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ABSTRACT HVDC circuit breakers are of increasing importance, as multi-terminal high voltage
DC (HVDC) transmission becomes a commercial reality. Multiple HVDC breaker technologies have been
developed, and are starting to appear as proof-of-concept installations on real networks. Information about
them is however distributed widely in the literature. This article describes the underlying challenges,
the leading candidate solutions, and discusses the requirements and construction of the component sub-
assemblies. Its goal is to provide a comprehensive overview of the field.

INDEX TERMS HVDC transmission, circuit breakers, power system protection.

I. INTRODUCTION
High Voltage DC breakers were originally used in Line-
Commutated Converter (LCC)HVDC systems [1]–[4]. These
breakers had limited capabilities in terms of speed, voltage or
current. Solutions to achieve faster, higher-power, DC break-
ers are of increasing importance though, as multi-terminal
VSC HVDC grids develop [5], [6]. A number of such HVDC
breaker circuit topologies have been proposed and even tri-
aled as industrial prototypes [7]. However, the development
of the technology has been limited by a lack of market:
almost all HVDC systems to date have been point-to-point,
and the remainder have been small enough not to need HVDC
breakers.

With the development of the Zhangbei network [8] how-
ever, HVDC grids are reaching newmilestones. The develop-
ment of this, the world’s first, large, commercial VSC-HVDC
grid, can be expected to spur the development of similar solu-
tions elsewhere. A good review of VSC-HVDC and MVDC
breakers was given by [9]–[11], however the technology,
applications and understanding of the problems have moved
on considerably, and new technologies have been developed
since.

The challenge for HVDC breakers is to manage the energy
in the electrical system during a fault. Energy stored in the
series inductance and shunt capacitance of the DC cables
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and/or lines must be extracted from the system in order to
interrupt the current. In some cases, the AC networks initially
feed the DC fault, and this energy too must be dealt with.
As a further constraint, any breaker must have both very low
losses under normal (unfaulted) conditions, and yet be able
to operate very quickly, typically in 2 ms to 10 ms depend-
ing on the circumstances. This requires a combination of
circuits [2].

This article will provide an overview of faults in DC
grids (section II), the fault process (section III), principles
of present circuit breakers (section IV), two-circuit solu-
tions (section V), three-circuit solutions (section VI), a sum-
mary of circuits (section VII), an overview of sub-assemblies
(section VIII) before drawing together key conclusions
(section IX).

II. FAULT CLEARING TIMES IN DC GRIDS
At present most VSC HVDC systems are symmetrical
monopoles: one converter per station feeding positive and
negative voltage DC lines (see section III.B). They are, with
few exceptions, point-to-point systems and use underground
or subsea DC cables. DC side faults are typically cable faults,
therefore faults are rare and will typically be permanent.
An extendedmaintenance period is required during which the
entire HVDC link is out of action. Such faults can therefore
be dealt with adequately by relatively slow AC breakers [12].
However, for large future multi-terminal systems, this would
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FIGURE 1. Single-line diagram of HVDC scheme with fault and showing
converter blocking, fault and potential DC breaker points.

be insufficient. Consider Fig. 1. The AC transmission utility
would typically have an agreement defining the maximum
power that could be lost due to the outage of a single item
of plant. In the UK this is the ‘infrequent’ loss of generation
and is 1800 MW [13]. A fault on a single DC cable could
not be allowed to take an entire large DC zone out of action,
since this power loss would typically violate the supply infeed
constraint (2400 MW in Fig. 1). A DC breaker is thus advan-
tageous to manage the fault. Where overhead lines are used,
a DC breaker would be even more advantageous, since faults
will be more frequent and may also be temporary.

Some have advocated using a converter capable of block-
ing during a fault. Conventional VSC-HVDC systems unfor-
tunately do not have fault blocking converters: they use
a half-bridge modular multilevel converter (HB-MMC),
as shown in Fig. 2. When this tries to block, it in effect
becomes a rectifier and sowould still feed aDC fault (depend-
ing on the type of fault and earthing).

While some topologies such as the full-bridge (FB) MMC
can inject a reverse blocking voltage, thus preventing AC
from feeding the DC fault [14], they have problems. First,
they have greater conduction losses. Then, as in Fig. 1, they
still would require the isolation of the entire DC network (the
‘Converter Zone’ shown by the dashed line), in effect still
exceeding the supply infeed loss limit.

