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ABSTRACT

The continuously increasing demand for electric control and the financial access
to remote sustainable power source sources, for example, seaward wind control
or sunlight based warm age in deserts have restored the enthusiasm for high-
voltage direct present (HVDC) multi-terminal frameworks (systems). A great
deal of work was finished around there, particularly during the 1980s, however
just two three-terminal frameworks were figured it out. From that point
forward, HVDC innovation has progressed impressively and, regardless of
various specialized difficulties, the acknowledgment of huge scale HVDC systems
is presently truly talked about and considered. For the acknowledgment and
dependability of these systems, the accessibility of HVDC circuit breakers (CBs)
will be basic, making them one of the key empowering advances. Various
thoughts for HVDC breaker plans have been distributed furthermore, licensed,
yetno satisfactory arrangement has been found to intrude on HVDC cut off. This
paper intends to abridge the writing, particularly that of the most recent two
decades, on innovation territories that are important to HVDC breakers. By
contrasting the mostly 20+ years old, cutting edge HVDC CBs to the new HVDC
innovation, existing inconsistencies end up clear. Territories where extra
innovative work are required are distinguished and proposed.

KEYWORDS: HVDC, HVDC fault current, Hybrid circuit breaker Solid-state DC
circuit breaker
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1. INTRODUCTION

In ongoing years, the enthusiasm for HVDC multiterminal
frameworks has been resuscitated. The persistently
expanding interest for electric power and the monetary
access to remote sustainable vitality sources, for example,
seaward wind control or sun based warm age in deserts
require an electric vitality transmission framework that
spans exceptionally long separations with low misfortunes.
Customary HVDC point-to-point frameworks can help to
serve this obligation and are accessible today. Connecting
more than two HVDC terminals to frame a coincided
multiterminal HVDC framework (organize) would have a few
favorable circumstances: the decrease in the quantity of
terminals (decreased expenses and misfortunes), the
blackout of one dcline does not intrude on the power stream
at any terminal, every terminal can work at various power
and current, and the power trade with all air conditioner
association focuses can be completely controlled. It is in this
way alluring to investigate the acknowledgment of HVDC
systems. There was significant enthusiasm for multiterminal
HVDC frameworks during the 1980s, yet just two three-
terminal frameworks were acknowledged the advances in
HVDC innovation additionally recharged the enthusiasm for
HVDC systems. The principle obstruction against the
execution of a HVDC control network is a high weakness of
such framework against the DC line impede. In framework
blame condition, intrusion of a DC blame current turns out to
be more intricate than anAC blame current. Notwithstanding
nonattendance of current zero intersection point, on account

of little inductance of DC side of the framework the rate of
ascent of DC blame current is impressively high and it
requests for exceptionally quick interference innovation. So
as key innovation to make the HVDC multi-terminal
frameworks securely operational and to make ready for
combination of mass measure of seaward wind vitality to AC
matrix, more consideration ought to be pulled in to
advancement of HVDC circuit breakers. DC circuit breakers,
to be specific for high voltage applications, are not financially
and broadly accessible today. In this paper, right off the bat,
the inception of requirement for HVDC circuit breaker is
clarified and the fundamental prerequisites of a HVDC
electrical switch are presented. From there on, HVDC circuit
breaker advancements including mechanical circuit breakers
with snubber, half breed circuit breakers and furthermore
unadulterated strong state circuit breakers are audited and
useful investigation of each topology is performed.
Moreover, an examination between diverse topologies
dependent on results from literary works is introduced. At
long last, proposals for development of circuit breakers are
introduced.

1. multi-terminal grid based on VSC-HVDC

Clearly a significant number of the arranged seaward wind
ranch activities will have an expansive power limit and
furthermore they will be developed extremely distant from
shore. Thus, there will be a requirement for extensive link
length for conveying capacity to a getting inland network [2].
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Thinking about the separations and plants limit, transmitting
control over regular AC links isn't practical [3].

