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Abstract

High-voltage DC (HVDC) grids are considered promising for the elec-
tricity grid expansion required to integrate renewable energy sources
into the existing infrastructure. DC fault currents increase rapidly and
lack a current zero crossing. Therefore, HVDC grids require complex
DC circuit breakers (DCCBs) capable of interrupting faster than AC
circuit breakers to protect against DC faults. Being complex, DCCBs
can o�er functionality in addition to interruption. Most DCCBs can be
categorized as current-injection DCCBs or hybrid DCCBs. Hybrid DC-
CBs feature more functionality than current-injection DCCBs. Never-
theless, the power semiconductors used in hybrid DCCBs are expensive.
The enhanced active resonant (EAR) DCCBs studied in this work are
an intermediate solution with the functionality of hybrid DCCBs and
the interruption mechanism of current-injection DCCBs. The core of
EAR DCCBs are discharge closing switches, which are simple, robust
and available for high current and high voltage.

Like all HVDC DCCBs, EAR DCCBs need a fast mechanical switch. A
Thomson-coil actuator with active damping is used to open and close
the mechanical switch fast. A novel Thomson-coil driver recycling en-
ergy during actuation simpli�es the Thomson-coil actuator system. Ex-
perimental results demonstrate the open-close and open-close-open op-
eration of the Thomson-coil actuator. Extensive experimental studies
investigate the DC interruption capability and functionality of a proto-
type EAR DCCB in a specialized DCCB test circuit. The tests results
show that the prototype EAR DCCB can interrupt up to 1.2 kA, abort
proactive commutation, and auto-reclose. The studies of the discharge
closing switch used �nd that its minimum voltage is not a serious limi-
tation and that the discharge can become unstable after commutation
at low currents. An alternative commutation technique allows EAR
DCCBs with less components to operate reliably at all currents.
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Sammanfattning

Högspända likströmsnät (HVDC-nät) anses vara ett lovande alterna-
tiv för att möjliggöra integrationen av förnybara energikällor i den
existerande elnäts-infrastrukturen. Kortslutningsströmmar i likström-
snät ökar mycket snabbt i storlek och dessutom har dessa strömmar
ingen nollgenomgång. Därför kräver HVDC-nät komplexa likströms-
brytare som kan bryta strömmen snabbare än växelströmsbrytare för
att skydda mot kortslutningar i nätet. Som ett resultat av ökad kom-
plexitet erbjuder likströmsbrytare utökad funktionalitet. De �esta lik-
strömsbrytare kan kategoriseras antingen som ströminjektionsbrytare
eller hybridbrytare. Hybridbrytare erbjuder ytterligare funktionalitet
jämfört med ströminjektionsbrytare. Emellertid är kostnaden för ef-
fekthalvledarkomponenterna i hybridbrytare hög. En lösning som i
olika avseenden är ett mellanting mellan de två nämnda typerna av
likströmsbrytare är sk enhanced active resonant (EAR) brytare. Dessa
har samma funktion som hybridbrytare, men använder samma bryt-
mekanism som ströminjektionsbrytare. Huvudkomponenten i en EAR-
brytare är ett triggat gnistgap, som är enkelt, robust och är tillgängligt
för både hög ström och hög spänning.

Som alla likströmsbrytare för HVDC behöver även EAR-brytare en
snabb mekanisk switch. En Thomsonspole-aktuator (TCA) med ak-
tiv dämpning används för att snabbt öppna och stänga den mekaniska
switchen. Aktiv dämpning är komplex att realisera och måste �n-
justeras för att TCA:n ska fungera som avsett. En ny TCA-drivare
demonstreras. Denna återanvänder energin som krävs för att manövrera
TCA:n samtidigt som TCA-systemet kan förenklas. De experimentella
resultaten demonstrerar sekvenserna öppna/stänga samt öppna/stänga/-
öppna för TCA:n. En omfattande experimentell studie av likströms-
brytning och andra funktioner för EAR-brytaren utförs mha en spe-
cialutvecklad testkrets. Testresultaten visar att EAR-brytarprototypen
kan bryta strömmar upp till 1200 A, avsluta proaktiv kommutering och
återinkoppla. Studierna av det triggade gnistgapet visar att minimis-
pänningen inte är en avsevärd begränsning och att urladdningen kan
bli instabil efter kommutering med låg ström. En alternativ kommuter-
ingsmetod möjliggör EAR-brytare med färre komponenter att fungera
vid alla strömnivåer.
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CHAPTER 1

Introduction

1.1 Background

Point-to-point high-voltage direct-current (HVDC) transmission is an

established technology for bulk electrical power transmission. Con-

ventional applications for HVDC are the connection of remote energy

sources, such as hydro power plants, to the electric grid, long subsea

power transmission, and the interconnection of unsynchronized alter-

nating current (AC) power systems. Recent studies investigate the pos-

sibility of displacing all fossil and nuclear power generation [1]. Solar

and wind are expected to become the largest power source since, unlike

geothermal and hydro, abundant suitable areas exist. Integrating more

intermittent renewable energy sources into the grid challenges the ex-

isting electricity infrastructure. The increasing share of solar and wind

requires investment in energy storage and especially transmission ca-

pacity [2]. An HVDC grid could facilitate the integration of solar and

wind to substantially cut carbon emissions, even without energy storage

[3]. Since the wind speed varies across sites, interconnected wind farms

harvest more energy in average and can supply a fraction of baseload [4].

As shown for o�shore wind farms in the North Sea, a non-radial HVDC

grid could be slightly cheaper than a radial HVDC grid [5].

If a direct current (DC)-side fault occurs in point-to-point HVDC trans-

mission, the HVDC converters control the fault current to zero or the

DC fault is isolated by opening the AC circuit breakers (ACCBs) of the

converters since DC circuit breakers (DCCBs) are typically not used.

Such fault-handling strategies are inappropriate for non-radial HVDC
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CHAPTER 1 INTRODUCTION

grids and DCCBs have to be installed. DC fault currents lack a natu-

ral current zero crossing and, thus, DCCBs must create a current zero

crossing internally to interrupt. DC fault currents can increase rapidly

and the DCCBs must interrupt faster than ACCBs to limit the fault

current level. Consequently, DCCBs are substantially more complex

compared to ACCBs.

Evaluating potential bene�ts of increased HVDC transmission is dif-

�cult, because of the high number of parameters and their associated

uncertainties. Nevertheless, the costs of DCCBs are expected to have

a major impact on the cost-e�ectiveness of non-radial HVDC grids [6].

Hence, DCCBs are critical components, both technically and economi-

cally, for the future adoption of non-radial HVDC grids.

1.2 Research Objective

The objective of this thesis is to propose a novel DCCB concept to ad-

vance the state-of-the-art by improving existing DCCB concepts.

1.3 Methodology

To ful�ll the research objective, a down-scaled prototype is evaluated

in experiments. The research objective, however, requires an extensive

creative phase and, therefore, the applied methodology is structured in

three phases: conception, design, and, experiments.

Conception: HVDC systems and state-of-the-art DCCBs were studied

with electromagnetic transient simulations to understand the applica-

tion. As approach to ful�ll the research objective, it was decided to

develop DCCB concepts based on tubes. Using crossed-�eld tubes in

DCCBs was demonstrated in the 70s [7]. Apart from that research,

tube-based DCCBs with experimental results were not published again

to the best of the author's knowledge. It was decided to use discharge

closing switches (DCSs) instead of crossed-�eld tubes. The conceived

DCCBs were modelled similar to the state-of-the-art DCCBs and a

2



CHAPTER 1 INTRODUCTION

black-box arc model for a SF6 ACCB was used for the DCS. This was

assumed to be the worst case, because of the high arc voltage.

Design: A DCCB test circuit and its control logic were developed with

model-based design and code generation. Hardware-in-the-loop simula-

tions veri�ed that the control logic works properly. The measurements

were automated and the experiments were controlled from a custom

graphical user interface (GUI). Before using the actual DCCB test cir-

cuit, a mockup version was built with a solid-state DCCB to verify that

the DCCB test circuit control system functions correctly. The actual

DCCB test circuit and the prototype DCCB were built based on the

prototype from a previous PhD project [8]. The DCCB test circuit

was veri�ed with tests of a solid-state DCCB. A Thomson-coil actua-

tor (TCA) provided by ABB Corporate Research Västerås was studied

with electromagnetic �nite element method (FEM) simulations. The

electronics and a control panel required to operate the TCA were de-

signed and built and the control software was implemented.

Experiments: Initially, the TCA was tested with a solid steel load

with a mass equivalent to the moving parts of the vacuum interrupter

(VI) to avoid a premature destruction of the VI. Then, the TCA was

studied in experiments with the VI. The motion of the TCA was tracked

with a high-speed camera in these experiments. The prototype DCCB

was mostly studied without the VI since the VI is of minor importance

for the core concept of the conceived DCCBs. Finally, the VI with TCA

was integrated in the prototype DCCB to study the complete operation

as envisioned.

Shortcomings: The down-scaled laboratory prototype serves as proof-

of-concept and the experimental results can, thus, only indicate phe-

nomena that may not be representative for a full-scale HVDC DCCB.

3



CHAPTER 1 INTRODUCTION

1.4 Scienti�c Contributions

This thesis contributes to the research �eld by:

• analyzing faults in HVDC systems and the role of DCCBs;

• proposing simpli�ed DCCB modelling for HVDC grid simulations;

• comparing features of the state-of-the-art DCCB concepts;

• describing a novel DCCB test circuit that, apart from DC inter-

ruption, allows to test the advanced functionality of DCCBs;

• studying a TCA with active damping for an industrial VI with

FEM simulations and experiments;

• demonstrating a novel Thomson-coil (TC) driver that allows to

recycle energy during actuation � it reduces the energy storage

needed by 50 % and eases the requirements on the DC power sup-

ply by reducing the charging time and the charging current;

• conceiving the enhanced active resonant (EAR) DCCB concepts

based on DCSs that combine features of the state-of-the-art DC-

CBs � EAR DCCBs potentially reduce the costs and material

footprint, and improve the robustness and reliability;

• conceiving the �rst DCCBs with asymmetric interruption capa-

bility to the best of the author's knowledge;

• demonstrating the operation of a prototype EAR DCCB in various

operating scenarios using the advanced test circuit;

• analyzing the properties of the prototype EAR DCCB, speci�cally

the triggering of the DCS and commutation to the DCS;

• proposing and demonstrating an operation mechanism that allows

to simplify the originally proposed EAR DCCBs to improve their

operation characteristics and to reduce their component count;

• discussing EAR DCCBs and proposing alternative arrangements.
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1.5 Outline of the Thesis

This compilation thesis is a concise summary of the performed research

and the reader is referred to the appended publications for details. The

outline of the thesis is as follows.