It has been suggested that after the FB-MMCs block,
fast isolator switches could then remove the isolated section
of DC line or cable, and the remaining ‘Converter Zone’
could be re-energized. Isolators can be smaller and cheaper
than breakers, since they only have to switch at zero cur-
rent. Depending on the type of fault, times of 300 ms to
450 ms have been estimated for this [15], [16]. Where this
downtime cannot be tolerated, HVDC breakers will still be
needed to isolate the fault before the DC system is disturbed
significantly.

In AC protection, a breaker would typically be located
at each end of every line, as depicted in Fig. 1.

FIGURE 2. One phase of an MMC VSC HVDC, comprising an upper and
lower ‘arm’ – with a Half-Bridge (HB) Sub-Module (SM) shown.

In DC protection this may be undesirable: DC breakers are
large, expensive and also require maintenance [17]. They
also typically include a series inductor, and the addition of
a significant amount of DC inductance can be unhelpful to
system stability [15], [18], [19]. A breaker would typically be
needed on both positive and negative lines. A better solution
has been discussed [15], which separates the DC system into
zones – such that the loss of any one zone can be tolerated.
In Fig. 1, instead of breakers at each end of every line, only
two sets (at B1 and B2) might be needed to split the network
into two parts, any one of which might be lost without
violating supply limits.

A number of different times are quoted for the required
operation time of DC breakers. The breaker must operate
quickly enough that it can still break the fault, since breakers
have a maximum current rating. As a rough calculation, his-
torically for breakers with a semiconductor element, the peak
current carrying capability of the semiconductor breaker (see
below) has been assumed to be about 12 kA. For a systemwith
DC line voltages of ±500 kV carrying 2 kA normally, with
a 100 mH current limiting inductance, considering a line to
ground fault, this leads to a calculation of a required breaking
time of:

1t = L
1i
V
= 0.1H

12kA− 2kA
500kV

= 2ms (1)

This may be somewhat conservative. First, circuit breaker
designs have risen to 20 kA peak current capability [7].
Second, the system in the above calculation is a large 2 GW
system: smaller DC links, ±320 kV, 640 MW (1 kA), would
allow longer breaking times. A revised calculation might thus
be:

1t = L
1i
V
= 0.1H

20kA− 1kA
320kV

= 5.9ms (2)
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FIGURE 3. Breaker placement with symmetrical monopole MMC. The
actual breaker may be placed either side (A or B) of the di/dt limiting
inductor (LDLI).

This calculation is only a first estimate. The initial voltage
applied to the inductor may be larger as a result of the fault
wave (see section III), but the DC voltage will collapse as
the fault progresses, resulting in lower fault rate rise times
later in the fault period. Also, the MMC arm inductor will
be in the fault path, increasing the effective inductance in the
calculation.

The breaker must also operate quickly enough that the
converter is not damaged. When a conventional HB-MMC
blocks, current can continue to flow in the IGBT anti-parallel
diode in a manner similar to a conventional two-level con-
verter, and then in the bypass thyristor (if fired). Analysis of a
two level converter [20] shows that current stress in these first
5ms is high on the anti-parallel diode. A solution however
may be a redesign of the anti-parallel diode set, to increase
the permissible breaker operating time, rather than designing
a fast breaker to break the fault to avoid problems with the
anti-parallel diodes.

A further requirement is that the breaker should oper-
ate quickly enough that the remaining DC network is not
disturbed to the extent that it has to shut down and be
re-energized. The length of time this involves depends on
each particular installation. However present research seems
to indicate that if the fault can be detected and isolated
within circa 10ms, the remaining grid can survive the distur-
bance [7], [21].

The net result of this is that permissible breaking timesmay
be significantly longer, in the 5-10ms range or more, rather
than the 2ms sometimes quoted.

III. THE FAULT PROCESS
A. RATE OF CURRENT RISE
In order to break HVDC currents, a DC breaker system will
typically be placed between the converter and DC line (or
cable) on both the negative and positive lines, as shown
in Fig. 3. Since there is very little inductive impedance on the
DC side, the rate of rise of current would be very high during a
fault. Hence a DC inductor (LDLI) is typically placed in series
with the breaker. In principle the breaker may be placed on
either side (A or B) of the inductor, though there are a num-
ber of factors to consider (see below). Mechanical isolator
switches are also typically added to allow maintenance, and
to complete fault isolation, as shown in Fig. 3. This is because
a semiconductor switch when ‘off’ still appears as a high
impedance, rather than an isolation gap. The isolator switch

would typically be a mechanical switch that can withstand the
line voltage rating when open but cannot break current.

