attitude, encouragement, and guidance through

my research at the University of Alberta. Undoubtedly, without their constant help and

supervision, this dissertation would not have been possible.

It is an honor for me to extend my gratitude to the University of Alberta. With special

mentions to Mr. Ning Lin, Mr. Yashar Kor and Dr. Shengjun Huang for helping me during

the two-year research. And my special thanks go to my colleagues and friends at the RTX-

Lab and W4-076 with whom I had a wonderful time during my M.Sc. program.

I would like to thank my parents and girlfriend for their great understandings and

supports throughout my research.

iv



Table of Contents

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1 Selective Fault Detection . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3.2 Fault Transient Response of VSC-MTDC Systems . . . . . . . . . . . 5
1.3.3 Post-Fault Restoration . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Motivation of This Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5 Thesis Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.6 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 MTDC System Modeling, Control and Protection 8
2.1 Modeling of VSCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Four-Level Control Hierarchy . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3 Test Tystems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.1 Point-to-Point HVDC Test System . . . . . . . . . . . . . . . . . . . . 14
2.3.2 Four-Terminal MTDC Test System . . . . . . . . . . . . . . . . . . . . 15
2.3.3 Power Flow Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.4 Converter Built-in Protection Unit . . . . . . . . . . . . . . . . . . . . 17
2.3.5 High Voltage DCCBs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.6 Backup Protection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3 Fault Transient Response of Hybrid DC Systems 20
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Pole-to-Pole Fault Transients . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.2.1 Fault Transient Response of the Point-to-Point Hybrid HVDC Sys-
tem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.2 Fault Transient Response of the Point-to-Point HVDC System with
FB Converters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2.3 Fault Transient Response of the Point-to-Point HVDC System with
HB Converters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

v



3.2.4 Fault Transient Response of the Hybrid Four-Terminal MTDC System 28
3.3 Pole-to-Ground Fault Transients . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3.1 FB and HB Converter Comparison . . . . . . . . . . . . . . . . . . . . 31
3.3.2 Fault Transient Response of the Hybrid Point-to-Point HVDC System 34
3.3.3 Fault Transient Response of the Hybrid Four-Terminal MTDC System 34

3.4 Other Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.4.1 Fault Impedance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.4.2 Converter Blocking Delay . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4 Fault Detection, Isolation and System Restoration of Hybrid MTDC Systems 42
4.1 Fault Detection and Isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.2 Restoration of HVDC Systems with FB or HB Converters . . . . . . . . . . . 44

4.2.1 Restoration Algorithm of HVDC Systems with HB Converters . . . . 45
4.2.2 Restoration of HVDC Systems with FB Converters . . . . . . . . . . . 46

4.3 Universal Restoration Algorithm for Hybrid MTDC Systems . . . . . . . . . 46
4.4 Study Results for the Restoration of the Hybrid DC Systems . . . . . . . . . 51

4.4.1 Fault Clearance Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.4.2 Restoration of the Hybrid Point-to-Point HVDC System . . . . . . . 52
4.4.3 Restoration of the Hybrid MTDC System . . . . . . . . . . . . . . . . 54
4.4.4 Restoration Failure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5 Conclusion and Future Work 59
5.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.2 Thesis Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.3 Direction of Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Bibliography 61

vi



List of Tables

2.1 Point-to-point HVDC test system specifications . . . . . . . . . . . . . . . . . 15

vii



List of Figures

2.1 HB MMC submodule modeling. . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 FB MMC submodule modeling. . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 VSC-MTDC system control hierarchy. . . . . . . . . . . . . . . . . . . . . . . 12
2.4 Upper-level controller of MMC-VSC. . . . . . . . . . . . . . . . . . . . . . . . 13
2.5 Point-to-point HVDC test system. . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.6 Four-terminal MTDC test system. . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1 Timeline and stages of the pole-to-pole fault transient of the hybrid point-
to-point HVDC system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 DC currents of the converters in the hybrid point-to-point HVDC system
during the pole-to-pole fault. . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3 Current flow path during: (a) stage 2 and (b) stage 3. . . . . . . . . . . . . . 24
3.4 Current flow through the fault impedance during the pole-to-pole fault. . . 24
3.5 DC voltages of converters in the hybrid point-to-point HVDC system during

the pole-to-pole fault. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.6 Hybrid point-to-point HVDC system AC side current during the pole-to-

pole fault for (a) AC source 1 and (b) AC source 2. . . . . . . . . . . . . . . . 26
3.7 DC current of HB Converter 2 for various fault impedances. . . . . . . . . . 26
3.8 Timeline and stages of the pole-to-pole fault transient of the FB point-to-

point HVDC system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.9 Pole-to-pole fault transient of the point-to-point HVDC system with FB con-

verters: (a) DC voltage of Converter 1 and Converter 2 and (b) DC current
of Converter 1 and Converter 2. . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.10 Timeline and stages of the pole-to-pole fault transient of the HB point-to-
point HVDC system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.11 Pole-to-pole fault transient of the point-to-point HVDC system with HB con-
verters: (a) DC voltage of Converter 1 and Converter 2 and (b) DC current
of Converter 1 and Converter 2. . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.12 Timeline and stages of the pole-to-pole fault transient of the hybrid four-
terminal MTDC system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

vi

viii



3.13 Pole-to-pole fault transient of the hybrid MTDC system: (a) DC current of
Converter 1 and Converter 2 and (b) DC current of Converter 3 and Con-
verter 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.14 Pole-to-pole fault transient of the hybrid MTDC system: (a) DC voltage of
Converter 1 and Converter 2 and (b) DC voltage of Converter 3 and Con-
verter 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.15 Timeline of the pole-to-ground fault transient of FB and HB point-to-point
HVDC system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.16 Pole-to-ground fault transient of the FB and HB point-to-point HVDC sys-
tem. (a) DC voltage and (b) DC current. . . . . . . . . . . . . . . . . . . . . . 32

3.17 Current flow through fault impedance during the pole-to-ground fault. . . 32
3.18 DC terminal voltage of Converter 2 caused by the uncontrollable AC source

contribution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.19 Timeline of the pole-to-ground fault transient of the hybrid point-to-point

HVDC system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.20 Pole-to-ground fault transient response of the hybrid point-to-point HVDC

system: (a) DC voltage and (b) DC current. . . . . . . . . . . . . . . . . . . . 35
3.21 Fault impedance current during the pole-to-ground fault. . . . . . . . . . . 35
3.22 Timeline of the pole-to-ground fault transient of the hybrid MTDC system. . 35
3.23 Pole-to-ground fault transient current: (a) Converter 1 and Converter 2 and

(b) Converter 3 and Converter 4. . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.24 Pole-to-ground fault transient of the four-terminal MTDC system: (a) Volt-

age of Converter 1 and Converter 2 and (b) Real power of Converter 3 and
Converter 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.25 Timeline of the pole-to-ground fault transient of the hybrid MTDC system. . 37
3.26 Pole-to-ground fault current of the four-terminal MTDC system. . . . . . . 37
3.27 Timeline and of the pole-to-ground fault transient of the hybrid MTDC system. 38
3.28 Pole-to-ground fault current of the four-terminal MTDC system. . . . . . . 38
3.29 Total voltage of SMs in one arm: (a) Converter blocking delay of 2 ms and

(b) Converter blocking delay of 3 ms. . . . . . . . . . . . . . . . . . . . . . . 39

4.1 Fault detection and isolation algorithm. . . . . . . . . . . . . . . . . . . . . . 43
4.2 Restoration timeline of the HB point-to-point HVDC system. . . . . . . . . . 46
4.3 Restoration of HB point-to-point HVDC system: (a) DC voltage of Con-

verter 1 and Converter 2 and (b) Real power of Converter 1 and Converter
2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.4 Restoration timeline of the FB point-to-point HVDC system. . . . . . . . . . 47
4.5 Restoration of FB point-to-point HVDC system: (a) DC voltage of Converter

1 and Converter 2 and (b) Real power of Converter 1 and Converter 2. . . . 48
4.6 The proposed restoration algorithm. . . . . . . . . . . . . . . . . . . . . . . . 50

ix



4.7 DC voltage of the four converters during a successful fault clearance test. . 51
4.8 DC voltage of the four converters during a failed fault clearance test. . . . . 52
4.9 The restoration timeline of the hybrid point-to-point HVDC system. . . . . 53
4.10 Restoration of the hybrid point-to-point HVDC system: (a) DC voltage and

(b) Real power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.11 Trigger diagram in the simulation. . . . . . . . . . . . . . . . . . . . . . . . . 54
4.12 The restoration timeline of the hybrid four-terminal MTDC system. . . . . 54
4.13 DC voltage of the four converters during restoration. . . . . . . . . . . . . . 55
4.14 Real power of the four converters during restoration. . . . . . . . . . . . . . 56
4.15 The restoration failure timeline of the hybrid four-terminal MTDC system. 57
4.16 Restoration failure of the hybrid MTDC system: (a) DC voltage of the four

converters and (b) DC current of four converters. . . . . . . . . . . . . . . . 58

x



List of Acronyms

AC Alternating Current
DC Direct Current
RES Renewable Energy Source
HVDC High Voltage Direct Current
LCC Line-Commutated Converter
VSC Voltage Source Converter
FB Full-Bridge
HB Half-Bridge
MMC Modular Multi-level Converter
MTDC Multi-Terminal Direct Current
FACT Flexible Alternating Current Transmission
STATCOM Static Compensator
DCCB Direct Current Circuit Breaker
ACCB Alternating Current Circuit Breaker
MD Mechanical Disconnector
PLL Phase-Lock Loop
PWM Pulse Width Modulation
PSCAD Power System Computer-Aided Design
RMS Root Mean Square
EMT Electro-Magnetic Transient

xi



1
Introduction

1.1 Background

In the past, the power grid relied heavily on fossil fuel-based electricity generations [1].
Nowadays, the increasing energy cost and the deteriorating global environment places a
high demand for renewable energy sources (RESs). RESs such as solar and wind farms are
widely used in order to reduce the carbon emission and to make economic benefits. RESs
are usually widely distributed and are located far away from major cities. One example is
the offshore wind farms in the North Sea.

The European Union (EU) has been leading the RES development in the past decade
and this trend is expected to continue [2]. EU expects to cut at least 40% of greenhouse gas
emissions by 2030, and 80-95% by 2050 compared to that of 1990 [3,4]. To deal with the in-
creasing RESs, transmission grid studies such as e-Highway 2050 [4] and ten-year network
development plan are conducted by European Network of Transmission System Operators
for Electricity (ENTSO-E) [5]. Both plans point out that high voltage direct current (HVDC)
transmission is the preferred technique to connect RESs into the existing power grid.

Point-to-point HVDC transmission has been widely used to economically transmit
bulk power generated by RESs over long distances since 1954. HVDC offers many ad-
vantages over high voltage alternating current (HVAC) including:

• Lower losses: In HVAC transmission, the skin effect would cause an unequally dis-
tributed current in the transmission lines. The result is a higher transmission line
resistance for AC currents compared with DC currents.

1
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• Reactive power consumption: In HVAC transmission, due to the inductive nature of
the transmission line, reactive power has to be transmitted along with active power.
DC transmission lines only carry active power.

• Asynchronous AC connection: HVDC links can be used to connect AC grids with
different frequencies. In Europe, this feature allows the interconnection between
more countries. In North America, HVDC transmission allows the asynchronous
interconnection between the United States and Canada.

• Long-distance transmission: There are several factors that limit the distance of HVAC
transmission such as reactive power compensation and sub-synchronous resonances
[6]. For HVDC systems, the transmission distance is not limited by these factors.