Chapter 2 provides a background for HVDC systems and it covers

HVDC system protection aspects important for DCCB design.

Chapter 3 describes the general DCCB and relevant functionality DC-

CBs can o�er in addition to DC interruption. Furthermore, it reviews

current-injection DCCBs and hybrid DCCBs. It concludes by identify-

ing research opportunities.

Chapter 4 explains the test circuit needed to study DCCBs including

their advanced functionality.

Chapter 5 describes TCAs that allow for the fast opening and clos-

ing of mechanical switches needed in DCCBs. It explains the proto-

type TCA system used in the experiments and discusses exemplary

results.

Chapter 6 introduces and explains the conceived EAR DCCBs. More-

over, it describes the down-scaled prototype of an EAR DCCB and the

functionality and properties of EAR DCCBs. Lastly, it discusses the

EAR DCCBs considering the experimental results.

Chapter 7 gives ideas for future work and concludes the thesis.
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CHAPTER 2

HVDC System Protection

2.1 HVDC System

2.1.1 System Con�guration

A point-to-point HVDC link as depicted in the single-line diagram in

Fig. 2.1 transfers electric power between two AC grids by �rst con-

verting AC to DC with a power electronic converter and subsequently

converting DC back to AC with a second converter. On the DC side,

the converters can be connected back-to-back or via transmission lines

(TLs). The TLs can be either overhead lines (OHLs) or cables. The

converter supplying power to the DC side is called recti�er and the

converter receiving power is called inverter. If the power �ow reverses,

the converters change roles. The converters are connected to the re-

spective AC grid via an ACCB and transformer, which could also have

a di�erent winding con�guration than depicted. DCCBs can be pro-

vided on each TL end as well. The converter station can be con�gured

as asymmetric monopole, symmetric monopole, or bipole as shown in

Fig. 2.2. A bipolar con�guration consists of two converters in each con-

verter station. Both converters are con�gured as asymmetric monopole

with an transformer each and are connected in series on the DC side.

Rectifier

~
= DCCB TL DCCB

Inverter

=
~~

AC
Grid 1

~
AC

Grid 2

Figure 2.1. Point-to-point HVDC link.
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~
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AC
TL

+UDC
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MR

(a) Asymmetric
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~
=

AC
TL

TL

+UDC/2

−UDC/2

(b) Symmetric
monopole

~
=

~
=

AC

AC

TL

TL

+UDC

−UDC

Optional
MR

(c) Bipole

Figure 2.2. Con�guration options for HVDC converter stations.

Under normal operating conditions, the power is only transferred via

the high-voltage (HV) TLs. In case of an outage in one of the asymmet-

ric monopoles, the other asymmetric monopole can still operate with

the metallic return (MR) as return path, thus increasing the availability.

Increasing power demand will require higher DC-side voltage and higher

availability, and it is, therefore, expected that voltage-source converter

(VSC)-HVDC links in bipolar con�guration will be common [9].

It has to be emphasized that the diagram in Fig. 2.1 only includes core

components and an actual HVDC system is more complicated. For

instance, �lters are often provided on the AC sides and the DC side.

Arrestors are also installed where needed for overvoltage protection. De-

pending on the converter, smoothing reactors or DC link capacitors are

needed on the DC side. Pre-insertion resistors, which are later shorted

for normal operation, can be included on the DC side to limit inrush

currents during system startup. Mechanical switches and disconnectors

can be used to recon�gure the HVDC system in fault cases. Moreover,

grounding systems with elaborate electrode designs are required. To

guarantee reliable operation, HVDC systems require a complex protec-

tion system to handle faults appropriately.
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2.1.2 Converter Technology

The �rst HVDC links were built with line-commutated converters

(LCCs) using mercury-arc valves that were later replaced by thyris-

tors. LCCs remain the standard HVDC converter technology for high-

power transmission because thyristors are available for higher blocking

voltages and higher current compared to power semiconductors with

turn-OFF capability. An inherent disadvantage of LCCs is that the

polarity of the DC-side voltage must be inverted to reverse power �ow.

The invention of insulated-gate bipolar transistors (IGBTs) allowed to

implement self-commutated converters and the �rst HVDC links with

two-level VSCs were built. In contrast to LCC-HVDC, VSC-HVDC can

connect to weak AC grids and provide reactive power support. Since

LCCs and two-level VSCs generate harmonics on the DC side and AC

side, �lters have to be installed to mitigate harmonic e�ects. The mod-

ular multilevel converter (MMC) introduced in [10] is a VSC using hun-

dreds of submodules in an arm to synthesize an output voltage with

low harmonic content, hence not requiring �lters. Various submodule

topologies have been discussed in the literature. Half-bridge (HB) sub-

modules are the most common submodules, which, however, cannot

block DC-side faults. Although fault-blocking submodules as described

in [11] solve this problem, they exhibit higher losses than half-bridge

submodules [12]. Hybrid converters combining LCCs with MMCs [13],

the alternate arm converter [14], and the series-bridge converter [15]

have also been proposed, but the author is not aware of any operating

or planned HVDC links using these topologies.

2.1.3 Grid Topologies

As more HVDC links are being built and technology matures, more

HVDC grids will evolve. Such HVDC grids can be arranged as radial,

ring, or meshed grids. Radial and ring HVDC grids are already in op-

eration in China [16]. Meshed HVDC grids could be planned to, for

instance, integrate o�shore wind farms in the existing electricity infras-
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Figure 2.3. Exemplary meshed HVDC grid.

tructure. Alternatively, a meshed HVDC system could grow over time

comparable to the AC grid to eventually form an overlay grid. An exem-

plary meshed HVDC grid is shown in Fig. 2.3. The protection of HVDC

grids is demanding [17] and crucial to avoid potential massive outages

with related detrimental impact on the economy and society.

2.2 Faults

2.2.1 Fault Types

This work only considers external faults on the TLs or the connections

to the converters and not internal faults within the converters or other

components. Possible faults are shown in Fig. 2.4 exemplary for a sym-

metrical monopole. The same faults can occur in a bipolar con�guration

as well. The main distinction is made between AC- and DC-side faults.

AC faults can occur on the AC grid-side or on the converter-side. AC

faults are either single-pole, two-pole, or three-pole faults, and in the

latter two cases with or without ground connection. DC faults can occur

on the TLs or directly on a DC bus. DC faults are either pole-to-ground

faults or pole-to-pole faults, possibly with ground connections. Faults

can propagate through the HVDC system and faults can change their

12
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~
=

DCCB TL

DCCB TL
~

DC TL faultDC bus faultAC converter-
side fault

AC grid-
side fault

Figure 2.4. Illustration of faults in a symmetric monopolar
point-to-point HVDC link.

nature, for instance from a two-pole-to-ground AC fault to a single-pole-

to-ground AC fault. If cables are used as TLs, faults are permanent and

this part of the HVDC system cannot be operated before the cable has

been repaired. If OHLs are used as TL, faults can clear themselves and

auto-reclosing can be attempted after a system-dependent deionization

time. Moreover, faults can also have an impedance substantially dif-

ferent from zero. Although the fault current reduces with increasing

impedance, the fault is more di�cult to detect.

2.2.2 Fault-Handling Strategies

Fault-handling strategies depend on the type of the fault and the im-

plementation of the HVDC system, particularly the converter topology

and whether DCCBs are installed. DCCBs are not used in conventional

point-to-point HVDC links. Apart from the HVDC protection system,

each converter and each DCCB has its own internal protection system.

In case of hazardous conditions like overcurrent, the internal protection

system blocks the respective converter by not switching any longer or

trips the respective DCCB. A summary of fault-handling strategies for

the faults shown in Fig. 2.4 is given in Tab. 2.1.
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Table 2.1
Fault-handling strategies for various converters and faults

Fault location according to Fig. 2.4

Converter AC grid AC converter DC bus DC TL

LCC
Converter cannot commutate properly,
ACCBs open

Fault cur-
rent con-
trol

Non-fault-
blocking
VSC with-
out DCCB

Fault ride
through,
reactive
power
support for
AC grid
stabiliza-
tion, fault
feeding

Converters blocked, ACCBs open to iso-
late fault from AC side

Non-fault-
blocking
VSC with
DCCB

Adjacent converter
blocked, adjacent DCCB
and ACCB open to
disconnect converter

Converters
blocked,
both
DCCBs
isolate
faulty TL

Fault-
blocking
VSC

Adjacent
converter
blocks fault

Fault current control,
reactive power support
for AC grid stabiliza-
tion

In the case of a DC fault on a TL, LCCs and fault-blocking VSCs can

still control the DC-side current and, thus, DCCBs are not required. In

the case of a DC bus fault, LCCs cannot control the DC-side current

and must be blocked only if the DC bus fault occurs between the LCC

and its smoothing reactor. LCCs and fault-blocking VSCs inherently

ramp down the DC-side voltage for DC fault handling, which essentially

shuts down the whole HVDC system temporarily.

The problem of non-fault blocking VSCs during DC faults is that the

converter operates as an uncontrolled recti�er, because of the anti-

parallel diodes, and the converter feeds the DC fault from the AC side.

It must be emphasized that converters and DCCBs handle faults sub-

stantially faster than ACCBs. Hence, HVDC systems with non-fault
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blocking VSCs can require DCCBs, for instance, if DC faults occur

frequently or in HVDC grids.