Considering the simplest case of a pole to ground fault for
a cable, with zero fault impedance, as shown in Fig. 3. The
voltage collapses to zero at the point where the fault occurs.
This generates a reverse travelling wave from the point of
the fault towards the converter [15], [22], [23]. The reverse
travelling wave has a peak magnitude of −VDC. Any time
after the fault, the converter voltage is the sum of the pre-fault
DC voltage and the travelling wave. The cable will attenuate
the magnitude of the wave as it travels by a factor e−kD,
dependent on the attenuation factor (k) and distance (D).

Travelling waves, reaching a discontinuity in their trans-
mission line (cable), will be partly reflected and partly trans-
mitted. If the analysis is undertaken without a DC breaker,
the travelling wave will ‘hit’ the discontinuity formed by the
converter equivalent capacitance [24]. In the early days of
VSC HVDC this capacitance was large, since a two-level
converter was typically used. However once a DC breaker is
inserted, the travelling wave will hit the large DC inductance
present in all HVDC breakers. Consequently the travelling
wave will be reflected, meaning that the cable voltage at
B in Fig. 3 becomes negative. In the limit case this means
that the current limiting inductor sees twice the DC voltage
initially (assuming that the travelling wave is not attenuated).
This phenomenon has been widely discussed in the litera-
ture [22], [23], [25]–[27]. This in turn means that the initial
rate of rise of current will be higher than simple calculations
using just Vdc would indicate. If the fault is allowed to go
on for an extended period, the highest fault current will be
reached for the shortest distance D between the fault and
the breaker, since this represents the minimum impedance
condition. However since a fault will be cleared quickly,
the highest fault current seen before the breaker completes
its action may be more strongly influenced by the initial rate
of rise of current, rather than by the impedance. Thus for fault
rating, the worst-case highest current may not be the case of a
terminal fault, but a fault some way down the cable [22], [26].

The complexity of the analysis can be treated in a vari-
ety of ways. Mathematical analysis on a case-by-case basis
is possible [20] but is complicated by the fact that the
‘worst-case’ may not be a short-circuit terminal fault. Fur-
thermore this worst case may vary as the multi-terminal
system is reconfigured and/or evolves. One straightforward
scheme to define the required capability of breakers is the
use of ‘fault current envelopes’ [22]. The purpose of these
is to define a maximum locus of currents for which to test
the breaker. It should be noted that this envelope should
exceed the actual fault current the breaker will experience
– its function is purely to define a worst case easy-to-test
scenario.

A further factor to consider is that the electro-magnetic
(EM) fault wave travels along the cable essentially at the
speed of an EM wave in the cable medium. The wave will
reach the breaker tf seconds after the fault occurred, but the
speed of the wave is such that there is in effect no way to
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communicate to the breaker that the fault has occurred before
this wave’s incidence.

To extinguish the fault, a voltage sufficient to oppose the
DC voltage in the fault circuit will be required and to force
the current in this circuit to zero in the required time. How
to achieve this depends on the topology of the breaker (see
below). However, the ‘voltage rating’ of the breaker needs to
take into account not only the injected voltage, but its voltage
with respect to ground during the entire fault and post-fault
process.

B. INSULATION COORDINATION
The voltage insulation requirements of an HVDC breaker
depend on earthing, and the type of fault, [28]. Com-
monly considered earthing systems include low- and
high-impedance grounding, for symmetric monopolar sys-
tems and bipolar systems, as shown in Fig. 4. Ground connec-
tions might be at the midpoint of one side of a bipolar line,
or at the secondary of the transformer. Faults include line-to-
line, line-to-line to ground and line-to ground. Typically only
one converter is solidly (low-impedance) earthed to avoid
ground currents between converters. A good summary of this
is given in [6], [15], [28].

The converter also goes through a distinct process. With
respect to Fig. 2.

1) The converter is in its pre-fault state: sub-modules have
sub-module capacitors inserted by closing a top-switch
in the sub-module, or by-passed by closing the bottom
switch – either the IGBT or anti-parallel diode may
be conducting. Consequently a number of sub-module
capacitors are inserted which sum to Vdc across the
phase.

2) The converter detects a fault and blocks. All IGBTs are
turned off, and conduction is via the bottom diode of
the sub-module. Depending on earthing arrangements
the AC phase voltage (e.g. VA) may feed the fault.

3) The sub-module protection fires (e.g. the by-pass
thyristor) to reduce the stress on the anti-parallel diode.