• Blocking cascading blackouts: HVDC transmission can prevent cascading blackouts
when AC faults occur. One example is that Quebec was able to survive the Northeast
blackout of 2003 because of the use of HVDC instead of AC transmission. [7].

• Construction cost: AC transmission lines use three conductors, whereas DC trans-
mission lines only use two. The pylon (tower) for HVDC transmission is simpler
than those for HVAC transmission. Furthermore, HVDC systems are going to use
more cables instead of transmission lines in the future. Although the insulation cost
of cables is higher than transmission lines, the use of cables requires less land and
labor.

• Communication interference: Overhead HVAC transmission lines have conduc-
tive or inductive effects, which would cause communication interference along their
paths. However, HVDC transmission lines do not cause this problem [8].

Classic or traditional HVDC systems use line commutated converters (LCCs), which
employ solid-state switches such as thyristors to replace the preceding mercury-arc valves.
The last mercury-arc valve-based HVDC system was shut down in 2012 [9]. The first
HVDC transmission line using thyristors is the Eel River 320 MW interconnection between
the New Brunswick and Quebec [10]. Currently, a thyristor-based HVDC transmission sys-
tem of± 1100 kV and over 10 GW is under construction in China [11]. Overall, LCC-based
HVDC transmission is a mature technology.

With the advancements in power electronics technology, voltage source converter-based
HVDC (VSC-HVDC) systems are gaining more recognition and market share because
of their reactive power flexibility, better power controllability and higher converter effi-
ciency [12]. The Gotland HVDC Light is the first commercial HVDC transmission based
on VSC technology [13]. In North America, many HVDC and FACTs devices are reaching
their life expectancies, and may be replaced by VSCs [14].
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Nowadays, the recent trend of HVDC industry is to employ modular multi-level volt-
age source converter (MMC-VSC) and to build multi-terminal DC (MTDC) systems. The
state-of-the-art MMC-VSC technology allows VSCs to achieve a higher power rating and
the modularity of VSCs provides more flexibility [15]. MTDC systems offer more flexibil-
ity and expandability to integrate more RESs [16]. MTDC systems are also more reliable
and efficient to share the power between the terminals compared with individual point-to-
point HVDC connections [17]. In China, there are several MTDC systems in operation such
as the three-terminal 160 kV Nan’Ao grid and the five-terminal 200 kV ZhouShan grid [18].
In Europe, the North Sea neighboring countries have been envisioning an MTDC system
since 2010 and several designs have been proposed in [19, 20]. However, an MTDC sys-
tem has not been realized in the North Sea yet. The proposed designs for the North Sea
MTDC system requires the integration of the existing converter stations (VSCs) into one
grid. China is also planning to expand the existing MTDC systems.

With more RESs integrated, there will be more MMC-VSCs in the DC grid. So, it is
possible that different kinds of converters from different manufacturers will be working
together in a future MTDC system. There are many variants of MMC submodule (SM)
configurations proposed in the literature [21, 22]. In general, MMC-VSCs can be divided
into two main categories, full-bridge (FB)-VSCs and half-bridge (HB)-VSCs depending on
the backward current blocking capability. The MMC SM that can block bi-directional cur-
rents is known as FB. Otherwise, the SM is known as HB. When integrating the two kinds
of converters into one MTDC system, several technical challenges must be addressed such
as power flow control, modeling, and the DC fault protection. This thesis focuses on the
DC fault protection of MTDC systems with converters with different fault blocking capa-
bility, i.e., FB and HB converters.

1.2 Challenges

In MTDC systems, the main challenges related to DC fault protection are:

• To detect the DC fault fast and to protect the electronic components.

• To avoid communication delay in the protection process.

• To select and isolate the faulted transmission line fast.

• To develop high voltage direct current circuit breakers (DCCBs) since mature and
economically viable DCCBs are not available yet.

• To restore the healthy part of an MTDC system quickly.
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VSCs have many control advantages over LCCs. But VSCs do not have DC fault cur-
rent blocking capability like LCCs. When a DC fault occurs, the DC side current of a VSC
can rise to more than 10 times the rated value, damaging the electronic switches. The vul-
nerability of VSCs to DC faults requires the protection unit to react quickly and accurately
to DC faults. The protection unit should act in four fundamental steps [23]:

• Fault detection: Detect a fault based on current magnitude, current rise rate or other
criteria.

• Converter protection: Take protective actions to protect the power electronic com-
ponents in the system by interrupting the fault current.

• Fault isolation: Isolate the faulted part of the system.

• Post-fault restoration: Restore the healthy part of the MTDC system as soon as pos-
sible to minimize the impact of the faults and resulting outages.

1.3 Literature Review

1.3.1 Selective Fault Detection

The fault detection algorithm for VSC-HVDC systems is discussed in the literature for
decades [24, 25]. Non-communication-based fault detection or local fault detection algo-
rithms response faster than those using a communication system [24]. A simple method to
detect a DC fault is to monitor the DC current of a converter. When the DC current is dan-
gerously high for the converter, the converter should be blocked to protect the switches.
Fault detection methods based on monitoring current or voltage magnitudes only work
when the current or voltage deviates from the normal value to a certain level. To make the
fault detection even faster, current and voltage derivatives can be monitored to detect a DC
fault. [26] proposed a fault detection method using AC side measurement. [27] proposed
an artificial neural network (ANN) based fault detection algorithm. The Handshaking
method proposed in [28] selects the faulted line by the direction of DC current. These fault
detection algorithms can be used to detect a DC fault without communication.

The fault detection algorithm in [29] uses traveling wave natural frequency to locate
a DC fault. In [30], DC voltage and current are analyzed with Wavelet transform to lo-
cate a DC fault. [31] proposed an algorithm based on current and voltage frequency band
to locate the fault in a certain protection zone. [25] proposed a selective transient voltage
based fault detection and protection algorithm. The proposed method uses transient volt-
age blocking effect of the supplemental inductor to locate a fault. The above-mentioned
methods have been verified in MTDC systems with only one type of converter. Although
the algorithms in [25, 29–31] are proven to be selective, they do not take the impact of
converter type into consideration.
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1.3.2 Fault Transient Response of VSC-MTDC Systems

There are many factors that affect the fault transient responses of an MTDC system such
as converter type, system configuration, fault type and protective operations. For VSC-
MTDC systems, there are several options in terms of configuration and grounding. There
are three kinds of MTDC system configurations: asymmetric monopolar, symmetric monopo-
lar and bipolar and two kinds of basic grounding options: low impedance grounding and
high impedance grounding [32]. Among these options, symmetric monopolar with high
impedance grounding is the most common system configuration [32]. The fault transient
of FB MMC-VSCs in a four-terminal MTDC system is studied in [33]. The fault transient
of an HVDC system with HB MMC-VSCs is studied in [18, 24]. In [18, 34], the influences
of high voltage direct current circuit breakers (DCCBs) on the fault transient responses
of point-to-point HVDC links are studied in different system configurations. The studies
show that DCCBs can reduce the stress on the converters during DC faults.

1.3.3 Post-Fault Restoration

After clearing the DC fault or isolating the faulted part, the healthy part of the MTDC
system should be restored as soon as possible. Restoration methods for VSC-HVDC sys-
tems using black-start capability are proposed in [35, 36]. However, for MMC-VSCs, the
restoration and the black-start methods should be different. The black-start of an MMC
involves the charging of capacitors in SMs. However, blocking the converters quickly in
fault conditions allows the SMs to keep the charge in the capacitors. So, the black-start
methods for VSC-HVDC systems do not fit MMC-based HVDC systems if the converters
are blocked quickly. [23] presented a restoration framework for MTDC systems. With the
proposed algorithm, a four-terminal MTDC can be restored within 3.6 s without the use
of expensive high voltage DCCBs. This framework provided several important principles
for the restoration of MTDC systems.

• If high voltage DCCBs are not available in an MTDC system, clearing a permanent
DC fault requires the de-energization of the entire DC grid.

• The restoration of an MTDC system should start from a converter which is in charge
of controlling the DC voltage.

• Real power-controlled converters can only be restored when the DC voltage is stable.

The restoration algorithm in [23] only considers the MTDC grids with FB (H-bridge)
MMCs. A faster restoration algorithm for MTDC systems with only FB MMCs was pro-
posed in [37]. By controlling the individual switches in the SMs and creating short circuit
loops through the FB converters, the energy in the MTDC system can be released faster.
This method works only when all the converters in the system are FB converters. [28]
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proposed a Handshaking method for the restoration of VSC-MTDC systems. The small
current injection test of Handshaking method is an effective way to make sure the MTDC
system is free of DC faults. Overall, no existing restoration algorithm considers the impact
of converters with various fault blocking capabilities in an MTDC system.

1.4 Motivation of This Work

Conventional methods to protect MTDC systems do not consider the interoperability chal-
lenge, where different types of converters may work together in one MTDC system. The
combination of converters with various fault blocking capability makes the fault transient
more complex and consequently highly impacts the existing selective fault detection and
restoration algorithms. The selective fault detection algorithm proposed in this thesis will
not be influenced by the different fault transients caused by the various converters. The
existing post-fault restoration algorithms do not consider the complexity of the hybrid
MTDC systems, which will have converters with different fault blocking capabilities. To
address this challenge, a universal restoration algorithm is required. The universal restora-
tion algorithm should fit all MTDC systems and their future expansion. Furthermore, the
universal restoration algorithm should quickly restore an MTDC system.

1.5 Thesis Contribution

This thesis focuses on the protection of hybrid HVDC grids with two types of modular
multi-level converters (MMCs) including half-bridge (HB) and full-bridge (FB). The two
types of converters have different fault transient responses and require different protection
procedures to interrupt the fault current. This thesis studies the fault transient response
of hybrid MMC-HVDC grids in Chapter 3 and proposes a relaying algorithm based on
DC current derivatives to detect various types of faults in such hybrid systems in Chap-
ter 4. Furthermore, Chapter 4 provides a universal restoration algorithm, which restores
the hybrid MMC-HVDC grid with any combination of converters with and without fault
blocking capability in a short period after isolating the DC faults.

1.6 Thesis Outline

The rest of this thesis is organized as follows:

• Chapter 2: MTDC system modeling, control and protection: This chapter provides
the framework for this research by discussing the modeling and control of MMC-
VSCs and MTDC systems. Two test systems are introduced, one is a point-to-point
HVDC system and another is a four-terminal MTDC system. The converter con-
trol unit in the test system is compatible with three kinds of basic converters: FB
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MMCs, HB MMCs and two level VSCs. The MTDC system protection schemes are
also briefly discussed.

• Chapter 3: Fault transient response of hybrid DC systems: This chapter includes
the fault transient studies of MMC-VSCs in the two test systems. The differences
between FB and HB MMC-VSCs are compared. The fault transient responses of two
kinds of faults, pole-to-ground and pole-to-pole faults are studied individually. Sev-
eral factors that may influence the fault transient responses are discussed and evalu-
ated via simulations.

• Chapter 4: Fault detection, isolation and system restoration of hybrid MTDC sys-
tems: This chapter discusses the fault detection and isolation as well as system
restoration of hybrid MTDC systems. The fault detection and isolation algorithm is
discussed for pole-to-pole and pole-to-ground faults. The restoration algorithms for
HVDC systems with FB and HB MMC-VSCs are compared. Combining the restora-
tion algorithms for FB and HB converters, a universal restoration algorithm is pro-
posed. The proposed algorithm is verified in the point-to-point HVDC and MTDC
test systems.

• Chapter 5: Conclusion and future work: This chapter summarizes the results and
contributions of this thesis. Finally, several future research directions are identified.