HVDC transmission innovation was for all intents and
purposes illustrated in 1954 for empowering exchange of
mass measure of electrical control at high voltage over long
separations. Not just HVDC transmission lines are alluring
from specialized perspective yet in addition they are
monetarily sensible [3]. These days, there are two
noteworthy HVDC advancements which for all intents and
purposes are being utilized for point to point control
exchange furthermore, interconnection of offbeat electrical
systems; current source converter (CSC) based and voltage
source converter (VSC) based advances [5]. In CSC
frameworks it is important to introduce channels and extra
capacitors on the air conditioner sides and furthermore the
power stream is unidirectional and the inversion of the
power-stream heading requires an adjustment in extremity
of the framework, which could be risky [5], [6]. Then again,
VSC frameworks are structured dependent on Isolated Gate
Bipolar Transistors (IGBT). Dynamic and responsive control
streams are freely controllable in VSC frameworks and
furthermore by utilizing staggered VSCs it is conceivable to
increment the voltage and power rating of framework. In
VSC frameworks the nearness of sounds are restricted to
high recurrence and this will prompt significantly littler size
of the channels. In addition, VSC-HVDC innovation transmits
dynamic power and can give the required measure of
receptive control at both the power sending and the power
getting end. This additionally again makes fashioners
conceivable to decrease the measure of channel [5], [6].

There are some advantage of use of VSC-

» Shirking of substitution disappointments because of
unsettling influences in the AC organize.

» Possibility to interface the VSC-HVDC framework to a
"frail" Air conditioning system or even to one where no
age source is accessible, and normally, the short out
dimension is low.

» There is No need of transformers to help the
recompense procedure of the converter's completely
controlled semiconductors. As of late, creators conceded
to VSC-HVDC as the empowering innovation for
acknowledgment of future seaward multiterminal HVDC
framework [7]-[11]. Just a couple of creators propose
cross breed arrangements utilizing both CSC and VSC for
improvement of multi-terminal HVDC systems [10].

2. Requirements

As it is referenced previously, utilization of VSC-HVDC for
creating multi-terminal HVDC frameworks is at last
profitable however there are a couple of downsides in
acknowledging multi-terminal frameworks in view of VSC-
HVDC. One of the worries about the VSC frameworks is the
power misfortunes. Trading valves inside the VSC are
accountable for broad bit of misfortunes. Research exercises
are being done to diminish the misfortunes to <1%][4].

Indeed, the fundamental obstruction against the execution of
VSC based HVDC framework is a high helplessness of such
framework against the DC line cut off issues. In VSC-HVDC
framework when a short out blame in DC side is happened
the interference procedure is considerably more perplexing
and troublesome than interference of an AC blame current.
The regular AC circuit breakers interfere with the blame
flows with assistance of zero intersection point. Since there

is no zero intersection point in DC blame current so the
ordinary circuit breakers are unequipped for intruding on
the current [7].

Besides, the counter parallel diodes joined with IGBT
modules in VSC go about as an uncontrolled rectifier despite
when IGBTs are slaughtered. In this way the VSC advances
toward getting to be vulnerable against a DC obstruct and
the accuse current is simply compelled by AC side of VSC
[16]. Furthermore because of little inductance of DC side of
the VSC-HVDC structures the rate of climb of DC accuse
currentis altogether high and even in a couple of accuses the
capacitors of DC association of VSC discharge and add to the
accuse current what's more, increase rate of rising of it [17],
[18]. Thinking about recently referenced conditions, in a
multi-terminal HVDC system it is essential to meddle with
the accuse current and isolate the broken line from the
structure.

DC circuit breakers, to be explicit for high voltage
applications, are not financially and extensively available
today. There are various enormous necessities for structure
of beneficial and operational HVDC circuit breakers. The
most basic requirements of a HVDC electrical switch with
limit of movement in future multi-terminal HVDC system can
be recorded as following:

» Create a present zero intersection to intrude on the
current (In instance of regular half and half and
mechanical circuit breakers).

» Very quick breaking activity (Because the rate of ascent
of DC blame current is extremely high and
postponement in interference will prompt a damaging
deficiency current in framework.)

»  Minimal conduction misfortunes (a little voltage drop
over the terminals of electrical switch ought to show up
and the typical activity misfortunes in contrast with
different components of framework ought to be
sensible.)

» Reliable and effective insurance against a wide range of
shortcomings (counting shaft to ground and post to post
shortcomings)

» Repetition of exchanging activity (be able to reclose
after a blame freedom)

» Prevention of exorbitant overvoltage (have the capacity
to stifle the exchanging overvoltage and demagnetizing
the framework inductance).

» Minimal arcing after contact division to decrease contact

» disintegration (if there should be an occurrence of
mechanical or customary half and half circuit breakers)

» Provide enough disengagement ability because of
framework evaluations.

» Longlifetime

» Lessrequirement for upkeep and in the event of need be
able to do bypassing the current to keep the
administration intrusion.