In each case, the circuit includes one or more arm inductors.
As an illustration, consider a fault to ground on the positive

DC line (+VL) as in Fig. 4. For a solidly earthed bipolar
scheme, Fig. 4(a), the inverter DC voltage (VINV) will be
applied to the circuit of a whole converter, the DC line,
the fault impedance and the ground return path. Effectively
the converter DC voltage is shorted. This is half the DC volt-
age (2VL) of the HVDC scheme. This results in potentially a
large fault current contribution from the converter in addition
to the fault contribution from the stored energy in the line.

For a symmetrical monopolar scheme, with a
Y-to- grounded-Y transformer, Fig. 4(b), the fault circuit is
the transformer winding, the arm and arm inductance of the
converter connected to the faulted line, the DC line and the
ground return path. For a high-impedance earth connected
to an artificial mid-point, Fig. 4(c), the (small) top capacitor
discharges through the ground path and (excluding other

FIGURE 4. VSC HVDC configurations and grounding options (not all
possible options shown).

protection activity by the converter) the bottom line is pulled
towards −2VL as the top line is pulled to ground. For a
symmetrical monopolar converter grounded on the AC side,
Fig. 4(d), the discharge path includes a converter arm but
the DC negative line is again pulled towards −2VL. Any
DC breaker components on these lines must withstand not
only the incident fault voltage waveform on the line, but their
insulation must also withstand their voltage shift with respect
to ground (potentially −2VL in the case of Fig. 4(c)).

IV. PRIOR ART - PRINCIPLES
Traditionally, HVDC breakers have existed for LCC HVDC.
Commercial breakers for LCC HVDC can be divided into
four main types [4], [29]:

1) A High Speed Neutral Bus Switch (HSNBS) - This
transfers DC current to the ground electrode for faults
to ground at the station neutral.

2) A High Speed Ground Switch (HSGS) – This transfers
the station neutral to the station grid if the ground
electrode becomes isolated.

3) A Metallic Return Transfer Breaker (MRTB)
[30] – Under some conditions one pole of a bipolar
line can be used as a ‘metallic ground return’ instead
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FIGURE 5. HVDC circuit breaker types (supplementary injection circuit
optional).

of a positive or negative transmission line. The system
is operated as a monopolar link, with the MRTB trans-
ferring ground current to the metallic return.

4) Ground (or Earth) Return Transfer Switch (GRTS)
– This is the complementary switch to the MRTB.
It transfers current from the metallic return to the
ground link when the monopolar system is returned to
bipolar operation.

However, none of these is required to break full current at
full voltage. The MRTB has the highest performance require-
ments: it is required to interrupt the full DC current, though
only at low voltage. The challenge is to achieve low conduc-
tion loss, along with fast breaking speed and high breaking
voltage (and current).

The concept of dividing breaking into several sepa-
rate actions of HVDC breakers was discussed as early as
1974 [31]. Solutions have tended to divide into two-branch
and three-branch solutions. Two branch solutions have a
single branch which conducts and breaks current, and an
over-voltage limiting branch (e.g. metal oxide varistors)
which limits the voltage across the breaker and absorbs
energy. They also will have a rate-of-current-change limiting
inductor (LDLI) and a mechanism for supplementary mechan-
ical isolation using a slower isolator switch (or switches).
A supplementary circuit may be added to inject current to
help the normal conducting branch commutate, as in Fig. 5(a).
Three-branch circuits in contrast separate the normal con-
duction and breaking functions into two parts – a normal
low-loss conducting path and a separate path into which
current is transferred to break the current, as in Fig. 5(b).
The normal conduction path may have a series circuit to aid
commutation.

V. TWO-BRANCH CIRCUITS
A. MECHANICAL SWITCH – PASSIVE OSCILLATION
Perhaps the simplest design is based on a higher voltage
redesign of the MRTB, using a SF6 switch as the breaker,

FIGURE 6. Mechanical switch – passive resonance.

with an auxiliary resonant filter, as shown in Fig. 6. When the
switch is opened, the switch-arc resulting transfers some cur-
rent into the filter, and as a result of the arc voltage decreasing
with increasing current, a resonant current is superimposed
on the switch. When this causes a zero current crossing, the
SF6 switch arc can extinguish, and the switch can be opened.
The voltage across the switch then rises until an arrestor is
triggered [3], [32]. A field trial extending the operation of this
type of unit to 400 kV, and 500 A to 2 kA was undertaken in
the 1980’s [32] on the Pacific Intertie with commutation times
ranging from 2.5 ms to 12 ms. However the combination
of only passive resonant elements plus a mechanical switch
system may not give sufficiently fast performance for VSC
HVDC systems.