2
MTDC System Modeling, Control and

Protection

This chapter provides an overview of MTDC systems in terms of modeling, power flow
control, and important techniques related to MTDC system protection. Section 2.1 dis-
cusses the modeling of VSCs. Section 2.2 discusses the four-level controllers for MTDC
systems. Section 2.3 introduces two test systems as well as the system control details.
Several techniques related to MTDC system protection are also discussed in Section 2.3.
Section 2.4 provides a summary of this chapter.

2.1 Modeling of VSCs

A hybrid MTDC system consists of VSCs in a variety of configurations, AC sources, and
cables or overhead transmission lines. There are seven types of computational models for
MMC-VSCs [38].

• Type 1-Full physics-based models: All the switches and diodes are represented by
their associated differential equations.

• Type 2-Full detailed models: Type 2 models use nonlinear resistors to represent
diodes and use ideal switches to represent IGBTs.

• Type 3-Models based on simplified switchable resistances: Type 3 models use two-
value resistors that are selected by gating signals to represent diodes and switches.

• Type 4-Detailed equivalent circuit models: Type 4 models are based on Type 3 mod-
els with reduced electric nodes that describe the converters.

8
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• Type 5-Average value models based on switching functions: In Type 5 models, AC
and DC side characteristics are modeled as controlled current and voltage sources
with harmonic contents.

• Type 6-Simplified average value models: In Type 6 models, the AC and DC sides
of VSCs are modeled as controlled current and voltage sources at the fundamental
frequency.

• Type 7-Root Mean Square (RMS) load-flow models: Type 7 models only provide
the steady-state responses of the converters.

The protection algorithms of MTDC systems must be tested and verified via electro-
magnetic transient (EMT)-type simulations. Therefore, all the simulations of this thesis
have been done in Power Systems Computer Aided Design/Electro Magnetic Transient
Design and Control (PSCAD/EMTDC R©) environment [39]. In this thesis, Type 4 models
have been used for EMT simulation of MMC-VSCs in the PSCAD/EMTDC R© software.
In Type 4 models, switches and diodes are represented by two-value resistors. The value
of the resistance is controlled by gating signals and the current direction. The capacitors
in MMC SMs are modeled as a voltage source and a resistor. The model of a HB MMC
SM is shown in Fig. 2.1. Following the Trapezoidal Integration method, a capacitor can be
represented as a voltage source and a resistor [38].

Figure 2.1: HB MMC submodule modeling.

Vc(t) = Rcic(t) + VCeq(t−∆T ), (2.1)
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where

Rc(t) =
∆T

2C
and VCeq(t−∆T ) =

∆T

2C
ic(t−∆T ) + Vc(t−∆T ) (2.2)

The HB SM can be represented by a Thevenin equivalent circuit as shown in Fig. 2.1.
The equivalent voltage and resistance are:

RSMeq(t) = (R1(t) +Rc(t))||R2(t), (2.3)

VSMeq(t) = (RSMeq(t)i(t) + VSMeq(t−∆T ), (2.4)

where

VSMeq(t−∆T ) = VCeq(t−∆T )

(
R2(t)

R2(t) +R1(t) +Rc(t)

)
(2.5)

Similarly, a FB MMC SM can be represented by the Thevenin Equivalent Circuit as
shown in Fig. 2.2. The differences between HB and FB SM equivalent models are the
equivalent resistance and voltage source.

Figure 2.2: FB MMC submodule modeling.

In an MMC-VSC, all SMs in one phase are connected in series and can be replaced by a
Thevenin Equivalent Circuit. All the SM resistances and voltage sources are connected in
series. The voltage of all the SMs in one arm can be represented by:
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Veq(t) =
n∑
1

RSMeq(t)i(t) +
n∑
1

VSMeq(t−∆T ) (2.6)

The main advantage of Type 4 model is that it limits the number of nodes in an MMC-
VSC. In this case, one arm (upper arm or lower arm) of one converter phase can be repre-
sented by only two electric nodes. Type 4 models make the computation much faster than
Type 3 models while maintaining a similar simulation accuracy for fault analysis. The
details about Type 4 equivalent models are studied in [40].

2.2 Four-Level Control Hierarchy

The control unit in an MTDC system consists of four levels:

• System/Central-level control;

• Converter-level control;

• Upper-level control;

• Lower-level control.

The functions of all four levels of the control unit are summarized in Fig. 2.3. The
system-level controller or the central-level controller manages all converters and transmis-
sion lines in the MTDC system. The central-level controller can decide the blocking or
deblocking states of all converters by sending commands to converter-level controllers.
The central-level controller can also send commands to converter-level controllers to op-
erate the DC disconnectors and the AC circuit breakers (ACCBs) to isolate a transmission
line or a converter. The converter set-points, initialization and protection algorithms are
also decided by the central-level controller. When a DC fault occurs in an MTDC system,
the central-level controller should receive necessary data from all the converter stations
and determine the fault location and type.

Converter-level controllers handle the operation of all the devices in the converter sta-
tion including the DC disconnectors and the ACCBs. Converter-level controllers follow
the commands from the central-level controller. In case of a DC fault, converter-level
controllers block the converters and open the ACCBs during severe pole-to-pole faults.
Converter-level controllers should report all the operations to the central-level controller.

Converter-level controllers set the converter operation modes as required by the central-
level controller. In general, there are two kinds of control modes for a VSC:

• Non-islanded mode, and
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Figure 2.3: VSC-MTDC system control hierarchy.

• Islanded mode.

Islanded mode operation is out of the scope of this thesis. Non-islanded mode controls
are based on current vector control, which regulates the direct (d) and quadrature (q) com-
ponents of the AC voltage and current. The d and q components of AC current correspond
to active and reactive power controls, respectively. Active power control loop can operate
in:

• DC voltage control mode, or

• Real power control mode.

Reactive power control loop can operate in:

• AC voltage control mode, or

• Reactive power control mode.

The control loop for upper-level controllers is shown in Fig. 2.4. Converter-level con-
trollers will provide the mode setting and all the set-points required by upper-level con-
trollers. A phase-lock loop (PLL) generates a reference frame angle θ by locking onto the
AC voltage Vabc at the point of common-coupling (PCC) with the grid. Three phase AC
currents and voltages are transformed into the dp frame using the reference frame angle
θ to produce the d and q reference currents and voltages, id, iq, vd and vq. The reference
values of idref and iqref are produced by active and reactive power control loops, respec-
tively. The outputs from the upper-level controllers are the reference values for AC side
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Figure 2.4: Upper-level controller of MMC-VSC.

voltage and phase angle. This information is sent to the lower-level controllers.

Lower-level controllers will send the firing signals to converter switches to generate the
AC waveforms that are requested by the upper-level controllers. Lower-level controllers
for MMC-VSCs can employ the capacitor voltage balancing [41], nearest level control [42]
or pulse width modulation (PWM) [43] techniques to select the SMs that should be turned
on in each arm. At the same time, the capacitor voltages of all the SMs should be main-
tained close to the average voltage value.

The central-level controller and converter-level controllers can both control the block-
ing and deblocking of a converter and the state of ACCBs and DC disconnectors. The main
differences between these two controllers are:

• Converter-level controllers are responsible to protect all the switches in the converter
stations. In fault situations, converter-level controllers can take independent opera-
tions to protect the devices fast.

• The central-level controller receives information from all the converters while converter-
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level controllers only have access to local information.

• In case of conflicting commands from the central-level and converter-level controllers,
the central-level controller has the priority.

• Converter-level controllers do not communicate with each other.

2.3 Test Tystems

There are two test systems used in this thesis, a point-to-point HVDC system and a four-
terminal MTDC system. The test systems have a mono-polar, symmetric configuration.
The positive and negative DC terminals of all the converters are grounded via 1,000 kΩ

resistors. The active power control loop can be set to DC voltage or real power control
mode and the reactive power control loop can be set to AC voltage or reactive power
control mode.

2.3.1 Point-to-Point HVDC Test System

Figure 2.5: Point-to-point HVDC test system.

The point-to-point HVDC test system is shown in Fig. 2.5. The two converters in the
test system are named Converter 1 and Converter 2 and they can be based on FB or HB
SMs. Therefore, the test system can be used in three configurations based on the converter
type: two HB converters, one FB converter and one HB converter or two HB converters. In
a point-to-point HVDC system, there should be one converter in DC voltage control mode



Chapter 2. MTDC System Modeling, Control and Protection 15

and another converter in real power control mode. In a hybrid point-to-point HVDC sys-
tem with one FB and one HB converter, the FB converter should be in charge of controlling
the DC voltage. This allows for a more controllable the startup and restoration. The startup
and restoration processes require the DC voltage-controlled converter to energize the DC
system. Since the FB converter remains connected to the system during the fault clearance,
the restoration process will be expedited. The system specifications are shown in Table 2.1.

Table 2.1: Point-to-point HVDC test system specifications

Specifications Converter 1 Converter 2

DC side voltage 640 kV 640 kV
DC side power 900 MW (Rectifier) -900 MW (Converter)
DC side current 1.6 kA (Rectifier) -1.6 kA (Converter)

Converter rated power 1000 MW 1000 MW
AC source voltage 230 kV 230 kV
Transformer ratio 230:370 230:370

2.3.2 Four-Terminal MTDC Test System

The second test system used in this thesis is a four-terminal MTDC system. This system is
used as a hybrid four-terminal MTDC system with two configurations. The hybrid MTDC
system 1 has two FB converters and two HB converters. The hybrid MTDC system 2 has
one FB converter and three HB converters. The length of all the transmission lines is 400
km. In general, an MTDC system should have at least one converter in DC voltage control
mode and one converter in real power control mode. Parameters of the converters are the
same as the point-to-point test system. During the normal operation, AC grids 1 and 4
inject power to the DC grid and AC grids 2 and 3 absorb power from the DC grid. There-
fore, the DC current and power of Converter 1 and Converter 4 are the same as these of
Converter 1 in the point-to-point system. The DC current and power of Converter 2 and 3
are the same as these of Converter 2 in the point-to-point system. Each converter station
includes a transformer, a filter, an AC-DC converter and several current sensors in series
with DC disconnectors on all the transmission line terminals as shown in Fig. 2.6.

The electrical parameters of a cable or an overhead transmission line are frequency-
dependent. The model of cables and overhead transmission lines for protection stud-
ies should be based on the traveling wave theory. In [44], a fundamental formulation
of frequency dependent models of transmission lines is provided. In the test systems of
this thesis, transmission lines are represented bases on the PSCAD/EMTDC R© embedded
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Figure 2.6: Four-terminal MTDC test system.

frequency-dependent model, which is studied in [45, 46]. The AC grids in the test systems
are three-phase 230 kV, 60 Hz voltage sources.

2.3.3 Power Flow Control

In the point-to-point HVDC test system, one converter should be in DC voltage control
mode and another converter should be in real power control mode. The power flow con-
trol between the two converters is achieved by changing the set-point of the real power-
controlled converter.

In the four-terminal MTDC test system, there should be at least one converter in DC
voltage control mode. In the case studies of this thesis, Converter 1 and Converter 4 are
in DC voltage control mode and Converter 2 and Converter 3 are in real power control
mode. The power absorptions of Converter 2 and Converter 3 are controlled by the set-
points. The power injections among the rest of the converters are controlled by adjusting
the DC voltages at the DC terminals. In the test system, the DC voltage of Converter 1 is
set to 640 kV. By changing the DC voltage setting of Converter 4, the power flow of all the
converters can be controlled.

In the four-terminal test system, the voltage and power set-points of the four converters
are obtained via the following equations:

• Power setting for the four converters: P1, P2, P3, and P4

• Resistance of the four transmission lines: RT1, RT2, RT3, and RT4
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• DC Voltage setting of the four Converters: V1, V2, V3, and V4

The unknown variables are:

• Current of the four transmission lines: IT1, IT2, IT3, and IT4. The current directions
are shown in Fig. 2.6.