3. HVDCcircuit breakers
In this section different HVDC circuit breakers are classified
and a brief functional analysis of each topology is presented.

4.1 Mechanical HVDC circuit breaker

A. Mechanical passive resonance CB

The mechanical HVDC electrical switch with aloof
reverberation circuit is an old innovation and at first was
created for CSC-HVDC frameworks [19]. Fig.1 demonstrates a
disentangled graph of mechanical electrical switch.
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Figure 1: Mechanical HVDC circuit breaker

Regularly, CB is an air impact electrical switch with a few
interrupter units. Amid typical activity current streams
through the CB and amid intrusion it is commutated into
substitution way. For understanding the intrusion procedure
itis important to investigate the present condition amid the
process. The differential condition of amid interference can
be composed as beneath:

Led2ic. (Re + @Yarc) dic + 1 e - ic
dt? dic dt C. Cc

An approximate solution for this this equation is:

1(Rc+ dUarc /0ic)

ic=1[1+e 2L sin mct]

where we = V1/LcCe. If (Re + d¥arc ) < 0

the ic will oscillating with increasing amplitude. The first
zero crossing of current will be enough for breaker to
interrupt it.

B. Mechanical active resonance

In the dynamic mode, a present wavering given by the
precharged replacement capacitor Cc will emerge in a split
second and it will develop to contradict the current in the
principle CB when the current is commutated into the Lc
branch. In a few messages, this plot is likewise presented as
halfbreed interference technique. For the most part, in these
kinds of circuit breakers thyristors are utilized to go aboutas
commutator and disconnector switches. This idea is
otherwise called two-organize interference technique. In
spite of the fact that there are a few variations for this idea,
here two essential topologies are exhibited [20], [21]. Fig.2
delineates the first variation of mechanical dynamic
reverberation circuit breakers.

i 5,
O i O

R IlI (i
A

C L

L~ = I YL -
5, 5,
5

Figure 2: The first variant of active resonance circuit
breakers

In the primary topology and under typical burden conditions,
as it were the primary breaker S1 is shut while alternate
switches S2, S3 what's more, S4 are in open state. The
capacitor Ccis pre-accused of a negative starting voltage Vco.
When a blame current is distinguished S1is opened and all
the while S2 and S3 are shut. At that point the turn around
current emerging through LC branch restricts the blame
current and when it achieve the equivalent sum of blame
currenta zero intersection will occur and the current will be
commutated to the parallel branches. In the wake of charging
the Cc, current inside the S2 will tumble to zero and it opens.
Along these lines, the switch S4 shut releasing the capacitor

Ccinto the circle Cc-S4-S3-Lc-Cc. Atthe point when a current-
zero happened in S3, it kills and the fundamental current
commutated again into the way including Rlim-Lc-Cc-S4. The
switch S3 opens when a current-zero is made bringing about
another vitality balance in which the capacitor is completely
charged. Intruding on the ostensible appraised current could
be acknowledged for the second variation by shuttingjust the
switch S3. Fig.3 appears the second topology of traditional
crossover circuit breakers

o—p— -

Figure 3: Variant 2 of active resonance circuit breakers

After blame location in the second variation, the primary
breaker S1, is opened and all the while S3 is shut to make a
zero current inside the fundamental breaker. At long last S3
will normally open after capacitor is completely charged.

4.2 Hybrid Technologies

Coordinating controllable strong state gadgets with a
mechanical breaker or disconnector in a joined design is
called the hybrid switching procedure. For the most part,
inside a halfand half electrical switch, the recompense way is
presented by solidstate switches and just works amid the
interference process. Every one of the switches are
constrained by electronic circuits. Late improvements in
semiconductor switches and enhancements in their qualities,
for example, separate voltage, conduction misfortunes,
exchanging time and dependability, realize the likelihood of
utilizing these gadgets as the principle interrupters in circuit
breakers. There are afew conceivable topologies for halfand
half circuit breakers, yet by and by, two principle structures
draw in more considerations. Fig.4 demonstrates the first
basic hybrid topology.

W Arma R

Figure 4: Topology 1 for hybrid circuit Breaker

In this topology a quick mechanical breaker is furnished with
a set of strong state switches in the parallel way. This
topology consolidates low misfortunes of an unadulterated
mechanical breaker with quick exchanging reaction of an
unadulterated strong state gadget. Since the curve chamber
should just make adequate voltage for substitution what's
more, not fake current zero intersection point, this topology
is quicker than regular circuit breakers. Utilization of this
topology has been produced for medium voltage frameworks
[22], [23], [24].