Suggestions have beenmade [33] to slow down current rise
by using fault current limiters, for example using supercon-
ducting technology. This is an area of substantial research
and a good summary of the main issues is given in [34].
Recent work [35] has focused on adapting this circuit –
removing LC and using only LDLI and CC as the resonant
branch.

B. MECHANICAL SWITCH – CURRENT INJECTION
Initial solutions to the HVDC breaker problem tended
to use all mechanical switches. To achieve fast com-
mutation, instead of using the arc resistance to create
an oscillation, another option using current injection was
explored [36]–[38], as for example shown in Fig. 7. The com-
mutating capacitor CC is precharged by a precharge circuit
(made of switches and resistors in that instance). When the
commutating switch is closed, an oscillation occurs through
an LC circuit, which forces a current zero in the interrupting
switch, which can then be opened. The rate of voltage change
is limited by a capacitor in parallel to the main breaker
switch, and the peak voltage is clamped by the surge arrestor.
A further parallel branch may be added, consisting of
switched resistors to limit closing overvoltage to the commu-
tation switch. This was used on a 250 kV, 8 kA prototype in
the 1980s, in which it was also demonstrated by simulation
that a faulted line could be disconnected without interrupting
power transmission and the HVDC restored within about
150 ms [38]. The total energy dissipation rating of the surge
arrestors was 10 MJ. More recent research, has focused on
increasing the speed of the mechanical breaker and thus
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FIGURE 7. Current injection mechanical breaker circuit.

FIGURE 8. Active current injection mechanical breaker circuit.

improving the prospects of the use of such mechanical switch
techniques [39]. A variety of current injection breaker, with
a different injection circuit was used on the±160 kV Nan’ao
system in China [7] and Mitsubishi have tested a 16 kA
breaker [21].

C. MECHANICAL SWITCH – HIGH FREQUENCY
RESONANCE
An active resonant injection circuit has also been pro-
posed, [40]–[43]. This principle is shown in Fig. 8. After
the main breaker switch is opened and an arc is developed,
the excitation circuit is enabled. This is typically a full-bridge
voltage source converter (VSC) and applies a high-frequency
AC squarewave voltage to the LC tank circuit. The oscillating
voltage builds the current at each half-wave. Thus a large
oscillating current can quickly be built for a relatively small
DC voltage on the excitation circuit. Eventually the current
in the LC circuit causes the breaker current to reach zero.
The breaker arc is extinguished, and current transfers into
the inductor and capacitor. The voltage on the capacitor rises
until the over-voltage protection device threshold is reached,
at which point current transfers to the voltage limiting circuit
and the difference in voltage between this and the DC line
forces current to zero. At this point the isolation switch opens
and isolates the breaker. Typically the voltage on the voltage
limiting device is about 1.5 pu, However it has been claimed
that much of this can be applied to the inductor and capacitor,
with appropriate design. Hence the power electronic compo-
nents can be rated for amuch lower voltage and can be smaller
and less expensive.

FIGURE 9. Solid-state circuit breaker.

D. SOLID STATE CIRCUIT BREAKER
Solid state circuit breakers use semiconductor switches
as both the normally conducting element, and the break-
ing element. Breakers based on IGBTs, GTOs, IGCTs
and other devices have been proposed often initially
for medium voltage AC systems, and with a variety of
topologies [44]–[46]. To keep conduction losses low,
thyristor-derived devices (GTOs and IGCTs) may be pre-
ferred. Solutions for medium voltage applications have been
proposed. Fig. 9 shows one of the simpler topologies. Since
devices can only carry current in one direction, two branches
are required in this topology, one for each direction. Not all
topologies require two branches.

In Fig. 9 GTOs normally carry current, and turn off in
response to a gate signal. Parallel metal oxide varistors limit
the voltage applied to each device and dissipate the energy
associated with the system during a fault. Diodes may be
added to increase the blocking voltage. Again an isolation
switch (or one each side to allow maintenance) is needed
since voltage devices do not provide full isolation when off.
At present, due to the large voltages required, and conse-
quently the large number of series devices needed, the cost
of losses prohibits the use of purely semiconductor breakers
for HVDC.