For point-to-point HVDC links, the converter choice depends on, among

others, the expected costs and the strength of the AC grids. For radial

HVDC grids with frequent power �ow reversals, VSCs should be used.

Fault-blocking VSCs could be more suitable because they can handle

converter-side AC faults and DC bus faults. In the end, it is an eco-

nomical decision. Nonetheless, DC fault-handling strategies based on

isolating the DC fault from the AC-side or de-energizing the grid are

deemed unsuitable for ring and meshed HVDC grids. Thus, fast and

reliable DCCBs are indispensable to ensure that the healthy parts of

the HVDC grid remain in operation under faults. Non-fault blocking

VSCs are assumed in this study since LCCs are generally unsuitable for

this application and the disadvantages of fault-blocking VSCs outweigh

their advantages if DCCBs are installed.

2.2.3 Assessment of Faults

The DC fault current mainly depends on the faulty TL and the rest

of the HVDC grid is of minor importance for the following reasons.

First, the adjacent converters feed the majority of the fault current.

Second, the travelling waves propagating along through the grid are

damped by both TLs and smoothing reactors and their group velocities

are physically limited. This delays and weakens the reaction of other

converters to the fault. The results for point-to-point HVDC links are,

thus, generally valid approximate assessments of faults as the trend will

be similar in more complex HVDC systems.

In [II], faults are studied in a point-to-point HVDC link with HB-MMCs

as non-fault-blocking VSCs in an asymmetric monopole with an OHL

and a symmetric monopole with cables using PSCAD simulations. The

study determined the worst-case for every fault by varying at which

time instance within the AC cycle the fault occurs and by varying the

fault location for DC TL faults. It was found that converter-side AC
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faults with ground connection are more severe than without ground

connection. DC TL faults are less severe if they occur closer to the in-

verter because the DC line current reverses before increasing to its peak.

DC bus faults also a�ect the opposite converter since the travelling wave

propagates across the TL before the adjacent DCCB interrupts. For the

asymmetric monopole, unbalanced converter-side AC faults and DC bus

faults are the most dangerous faults because the DCCBs cannot reduce

the stress on the converters.

For the symmetric monopole, unbalanced converter-side AC faults are

less severe compared to a asymmetric monopole, because of the lack of

a DC bias on the AC converter-side. During a DC pole-to-ground fault,

the DC-side voltage of the converters remains constant, and, hence,

the potential of the healthy TL increases beyond its rated voltage.1

During this transient, the DC line current increases, but to a lower

peak compared to a pole-pole DC fault. DCCBs are not able to in-

terrupt su�ciently fast to prevent the voltage increase on the healthy

TL. Pole-to-pole DC faults lead to a peak fault current comparable to

pole-to-ground DC faults in the asymmetric monopole. However, the

probability of a pole-to-pole DC fault is expected to be substantially

lower compared to a pole-to-ground DC fault. As also shown in [18],

the worst-case DC TL fault is not directly at the terminal if cables

are used, because of the slower travelling waves compared to OHLs.

To conclude, DCCBs can only e�ectively protect against DC TL faults

and the HB-MMCs must still be dimensioned to withstand the other

faults.

1 Theoretically, the DC-side voltage on the healthy TL doubles if the DC side is

not protected.
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CHAPTER 3

Review of DC Circuit Breaker Technology

3.1 Fundamentals

DC interruption is fundamentally di�erent from AC interruption. The

arc discharge used as interruption medium in ACCBs extinguishes when

the AC fault current crosses zero and the ACCB interrupts. Conversely,

DC fault currents do not have a natural current zero crossing. Hence,

conventional ACCBs cannot be used for DC interruption and DCCBs

are required.

3.1.1 DC Interruption

A simple DC circuit with a DCCB is shown in Fig. 3.1. The DCCB

has to insert a voltage opposing and exceeding the DC source voltage

UDC to reduce the DC iDC to zero for interruption. The DCCB can, for

instance, be a mechanical switch with an arc voltage exceeding UDC.

However, such a DCCB is not feasible for HVDC. Alternatively, a solid-

state DCCB using power semiconductors with turn-OFF capability can

interrupt DC by turning OFF. The power semiconductors would con-

duct in normal operation causing unacceptably high losses and, thus,

solid-state DCCBs are unsuitable for HVDC.

3.1.2 The General DC Circuit Breaker

The general DCCB shown in Fig. 3.2 solves this problem. In normal

DCCB
UDC

iDC
LDC RL

Figure 3.1. DC circuit with DCCB.
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LDC

A
iMain

iComm

B

Figure 3.2. General DCCB.

operation, only the main path conducts. The inductor LDC limits the

di/dt of iDC. If the DCCB is tripped, iDC commutates from the main

path to the commutation path. After a delay, iDC commutates to the

energy absorption path that usually consists of metal-oxide varistors

(MOVs). When the MOVs start to conduct, their voltage increases

above UDC reducing iDC to zero. A disconnector interrupts the residual

current to prevent overheating of the MOVs. Various DCCB topologies

have been proposed in the literature that mostly resemble the structure

of the general DCCB. As shown in [I], the particular implementation

of the general DCCB only a�ects the internal commutation processes

and the delays required by the respective operation states.

3.2 Advanced Functionality

Considering that the general DCCB is more complex than an ACCB, it

can o�er following functionality in addition to DC interruption.

3.2.1 Auto-Reclosing

In OHL systems, faults can be temporary and auto-reclosing can be

attempted after a deionization time of arc faults. Either the main path

is closed or the commutation path is activated and iDC is then commu-

tated back to the main path to enter the normal operation state. If the

fault persists, the general DCCB interrupts again.
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3.2.2 Bidirectionality

Unidirectional and bidirectional DCCBs can interrupt in one current

direction or both current directions, respectively. Interrupting iDC > 0

is referred to as normal interruption and interrupting iDC < 0 as reverse

interruption. Depending on the implementation of the general DCCB,

bidirectional DCCBs have symmetric or asymmetric interruption capa-

bility. In the case of asymmetric interruption capability, the DCCB

does not operate in the same way for both current directions.

3.2.3 Proactive Commutation

The general DCCB has an internal DCCB protection system to control

the operation of its subcomponents. The internal DCCB protection sys-

tem can run protection algorithms to react to events in the HVDC grid

irrespective of the HVDC protection system. This allows the general

DCCB to proactively commutate iDC from the main path to the com-

mutation path, even if the HVDC protection system has not tripped

this particular DCCB unit yet. The general DCCB remains in this

state and waits for the trip signal from the HVDC protection system.

If the internal DCCB protection system does not receive a trip signal,

it must decide itself whether to interrupt or abort proactive commuta-

tion. Thus, proactive commutation is only feasible if the general DCCB

is able to abort it by commutating iDC back from the commutation

path to the main path. Proactive commutation can compensate for the

protection delay of the HVDC protection system [19] and it can pro-

vide fast backup protection if another DCCB unit fails. Bidirectional

DCCBs with asymmetric interruption capability may only be able to

proactively commutate in one current direction.

3.2.4 Fault Current Limitation

The commutation path and energy absorption path of the general DCCB

can be modularized and the modules can turn ON and OFF separately.

If all modules are turned ON, turning the modules OFF subsequently
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iDC

Injection Circuit
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Main Path

Commutation Path

Energy Absorption Path

Figure 3.3. Current-injection DCCB.

increases the counter voltage of the energy absorption path stepwise.

This capability can be used for fault current limitation to reduce the

peak fault current, the absorbed energy, and the interruption time [20].

If the modularized general DCCB implementation cannot proactively

commutate, it has to interrupt after limiting the fault current.

3.3 Categorization of DC Circuit Breakers

The main categories of general DCCB implementations are current-

injection DCCBs and hybrid DCCBs as described in the following.

3.3.1 Current-Injection DC Circuit Breakers

Current-injection DCCBs use arc discharges as interruption medium.

The core of the current-injection DCCB shown in Fig. 3.3 is the me-

chanical switch S, typically an ACCB, in the main path. When the

DCCB is tripped, S is opened drawing an arc. The injection circuit in-

jects a counter current into S to create an internal current zero crossing

needed to extinguish the arc. After that, iDC commutates to the MOV

in the energy absorption path that interrupts iDC as described for the

general DCCB. Current-injection DCCBs can execute auto-reclosing.

For bidirectionality, the injection circuit must be able to inject a counter

current in both current directions. Since S cannot be reclosed while the

arc burns in its contact gap, current-injection DCCBs could not abort

proactive commutation and, consequently, do not feature it. Current-

injection DCCBs can be modularized and could limit the fault current.
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However, as current-injection DCCBs cannot commutate proactively,

they would need to interrupt after limiting the fault current.

Current-injection DCCBs were already studied in the 70s [21]. Recently,

research interest in current-injection DCCBs increased again [22, 23].

The fundamental limitation of current-injection DCCBs are the di/dt

and dv/dt capability of S at current zero. Exceeding these limitations

can lead to arc reignition and, hence, interruption failure. The di/dt

capability at current zero is higher in VIs than in SF6 interrupters [24]

and, hence, VIs are preferable. Most injection circuits use a resonant

circuit to create the injection current. The size of the resonant circuit

decreases with the resonant frequency. However, the di/dt and dv/dt

capability of S at current zero limits the maximum resonant frequency.

Injection circuits are often tuned to interrupt maximum iDC and, thus,

the injection current has a higher di/dt at lower iDC with higher dv/dt

at current zero causing more arc reignitions [24]. Advanced injection

circuits shape the injection current to reduce the di/dt at current zero.

A zig-zag arrangement of the resonant circuit can reduce the di/dt at

the peak of the injection current [25]. A controllable injection circuit

using IGBTs can limit the di/dt of the injection current [26]. Alterna-

tively, a power electronic converter in series with the resonant circuit

can build up the required injection current with successive oscillations

[27, 28].