Another topology which has been presented in [14] utilizes a
quick strong state gadget in the primary way of current and
in arrangement with a quick mechanical disconnector. The
parallel way is worked by arrangement association of strong
state switches. The quick strong state gadget in the primary
way can be an IGBT. This IGBT needs just to make an
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adequately high voltage for the recompense of the current to
the parallel full IGBT breakerso it has lower rating than the
parallel way breaker. Ordinarily, it very well may be
acknowledged by association of a couple of number of IGBTs
in arrangement so the conduction misfortunes and voltage
drop will be low enough.

During the normal operation, the present will just stream
through the detour and the current in the principle breaker is
zero. At the point when a DC blame happens, the helper DC
Breaker promptly commutates the current to the
fundamental DC Breaker

what's more, the quick disconnector opens. With the
mechanical switch in vacant position, the primary DC breaker
breaks the current. The mechanical switch opens with zero
present and low voltage stress. The quick disconnector will
be presented to the recuperation voltage characterized by the
defensive dimension of the arrester banks first in the wake of
beingin vacant position while the primary DC breaker opens.
A streamlined schematic of this topology is delineated in Fig.
5.

Figure 5: Topology 2 for hybrid circuit breaker

4.3 Pure solid-state circuit breaker

Quick and ultra-quick exchanging time of semiconductor
gadgets make them a solid possibility for DC blame
interference. An unadulterated strong state electrical switch
can be quicker than all other topologies. Structure of
unadulterated semiconductor based circuit breakers is
conceivable by various blends of strong state switches and
subordinate circuits. Considering proposed topologies in
written works there are two noteworthy topologies for this
sort of circuit breakers and different structures can be
arranged inside one of these topologies. By and large, in
unadulterated strong state circuit breakers numerous IGBTs,
IGCTs or other semiconductor based switches are associated
in arrangement and parallel to help the voltage and current of
framework amid typical and blame conditions. Looks into
with expect to advance what's more, improve the practices of
strong state circuit breakers are on-going and new
commitments are additionally announced [25], [26].

A. CB paralleling a surge arrestor

Fig. 6 portrays an ordinary circuit setup of a strong state dc
electrical switch [25]. The semiconductor switch T goes about
as the primary breaker and a flood arrestor Rv is associated
in parallel with it. Amid typical task T is in on-state and
directs the current from source to the heap. When a short out
blame is identified T will be killed. At that point the heap
current commutates to the flood arrestor Rv. Flood voltage
crosswise over T is constrained to the cinching voltage of the
surge arrestor Rv. The clipping voltage of flood arrestor is
accepted as Vdc+ Vmargin and furthermore itis expected that
the impedance of the blame point is unimportantly little. At
the point when T Kills at time t=0, Vmargin is connected to
Ldc so the inductor current can be determined as pursues:

i, = lo— Vmargin t 3)

Ldc
where Io is amplitude of the fault current at t = 0. The time to
turn off the fault current Topenis derived as follows:
Topen = ﬂlo (4‘)
Vmargin

also, the energy consumed in Rv can be given by:
WR=(Vdc +1) 1 Ldc10* (5)
Vmargin 2

Vmargin is normally a lot littler than Vdc in high power
applications so as to stifle the voltage crosswise over T and to
decrease T's conduction misfortune. In such case, the term in
the bracket of condition (4) turns out to be huge, and WR is
much more noteworthy than the put away vitality in Ldc at
t=0, which is

1

- Ldcl0?.

2

The more voltage crosswise over T is stifled, the more limit
the flood arrestor needs [25].

Figure 6: Topology 1 for solid-state CB

B. CB with freewheeling diode

As another topology of crossover circuit breakers, a
freewheeling diode D and a varistor Rv are associated over
the DCline. The circuit diminishes the vitality ingested in the
breaker with smothering the surge voltage over the valve
gadget T. A circuit design of the strong state dc circuit
breakers utilizing a freewheeling diode is appeared in Fig.7.
Amid ordinary condition, T stays on and drives the heap
current IL. At the point when T Kkills at t = 0 subsequent to
recognizing a blame, the blame current IL is commutated to
D. Consequently, the current coursing through Vdc promptly
diminishes to zero. The inductance Ldc is steadily
demagnetized by Rv, and the blame currentiL diminishes. At
the point when the bracing voltage of Rv is communicated in
Vv, the flood voltage crosswise over T is Vdc + Vv which s the
aggregate of ostensible DC voltage and the cinching voltage of
Rv. Since Vdc does not supply any power in the wake of
killing T, the vitality assimilated in the DC breaker at turn-off
activity is equivalent to the vitality put away in Ldc by the
current I10. So the vitality WR is given by:

1

WR= - Ldc 10? (6)

2

Since WR in (6) is smaller than WR in (5), the rating
andvolume of Rv can be reduced by applying the
freewheeling diode. Because the clamping voltage Vv does
not affect to WR,the surge voltage across T can be suppressed
without increase of WR by choosing a low value for Vv.