E. POWER ELECTRONIC CURRENT INJECTION
In the power electronic current injection circuit
breaker [47], [48], Fig. 10, during normal operation, current
flows in two mechanical breakers (fast switching vacuum
tubes), so called Hybrid Breaking units (HBU). This is con-
sequently a low-loss path. Once a fault is detected, a Pulse
Generator (PG) circuit using a thyristor is fired. This pulls
the point between the two HBU circuits below ground and
draws a large current. This reverses the voltage across the
HBU nearest to the fault (assuming some fault impedance and
hence voltage drop), and allows the HBU diode(s) to conduct.
The HBU switch(es) can then open at zero current. Damping
Branches (DB), and snubbers in the PG circuit, then limit
over-voltage and absorb energy to remove the fault current.

The PG capacitor is initially charged to the line voltage.
When the PG thyristor is fired, this builds current in the PG
inductor, until the PG capacitor starts to become reversed
biased. This starts to decrease the PG inductor current (in
an LC resonance) until eventually the PG thyristor is reverse
biased. At this point the PG capacitor is charged by the HBU
on the unfaulted side, the voltage on the capacitor rises until
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FIGURE 10. Power electronic current injection breaker.

FIGURE 11. ABB proactive hybrid circuit.

the voltage limiting device in the PG is triggered, which
reduces current in the HBU on the unfaulted side allowing
that switch to open at zero current. The additional isolation
switches needed for maintenance are not show in Fig. 10.

VI. THREE-BRANCH CIRCUITS
A. PROACTIVE HYBRID BREAKER
In the hybrid breaker proposed by ABB [49], Fig. 11, current
normally flows in a mechanical switch (called the ultra-fast
disconnector, UFD) and a power electronic switch (called the
load commutation switch, LCS). The normal conduction path
is low loss since the UFD is a mechanical device and the LCS
is only made up of a few power semiconductor devices and
hence has a low on-state voltage drop. In parallel to this is
a semiconductor ‘main breaker’ made of a series connection
of multiple power electronic switches, typically IGBTs with
anti-parallel diodes. In parallel to both of these is a voltage
limiting device, such as a metal oxide varistor.

When a fault is detected, or in proactive operation when
a fault is suspected, the main breaker is closed, and the
LCS switch is opened. The current transfers to the main
breaker, and the UFD can open – this means this mechanical
switch opens under effectively no current, and so can operate
quickly since it is not required to extinguish an arc. The
stray inductance in the circuit limits this transfer and so
design for minimal stray inductance is important [50]. Once
the voltage withstand across the UFD has been established,
the main breaker can open, and current is transferred to the

FIGURE 12. Inherently bidirectional proactive breakers.

voltage limiting devices which provide a counter voltage to
extinguish the fault current.

The ‘proactive’ aspect of this hybrid breaker arises from
the fact that current may be transferred from the UFD and
LCS to themain breaker if a fault is suspected. If the fault then
fails to materialize, current can be transferred back. The only
penalty is the extra losses and heating in the semiconductors
of the main breaker during the brief proactive period. The
significant advantage is that the mechanical circuit breaker
has longer to open and current has been transferred to the
main semiconductor breaker earlier, allowing (potentially)
a very fast opening time. It can also aid backup protec-
tion – should current to the main breaker fail, the proactive
operation allows a longer time for a back-up breaker to
operate [51].

Much of the delay of this type of circuit is the mechanical
switch opening time. Faster mechanical opening times are
associated with very significant increased energy require-
ments to actuate opening, and mechanical constraints may
limit maximum opening speed [52]. As for the purely
mechanical circuit breaker, an auxiliary circuit to force cur-
rent to zero in the mechanical switch may be used [52] at the
penalty of greater complexity.

Inherently bi-directional variants of the proactive concept
have also been proposed, as shown in Fig. 12. The State-Grid
Corporation of China (SGCC), Fig. 12(a) [53], [54], designed
a 200 kV version for the Zhoushan system (2kA nominal cur-
rent, 15 kA maximum break current). The load-commutation
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FIGURE 13. Current commutation drive proactive hybrid breaker circuit.

switch is a full-bridge circuit, allowing bi-directional conduc-
tion and circuit blocking. Normally all IGBTs in each LCS
circuit cell are turned on, and current flows in two parallel
branches of an IGBT and diode. Once the LCS blocks, the DC
capacitor is charged through the diodes and acts to transfer
current to the main breaker, much like the Proactive Hybrid
Breaker above. The main breaker is a series connection of
multiple full-bridge cells (connected in 50 kV units in [54]).
This allows bi-directional conduction and blocking.