All the unknown variables can be determined using Kirchhoff’s Current Law (KCL)
and Kirchhoff ’s Voltage Law (KVL). In this test system, the power loss ratio is about 4%,
which means P1 + P4 = 1.04(P2 + P3).

V2 = V1 − IT1RT1

V3 = V1 − IT4RT4

V2 + IT2RT2 = V3 + IT3RT3 = V4

P1 = V1(IT1 + IT4)

P2 = V2(IT1 + IT2)

P3 = V3(IT3 + IT4)

P4 = V4(IT2 + IT3)

(2.7)

There are seven unknown variables and seven independent equations. With the right
DC voltage settings, the desirable power flow pattern is achieved. Based on the above
formulations, operating three or four converters in DC voltage control mode is feasible.
However, when the power flow of one converter changes, DC voltage-controlled convert-
ers will encounter power changes, which requires the AC grids to be strong enough to
withstand unexpected power flow changes. The converters which are connected to weak
AC grids should be in real power control mode. If all the converters are in DC voltage
control mode, the MTDC system will have a better tolerance to pole-to-ground faults.

2.3.4 Converter Built-in Protection Unit

Each converter in the two main test systems has a built-in protection unit, which monitors
the DC side current of the converter arms. When the DC current magnitude exceeds twice
the rated current for over 0.1 ms, the converter built-in protection unit will send a blocking
signal to the converter and opens the AC circuit breaker on the AC side of the converter
station (HB converter).

This protection unit protects the converter switches from over-current. The converter
built-in protection is independent of the system-level fault detection and identification unit
and therefore, it can be regarded as a backup protection unit. Therefore, the system-level
and converter-level protection should detect the fault and isolate the faulted part before the
converter built-in protection unit is triggered. The converter blocking delay is assumed to
be 2 ms and the AC circuit breaker operating time is assumed to be 40 ms for both opening
and closing.
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2.3.5 High Voltage DCCBs

Using DCCBs to interrupt the DC fault current is one solution to protect the MTDC systems
against DC faults. There are several types of DCCBs:

• Semiconductor-based: Similar to other electronic switches, semiconductor-based
DCCBs have a very short interruption time. However, they have a high conduction
loss during the normal operation [47].

• Mechanical: Mechanical DCCBs are slower than semiconductor-based DCCBs, but
their conducting losses are negligible [48]. Mechanical circuit breakers usually come
with resonant circuits, which provides an AC current during their operation. The AC
current superimposed on the DC current creates a zero crossing in the main circuit
breaker. The main circuit breaker is closed during normal operation and can only
open near the zero crossing [49].

• Hybrid: Hybrid DCCBs consist of two or more parallel conduction branches [50]. In
general, one branch is the main conducting branch and others are energy absorption
branches [51]. The main conduction branch includes several semiconductor switches
and an ultra-fast mechanical dis-connector. This helps to reduce the loss during nor-
mal operation. The other conduction branches, namely the main breaker branches,
consist of a number of semiconductor switches. During the fault, the current will
be transferred from the main conduction branch to the main breaker branches. The
main breaker branches will interrupt the fault current. A hybrid DCCB employs a
large number of electronic switches [52].

• Modular: The main breaker branch of a modular DCCB consists of a number of
SMs. There are several structures for the SMs. The SMs can be similar to the above-
mentioned hybrid DCCBs. A new submodule structure is proposed in [53]. The
advantage of modular DCCBs is the flexibility of voltage and current ratings.

Different DCCB technologies are discussed in [54,55]. But, high voltage DCCBs are still
immature and expensive for commercial implementation [23]. High voltage DCCBs that
can interrupt large over-currents are out of the scope of this thesis. Mechanical DCCBs or
mechanical disconnectors (MDs) are mature and cheap compared with hybrid high voltage
DCCBs. But mechanical DCCBs can only work when the currents and voltages are below
certain levels. The protection algorithm proposed in this thesis only employs mechanical
DCCBs.

2.3.6 Backup Protection

Backup protection should be considered when planning an MTDC system. Backup relay-
ing algorithms are discussed in [24]. Backup protection is vital when the primary protec-
tion fails. Backup protection can be divided into local and remote protections. There are
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two failures that may happen to the primary protection system, which can be taken care of
by the backup protection system.

• Breaker failure: When a fault is detected by the primary relay, the associated breaker
should open and interrupt the fault current. If the current is still higher than a thresh-
old after breaker interruption time, a breaker failure signal should be sent to open the
adjacent breakers, isolating the fault and the failed breaker. Normally, there is no du-
plication of the primary breaker on the same line in one converter station [56].

• Primary relay failure: When a fault occurs, if the primary relay fails to detect the
fault and send a signal to the breaker after a certain period, there should be a second
relay to detect the fault and trip the breaker. The two relays should use different fault
detection methods and use individual communication method to send a signal to the
breaker.

Remote backup protection works when the fault cannot be cleared by local backup pro-
tection. When the primary protection fails to interrupt the fault current, the fault current
may flow to the adjacent stations. In this case, the protection system of the adjacent stations
must interrupt the fault current. In case of an MTDC system, if blocking the converter and
opening the ACCBs fail to interrupt the fault current, remote AC sources which feed the
MTDC system should be disconnected, i.e., the backup protection of AC system should
operate.

2.4 Summary

In this chapter, the modeling of MMC-VSCs and MTDC systems and several important
technologies related to the MTDC system protection are discussed. Two test systems are
introduced for fault transient response and protection algorithm studies. The four-level
controllers for MTDC systems are introduced. In fault situations, each level of the con-
troller has individual responsibilities. Defining the responsibilities of each controller dur-
ing the fault is important for designing a reliable and efficient fault detection and protec-
tion algorithm.



3
Fault Transient Response of Hybrid DC

Systems

3.1 Introduction

A hybrid MTDC system consists of different types of converters in one system and the
fault transient is a combination of those of different converters. Fault transient study is
the key to determine the required protection procedures. The converter-type and system
configuration are the two main factors that influence the system fault transient responses.
In this chapter, first, the fault transient study of the point-to-point HVDC system is con-
ducted. Second, the difference between the fault transients of FB and HB converters are
identified. Third, the fault transient responses of the hybrid MTDC systems are studied.
For an MTDC system, AC side faults are not as severe as DC side faults. When an AC
side fault occurs, the DC current will not be as high as the case, where a DC fault occurs,
although the stable operation of the system would be interrupted. This thesis focuses on
the protection of DC side faults. There are three main types of DC faults:

• Pole-to-pole,

• Pole-to-pole-to-ground, and

• Pole-to-ground.

In all the simulations, pole-to-pole-to-ground faults have similar fault transients to
pole-to-pole faults. The grounding of fault impedance allows the energy in the DC grid to
discharge faster. Therefore, in the rest of the thesis, only the study results for pole-to-pole
and pole-to-ground faults are provided.

20
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The fault transient is also influenced by the grounding type of the DC terminals of all
the converters. In this thesis, high impedance grounding type is selected in all the test
systems as it is the proper grounding type for symmetric, mono-polar MTDC systems [32].
With high impedance grounding, the midpoint voltage of the converter DC terminal is
nonzero during pole-to-ground faults. The steady-state fault current for high impedance
grounded converters are significantly smaller compared with low impedance grounded
converters during pole-to-ground fault. Selecting high impedance grounding for all the
converters reduces the impact of pole-to-ground faults. Pole-to-pole faults result in large
over-currents and rapid DC voltage changes. Pole-to-ground faults result in smaller DC
voltage and current oscillations, which would interrupt the stable system operation.

In [57], the fault transient of an MMC is divided into three stages:

• Stage 1: Discharge of cable and SM capacitors.

• Stage 2: Uncontrollable current flow from AC grid to DC system through anti-parallel
diodes.

• Stage 3: Activation of ACCBs and isolation of converters from the AC grid.

During pole-to-pole faults, the three stages in a HB MMC are completed by two protec-
tive operations. The blocking of the HB converter occurs at the boundary of stages 1 and
2. The opening of the ACCB occurs at the boundary of stages 2 and 3. In a FB MMC, the
anti-parallel diodes do not allow the AC grid to feed the DC system when the converter
is blocked. So, stage 2 does not exist in the FB converter fault transient. The boundary
between stage 1 and stage 3 is the converter blocking. In all the fault transient tests, the
converter built-in protection unit is the only protection for the converters. In HB convert-
ers, the ACCBs will open after blocking the converters. During pole-to-ground faults, there
is no clear boundary between the stages. The discharge of cable and SM capacitors occurs
as the DC voltage is lower than the operating voltage, where the uncontrollable current
flow through anti-parallel diodes also occurs. So, the three stages are only distinguishable
during pole-to-pole faults.

3.2 Pole-to-Pole Fault Transients

In all the pole-to-pole fault scenarios, the fault is applied in the middle of one transmission
line. Pole-to-pole faults cause large over-currents at the DC side of converters, which trig-
ger the converter built-in protection unit. After detecting the fault, protective operations
should be taken to interrupt the fault current. Blocking the converters is a necessary step
to prevent any damage to the electronic switches and to prevent the discharge of the con-
verter SM capacitors to the fault. In all the pole-to-pole fault simulations, the fault duration
is 200 ms to reveal the fault transient in the three stages.
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3.2.1 Fault Transient Response of the Point-to-Point Hybrid HVDC System

The simplest hybrid test system is the point-to-point HVDC system with one FB converter
and one HB converter. The fault transient of the system is the combination of those of
FB and HB converters. In the point-to-point HVDC test system of Fig. 2.5, Converter 1 is
a FB MMC and Converter 2 is a HB MMC. The fault impedance is 1 Ω. The waveforms
of DC current, DC voltage, and AC current are analyzed in the three discussed stages,
respectively. The timeline and stages of the fault transient are shown in Fig. 3.1.

Figure 3.1: Timeline and stages of the pole-to-pole fault transient of the hybrid point-to-
point HVDC system.

• tf : Fault instant,

• tdi: Fault detection instant of Converter i,

• tbi: Blocking instant of converter station i,

• toi: ACCB opening instant of converter station i,

• tc: Fault clearing instant, tc = tf + Fault duration,

The DC current waveforms of converters are shown in Fig. 3.2. The two converters
show the same fault transients during stage 1. Although the two converters are at the same
distance from the fault, their fault detection instants are different. During the steady-state
operation, the DC current of Converter 1 and Converter 2 are 1.6 kA and -1.6 kA, respec-
tively. When the fault occurs, the current direction of Converter 2 changes and the current
increases from -1.6 kA to 4 kA to trigger the converter built-in protection unit. While the
current of Converter 1 increases from 1.6 kA to 4 kA to trigger the same current threshold.
The current rate of change for the two converters during the fault is the same in this sim-
ulation. The current rate of change is associated with the fault impedance, fault distance
and transmission line parameters. So, Converter 2 detects the fault 1 ms after Converter 1.

The DC side currents of the two converters rise up to over three times the rated value.
There are several factors that influence the current magnitude during stage 1, including:
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• Operating voltage: The higher the operating voltage, the larger the fault current.

• Fault impedance: The smaller the fault impedance, the larger the fault current.

• Blocking delay: The longer the blocking delay, the larger the fault current.

Figure 3.2: DC currents of the converters in the hybrid point-to-point HVDC system during
the pole-to-pole fault.