The injection circuit requires an energy source to function. Conven-

tional current-injection DCCBs need a pre-charging circuit, for instance

an isolated HV power supply. Realizing an isolated HV power supply

operating at HVDC potential is challenging. Instead, the injection cir-

cuit can be charged from the DC line [25, 29, 30]. If a VI is used as

S, several VIs have to be connected in series because VIs are rated for

medium-voltage (MV). The modularization of current-injection DCCBs

with VIs was studied in [31].
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Figure 3.4. Hybrid DCCB.

3.3.2 Hybrid DC Circuit Breakers

Hybrid DCCBs use power semiconductors as interruption medium. The

�rst hybrid DCCB described in [32] is shown in Fig. 3.4. The main path

consists of an ultra-fast disconnector (UFD) and a load commutation

switch (LCS). The LCS rated for a fraction of the MOV voltage consists

of several power semiconductors with turn-OFF capability in series. In

the commutation path, hundreds of power semiconductors with turn-

OFF capability are connected in series to form an HV valve rated for the

MOV voltage. In normal operation, the HV valve is turned OFF and

only the main path conducts iDC. To commutate iDC from the main

path to the commutation path, the HV valve is turned ON and the LCS

is turned OFF. When iDC has completely commutated to the HV valve,

the UFD is opened. As soon as the UFD is su�ciently open to withstand

the MOV voltage, the hybrid DCCB can interrupt by turning OFF the

HV valve again to commutate iDC from the commutation path to the

energy absorption path as for the general DCCB. Hybrid DCCBs can

auto-reclose and feature proactive commutation. To make the hybrid

DCCB bidirectional, two HV valves have to be connected in anti-series

in the commutation path. The hybrid DCCB can be modularized by

splitting the HV valve into several series-connected HV valves with a

parallel MOV each, which allows for fault current limitation.

Comparable hybrid DCCBs are proposed in [33, 34, 35, 36]. Apart from

the IGBTs typically used, the HV valve can be realized with other power
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semiconductors with turn-OFF capability such as injection-enhanced

gate transistors (IEGTs) and integrated gate commutated thyristors

(IGCTs) [37]. The major concern associated with hybrid DCCBs are

the costs of the HV valve. Several studies propose alternative commuta-

tion paths that use a thyristor-based circuit instead of power semicon-

ductors with turn-OFF capability in the HV valve [38, 39, 40, 41]. This,

however, requires additional circuitry for the turn-OFF of the thyristor

valve. Other studies propose to use discharge tubes instead of power

semiconductors with turn-OFF capability [7, 42].

Another frequently addressed concern is that the LCS conducts in nor-

mal operation, hence exhibiting losses and requiring a cooling system.

An alternative main path proposed in [43] uses an additional mechan-

ical switch in a commutation loop with a commutation inductor and

the LCS. The additional mechanical switch conducting iDC in normal

operation is opened to start the commutation to the commutation path.

The LCS is turned ON discharging a pre-charged capacitor in the com-

mutation loop to commutate iDC from the additional mechanical switch

to the LCS. The LCS is then turned OFF again and the HV valve is

turned ON for the commutation to the commutation path. Modi�ed

hybrid DCCBs operating without LCS use a fast mechanical switch

(FMS) instead of an UFD [44]. The FMS must generate an arc voltage

su�cient to commutate iDC from the main path to the commutation

path. Commutation is di�cult to achieve if a VI is used instead of a gas

discharge FMS, because of the comparably low vacuum arc voltage [45].

If a thyristor HV valve with injection circuit is used in the commutation

path, the injection circuit can extinguish iDC in the VI should commu-

tation fail [46]. Alternatively, a current commutation module (CCM)

consisting of an isolation transformer and an injection circuit can be

connected in series with the HV valve in the commutation path [47].

Activating the CCM imposes a voltage in addition to the arc voltage of

the FMS in the commutation loop to facilitate commutation.
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3.4 Research Opportunities

This work focuses primarily on alternative solutions for the commuta-

tion path since the author assumes that this path is more complex, crit-

ical, and expensive compared to the main path and energy absorption

path. As shown, hybrid DCCBs o�er more functionality than current-

injection DCCBs. Therefore, the alternative solution is supposed to

provide functionality comparable to hybrid DCCBs. Even though the

carried-out research is application-oriented, it must be emphasized that

cost evaluations are outside the scope of this thesis.

The concerns related to the LCS are considered to be of minor impor-

tance for HVDC applications because the losses in the LCS would be

a negligible fraction of the total HVDC system losses. For medium-

voltage DC (MVDC) applications, the losses in the LCS could be un-

acceptable. It is the opinion of the author that the solutions to operate

hybrid DCCBs without LCS summarized in Section 3.3.2 are promising.

Because of the structure of the general DCCB, these solutions are po-

tentially compatible with other commutation path designs. Given the

above, this work does not investigate alternatives to LCSs.
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Advanced Test Circuit for DC Circuit

Breakers

4.1 Test Concept

Common DCCB test circuits allow to test interruption only. In contrast

to that, the test circuit described in [III] and shown in Fig. 4.1 allows to

test other functionalities of a DCCB as well. The test circuit replicates

various scenarios by combining constant load current, fault current, and

temporary current as illustrated in Fig. 4.2.

Load current: After turning ON IGCT I2 and closing the DCCB, ULV

supplies a constant DC up to the maximum load current IL.

Fault current: The capacitor CLV is always charged from ULV through

diode D1. Turning ON IGCT I1 while I2 is turned ON and the DCCB

is closed creates a current pulse up to the maximum fault current IF in

the DCCB. Only the inductance in the circuit, mainly the DC inductor

LDC, limits the current pulse. Hence, the shape of the current pulse

is determined by the LC circuit formed by CLV and LDC. The current

pulse is the fault current to be interrupted by the DCCB.

CLV

I1

RC

D1

D2

RL LDC

I2

MOV

Backup DCCB

DCCB uDC

iDC

ULV

LG

Figure 4.1. Advanced test circuit for DCCBs.
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Figure 4.2. Operation sequence of the advanced test circuit.
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Figure 4.3. Exemplary DCCB test scenario.

Temporary fault current: The test circuit is operated similar to the

fault current case. However, I1 and I2 turn OFF before the DCCB

interrupts to cut o� the fault current. This emulates a temporary fault

that clears before the DCCB interrupts.

An exemplary scenario is illustrated in Fig. 4.3. The sequence starts

with constant load current, then fault current follows, and the DCCB

interrupts. The DCCB recloses and the fault current increases again

until it stops since the fault was only temporary. The DCCB does not

interrupt, the constant load current resumes, and the DCCB enters its

normal operation state again. Hence, the test circuit allows to test auto-

reclosing and proactive commutation in addition to normal interruption.
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Table 4.1
Parameters of DCCB test circuit

IL/A IF/A ULV/kV LDC/mH CLV/mF RC/kΩ RL/Ω

150 1200 0.5 1.4 11.2 10 3.3

Figure 4.4. Test room of the advanced test circuit.

Testing bidirectionality is possible with any test circuit by swapping

the connections to the terminals of the DCCB and testing fault current

limiting only depends on the capability of the DCCB. The solid-state

backup DCCB protects the tested DCCB in case it fails to interrupt or

if any component conducts for an excessive duration.

4.2 Laboratory Setup

Initially, a mockup test circuit was built to test a solid-state DCCB and

a hybrid DCCB [III]. The test circuit was scaled up to higher current

levels to run more meaningful DCCB tests. The parameters of the test

circuit are given in Tab. 4.1 and the test circuit is shown in Fig. 4.4. The
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(a) Main control tab (b) Parameter settings tab

Figure 4.5. User interface of the advanced test circuit.

experimental setup is actually based on the prototype from another PhD

project [8]. Because of the previously tested topology, the main DCCB

and the backup DCCB are integrated in the same structure. The high

capacitive energy storage involved and the high current and high voltage

level are a severe safety concern. Therefore, the experimental setup is

built up in an explosion-proof test room and the experimental setup is

completely automated. The DC source is connected from a switchboard

to the experiment room via cables and the load resistor RL made up

of a matrix of spiral resistors is placed on the roof of the test room.

The air-core inductor LDC is placed outside the test facility, because of

its size. The experimental setup is controlled outside of the test room

from the app shown in Fig. 4.5 that allows to set various parameters

and to select the test scenario. Considerable attention was paid to

provide a safe work environment. That being said, the complexity of

the test scenarios and safety aspects intuitively set an upper limit for

test currents and voltages in a university research laboratory.
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Mechanical Switch

5.1 Choice of Mechanical Switch

Despite the focus of this work on the alternative solutions for the com-

mutation path, the main path cannot be completely ignored since all

practically relevant DCCBs require a mechanical switch. Regarding

feasible interruption time, the mechanical switch and its actuator re-

main a bottleneck of DCCBs because mechanical switching is several

decades slower than electrical switching. The advanced functionality of

the DCCB a�ects the requirements on the mechanical switch and its

actuator considerably. Although the mechanical switch could be any

mechanical switch, recent publications show that VIs, FMSs, and UFDs

are commonly used. Considering the focus of this work and the down-

scaled testing, the particular implementation of the mechanical switch

is of minor importance and ease of use is more relevant. The embed-

ded pole used is an o�-the-shelf component that includes a VI and all

moving parts, hence, not requiring any mechanical modi�cations.

5.2 Thomson-Coil Actuator

A TCA is used to rapidly open and close the embedded pole. The TCA

illustrated in Fig. 5.1 consists of an armature and two TCs designated

for opening and closing, respectively.

5.2.1 Working Principle

Initially, the armature is at rest adjacent to one of the TCs. To initiate

actuation, this acceleration TC is excited with a current pulse creating

a changing magnetic �eld. The voltage induced in the armature causes
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Opening Coil

Armature

Closing Coil

Figure 5.1. Illustration of Thomson-coil actuator.

a current �ow with a magnetic �eld opposing the magnetic �eld of the

excited TC. The resulting repulsive electromagnetic force accelerates

the armature away from the excited acceleration TC. The process for

opening and closing is the same.