The Zhangbei concept, Fig. 12(b), similarly uses a bidi-
rectional H-bridge circuit as the LCS [8]. The capacitor is in
series with a diode, meaning that it acts like a snubber circuit.
The capacitor charges through its diode and the IGBT antipar-
allel diodeswhen the switches turn off, limiting the rate of rise
of voltage across the switches. Similarly, the main breaker
path is formed by a series of bidirectional switches: each unit
consists of a rectifier bridge, which converts external current
in either direction to a unidirectional current applied to an
IGBT inside the rectifier. This IGBT can therefore be used
to switch bidirectional current. Again a capacitor and diode
limit the rate of rise of voltage across the switch when it is
turned off.

A further version of the proactive circuit uses a ‘current
commutation drive circuit’, as shown in Fig. 13 [55] instead
of an LCS. The thyristor fires when a fault is detected, dis-
charging the pre-charged capacitor, building up a current to
counter the main fault current and hence aid commutation of
current into the auxiliary circuit.

A variation of the hybrid breaker auxiliary circuit was
published by Alstom (now GE) using thyristors and a graded
voltage path in the main breaker [56], [57], Fig. 14. The LCS
opens, transferring current to time delaying branches. Thyris-
tors fire to insert initially a capacitor branch, which limits the
rate of rise of voltage according to the size of capacitor. Once
this capacitor has charged up to a set threshold, the second
time-delaying branch can be fired – since the capacitor in
this second branch is uncharged, current will preferentially
transfer to this path in the main breaker, commutating the first
set of thyristors. This allows different rates of rise of voltage
to be set for different parts of the commutation cycle. It also
allows for the voltages of the capacitors in these branches
to be less than the peak voltage of the breaker. Two timing

FIGURE 14. Alstom proactive hybrid breaker circuit.

FIGURE 15. Superconductor hybrid breaker.

branches are shown, but more parallel circuits may be used
if desired. Eventually, when the UFD has successfully turned
off, and the breaker is to be turned on, the ‘arming circuit’
is fired and current transfers to this capacitor. The capacitor
here is rated for the full blocking voltage, and voltage rises
until the extinguishing branch of voltage limiting devices
conducts to limit the voltage level. A number of variations
on this circuit have been proposed, for example [58]. Also
research has been undertaken to investigate other alternatives
to semiconductors to achieve the same function as the LCS,
for example the physics of constrained current flow in a liquid
metal switch [59].

B. SUPERCONDUCTING HYBRID BREAKER
In the simplest form of this breaker, the LCS element of the
proactive hybrid breaker is replaced with a superconducting
element (RSC) [60], [61], as shown in Fig. 15. During nor-
mal operation, the current flows in the mechanical switch
and superconducting element, which provides a very low
impedance path. The conduction loss in the superconducting
element, RSC, is negligible. Once the fault current rises above
a threshold (the quench current of the superconducting ele-
ment), the element stops being superconducting and becomes
resistive. The main breaker is turned on (if it has not been
proactively turned on before). The voltage drop across the
superconducting element acts like the LCS in a proactive
hybrid breaker: it diverts the fault current to the lower voltage
drop main breaker path. Since RSC is not a pure voltage drop
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but a resistance, the UFD has to open while a residual (small)
current flows through RSC. The fault current through the
mechanical switch is limited by the superconducting element
and therefore the current rating of the mechanical switch is
reduced compared with that in the proactive hybrid breaker
(VI.A). Once the UFD has blocked in the normal path,
the main breaker then opens, the voltage limiting devices
absorb the residual energy, and finally the isolation switch
opens.

In the superconducting hybrid DC circuit breaker, a key
advantage is that the superconducting element does not need
to withstand the system voltage across its terminals. The
superconducting element only needs to withstand a voltage
slightly higher than the voltage drop on themain breaker. This
greatly reduces the size requirements, and design complexity,
of the high voltage termination for the superconducting ele-
ment. Additional passive elements may be necessary to man-
age the voltage and current in the circuit, as well as manage
the design of the superconducting element – for example a
resistance in parallel (RP) with the element RSC. Normally
current flows in the superconducting element. When this
stops being superconductive, due to the fault current, some
current is diverted into the parallel resistance, reducing the
stress on the superconductive element. This parallel resis-
tance however would increase the residual current that the
UFD needs to interrupt.

In some circuits [33], [62] the main breaker is removed.
In this design the superconductive element and paral-
lel resistance reduce current sufficiently that a mechani-
cal circuit breaker is sufficient to break the DC current,
with a voltage limiting element to manage the voltage.
Further derivatives exist combining self-oscillation designs
with a superconducting element [33]. In this topology,
the superconducting element has to the withstand system
voltage and the high voltage termination is an essential
component.