Figure 7: Topology 2 for solid-state CB
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4. Comparison of technologies
In this area, diverse innovations are looked at in wording of
interference time, control losses, voltage and current rating.

5.1 Interruption time

As it is normal the mechanical circuit breakers have the
snappiest changing reaction up to 60ms while the
unadulterated semiconductor based circuit breakers are
relied upon to reach the intrusion times beneath than 1ms.
Between these two topologies, cross breed circuit breakers
with disengagement time of 2~30ms likewise speak to
alluring attributes for application in high power frameworks
[14]-[26].

5.2 Power losses

The mechanical circuit breakers and the half and half ones
with no semiconductor gadgets in principle way of current
have the most reduced power misfortunes among all setups.
The explanation behind this is an extremely low voltage drop
on the metal contacts of fundamental electrical switch. The
power misfortunes for these topologies are less than 0.001%
of the VSC station control misfortunes. Moreover, the halfand
half topologies with low evaluating semiconductor switches
in the principle way of current additionally speaks to sensible
power misfortunes. In this kind of electrical switch, the
power misfortunes are no over 0.1% of intensity misfortunes
of a VSC framework. On the other hand unadulterated strong
state designs experience the ill effects of high control
misfortunes. Since there are numerous IGBTs or other
semiconductor gadgets in principle way of current in these
topologies the complete voltage drop of electrical switch is
generally high. The power misfortunes for this innovation in
examination with a VSC station can reach to 30% [14]-[26].

5.3 Voltage rating

These days, mechanical HVDC circuit breakers with
ostensible voltage up to 550kV are accessible. Half breed
circuit breakers additionally have been confirmed by test
tests up to voltage rating of 120kV and it is required that to
reach up to 320kV dimension. Unadulterated semiconductor
circuit breakers are not accessible in high voltage and power
evaluations and just have been planned and executed for task
in medium voltage applications. Yet, considering the
advancements in semiconductor gadgets it is foreseen that
800KV voltage rating is reachable [14]-[26].

5.4 Currentrating

Mechanical HVDC circuit breakers can hinder flows up to 4kA
with aloof reverberation framework while they can hinder up
to 8kA with dynamic reverberation circuit. For half breed
electrical switch topologies, flow intrusion dimension of 9kA
has been demonstrated tentatively and in principle step up to
16KA is feasible. Thinking about the normal high voltage
rating for unadulterated semiconductor circuit breakers, 5kA
current interference rating is sensible for them [14]-[26].

5. Conclusion and recommendations

Nowadays, the fundamental snag against the
acknowledgment of HVDC lattices is absence of develop
HVDC blame current breaking advancements. In this paper
the present advancements of HVDC circuit breakers were
abridged and thought about. All of displayed breaking plans
have constrained capacities in interference of lasting issue
current and should be altogether improved.

As far as mechanical circuit breakers as the essential gadgets
for blame current interference, endeavors ought to be
concentrated in improvement of size of reverberation
circuit's components. Moreover the conduct of circular
segment chamber should be improved to reach higher
current rating.

Since half and half circuit breakers present more
effectiveness and worthy intrusion speed, the advancement
of quicker mechanical switches with high flood voltage
withstand and low creation misfortunes can prompt more
enhancements in this region.

Regarding strong state circuit breakers, use of new wide-
band-hole semiconductors like SiC or GaN based switches
ought to be examined. Additionally dynamic entryway driving
innovations can improve the execution of semiconductor
switches in unadulterated strong state electrical switch.
Additionally, precise powerful models for semiconductor
switches with legitimacy in high voltage and high flows to be
utilized in structures and reenactments are important to be
actualized. So as to give the likelihood of recognizing the
perpetual deficiencies from transient network occasions
utilizations of DC blame current limiters in HVDC systems can
be fascinating to think about.
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