When the pole-to-pole fault occurs in the system, the two AC sources are feeding the
DC fault during stage 1. When the two converters are blocked at t = 24 ms and t = 25 ms,
respectively, the fault transient of Converter 1 enters stage 3 while the fault transient of
Converter 2 enters stage 2. The DC side current of Converter 1 drops to zero because FB
converters can block any contribution from the AC side. The DC side current of Converter
2 remains at a high value. If the ACCB does not open, the fault current will reach a steady-
state value of 3 kA at Converter 2 side. This current magnitude depends on AC source
parameters and the current loop resistance. The current flow path during t = 24 - 65 ms is
shown in Fig. 3.3 (a). At t = 65 ms, the fault transient of Converter 2 enters stage 3. The
fault current drops down slowly. There is a closed current loop in the test system as shown
in Fig. 3.3 (b). This current is referred to as the uncontrollable looping current in the rest
of the thesis. The energy in the DC grid will be dissipated through the fault resistance
and MMC inner resistance. Eventually, the fault currents of the two converters become
zero. The current flow through the fault impedance is shown in Fig. 3.4. This current is the
summation of the DC side currents of the two converters.

The DC voltage waveforms of the converters are shown in Fig. 3.5. During stage 1, the
DC voltage of Converter 1 drops to zero and oscillates above zero. During stage 3, the DC
side voltage drops to negative and oscillates around zero. The reason for this symmetri-
cal oscillation after the blocking of Converter 1 is due to the traveling waves during the
discharge of cable capacitors into the fault. The voltage oscillation frequency is 375 Hz
because of the 200 km distance of the fault from the converter terminal. The wave trav-
els forward and backward on both positive and negative pole. In one cycle, the traveling
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(a)

(b)

Figure 3.3: Current flow path during: (a) stage 2 and (b) stage 3.

Figure 3.4: Current flow through the fault impedance during the pole-to-pole fault.

distance of the wave is four times the distance of the fault from the converter terminal. In
a point-to-point HVDC system, the voltage oscillation frequency of a FB converter during
the fault transient stage 3 is fo, where

1

fo
=

4 ∗ fault distance
300, 000km/s

(3.1)

These oscillations will continue until the energy of the DC side is dissipated in the
current loop resistance. For an HVDC system with only HB converters, the DC terminal
voltage is always positive during stages 2 and 3 because the fault current flow is unidirec-
tional as shown in Fig. 3.2. The DC terminal voltage of Converter 2 in the hybrid point-to-
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point HVDC system shows some oscillation during stages 2 and 3 due to the influence of
Converter 1, as shown in Fig. 3.5.

Figure 3.5: DC voltages of converters in the hybrid point-to-point HVDC system during
the pole-to-pole fault.

The currents of the two AC sources are shown in Fig. 3.6. The AC source of Converter 1
feeds the DC fault during stage 1. When Converter 1 is blocked at t = 24 ms, the AC source
current drops to zero. The AC source of Converter 2 feeds the DC fault during stages 1
and 2. The opening of the ACCB interrupts the AC side contribution to the fault current at
t = 65 ms.

To study the impact of fault impedance value on the fault transient responses of a
hybrid point-to-point HVDC system, two fault transient tests are conducted with 10 Ω

and 20 Ω fault impedances, respectively. The rest of the parameters are the same as the
previous studies. The simulation results show that the voltage and AC current waveforms
are identical to the former fault scenario, where the fault impedance is 1 Ω. However, the
DC current magnitude of Converter 2 is different as shown in Fig. 3.7. For a larger fault
impedance, the fault currents in stages 1 - 3 will be smaller. Therefore, the activation of the
converter built-in protection unit will be delayed. A larger fault impedance also allows for
a faster discharge of the DC grid. For a larger fault impedance (e.g. 100 Ω), the converter
built-in protection unit will not be triggered by the fault.

3.2.2 Fault Transient Response of the Point-to-Point HVDC System with FB
Converters

In the point-to-point HVDC test system with either FB or HB SMs, the pole-to-pole fault
transients are similar to the performance of individual converters in a hybrid point-to-
point HVDC system. The timelines of the fault transient is similar to the previous study
in the hybrid HVDC system as shown in Fig. 3.8. The fault transient of FB converters
in a point-to-point HVDC system is shown in Fig. 3.9. The DC side voltage oscillates
symmetrically after blocking the converters. The DC side current rises up to several times
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(a)

(b)

Figure 3.6: Hybrid point-to-point HVDC system AC side current during the pole-to-pole
fault for (a) AC source 1 and (b) AC source 2.

Figure 3.7: DC current of HB Converter 2 for various fault impedances.

the rated current during stage 1 and drops to zero during stage 3. The AC sources feed the
DC fault only during stage 1.

3.2.3 Fault Transient Response of the Point-to-Point HVDC System with HB
Converters

The timeline and stages of the pole-to-pole fault transients of the point-to-point HVDC
test system with only HB converters is shown in Fig. 3.10 and the results are shown in
Fig. 3.11. The current waveform shows the boundary between stages 2 and 3. In stage 2,
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Figure 3.8: Timeline and stages of the pole-to-pole fault transient of the FB point-to-point
HVDC system.

(a)

(b)

Figure 3.9: Pole-to-pole fault transient of the point-to-point HVDC system with FB con-
verters: (a) DC voltage of Converter 1 and Converter 2 and (b) DC current of Converter 1
and Converter 2.

the AC sources are feeding the DC fault, resulting in a six-pulse waveform superimposed
on the stage 3 transient current. The DC voltage waveform in stage 2 is also influenced by
the AC sources.
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Figure 3.10: Timeline and stages of the pole-to-pole fault transient of the HB point-to-point
HVDC system.

(a)

(b)

Figure 3.11: Pole-to-pole fault transient of the point-to-point HVDC system with HB con-
verters: (a) DC voltage of Converter 1 and Converter 2 and (b) DC current of Converter 1
and Converter 2.

3.2.4 Fault Transient Response of the Hybrid Four-Terminal MTDC System

The fault transients of the hybrid four-terminal MTDC system, which contains different
types of converters are studied in this section. In the hybrid MTDC system 2, only Con-
verter 1 has FB SMs and the rest of the converters have HB SMs. The fault occurs on the
middle of the T-line 3 and the fault impedance is 1 Ω. The fault transient response of the
system is similar to that of the hybrid point-to-point HVDC system. The main difference
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is that the energy in the MTDC system is discharged faster than the point-to-point HVDC
system because there are several paths for the uncontrollable looping current and energy
dissipation.

In an MTDC system with built-in protection unit for converters, the converter which is
closer to the pole-to-pole fault would be influenced first. The current change rate during
stage 1 depends on the impedance between the fault and the converter. A longer distance
between the converter and the fault impedance results in a larger impedance, which leads
to a smaller current rise rate. Therefore, the built-in protection unit of a distant converter
will be triggered later than those converters, which are closer to the fault.

Converter 3 and Converter 4 are located at equal distances from the fault. However, the
built-in protection of Converter 4 is activated earlier than Converter 3 because Converter
4 injects power to the DC side during normal operation while Converter 3 absorbs power
from the DC side. During normal operation, the current of Converter 3 and Converter 4
are -1.6 kA and 1.6 kA, respectively. During the pole-to-pole fault, the current of Converter
4 increases 2.4 kA and triggers the built-in protection unit with a 4 kA current threshold
while the current of Converter 3 increases 5.6 kA and triggers the same current threshold.
With the same rate of current rise, the built-in protection unit in Converter 4 is activated 2
ms earlier than Converter 3.

The pole-to-pole fault transient timeline of the four-terminal MTDC system is shown
in Fig. 3.12. The DC current waveforms are shown in Fig. 3.13. The converter built-in
protection units of the converters 1-4 are triggered at 13 ms, 15 ms, 3 ms and 1 ms after
the fault instant, respectively. The DC current waveform of Converter 3 shows a larger
magnitude during stage 2 compared with that of stage 1. After the blocking of Converter
3, Converter 1 is still feeding the fault. When Converter 1 is blocked at t = 35 ms, the fault
current cannot flow through Converter 1, instead, the current flows through the diodes in
Converter 3.

The voltage waveforms of the four converters are shown in Fig. 3.14. In the pole-to-pole
fault transient response of the hybrid point-to-point HVDC test system, the DC voltages
of Converter 1 and Converter 2 are almost independent from each other. In the hybrid
four-terminal test system, there are two transmission lines connected to every converter.
Therefore, the DC voltages of all the converters are influenced by the current contribu-
tion from the other converters. The voltage of Converter 1 is not a symmetric oscillation
because of the influence of other converters.
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Figure 3.12: Timeline and stages of the pole-to-pole fault transient of the hybrid four-
terminal MTDC system.

(a)

(b)

Figure 3.13: Pole-to-pole fault transient of the hybrid MTDC system: (a) DC current of
Converter 1 and Converter 2 and (b) DC current of Converter 3 and Converter 4.

3.3 Pole-to-Ground Fault Transients

In this section, first, the pole-to-ground fault transient of the point-to-point HVDC test
system with either two FB converters or two HB converters is studied. Second, pole-to-
ground fault transient of the four-terminal test system is studied. The only protection of



Chapter 3. Fault Transient Response of Hybrid DC Systems 31

(a)

(b)

Figure 3.14: Pole-to-pole fault transient of the hybrid MTDC system: (a) DC voltage of
Converter 1 and Converter 2 and (b) DC voltage of Converter 3 and Converter 4.

the system is the built-in protection unit in every converter with a 4 kA current threshold.
During pole-to-ground faults, the point-to-point HVDC system will reach a steady-state
current, which does not activate the converter built-in protection unit. In the point-to-
point HVDC system, the fault duration is assumed to be 1 s. In the hybrid four-terminal
MTDC system, first, a temporary fault with a duration of 0.5 s is applied to the system.
This fault does not activate the converter built-in protection unit. Second, a temporary
fault with a duration of 1 s is applied to the system. Such a fault will activate the converter
built-in protection unit.

3.3.1 FB and HB Converter Comparison

The pole-to-ground fault responses of FB and HB converters are different. In the point-to-
point HVDC test system, the fault is applied at t = 20 ms to the midpoint of the positive
pole of the transmission line. The timeline of the fault transient response of the FB and HB
point-to-point HVDC systems is shown in Fig. 3.15. The fault duration is 1 s and the fault
impedance is 1 Ω. The simulation results for FB and HB configurations are compared and
are shown in Figs. 3.16 and 3.17.
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Figure 3.15: Timeline of the pole-to-ground fault transient of FB and HB point-to-point
HVDC system.

(a)

(b)

Figure 3.16: Pole-to-ground fault transient of the FB and HB point-to-point HVDC system.
(a) DC voltage and (b) DC current.

Figure 3.17: Current flow through fault impedance during the pole-to-ground fault.

As shown in Figs. 3.16 and 3.17, both systems encountered oscillations in the DC volt-
age and current when the fault is applied and cleared. But the current is not high enough
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to trigger the converter built-in protection unit. In the FB converter, due to the transformer
grounding (grounded Y/∆), the steady-state current flow through the fault impedance is
near zero. During the normal operation, the positive and the negative pole voltages are
320 kV and -320 kV, respectively. During the fault, the positive pole voltage drops to about
zero and the negative pole voltage drops to about -550 kV. The reason for this lower DC
terminal voltage during the pole-to-ground fault is that the current flow from the negative
DC terminal though the grounding resistor increases compared with the normal operation
conditions. This effect influences both systems with HB and FB converters.

The pole-to-ground fault does not have a significant impact on the FB converters, while
that is not the case with the HB converters. In the point-to-point HVDC system with two
HB converters, the DC voltage and current waveforms show large oscillations. The cur-
rent is not high enough to trigger the converter built-in protection unit. However, the
stable operation of the system is interrupted. The current flow through the HB converters
are shown in Fig. 3.16 (b). The current oscillation is caused by the current contribution
from the AC grid through the anti-parallel diodes. During the pole-to-ground fault, the
system with HB converters encounters a lower DC terminal voltage similar to the system
with FB converters, lower than two times the line-to-neutral voltage of the AC grid (604
kV). Therefore, the AC grid will feed the DC grid through the diodes. This current injec-
tion flows to the ground through the fault impedance and makes the DC terminal voltage
increase until the AC side cannot feed the DC grid anymore.