In general, TCAs can be used with any mechanical switch attached to

its armature. Under normal operating conditions, a holding force must

press the contacts of the mechanical switch together to avoid contact

welding. The TCA does not inherently provide this holding force and

an external holding mechanism has to be added. Moreover, the bellows

of the VI has a force characteristic tending to close its contacts. The

electromagnetic force of the TCA has to be considerably larger than

the force of the holding mechanism and the bellows. In practice, the

TCs are excited with current pulses of several kiloampere. Increasing

the current pulse increases the maximum speed of the armature and,

thus, reduces the actuation time. In spite of a maximum speed re-

stricted by mechanical limitations, TCAs are substantially faster than

the conventional actuators used in ACCBs.

5.2.2 Active Damping

The accelerated armature moves almost at maximum speed and it must

be decelerated with a damping mechanism before hitting the opposing

TC to avoid mechanical damage. Damping is crucial for VIs, because of

the short contact stroke of a few centimeters. At relatively low speeds,

mechanical damping is feasible. At the desired speeds associated with
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TCAs, however, mechanical damping is insu�cient and electromagnetic

damping is more suitable. Active damping as studied in [48] excites the

TC opposite of the acceleration TC with a current pulse when the arma-

ture travels near it. Active damping creates a repulsive electromagnetic

force to, in this case, decelerate the armature.

Active damping of TCAs works for VIs as demonstrated in [49, 50]. The

timing of active damping is critical as shown in [IV] and [VI]. If active

damping is started too early, the armature is still too far away from the

active damping TC and the electromagnetic coupling with the armature

is too weak to generate an adequate repulsive electromagnetic force. If

active damping is started too late, the repulsive electromagnetic force

cannot decelerate the armature su�ciently and the armature hits the

opposing TC. The same problem occurs if the active damping TC is

excited with a too low current pulse. If the current pulse is too high,

the armature is completely decelerated and then reaccelerated in the

reverse direction towards its initial position. In the worst case, the

holding mechanism fails to lock in the armature and the armature may

actually travel all the way back to its initial position. Hence, the timing

of active damping must be �ne-tuned.

5.3 Laboratory Prototype

As described in [IV], the requirements on the TCA are stringent, be-

cause of the advanced functionality of DCCBs. A TCA system is

needed that allows to operate the TCA as required. The implementa-

tion of the TCA system shown in Fig. 5.2 is explained in detail in [VI].

The prototype TCA provided by ABB Corporate Research, Västerås

uses a bistable mechanism as holding mechanism. The embedded pole

mounted on top of the TCA as visible in Fig. 5.2 should not be damaged

before the DCCB experiments. For this reason, the embedded pole was

replaced with a solid steel mass with approximately the same weight as

all of its moving parts in the initial tests of the TCA system.
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Capacitor Bank

Control Panel
TC
Driver VI

TCA

Figure 5.2. Thomson-coil actuator system for vacuum interrupter.

5.3.1 Thomson-Coil Driver

A TC driver excites the TCs with a current pulse. A conventional TC

driver and the novel TC driver introduced in [VI], which both support

active damping, are shown in Fig. 5.3. The advantage of the novel TC

driver is that it uses two capacitors less than the conventional TC driver.

The novel TC driver achieves this by recycling the remaining voltage

on the capacitor after the acceleration current pulse for the subsequent

active damping current pulse. The TC driver is the thyristor stack

mounted on top of the TCA visible in Fig. 5.2. The capacitor bank in

Fig. 5.2 corresponds to the capacitors used in the TC drivers.

5.3.2 Control Panel

The control panel included in Fig. 5.2 controls the charging and dis-

charging of the capacitor bank and the operation of the TC driver. The

inside of the control panel is shown in Fig. 5.4. It houses auxiliary DC

power supplies, control electronics, and a charging circuit. The con-

trol electronics communicates with the internal protection system of

the DCCB and controls the charging circuit and the TC driver. The

charging circuit shown in Fig. 5.5 charges the capacitor bank and the
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Figure 5.3. Thomson-coil drivers, exemplary for opening.

thyristors used turn OFF when the corresponding capacitors are com-

pletely charged. Because of the charging circuit topology, all capacitors

are theoretically charged to the same voltage level.

5.3.3 Thyristor Gate Drivers

The thyristor gate drivers shown in Fig. 5.6a and Fig. 5.6b are used with

the charging circuit and TC driver, respectively. The thyristor gate

driver in Fig. 5.6a provides a constant gate current and the thyristor

gate driver in Fig. 5.6b superposes a large initial current pulse for 10 µs

on the constant current for a faster turn-ON of the TC driver.

33



CHAPTER 5 MECHANICAL SWITCH

Auxiliaries

Power
Supplies

Thyristor
Gate Drivers

Control
Electronics

Contactor

Discharge
Resistor

Charging
Circuit
DC In-
feed

Figure 5.4. Inside of Thomson-coil
actuator control panel.

T1
D1

D5

C1

D2D6

C2

T2 D3

D7

C3

D4

D8

C4

NO

RDUDC

ich

Figure 5.5. Charging
circuit for capacitor bank.

Q1
trigger
pulse

R1

R2

Q2

Q3R3

5V
5 V

Q4

R4

5V

R5

R6

thyristor
gate

(a) For charging circuit

Q1input
R1

R2

Q2

Q3R3

5V
5V

Q4

R4

5V

R5

C1

L1 thyristor
gate

R10

Q5

R6

trigger
pulse

5V

Q6

R9

R7

5V

R8

(b) For Thomson-coil driver
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5.4 Discussion of Experimental Results

The results from the experimental studies of the TCA system are given

in [VI]. The TCA system provides the actuation as required to sup-

port the advanced functionality of the DCCB. The capability to abort

proactive commutation after 10 ms in an open-close sequence is demon-

strated in Fig. 5.7. The auto-reclosing capability is demonstrated in

Fig. 5.8 in an open-close-open sequence. Reclosing already takes place

after 60 ms instead of a realistic deionization time of arc faults to limit

the number of recorded data points. Note that the models used in [IV]

did not consider all the phenomena discovered in [VI], hence causing

substantial deviations between the simulation results and experimental

results as explained in Appendix A.

5.4.1 Solid Steel Mass

The experiments with the solid steel mass indicate that active damping

could be tuned to work for all speeds tested for opening and closing

operation. It was also found that the bistable mechanism has a con-

siderable impact on the intermediate phase between acceleration and

active damping. In the experiments with the conventional TC driver,

active damping is too e�ective and the armature is slightly reacceler-

ated towards its initial position. This undesirably increases the actu-

ation time and potentially the feasible interruption time. A charging

circuit adapted to set the capacitor voltages individually would solve

this problem. Nevertheless, using the novel TC driver instead of the

conventional TC driver is preferable. The novel TC driver recycles the

remaining voltage of the respective capacitor after acceleration for the

subsequent active damping. Thus, the charging circuit does not a�ect

the remaining voltage. The remaining voltage is lower than the initial

capacitor voltage, because of the losses in the equivalent resistance Rσ

in the discharge path of the TC driver. Hence, active damping is weaker

for the novel TC driver compared to the conventional TC driver with

the charging circuit used.
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5.4.2 Embedded Pole

If the embedded pole is used, too strong active damping can lead to

detrimental armature oscillations. In the worst case, the armature can

get stuck between the OPEN and CLOSED position. The armature

oscillations indicate that the pull rod of the embedded pole used is not

a sti� connection. As it is preferable to use an o�-the-shelf embedded

pole as done, it yet has to be investigated how to deal with the pull rod.

An option could be a two-stage damping scheme using active damping

to decelerate the armature as much as possible and a second damping

mechanism that provides the remaining damping required to avoid that

the armature hits the active damping TC. The insulation of the TCs

should also be reinforced because it is prone to damage by impact. A

more fundamental question regarding the observed armature oscillations

relates to the measurement methodology used. The armature motion is

tracked with a high-speed camera and it was assumed that the results

are representative for the contact travel of the embedded pole as well.

However, this assumption is not supported by the experimental results

considering that the pull rod is not sti�. It is likely that the contact of

the embedded pole trails the armature and the corresponding mechani-

cal delay could a�ect the dielectric withstand capability of the VI. This

could require an increase in interruption time.

38



CHAPTER 6

Enhanced Active Resonant DC Circuit

Breakers

6.1 Overview

The power semiconductors used in hybrid DCCBs are actually com-

monly used in power electronic converters, for instance the converters in

an HVDC link. Power semiconductors switch at a switching frequency

for a converter to properly operate. DCCBs, however, only operate in

hazardous conditions that should rarely occur. Hence, the power semi-

conductors in hybrid DCCBs are grossly underutilized, although they

are the major cost component. Replacing power semiconductors with

discharge tubes sounds intriguing, but these specialized devices are not

readily available and are also comparably complex. Conversely, DCSs

like triggered spark gaps are relatively simple devices and can also be

readily purchased. The idea behind EAR DCCBs as introduced in [V]

is to use DCSs instead of power semiconductors in the commutation

path. The originally proposed unidirectional EAR DCCB is shown in

Fig. 6.1a. DCSs operate similar to thyristors and only turn OFF when

their current crosses zero. Therefore, an injection circuit is needed to

turn OFF the DCCBs as in current-injection DCCBs or thyristor-based

hybrid DCCBs. In [VII], it is demonstrated that LCS-assisted trig-

gering allows to simplify the originally proposed EAR DCCBs to the

topology shown in Fig. 6.1b. Apart from the commutation path, the

main path and energy absorption path are the same as for the hybrid

DCCB in Fig. 3.4. A mechanical switch S is depicted instead of a UFD

for generality.
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Figure 6.1. Unidirectional enhanced active resonant DCCB.