In the HB point-to-point HVDC system, the ACCB of Converter 2 is closed and the
DC voltage is shown in Fig. 3.18. The AC source contribution to the DC grid through the
diodes reaches a peak voltage of over 604 kV and steady-state voltage of 510 kV. So, when
the DC terminal voltage of a HB converter is lower than 604 kV, the AC source will feed
the DC grid through diodes. When the DC terminal voltage of a HB converter is lower
than 510 kV, the current through the diodes is significantly larger.

Figure 3.18: DC terminal voltage of Converter 2 caused by the uncontrollable AC source
contribution.
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As the current through the grounding resistor increases, the DC terminal voltage fur-
ther decreases. This will result in an increase in the current flowing through the diodes,
interrupting the steady-state operation as shown in Fig. 3.16 (a) and (b). The voltage wave-
form in Fig. 3.16 (a) shows that the system with HB converters cannot automatically restore
its steady-state operation after the fault is cleared.

3.3.2 Fault Transient Response of the Hybrid Point-to-Point HVDC System

In the hybrid point-to-point HVDC system with both FB and HB converters, the pole-to-
ground fault transient is a combination of FB and HB converter fault transients. A pole-to-
ground fault is applied to the hybrid point-to-point HVDC test system where Converter 1
and Converter 2 have FB and HB SMs, respectively. Converter 1 is in DC voltage control
mode and Converter 2 is in real power control mode. The timeline of the pole-to-ground
fault transient responses are shown in Fig. 3.19. The DC side voltage and current wave-
forms are shown in Fig. 3.20. The current flow through the fault impedance is shown in
Fig. 3.21.

Figure 3.19: Timeline of the pole-to-ground fault transient of the hybrid point-to-point
HVDC system.

As shown in Fig. 3.20 and 3.21, the hybrid point-to-point HVDC system can withstand
the temporary pole-to-ground fault, although there will be some current and voltage os-
cillations in the system during the fault. The oscillations become more obvious after t =
450 ms because the DC voltage is lower than 510 kV. The current flow through the fault
impedance will reach a certain steady-state value in the end. This steady-state fault cur-
rent value depends on the transmission line parameters and fault impedance. If the fault
impedance is small enough, the fault current will be high enough to reach the current
threshold of the built-in protection unit. After clearing the fault, the system can restore the
steady-state operation automatically. Similar results have been obtained for the hybrid test
system, where Converter 1 and Converter 2 have HB and FB SMs, respectively.

3.3.3 Fault Transient Response of the Hybrid Four-Terminal MTDC System

In this section, the pole-to-ground fault transient responses of the hybrid MTDC system 1
with FB Converter 1 and Converter 4 and HB Converter 2 and Converter 3 are studied. The
fault impedance is 1 Ω and the fault duration is 0.5 s. The timeline of the pole-to-ground
fault transient of the hybrid MTDC system 1 is shown in Fig. 3.22. The current waveforms
of all four converters are shown in Fig. 3.23.
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(a)

(b)

Figure 3.20: Pole-to-ground fault transient response of the hybrid point-to-point HVDC
system: (a) DC voltage and (b) DC current.

Figure 3.21: Fault impedance current during the pole-to-ground fault.

Figure 3.22: Timeline of the pole-to-ground fault transient of the hybrid MTDC system.

As shown in Fig. 3.23 and 3.24 (a), the pole-to-ground fault causes current oscillation
as well as voltage oscillation in the MTDC test system. The voltage of Converter 3 and
Converter 4 are similar to Converter 2 and Converter 1, respectively. The reason for the
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(a)

(b)

Figure 3.23: Pole-to-ground fault transient current: (a) Converter 1 and Converter 2 and
(b) Converter 3 and Converter 4.

current oscillation is the uncontrollable AC source contribution through the HB converters
(Converter 2 and Converter 3). However, the DC voltage of the system is higher than 510
kV during the fault and the current oscillation is not severs. When the fault is cleared,
DC voltage-controlled converters (Converter 1 and Converter 4) can restore their stable
operation. But, real power-controlled converters (Converter 2 and Converter 3) cannot
maintain a stable DC terminal voltage, thus the current oscillations are sustained. The real
power waveforms of Converter 3 and Converter 4 are shown in Fig. 3.24 (b). The power
waveform of Converter 3 shows oscillations during the pole-to-ground fault. The energy
loss during the fault is high, which is the difference between the power of Converter 3
and Converter 4. When the DC voltage is restored to 610 kV at t = 910 ms, the AC source
contribution through diodes is eliminated.

If the fault duration is longer than 0.5 s, the current oscillations will grow and eventu-
ally trigger the converter built-in protection unit. The timeline of a pole-to-ground fault
study with a fault duration of 1 s is shown in Fig. 3.25. As shown in Fig. 3.26, in this fault
scenario, the converter built-in protection unit is triggered at Converter 2 and Converter 3
at t = 970 ms and t = 1005 ms, respectively.



Chapter 3. Fault Transient Response of Hybrid DC Systems 37

(a)

(b)

Figure 3.24: Pole-to-ground fault transient of the four-terminal MTDC system: (a) Voltage
of Converter 1 and Converter 2 and (b) Real power of Converter 3 and Converter 4.

Figure 3.25: Timeline of the pole-to-ground fault transient of the hybrid MTDC system.

Figure 3.26: Pole-to-ground fault current of the four-terminal MTDC system.

To study the impact of the converter control modes on the fault transient responses of
the hybrid MTDC system, Converter 1 and Converter 4 are changed to HB SMs and Con-
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verter 2 and Converter 3 are changed to FB SMs. The control modes for the four converters
are fixed in the MTDC test system. The simulation result shows that the system’s capabil-
ity to handle the pole-to-ground fault when HB converters are in charge of controlling
the DC voltage is more limited compared with the case where FB converters maintain the
DC voltage at a reference value. The uncontrollable looping current flowing through HB
converters interrupts the DC voltage controllability of the converters faster. The converter
built-in protection of Converter 2 and Converter 3 is triggered at t = 529 ms and t = 555 ms,
respectively, as shown in Fig. 3.27. The current oscillations become larger and larger with
time as shown in Fig. 3.28.

Figure 3.27: Timeline and of the pole-to-ground fault transient of the hybrid MTDC system.

Figure 3.28: Pole-to-ground fault current of the four-terminal MTDC system.

3.4 Other Factors

There are two important factors influencing the fault transient response and the protection
of a hybrid MTDC system:

• Fault impedance, and

• Converter blocking delay.

3.4.1 Fault Impedance

The fault impedance directly influences the fault current magnitude. During pole-to-ground
faults, a larger fault impedance current results in larger current oscillations. Therefore, a
smaller fault impedance may result in an unstable MTDC grid. In the four-terminal test
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system of this thesis, if a pole-to-ground fault impedance is 8 Ω or larger, the current oscil-
lation will not trigger the converter built-in protection unit.

During pole-to-pole faults, a smaller fault impedance results in a higher current peak
in stage 1 as well as a larger fault current magnitude after blocking the converter. Fur-
thermore, a larger fault impedance results in a faster discharge of the energy in the DC
grid, and consequently low voltage DC disconnector can isolate the faulted line quickly.
Overall, low impedance faults are more severe than the high impedance faults.

3.4.2 Converter Blocking Delay

The converter built-in protection unit does not rely on communication. However, fault
detection, signal processing and disconnectors’ operation require a certain time. The con-
verter blocking time is assumed to be 2 ms in [38]. The converter blocking delay directly
influences the fault current magnitude during stage 1. In the point-to-point HVDC test
system, to find out the influence of converter blocking delay on converter SM capacitor
voltages, the converter blocking delay is set to 2 ms and 3 ms, respectively. The total SM
capacitors voltage of one converter arm for the two blocking delays is shown in Fig. 3.29.

(a)

(b)

Figure 3.29: Total voltage of SMs in one arm: (a) Converter blocking delay of 2 ms and (b)
Converter blocking delay of 3 ms.
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As shown in Fig. 3.29, the upper arm and lower arm capacitors are discharged during
the pole-to-pole fault. For both converter blocking delays, the lower arm capacitors were
discharged to 530 kV. The upper arm capacitors were discharged to 475 kV and 310 kV
when the converter blocking delay is 2 ms and 3 ms, respectively. The peak current of
converter DC side is 20% higher when the converter blocking delay is 3 ms rather than 2
ms. Therefore, a fast fault detection and protection unit is vital for MTDC systems with
large blocking delays.

3.5 Summary

In this chapter, the fault transient responses of the hybrid point-to-point HVDC and four-
terminal MTDC systems during pole-to-pole and pole-to-ground faults are studied. The
differences in the fault transient responses between FB and HB converters are associated
with:

• Pole-to-ground fault endurance: FB converters have a better fault handling capabil-
ity during pole-to-ground faults compared with HB converters.

• Uncontrollable current flow through diodes: When a DC fault occurs at the DC
terminal of a HB converter, the DC voltage of the system will be lower than the rated
voltage, which causes a current flow from AC source through the anti-parallel diodes
of the HB converters, while FB converters have the ability to block bi-directional
currents. The uncontrollable current flow through diodes is the main reason for the
different fault transient responses of FB and HB converters.

• Fault blocking capability: When a DC fault occurs in an MTDC system, in a protec-
tion scheme which does not use DCCBs, the entire DC grid should be isolated and
discharged. Blocking a FB converter can isolate the DC grid from the AC source.
However, for a HB converter, isolating the DC grid from the AC grids requires the
use of ACCBs.

When a pole-to-ground fault occurs in a hybrid MTDC system, the steady-state oper-
ation is interrupted. During the fault, the DC voltage of the entire DC grid will be lower
than the rated voltage due to the current flow through the grounding impedance. For a
real power-controlled converter, a lower voltage results in a higher current. Furthermore,
the current contribution from the AC source affects the DC voltage-controlled converters,
causing unstable DC voltages. An unstable DC voltage causes larger current oscillations
in real power-controlled converters. This positive feedback will continue in the MTDC
system until the converter built-in protection unit is triggered. Therefore, fault detection
algorithms should quickly identify the abnormal current and voltage oscillations in an
MTDC system and should use these measurements as one of the criteria to detect pole-to-
ground faults. When a HB MMC is in charge of controlling the DC voltage, the oscillation
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will grow as the DC voltage will be influenced faster by the uncontrollable looping cur-
rent. A hybrid MTDC system cannot restore the stable operation automatically after the
fault is cleared. When a pole-to-pole fault occurs in an MTDC system, all the convert-
ers are blocked to prevent damages to the switches. Therefore, a restoration algorithm is
necessary after clearing or isolating the DC fault.



4
Fault Detection, Isolation and System

Restoration of Hybrid MTDC Systems

4.1 Fault Detection and Isolation

Understanding the fault transient is helpful for detecting a DC fault in an MTDC system.
Based on the fault analyses of Chapter 3, the fault detection unit should use multiple inputs
for DC fault detection. In the fault transient studies of the MTDC systems, voltage oscilla-
tions lead to current oscillations during pole-to-ground faults. During pole-to-pole faults,
the DC voltage does not have a fixed pattern. However, the DC current during the fault
increases unidirectionally. So, current derivative-based fault detection methods are more
efficient and sensitive than voltage-based methods [58]. The converter built-in protection
unit monitors the current magnitude to detect the fault. The proposed fault detection al-
gorithm of this thesis relies on current derivative analysis. In a converter station, there are
current sensors on all the transmission line terminals as well as the converter DC termi-
nal. There are also DC disconnectors on the two ends of the transmission line, which are
controlled by converter-level controllers. By monitoring the current of all current sensors,
a converter-level controller should determine:

• Whether there is a DC fault in the MTDC system,

• Whether this fault is urgent, and

• What kind of protective action is needed.