6.2 Operation States

6.2.1 Originally Proposed Con�guration

The operation states of the originally proposed EAR DCCB are de-

picted in Fig. 6.2. First, the capacitor CDCS is pre-charged from the

DC line to provide a voltage across the DCS (Fig. 6.2a). Then, the main

path conducts in normal operation (Fig. 6.2b). To proactively commu-

tate, the DCS is triggered and the RC circuit discharges into the DCS

to allow its plasma discharge to form (Fig. 6.2c). After that the LCS

is turned OFF to commutate iDC from the main path to the commuta-

tion path (Fig. 6.2d). When the commutation is completed, S is opened

with an opening time depending on the actuator used (Fig. 6.2e). After

the minimum interruption time has passed, the EAR DCCB is ready

to interrupt. If the EAR DCCB is tripped, the injection circuit is ac-

tivated (Fig. 6.2f). The injection circuit creates a local current zero

crossing in the DCS, which extinguishes the plasma discharge. There-
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Figure 6.2. States of the originally proposed unidirectional enhanced
active resonant DCCB during interruption.

after, iDC recharges the RC circuit and possibly the injection circuit as

well (Fig. 6.2g). The voltage across the EAR DCCB increases until the

MOV becomes conductive and iDC commutates from the commutation

path to the energy absorption path (Fig. 6.2h). The MOV inserts a

counter voltage, thus decreasing iDC to zero to interrupt.
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Figure 6.3. States of simpli�ed unidirectional enhanced active
resonant DCCB using LCS-assisted triggering during interruption.

6.2.2 LCS-Assisted Triggering

The simpli�ed EAR DCCB operates in exactly the same way as the orig-

inally proposed EAR DCCB con�guration, apart from the commutation

from the main path to the commutation path as shown in Fig. 6.3. The

LCS is turned OFF and iDC commutates into the snubber of the LCS

(Fig. 6.3b). The snubber could be, as depicted, another MOV rated for

a fraction of the voltage rating of the MOV in the energy absorption

path. The snubber de�nes the turn-OFF voltage of the LCS, which also

appears across the DCS, hence providing the voltage across the DCS

required to trigger successfully. The DCS is immediately triggered and

the turn-OFF voltage of the LCS commutates iDC to the DCS. This is

why this operation technique is called LCS-assisted triggering.
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Figure 6.4.
Illustration of the
inside of the triggered
vacuum gap used
(taken from [51]).

Figure 6.5. Triggered vacuum gap and
thyristor-part of an IGCT.

6.3 Laboratory Setup

6.3.1 Triggered Vacuum Gap

As described in [V], various DCSs exist that could be applied in EAR

DCCBs. Since DCSs are only used in niche applications nowadays,

a limited number of DCSs with the required ratings are commercially

available. For the experimental work, the triggered vacuum gap (TVG)

RVU-27 from the Russian manufacturer VEI-AVIS was chosen with

the parameters given in Tab. 6.1. The advantage of TVGs is that the

relatively low arc voltage in vacuum compared to gases eases the com-

mutation from the main path to the DCS. Furthermore, the TVG used

does not require a cooling system. The inside of the TVG is illustrated

in Fig. 6.4. TVGs are compact devices as evident in Fig. 6.5, where the

TVG used is placed next to the thyristor part of a 4.5 kV IGCT. The

manufacturer o�ers a variety of TVG models and the RVU-63 as in-

cluded in Tab. 6.1 has the highest charge capability. Despite the lower

values speci�ed for the operating voltage and operating current, it is

de�nitely possible to operate the TVG below these values as done in

[VII]. The minimum voltage of the Russian TVGs is relatively low with
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Table 6.1
Ratings of triggered vacuum gaps

Model RVU-27 RVU-63

Operating voltage/kV 0.5-25 1-55
Operating current/kA 1-200 10-700
Maximum charge/C 60 300

Triggering voltage/kV 6 10
Triggering current/A 500 500

Triggering current duration/µs 5-10 5-10

a theoretical minimum of 15 V to 20 V according to the manufacturer,

who yet recommended not to operate below 50 V. The manufacturer

also o�ers a triggering unit with �ber optic connection, which eases the

application of the TVG. The TVG worked reliably in the experiments

without mistriggering and it was not damaged, even when it was being

operated incorrectly accidentally in a few occasions.

6.3.2 Prototype

The topologies of the prototype EAR DCCB con�gurations used in the

advanced DCCB test circuit are shown in Fig. 6.6a and Fig. 6.6b and

the corresponding parameters are given in Tab. 6.2. The prototype

EAR DCCB is integrated in the structure of the test circuit and can be

seen in the background in Fig. 4.4. The injection circuit is realized as

described in [30] because this injection circuit allows to pre-charge the

capacitor CC from the DC source of the test circuit by �ring the thyris-

tor T1 before the test sequence is started. When the injection circuit is

activated, it inverses the polarity of the voltage across CC by �ring the

thyristor T2 and then injects the counter current into the DCS or the VI

by �ring thyristor T1 again. The LCS is implemented with an IGCT.

In the tests of the simpli�ed EAR DCCB using LCS-assisted triggering,

the diode D is shorted and the RC circuit is disconnected.
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Figure 6.6. Enhanced active resonant DCCB prototype in advanced
DCCB test circuit.

Table 6.2
Parameters of enhanced active resonant DCCB prototype

RTVG/Ω CTVG/µF LC/µH CC/µF

1-15 10 9 60
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As stated before, the VI actually does not a�ect the internal commuta-

tion processes of the EAR DCCB, but it complicates the experiments

considerably. Therefore, the majority of the experiments are conducted

without the VI. In these experiments, the VI is replaced by a diode to

prohibit that the injection current freewheels through the main path

after interruption. The hypothetical interruption time of the VI is con-

sidered in the internal protection system of the prototype EAR DCCB

to switch the other components realistically. The diode has parasitic

elements and a nonlinear operating characteristic and can interact with

the test circuit, which is not representative for EAR DCCBs. To exclude

these e�ects, the diode is shorted in the crucial commutation studies.

A temporary fault is used as test scenario in these experiments to avoid

that the injection current freewheels in the main path. The commu-

tation process only takes a few microseconds and the test current is

practically constant during this time.

6.3.3 Results

The preliminary tests results in [V] demonstrate the interruption capa-

bility and the ability to abort proactive commutation of the originally

proposed EAR DCCB con�guration. Experimental results from the

tests of the originally proposed and simpli�ed EAR DCCB con�gura-

tions are given in [VII]. The tests focus on the triggering of the TVG,

the commutation from the main path to the commutation path, proac-

tive commutation, and auto-reclosing. An important result is that the

discharge in the TVG can become unstable after successful commutation

from the main path to the commutation path of the originally proposed

EAR DCCB con�guration at low current. This leads to unintentional

interruption as shown in Fig. 6.7 for RTVG = 1 Ω. The instability of the

discharge can be avoided by careful dimensioning of the RC circuit as

shown for RTVG = 15 Ω. Moreover, the study shows that the simpli�ed

EAR DCCB does not su�er from similar issues and that the interruption

capability is not adversely a�ected by LCS-assisted triggering either for

the current levels tested as depicted in Fig. 6.8.
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Figure 6.7. Commutation from the load commutation switch to the
triggered vacuum gap in the originally proposed enhanced active
resonant DCCB con�guration.
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the triggered vacuum gap conducts iDC.

The results from the most complex experiment conducted are shown in

Fig. 6.9, in which the simpli�ed EAR DCCB con�guration in Fig. 6.6b is

tested with the VI to resemble the industrial application. In this exper-

iment, the DCCB clears a fault, recloses with the VI after 300 ms, and

then clears the persisting fault again. In the �rst interruption, the fault

current is interrupted in the TVG. In the second interruption, the fault

current is interrupted in the VI, which demonstrates the possible redun-

dancy in EAR DCCBs. The reader is referred to [VII] for more details

on the experimental studies. The results are representative for the TVG

used and other DCS implementations could exhibit completely di�erent

phenomena. Therefore, it is crucial to di�erentiate between the DCS

and the EAR DCCB concepts as such. The simpli�ed EAR DCCB con-

�guration is likely also superior to the originally proposed EAR DCCB

con�guration in this regard since the timing of LCS-assisted triggering

can be easily adjusted for the chosen DCS.
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Figure 6.9. Auto-reclosing operation of the simpli�ed enhanced active
resonant DCCB con�guration using the vacuum interrupter.

6.4 Properties & Functionality

6.4.1 Minimum Voltage

Every DCS has a speci�c minimum voltage that has to be applied be-

tween its anode and cathode during triggering. In the originally pro-

posed EAR DCCB con�guration, the RC circuit provides a voltage po-

tential at the anode of the DCS. The voltage across the DCS depends

on the voltage potential at the cathode as well. During a solid fault at

terminal B, this voltage potential collapses to zero, which is not the case

if the fault has a non-zero fault impedance. In the case of load current

interruption, the voltage potential depends on the DC-side voltage of

the DC TL. Hence, the voltage across the DCS may not be su�cient for

triggering under certain circumstances and commutation from the main

path to the commutation path cannot succeed. Nonetheless, idc would

be relatively low in these cases compared to a solid DC TL fault.

Therefore, alternative EAR DCCB topologies described in [V] use a

mechanical switch instead of an UFD. If the DCS mistriggers, the EAR

DCCB can still be operated as a conventional current-injection DCCB
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in the noncritical operating conditions mentioned above. During the

experiments, the TVG was accidentally triggered without any voltage

across it several times and commutation was still successful and the

TVG was not damaged. This demonstrates how robust the TVG ac-

tually is and that the minimum voltage might not be a problem after

all for certain DCSs. Furthermore, LCS-assisted triggering completely

avoids the problems associated with a minimum voltage requirement

because the voltage across the DCS is created internally. The voltage

across the DCS depends on when the DCS is triggered relative to when

the LCS is turned OFF and the prevailing iDC. Thus, the triggering

delay of the DCS has to be adjusted according to the prevailing iDC.

As a result, using a mechanical switch instead of an UFD for redun-

dancy is unnecessary if LCS-assisted triggering is used in the discussed

topologies and the main path can be realized as in [32].

6.4.2 Auto-Reclosing

As demonstrated in [VII], auto-reclosing can be performed with S or

with the DCS. If auto-reclosing is performed by closing S, the LCS is

turned ON such that the main path conducts iDC again (from Fig. 6.2a

to Fig. 6.2b or Fig. 6.3a). If the fault persists, the EAR DCCB �nishes

the open-close-open sequence by interrupting again as explained before

for Fig. 6.2 and Fig. 6.3.