In order to find out the answers to the questions, current waveforms from all current
sensors should be monitored by converter-level controllers. Each converter-level controller

42
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Figure 4.1: Fault detection and isolation algorithm.

monitors the current of its DC terminal. The fault detection and isolation algorithm is sum-
marized in Fig. 4.1. This algorithm relies on the communications between the central-level
controller and the converter-level controllers to block and protect the converters during
pole-to-ground faults and to isolate the fault during both types of faults. In this algorithm,
depending on the system scale, a delay of several tens of milliseconds can be expected.
Based on the analysis of Chapter 3, during this delay, the pole-to-ground fault current
does not increase beyond the first peak of the fault current and therefore does not result in
any system damages. During pole-to-pole faults, converter-level controllers will block the
converter without the command from the central-level controller, avoiding the communi-
cation delay.

In order to clear a DC fault without using DCCBs, discharging the entire HVDC grid
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is necessary. Isolating the faulted transmission line by opening the MDs will enable the
restoration of the healthy part of the grid. In the proposed algorithm, when the current
derivative exceeds the pole-to-pole threshold (THPP ) for over a certain period (∆TPP ),
a pole-to-pole fault is recognized. When a pole-to-pole fault is detected, the converter-
level controller blocks the converter immediately. Meanwhile, the central-level controller
receives pole-to-pole fault flag (FPP = 1) and the current measurements from all the con-
verter stations and identifies the faulted line based on the current directions. The central-
level controller sends the necessary commands to the associated converter-level controllers
to isolate the faulted transmission line when the DC voltage and current meet the require-
ments of the MDs. In the proposed algorithm, when the current derivative exceeds the
pole-to-ground threshold (THPG) for over a certain period (∆TPG), the converter-level
controller sends a pole-to-ground fault flag (FPG = 1) to the central-level controller, which
detects a pole-to-ground fault if the current difference between the two terminals of one
transmission line is greater than a differential current threshold (THdiff ). Upon fault de-
tection, the central-level controller sends a blocking signal to all converter-level controllers
and a trip signal to the associated converter-level controllers to open the MDs and isolate
the faulted transmission line.

In the test system of this thesis, the pole-to-ground and pole-to-pole fault current deriva-
tive thresholds (THPG and THPP ) are selected to be 0.1 kA/ms and 1 kA/ms, respectively.
The fault pick up times for pole-to-ground and pole-to-pole faults (∆TPG and ∆TPP ) are
selected to be 10 ms and 0.1 ms, respectively. If the current derivatives exceed the thresh-
olds for less than 0.1 ms, no fault will be detected. The differential threshold (THdiff ) is
selected to be 50 A. The requirement for the opening of MDs is a current flow less than 50

A.

4.2 Restoration of HVDC Systems with FB or HB Converters

Pole-to-pole and pole-to-ground faults cause different fault transients in MTDC systems.
In order to clear a DC fault without using high voltage DCCBs, discharging the entire DC
grid is necessary in order to open the mechanical DC disconnectors. Isolating the faulted
transmission line will enable the restoration of the rest of the MTDC system. The restora-
tion algorithm of this thesis can be used to restore the system after the occurrence of all
kinds of faults. When a DC fault occurs in an MTDC system, one transmission line is
isolated in order to isolate the fault. The loss of one transmission line will change the cur-
rent flows of the other transmission lines. However, as long as the thermal capacity of the
transmission lines is not exceeded, all the converters can work at the pre-fault voltage and
real power settings. If a converter is also lost with the faulted transmission line, the rest
of the converters cannot operate at their pre-fault settings anymore. The loss of one or
more converters requires the changes of voltage and power set-points of all the remaining
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converters.

The restoration algorithm for FB converters is different from HB converters. As dis-
cussed, FB converters can block bidirectional currents while HB converters cannot. This
difference results in different fault transient responses and also differences in the restora-
tion algorithm. When the ACCB is closed after clearing the fault by opening the DC dis-
connectors, the currents from AC grids flow through the HB converters and energize the
DC system. This uncontrollable current flow can be regarded as the small current injection
test [28] to make sure the fault has been cleared.

4.2.1 Restoration Algorithm of HVDC Systems with HB Converters

In case of an HVDC system with only HB-MMCs, opening the ACCBs is necessary to
prevent the AC sources from feeding the DC fault. After clearing the fault, the ACCBs
should be closed before restoring the converters. The AC source whose ACCB closes first
after the fault will energize the DC system. The energization takes a certain period of
time depending on the size of the DC grid. The blocked HB converter operates as a diode
rectifier and the DC terminal voltage during this period is [59]:

VDC =
3
√

3

π
Vm ≈ 1.65Vm (4.1)

where Vm is the amplitude of the AC phase voltage. In the test systems of this thesis, the
steady-state DC terminal voltage reaches about 510 kV. The 510 kV DC voltage caused by
the AC contribution through blocked HB converters is referred to as the AC peak voltage in
the rest of the thesis. The restoration algorithm for HVDC systems with only HB converters
has four steps:

• Step 1: The ACCB that is connected to a strong AC grid is closed.

• Step 2: After a short period (typically several milliseconds), when the DC voltage is
stable and has reached the voltage threshold VTH1, e.g. 90% of the AC peak voltage,
all other ACCBs are closed.

• Step 3: When the DC voltage exceeds to VTH2, e.g. 95% of the AC peak voltage, for
∆T2, e.g., 50 ms, all the DC voltage-controlled converters are deblocked one after
another.

• Step 4: When the DC voltage exceeds to VTH3, e.g., 95% of the rated DC voltage,
for ∆T3, e.g., 20 ms, the remaining converters, which control the real power, are
deblocked one after another.

For a point-to-point HVDC system, the delay time VTH3 before restoring the real power-
controlled converters can be as short as a few tens of milliseconds. For a four-terminal
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HVDC grid, the delay time is typically less than 200 ms. If the real power-controlled con-
verters are reconnected before the voltage is stable, the system will encounter oscillations
because the real power-controlled converters cannot maintain the rated voltage.

The restoration algorithm has been employed in the point-to-point HVDC test system
with two HB converters. The restoration timeline is shown in Fig. 4.2. The changes in
the DC voltage and real power of Converter 1 and Converter 2 during restoration are
demonstrated in Figs. 4.3 (a)- 4.3 (b). The two ACCBs are closed at t = 40 and t = 85

ms, respectively. ACCB operation delay is considered. Converter 1 and Converter 2 are
deblocked at t = 140 ms and t = 172 ms, respectively. The system restores its steady-state
operation within one second.

Figure 4.2: Restoration timeline of the HB point-to-point HVDC system.

• trcmd: The instant at which the central-level controller sends the restoration com-
mand,

• tiso: DC disconnector opening instant,

• tclsi: ACCB i closing instant, and

• tdbi: Deblocking instant of Converter i.

4.2.2 Restoration of HVDC Systems with FB Converters

In an HVDC system consisting of only FB-MMCs, the opening and closing of ACCBs are
not required during fault isolation and restoration, respectively. The delay time before
deblocking the real power-controlled converters is also unnecessary as there is no uncon-
trollable current flow from the AC sides. The restoration timeline is shown in Fig. 4.4. The
current and voltage waveforms during the restoration of the point-to-point HVDC test sys-
tem with two FB converters are shown in Figs. 4.5 (a)- 4.5 (b). Converter 1 and Converter 2
are deblocked at t = 40 ms and t = 41 ms, respectively. The system restores its steady-state
operation within 0.8 s.

4.3 Universal Restoration Algorithm for Hybrid MTDC Systems

When an HVDC grid consists of various types of converters, with and without fault block-
ing capability, the restoration algorithm should take into account the impact of each con-
verter on the current and voltage waveforms. The main goal of the proposed universal
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(a)

(b)

Figure 4.3: Restoration of HB point-to-point HVDC system: (a) DC voltage of Converter 1
and Converter 2 and (b) Real power of Converter 1 and Converter 2.

Figure 4.4: Restoration timeline of the FB point-to-point HVDC system.

restoration algorithm for hybrid HVDC grids is to improve the speed and reliability of
the restoration process. The proposed universal restoration algorithm requires all the con-
verter stations to operate individually during the restoration process. Based on the pro-
posed algorithm, converter-level controllers restore the converters upon the satisfaction of
the pre-defined restoration requirements. The local restoration of the converters, which
is completed independently from the central-level controller, enables fast restoration of
large-scale MTDC systems.

The proposed universal algorithm assumes that at the instant the central-level con-
troller sends out the restoration commands to all converter-level controllers, all the con-
verters are blocked and all ACCBs that are connected to HB-MMCs are open. In the
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(a)

(b)

Figure 4.5: Restoration of FB point-to-point HVDC system: (a) DC voltage of Converter 1
and Converter 2 and (b) Real power of Converter 1 and Converter 2.

restoration algorithm proposed in [60], the system recovery can only start after the DC
current in the DC grid has completely decayed to zero. However, in the restoration al-
gorithm proposed in this thesis, restoration starts when the faulted transmission line is
isolated by the MDs. At the opening instant of MDs, the DC current is not necessarily zero
but must have reached a small value as the MDs can open when the current has a small
value. Opening the MDs results in voltage oscillations in the DC grid, which consequently
causes current oscillations with a small magnitude. The proposed universal algorithm
comprises of the following steps:

• Step 1: Fault clearance test: This step is initiated upon receiving the restoration
command from the central-level controller. In this step, the ACCB of one of the HB
converters is closed to inject power to the DC grid. If the DC voltage reaches VTH1,
e.g., 80% of the AC peak voltage, for ∆T1, e.g., 10 ms, the restoration process will be
continued.

• Step 2: Closing of all ACCBs associated with HB-MMCs: In this step, when the
DC terminal voltage of any HB converter exceeds VTH1 for ∆T1, the converter-level
controller of the HB-MMC closes the associated ACCB. After closing all the ACCBs
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associated with HB converters, if the DC side voltage is relatively stable, the restora-
tion process will continue.

• Step 3: Restoration of all DC voltage-controlled converters: In this step, after the
DC terminal voltage remains above VTH2, e.g., 95% of the AC peak voltage, for ∆T2,
e.g., 100 ms, the DC voltage-controlled converters are deblocked and restored to their
normal operation. The ideal case is to restore all DC voltage-controlled converters at
the same time to expedite the restoration process. Although the DC voltage setting
of the converters during the pre-fault operation may be different for power flow
control purposes, during the restoration process, the DC voltage set-point of all the
converters is considered to be the same as the reference DC voltage to minimize
uncontrollable power flow among the converters.

• Step 4: Restoration of all real power-controlled converters: In this step, after the
DC terminal voltage is stable and has remained above VTH3, e.g., 95% of the rated
DC voltage for ∆T3, e.g., 100 ms, the real power-controlled converters are deblocked
and restored to their normal operation. At the end of this step, power transfer in all
transmission lines is retrieved.

• Step 5: Voltage setting adjustment: In this step, the DC voltage setting of DC
voltage-controlled converters is readjusted after a certain requirement is met. This
requirement is associated with an input or output power threshold, i.e., power trans-
mission reaches 50% of the rated power. At the end of this step, the MTDC system
restores its steady-state operation.