To auto-reclose with the DCS, the DCS is triggered such that the com-

mutation path conducts iDC again (Fig. 6.2e). If the fault persists, the

EAR DCCB can immediately interrupt again by activating the injec-

tion circuit and going through the interruption sequence (Fig. 6.2e to

Fig. 6.2h or Fig. 6.3e to Fig. 6.3h). If the fault does not persist, it could

happen that the DCS mistriggers or the DCS starts to conduct the load

current. Then, S is closed and the LCS is turned ON to commutate

iDC to the main path again (Fig. 6.2b or Fig. 6.3a). The fault could

reappear just after iDC commutated to the main path. Because of po-

tential technical limitations of the DCS or its triggering circuit, it may
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not be possible to immediately trigger the DCS again to execute the

interruption sequence. If an UFD with an LCS were used in the main

path, the EAR DCCB would not be able to interrupt. Moreover, the

results in [VII] indicate that the TVG used triggers unreliably for auto-

reclosing. The cause has yet to be studied. As for now, it is advisable

to auto-reclose using S.

6.4.3 Proactive Commutation

EAR DCCBs feature proactive commutation because they can abort

this operation state as demonstrated for the originally proposed and

simpli�ed unidirectional EAR DCCB in [V] and [VII]. When the com-

mutation path conducts iDC in Fig. 6.2e or Fig. 6.2e, proactive com-

mutation is aborted by �rst reclosing S and then turning ON the LCS

again to commutate iDC back to the main path.

6.4.4 Bidirectionality

Notably, bidirectionality cannot be achieved by simply placing a second

DCS in anti-parallel to the other one in the originally proposed EAR

DCCB con�guration, because of the diode D. Consequently, several

alternative bidirectional EAR DCCBs topologies were derived from the

originally proposed unidirectional EAR DCCB in [V]. The described

EAR DCCBs have symmetric or, as novelty, asymmetric interruption

capability. Asymmetric interruption capability can be implemented if a

mechanical switch is used instead of an UFD in the main path. In this

case, the EAR DCCBs operate as the unidirectional EAR DCCB for

normal interruption and as a conventional current-injection DCCB for

reverse interruption. Asymmetric interruption capability entails that

proactive commutation is only possible in the normal interruption di-

rection. The structure of the simpli�ed unidirectional EAR DCCB sim-

pli�es bidirectionality, because of the lack of a diode and RC circuit in

the commutation path. With a second DCS placed in anti-parallel to

the other one, LCS-assisted triggering works in both current directions

if a bidirectional LCS is used.
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6.4.5 Fault Current Limitation

Modularizing the commutation path and energy absorption path of the

originally EAR DCCB con�guration is di�cult, because of the diode-

connected RC circuit, and each module would require a comparable ar-

rangement. An option could be chain-triggering of modules connected

in series. The simpli�ed EAR DCCB con�guration can be modular-

ized easily since its commutation path is simpler. For instance, several

DCSs could be connected in series each with a parallel injection circuit

and a parallel MOV in the energy absorption path. The DCSs could

be triggered simultaneously or subsequently and the fault current can

be limited stepwise by activating the injection circuits of the modules

subsequently. Compared to a hybrid DCCB, it may not be possible to

immediately turn ON the commutation path again depending on the

technical limitations of the DCSs and their triggering circuits.

6.4.6 Injection Circuit

The commutation path of the originally proposed EAR DCCB con�gu-

ration is incompatible with several injection circuits, for instance injec-

tion circuits that build up the injection current successively with oscil-

lations. The diode D recti�es the injection current and would block it

in the reverse direction. The simpli�ed EAR DCCB con�guration does

not have the same problem and can use any injection circuit.

6.4.7 Advantages & Disadvantages

Even though EAR DCCBs have to be further studied, it is possible to

identi�y preliminary advantages and disadvantages.

Advantages: DCSs are substantially simpler than power semiconduc-

tors with a reduced material footprint. The production process of DCSs

is simple compared to equipment-heavy semiconductor foundries. DCSs

have a robust design, can withstand overvoltage and overcurrent and

can even be repaired. In contrast to that, power semiconductors are not

forgiving and fail quickly if their ratings are exceeded. Power semicon-

52



CHAPTER 6 ENHANCED ACTIVE RESONANT DCCBS

ductors also have inherent current and voltage limitations and hundreds

of power semiconductors have to be connected in series in the HV valve

of hybrid DCCBs. If the maximum current of the DCCB exceeds the

current limitation of the power semiconductors, several devices have to

be connected in parallel in the HV valve as well. On the contrary, DCSs

are available for tremendous current ratings and their maximum charge

capability can be increased by enlarging them. DCSs are available for

substantially higher voltage ratings than power semiconductors and,

thus, few to no series connections of DCSs at all are required. Regard-

less of these bene�ts, EAR DCCBs operate similar to hybrid DCCBs

and o�er equivalent functionality. In contrast to hybrid DCCBs, sev-

eral functionalities were actually demonstrated in tests in [V] and [VII].

In addition, EAR DCCBs with asymmetric interruption capability are

bidirectional with a minimum increase in costs, whereas hybrid DCCBs

would require a costly anti-parallel HV valve or a diode-bridge arrange-

ment. Compared to current-injection DCCBs, EAR DCCBs o�er more

functionality. Another advantage compared to current-injection DC-

CBs is that the interruption medium is decoupled from the mechanical

switch in the main path, which could reduce the requirements on the

mechanical switch and its actuator.

Disadvantages: The main disadvantage of EAR DCCBs is the avail-

ability of its core component, the DCS. Despite the advantages of DCS

for this DCCB application, only few manufacturers o�er DCSs for the

required ratings. These DCSs are used in niche applications nowadays

and are likely not mass-manufactured, because of the lack of demand.

That being said, the production volume could of course be increased if

the demand should increase. Another issue is that the di/dt and du/dt

capability of DCSs at current zero are unknown for DCCB applications.

The size of the injection circuit depends on these limitations and in the

worst case, the injection circuit could be bulky and expensive.
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iDC

Injection Circuit

A B

(a) Idea A

iDC

Injection Circuit

A B

(b) Idea B

Figure 6.10. Simpli�ed enhanced active resonant DCCB with
asymmetric interruption capability adapted to avoid self-interruption.

6.5 Discussion

It is evident that the simpli�ed EAR DCCBs using LCS-assisted trig-

gering are superior compared to the originally proposed EAR DCCBs

con�guration. First, the component count is reduced and the ground

connection within the DCCB is removed, which simpli�es the HV in-

sulation design. Second, LCS-assisted triggering ensures reliable com-

mutation from the main path to the commutation path at all current

levels and under all operating conditions. Since LCS-assisted triggering

allows for a bidirectional design with symmetric interruption capability

by providing a second anti-parallel DCS, the bidirectional concept A

described in [V] is redundant. The bidirectional concepts with pulse

generator described in [V] can be operated without RC circuit and are

not redundant because the three-terminal structure is required for the

pulse generator as in [29]. The self-interruption phenomenon discussed

in Appendix B has to be further studied to evaluate the impact on bidi-

rectional EAR DCCBs with asymmetric interruption capability. Never-

theless, the topologies with asymmetric interruption capability shown

in Fig. 6.10 avoid self-interruption by adding an anti-parallel diode to

the DCS and an additional mechanical switch. An application for the

originally proposed EAR DCCB con�guration could be if an LCS should

be avoided, for instance possibly MVDC.
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iDC

Converter

A B

(a) Converter in series with
LC circuit

iDC

Converter

A B

(b) Converter in series with
discharge closing switch

Figure 6.11. Simpli�ed enhanced active resonant DCCB with
successive injection current built-up as in [27].

EAR DCCBs are cheaper than hybrid DCCBs if the costs of the DCSs

and the injection circuit are lower than the costs of power semiconduc-

tors with turn-OFF capability. DCSs are relatively cheap and, hence,

the cost-e�ectivness of EAR DCCBs is expected to mainly depend on

the injection circuit. The costs of injection circuits depend on the di/dt

and du/dt capability of the DCS at current zero. Injection circuits

that build up the injection current successively as shown in Fig. 6.11a

could be advantageous because the injection current increases towards

the fault current level with every oscillation, which limits the di/dt.

Alternatively, the converter could be placed in series with the DCS as

shown in Fig. 6.11b. The feasibility of this con�guration has yet to

be investigated. The converter could, in this con�guration, build up

the injection current in the parallel LC circuit and function as CCM to

operate without LCS in the main path. In the best case, the injection

circuit component dimensions and ratings could be similar to a snubber

circuit of the HV valve in hybrid DCCBs.
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CHAPTER 7

Closure

7.1 Future Work

This thesis is only a preliminary study of EAR DCCBs as open ques-

tions remain to be addressed. For instance, it should be tested whether

the simpli�ed EAR DCCBs are compatible with CCMs to avoid the

LCS in the main path. The advanced functionality of DCCBs and pos-

sible implications must be further studied. Because DCCBs require an

internal protection system, DCCBs can be seen as decentral protection

entities with their own protection algorithms. The utility of the ad-

vanced functionality of DCCBs has yet to be analyzed in the context of

HVDC grid protection since this could make the case for a particular

DCCB concept. If proactive commutation does not o�er any bene�ts,

EAR DCCBs could be obsolete from a functional perspective. For in-

stance, if a DCCB can limit the fault current, proactive commutation

may be ine�ective. As proposed by other researchers, multi-port DC-

CBs can reduce the component count. Thus, the design of multi-port

EAR DCCBs has to be investigated to realize intelligent DC substa-

tions. Nevertheless, it is the opinion of the author that an underesti-

mated issue of multi-port DCCBs for HVDC could be future expansion.

For MVDC, it may be possible to design modular multi-port DCCBs

with similarities to metal-clad AC switchgear.

The di/dt and du/dt capability of DCSs at current zero have to be stud-

ied experimentally because this could be the decisive factor for the cost-

e�ectiveness of EAR DCCBs. The various injection circuit topologies

proposed in the literature have to be studied and compared, speci�cally
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considering the di/dt and du/dt limitations of the DCSs at current zero.