The timeline of the proposed restoration algorithm is shown in Fig. 4.6. All the con-
verters monitor their DC terminal voltages and when the preset requirements are met, the
corresponding restorative actions are carried out. For all HB-MMCs, the requirement for
closing their ACCBs is that the DC terminal voltage exceeds VTH1 for over ∆T1. For DC
voltage-controlled converters, the requirement for deblocking the converter is that the DC
voltage exceeds VTH2 for over ∆T2. For DC voltage-controlled HB-MMCs, the ∆T2 can be
selected to be longer than that of DC voltage-controlled FB converters by ∆THB . This will
enable the restoration of DC voltage-controlled FB-MMCs prior to DC voltage-controlled
HB-MMCs. Restoring (deblocking) FB-MMCs before HB-MMCs reduces the current oscil-
lations caused by uncontrollable AC contribution during the restoration process. For real
power-controlled converters, the requirement for deblocking the converters is that the DC
voltage exceeds VTH3 for over ∆T3, which ensures that the DC voltage-controlled convert-
ers are restored successfully before restoring real power-controlled converters. Similarly,
deblocking the real power-controlled HB-MMCs after the real power-controlled FB-MMCs
reduces the current oscillations during the restoration process.
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Figure 4.6: The proposed restoration algorithm.

In [33], the DC voltage threshold and the corresponding time duration required for
deblocking of real power-controlled converters are selected to be 90% of the rated DC volt-
age and 20 ms, respectively. Such a voltage threshold and time duration are reasonable
for a point-to-point HVDC system. If the DC grid contains more converter stations and
longer transmission lines, this step of the restoration process will take longer. The pro-
posed restoration algorithm of this thesis requires the ACCBs to close before deblocking
the converters. However, the restoration algorithm proposed in [60] suggests that, for a
weak AC grid, deblocking converters before closing the ACCBs can reduce the stress on
the weak grid. However, operating an MMC without connection to the AC grid affects
the voltage of SM capacitors. Furthermore, if the converter is deblocked while the ACCB
remains open, the voltage oscillations will become significantly large.

The main advantages of the proposed universal restoration algorithm include:

• Fast restoration process due to the individual operation of all converters (indepen-
dent from the central-level controller)

• Reliable restoration algorithm with properly set thresholds, and

• Applicability of the proposed restoration algorithm, paired with the proposed se-
lective fault detection and isolation algorithm, to hybrid MTDC systems with any
combination of converters with and without fault blocking capability.
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4.4 Study Results for the Restoration of the Hybrid DC Systems

Following the proposed universal restoration algorithm, an MTDC system can be restored
within one second after the fault is cleared. The performance of the proposed restoration
algorithm is evaluated in this section.

4.4.1 Fault Clearance Test

In the hybrid MTDC system 1, Converter 2 and Converter 3 have HB SMs. In this study,
Converter 3 is selected to perform the fault clearance test. When all the protective opera-
tions are completed, the central-level controller sends a signal to Converter 3 to close the
ACCB. If the voltage of the DC grid is restored to a pre-defined value, as shown in Fig. 4.7,
the fault clearance test is passed.

Figure 4.7: DC voltage of the four converters during a successful fault clearance test.

At t = 11 ms, the ACCB of Converter 3 is closed and the DC voltage of all the converters
rises up to 510 kV (the AC peak voltage) in about 10 ms. The DC side voltage of Converter
3 will eventually become a six-pulse waveform. This indicates that the system is clear of
fault. In the test system, the DC voltage threshold of successful fault clearance test is 410
kV (80% of the AC peak voltage) for over 10 ms.
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A failed fault clearance test is shown in Fig. 4.8. When the ACCB of Converter 3 closes
at t = 11 ms, the DC voltage rises up and then drops down. After 20 ms, the DC voltage
does not reach the threshold value. The ACCB of Converter 3 is opened and the test failure
information is sent to the central-level controller. The restoration unit should wait for a
new fault clearance signal from the central-level controller to restart its operation. When
the central-level controller receives a fault clearance test failure signal, fault detection and
isolation will be conducted again.

Figure 4.8: DC voltage of the four converters during a failed fault clearance test.

4.4.2 Restoration of the Hybrid Point-to-Point HVDC System

In the hybrid point-to-point HVDC system, Converter 1 and Converter 2 have FB and HB
SMs, respectively. After the fault clearance, the central-level controller sends the restora-
tion command to the two converters at t = 0 ms. At t = 50 ms, the ACCB of Converter 2 is
closed and the DC terminal voltage is restored to the AC peak voltage. When the voltage
threshold (95% of the AC peak voltage) is reached at t = 156 ms, Converter 1 is deblocked
and the DC voltage is restored to the normal operating voltage. Converter 2 is deblocked
at t = 288 ms when the voltage threshold (95% of the DC operating voltage) is reached. The
restoration timeline of the hybrid point-to-point HVDC system is shown in Fig. 4.9. The
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DC voltage waveforms and power waveforms are shown in Fig. 4.10.

Figure 4.9: The restoration timeline of the hybrid point-to-point HVDC system.

(a)

(b)

Figure 4.10: Restoration of the hybrid point-to-point HVDC system: (a) DC voltage and
(b) Real power.

In the simulation, all the restoration operations are triggered by comparators and in-
tegrator as shown in Fig. 4.11. When the DC voltage is higher than the voltage threshold,
comparator 1 outputs a high level. The integrator’s output value depends on the duration
of the high level. When the level duration is longer than the time threshold, the corre-
sponding operation is triggered by comparator 2. In the hybrid point-to-point system, the
thresholds for the deblocking of Converter 1 are 485 kV and 20 ms for comparators 1 and
2, respectively. The thresholds for the deblocking of Converter 2 are 610 kV and 100 ms for
comparators 1 and 2, respectively. The same trigger is used in all the restoration studies.
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Figure 4.11: Trigger diagram in the simulation.

4.4.3 Restoration of the Hybrid MTDC System

In this study, the four converters in the hybrid MTDC system 2 have FB, HB, HB, and HB
SMs, respectively. T-line 2 is the faulted transmission line and is isolated. The restora-
tion timeline is shown in Fig. 4.12. The results from the four-terminal MTDC test system
restoration is shown in Fig. 4.13 and Fig. 4.14. The deblocking instant of the four con-
verters as well as the closing instant of the three ACCBs are marked. In this study, the
DC voltage-controlled Converter 4 is restored first, followed by Converter 1, Converter 3
and Converter 2. All the restoration operations are triggered by the pre-defined voltage
and duration thresholds. The DC voltage of Converter 2 reaches the threshold later than
Converter 3 as T-line 2 is disconnected.

Figure 4.12: The restoration timeline of the hybrid four-terminal MTDC system.

In Figs. 4.13 and 4.14, the fault is isolated at t = 0 ms. Isolating the faulted transmission
line caused the DC voltage to rises up and oscillate at a certain level, depending on how
much energy remains in the DC grid. The voltage oscillation is caused by the FB Con-
verter 1, similar to stage 3 of the fault transient. In the restoration process, first, the ACCB
connected to Converter 4 is closed at t = 123 ms to perform the fault clearance test. As
shown in Fig. 4.13, the voltage oscillation is eliminated by the fault clearance test. At t =
130 ms, the DC system voltage reaches 510 kV. The ACCBs connected to Converter 2 and
Converter 3 are closed at t = 190 ms and t = 182 ms, respectively as the pre-defined DC
terminal voltage thresholds (485 kV for 100 ms) are met. Converter 1 and Converter 4 are
restored at t = 274 ms and t = 286 ms, respectively. The DC voltage of the entire DC system
reaches the pre-defined thresholds (605 kV for 100 ms) after 200 ms and Converter 2 and
Converter 3 are restored at t = 488 ms and t = 477 ms, respectively. After all the restoration
steps, the input and output power of all converters become stable and reach their pre-fault
values after one second.
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Figure 4.13: DC voltage of the four converters during restoration.
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Figure 4.14: Real power of the four converters during restoration.
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4.4.4 Restoration Failure

There are two main reasons that may cause restoration failure in a hybrid MTDC system:

• Fault isolation failure: If the fault clearance test fails for a few times (e.g. 3 times),
the fault clearance failure is reported to the central-level controller. The central-level
controller will send an activation command to the fault detection and isolation unit.

• Sustained current oscillation: Failure to obtain a stable DC voltage when restoring
real power-controlled converters. In such a case, all the real power-controlled con-
verters will be blocked again. The restoration should restart from Step 3.

In the four-terminal MTDC test system 2, Converter 2 and Converter 3 have HB SMs
and they are in real power control mode. During the restoration process, if Converter 2
and Converter 3 are restored based on the voltage threshold in the restoration algorithm
proposed in [33], they will encounter voltage and current oscillations. The restoration
timeline is shown in Fig. 4.15 and the voltage and current waveforms of the four converters
are shown in Fig. 4.16.

Figure 4.15: The restoration failure timeline of the hybrid four-terminal MTDC system.

The operation of Converter 1 and Converter 4 are the same as the case study with a suc-
cessful restoration. The voltage and real power waveforms of Converter 1 and Converter 4
are the same as the ones shown in Figs. 4.13 and 4.14. The differences between the two case
studies is related to the operation of Converter 2 and Converter 3, which are respectively
deblocked 149 ms and 150 ms earlier than the case with successful restoration. Untimely
deblocking of the real power-controlled HB converters causes current oscillations in the
converters.

4.5 Summary

This chapter summarized the restoration process of HVDC systems with only HB and FB
converters with two case studies. A universal restoration algorithm that fits hybrid MTDC
systems with various converters is proposed and verified with another two case studies. In
all the restoration case studies, the hybrid point-to-point HVDC system and four-terminal
MTDC system can restore the steady-state operations within 1 s after isolating the faulted
lines. As a result, automatic and quick restoration after isolating the faulted lines can be
achieved in MTDC systems.
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(a)

(b)

Figure 4.16: Restoration failure of the hybrid MTDC system: (a) DC voltage of the four
converters and (b) DC current of four converters.



5
Conclusion and Future Work

5.1 Conclusion

This thesis addresses the major challenges in the protection of hybrid MTDC systems. In
this thesis, the hybrid MTDC system modeling is discussed and a power flow control strat-
egy is provided. The control of MTDC systems is divided into four levels. The central-level
controller and converter-level controllers have individual responsibilities in the proposed
protection algorithm. The differences between the fault transient response of FB and HB
converters are studied in detail. Based on the fault transient study results, current deriva-
tives are used to distinguish pole-to-pole and pole-to-ground faults. The central-level con-
troller locates DC faults by analyzing the current directions and magnitudes of all the con-
verters. The current difference between the two terminals of one transmission line is used
to determine the existence of a pole-to-ground fault. Current direction analysis is also the
preferred method to locate a pole-to-pole fault. After detecting and locating a DC fault,
a permanent fault should be isolated by discharging the entire DC grid and opening the
MDs. Finally, the healthy part of the MTDC system can be restored following the proposed
restoration algorithm.

The proposed protection algorithm allows an MTDC system to ride-through DC faults
automatically. The automatic protection algorithm enables MTDC systems to react faster
in case of a DC fault. In all case studies, the healthy part of the MTDC system can be
restored in less than two seconds after the fault instant.

59
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5.2 Thesis Contribution

The main contributions of this thesis can be summarized as follows:

• Modeling of the hybrid MTDC systems and developing a power flow control strat-
egy for MTDC systems.

• Pole-to-pole and pole-to-ground fault transient analysis of hybrid MTDC systems.

• The fault transient comparison between HB and FB VSCs.

• A selective fault detection and isolation algorithm is developed.

• A universal restoration algorithm design for hybrid MTDC systems.

5.3 Direction of Future Work

The following topics are proposed for future work:

• High voltage DCCBs are going to gain more attention in the future. As reliable and
affordable high voltage DCCBs could change the protection scheme of MTDC sys-
tems, their impact on restoration of hybrid MTDC system must be studied.

• The development of fault locating algorithms which do not require communication.
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