Moreover, the technical capabilities of the injection circuits have to be

evaluated and how they can cope with real fault currents in HVDC

systems. For instance, the fault current supplied by a converter is lim-

ited by the infeed from the AC side and the assumption of a steadily

increasing fault current, as often used in DCCB interruption tests, is

inappropriate for certain scenarios. Injection circuits are often designed

for certain fault current levels and, hence, can malfunction at other cur-

rent levels leading to arc reignition. Injection circuits that build up the

injection current successively could be bene�cial in this regard.

DCS technology should also be adapted for DCCB applications. Since

the DCS operates on DC TL potential, the galvanic isolation of its trig-

gering circuit could be expensive and laser triggering of the DCS should

be considered [52]. Although EAR DCCBs use DCSs, novel tubes with

turn-OFF capability should be investigated because this would elimi-

nate the injection circuit. The costs and material footprint of such a

solution must then be compared to the proposed EAR DCCBs.

Research is also required to improve the actuators for the mechanical

switch of EAR DCCBs. As shown, TCAs have practical issues if used

with VIs. Available conventional electromagnetic actuators designed

for ACCBs could be more suitable than TCAs, if optimized for DCCB

applications, because the provided force is more uniform. Considering

the self-interruption issue, actuators that can reclose before being fully

open should be investigated as well.

EAR DCCBs are mainly relevant in the context of ring and meshed

HVDC grids that could facilitate the integration of renewable energy

sources. During the literature review, the author found a multitude

of studies that claim that a 100% renewable energy supply is feasible.

However, a non-negligible number of studies display strong bias and

partly lack quantitative evaluations. Fortunately, several studies con-

sider costs, including grid expansion, quantitatively. Another important
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factor, though, is the energy returned on energy invested. Irrespective

of the energy sources, it is evident that the electricity infrastructure

has to be considered in the energy returned on energy invested of the

whole system. The author is skeptical whether most studies calling for

grid expansion re�ect this accurately. If DCCBs are critical for the eco-

nomic viability of HVDC grids, DCCBs could likewise be critical for the

ecological viability of HVDC grids and EAR DCCBs should, therefore,

also be evaluated from this perspective.

7.2 Conclusion

HVDC systems, speci�cally future HVDC grids, have been discussed in

this thesis concluding that DCCBs should be used in ring and meshed

HVDC grids. The simulation results show that DCCBs can only pro-

tect against DC TL faults. Fault-blocking VSCs could be better suited

for radial HVDC grids and point-to-point HVDC links because fault-

blocking VSC can handle DC bus faults, and converter-side AC faults.

Apart from DC interruption, DCCBs can provide auto-reclosing, bidi-

rectionality, proactive commutation, and fault current limitation. The

state-of-the-art DCCBs can be categorized as current-injection DCCBs

and hybrid DCCBs. In contrast to current-injection DCCBs, hybrid

DCCBs feature proactive commutation.

Conventional DCCB test circuits only test DC interruption. Conversely,

the novel DCCB test circuit described also allows to evaluate other

functionalities of DCCBs. A VI is used as mechanical switch in the

experiments and a TCA with active damping is used to open and close

the VI fast. A novel TC driver designated for active damping recycles

energy during actuation, which reduces the component count and the

requirements on the power supply of the TCA. The operation of the

TCA is demonstrated with open-close and open-close-open experiments.

Active damping must be �ne-tuned to work properly and too strong

active damping can cause detrimental armature oscillations that limit

the maximum speed.
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The operation of the EAR DCCBs and LCS-assisted triggering are ex-

plained in detail. EAR DCCBs feature proactive commutation as hybrid

DCCBs, but use a current-injection turn-OFF mechanism. EAR DC-

CBs are the �rst DCCB type that can be designed with asymmetric in-

terruption capability. Tests of DC interruption, proactive commutation,

and auto-reclosing prove that EAR DCCBs work. It is recommended to

auto-reclose with the mechanical switch instead of the DCS because the

DCS used does not trigger reliably for auto-reclosing. The experimental

results show that the discharge in the DCS can become unstable and

extinguish after successful commutation to the commutation path of

the originally proposed EAR DCCB con�guration at low currents if the

RC circuit is not dimensioned properly. The experimental results also

show that LCS-assisted triggering generates the voltage required across

the DCS for triggering under all operating conditions. LCS-assisted

triggering allows to reduce the component count of EAR DCCBs and

it improves reliability. Alternative EAR DCCBs topologies with asym-

metric interruption capability are proposed that avoid the potential

self-interruption problem. EAR DCCBs with symmetric interruption

capability do not need to be adapted to avoid self-interruption.

Finally, no claim is made in thesis that the proposed EAR DCCBs are

superior and neither are any of the other DCCB concepts. Each HVDC

project is unique and, thus, every HVDC grid will have its particular

requirements. In certain circumstances, a functionality may be required

and in others not. In certain projects, space is precious and yet in other

projects the DCCB must be able to interrupt as large fault current as

feasible. Considering that HVDC grids are still in their infancy, a trip

into the future would reveal surprising requirements as HVDC grids may

turn out to be substantially di�erent from what they are expected to be

today. Technological progress will not hold; it will create opportunities

for completely unforeseen solutions. That being said, the author hopes

that this research work is an appreciated contribution to the �eld of

HVDC DCCBs.
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Appendix

A Modelling of Thomson-Coil Actuators

The FEM model of the TCA and simulation results from [IV] predicted

the di�culty of tuning active damping as experienced in the experiments

in [VI]. However, the simulation results did not �t the experimental

results and the reasons are explained hereafter.

Initially, the solid steel mass was used instead of the embedded pole.

The validation was supposed to consist of two stages. In the �rst stage,

the model was supposed to be validated without armature motion. Al-

ready during the �rst stage, substantial deviations from the experi-

mental results due to inaccurate parasitic resistance Rσ and parasitic

inductance Lσ values became apparent. These parameters were then

extracted from the measurements to calibrate the model. In the second

stage, the motion of the armature was considered. The second stage

was successfully validated with the calibrated model for the initial ac-

celeration period. In [IV], it was stated that essentially only this initial

period of acceleration and the last period of active damping have to be

modelled in FEM. The intermediate phase can be calculated analyti-

cally since the electromagnetic force provided by the TCA is zero during

this phase. However, the bistable mechanism was not considered in the

intermediate phase and this turned out to be fallacious. The bistable

mechanism decelerated the armature after the armature reached max-

imum speed. A static linear force characteristic model of the bistable

mechanism as in [50] did not �t the experimental results. Various dy-

namical force characteristics did not �t because either the model was

inappropriate or the model became too mathematically involved to ex-

tract the required parameters. The model of the active damping period

also had an unidenti�ed issue.
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The calibration of the model took a tremendous amount of time without

showing promising results and the TCA system, with experimentally

tuned active damping, was already working by that time. The third

stage of the validation process was supposed to include the embedded

pole. The armature oscillations, as discussed in Section 5.4.2, would

have required more adjustments to the model. The force of the bellows

was also stronger than the characteristic speci�ed in the datasheet of the

manufacturer. Therefore, the author decided not to devote more time

to modelling the TCA, especially considering that this is only a side-

subject of this work and that the prototype was already working.

B Self-Interruption in DC Circuit Breakers

Under normal operating conditions, an HVDC grid has a de�ned load

�ow pattern. If a DC-side fault occurs, the load �ow pattern is dis-

rupted. On the faulty link, the DC fault is fed from the TL terminals,

and, hence, the current as seen from one TL terminal reverses. Neigh-

boring TLs are a�ected by the DC fault with a slight delay and only a

slight increase in current. The currents on several TLs reverse and cross

zero. If a DCCB on an adjacent TL needs to operate for backup protec-

tion, its requirements change from normal to reverse interruption or vice

versa. If the DC fault is cleared by another DCCB, DCCBs on adjacent

TLs do not have to operate at all and DCCB units that entered proac-

tive commutation can abort it again. After this sequence, the faulty

segment of the HVDC grid is isolated and normal operation resumes

with an adjusted load �ow pattern. If a DCCB is subjected to a cur-

rent reversal with current zero crossing prior to the DC fault, the current

may reverse and cross zero again. If a DCCB proactively commutated

and it cannot provide an alternative current path at this second current

zero crossing, it automatically self-interrupts as illustrated in Fig. B.1.

As regards EAR DCCBs, the arc in the DCS extinguishes during the

second current zero crossing to potentially self-interrupt.

In most cases, the DCCB current on adjacent TLs will barely surpass
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Figure B.1. Self-interruption phenomenon in DCCB.

the proactive commutation threshold Ip and it would be required that

DCCBs connected to the same DC bus communicate with each other

to initiate proactive commutation in all DCCBs. DCCBs connected to

the remote healthy DC buses only proactively commutate if the HVDC

protection system instructs them to do so or if the current surpasses

the proactive commutation threshold. In the worst case, the DCCB

on a healthy TLs commutates proactively at its proactive commutation

threshold exactly when the DCCB on the faulty TL interrupted

Topen + Tclose ≤
γIp

di/dt
− 2Tcomm. (1)

To avoid self-interruption, the actuator of the DCCB would need to be

fast enough to reclose the mechanical switch S before the second current

zero. Moreover, most actuators must be fully open before reclosing

again. The requirements on the opening time Topen of the actuator as

in [VI] with and without (1) are shown in Fig. B.2 assuming γ = 2
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Figure B.2. Requirements on opening time of an actuator for EAR
DCCBs considering self-interruption.

and Topen = Tclose. Avoiding self-interruption drastically increases the

requirements on the actuator and the corresponding technical feasibility

is questionable. Realistic solutions are modi�ed DCCBs that provide

a reverse current path or improved actuators that can reclose before

being fully open. In [32], a constant current threshold is described as

proactive commutation criterion. The internal protection system of the

DCCB could run more sophisticated protection algorithms, which could

be bene�cial to avoid late proactive commutation.
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