C. INDUCTIVELY COUPLED HYBRID CIRCUIT
A further option for commutating from the normal to the
main breaker path is to use two magnetically coupled wind-
ings [63], [64], as shown in Fig. 16. During a fault, the sec-
ondary branch (N2) is switched on by closing the main
breaker switches. The mechanical switch, UFD, is opened
and the arc voltage provides a counter voltage. This voltage
and the magnetic coupling between N1 and N2 transfers
current to N2. The inductance of N2 is kept lower than
N1, so fault current then preferentially builds in the N2.
The voltage induced by this rising current helps reduce the
primary current. The challenge in this circuit is the com-
peting design constraints on the coupled inductance: low
self-inductance to aid commutation requires close coupling,
but the need to manage insulation between windings benefits
from spacing. Added to this is the need to ensure an appropri-
ate ratio of inductance between the primary and secondary.
A supplementary current limiting inductance may still be
needed.

FIGURE 16. Inductively coupled breaker circuit.

FIGURE 17. Auxiliary capacitor hybrid breaker circuit.

D. AUXILIARY CAPACITOR HYBRID CIRCUIT
A further variant of the hybrid design uses a charged capacitor
to divert current from the normal to the main breaker path,
as shown in Fig. 17 [65]. This avoids the need for an LCS
in the normal path and reduces losses. Current normally
flows through the UFD and disconnector. The capacitor in the
commutation circuit is precharged. To initiate breaker action,
the commutation circuit is fired, and the mechanical circuit
breaker is opened. The commutation circuit reduces current
in the mechanical breaker switch to zero. The main breaker is
closed and the commutation circuit turns off. The mechanical
disconnector is opened. Current transfers to the main breaker,
which can then be opened, transferring current to the arrestor
bank as for other designs. DB is a blocking diode to prevent
commutation current flowing back through the main breaker
diodes. A 9 kA breaker was demonstrated with a clearing time
within 3 ms [65] although only at reduced voltage.

VII. SUMMARY OF CIRCUITS
This article divides solutions for HVDC circuit breakers into
several main types, though some have been further developed
than others. A brief summary is given in Table 1. Solid-state
devices have not been included since they are presently at best
suitable for medium voltage applications. Superconducting
and inductively coupled devices have not been included since
they are still at an early stage of development. Other designs
have been proposed in one-off research papers, and may yet
provide a step-change in this technology.
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TABLE 1. HVDC circuit and examples.

Table 1 does not give operation times. This is because times
often vary with current, which in turn is affected by choice
of DC inductance, and a common measurement standard has
not been established for times quoted. For example: does the
breaking time include detection time? (Some tests do not
require detection, but have a triggered breaking instant). As a
general guide – the Pacific Intertie has a breaking time of
about 12ms given in its paper, the others have times of about
5ms or less quoted in their papers.

The field is evolving rapidly, and the ‘best solution’
may not yet have been invented. Technology disruptors
among sub-components may have a key role to play. These
sub-components are discussed in the rest of the paper.

VIII. COMPONENTS
A. THE MECHANICAL SWITCH
All mechanical and hybrid DC breakers use switches with
mechanically separable contacts to provide a galvanic barrier
in the open state, while providing a low loss conduction
path under normal operating conditions. Owing to the time
scale differences between electrical and mechanical systems,
the opening speed of the mechanical switch has a decisive
impact on the breaker isolation time. Therefore the use of
an ultra-fast actuator, paired with a robust mechanical switch
with excellent dielectric properties, is necessary to expedite
and warrant effective operation of hybrid and mechanical DC
breakers.

1) ULTRA-FAST ACTUATORS
Mechanical switch opening is one of the most time con-
suming tasks of an HVDC breaker operation. Isolation
times of milliseconds are often suggested as necessary to

FIGURE 18. Magnetic repulsion based actuators [75].

preserve network integrity in HVDC grids [67] and ultra-fast
actuator operation is a topic of utmost research impor-
tance [37], [39], [49], [68]–[71]. Given the stringent opera-
tional requirements in DC protection applications, magnetic
repulsion based actuation mechanisms have been the main
research focus in recent publications [69]–[75]. The most
common repulsion mechanism used is based on the Thomson
coil actuator (TCA) principle.

In its simplest form the TCA consists of spiral coil, with a
low number of turns, that interacts with a conductive plate or
armature situated in close proximity. To enable bidirectional
operation a secondary coil is usually added at the end of
the armature travel, as shown in Fig. 18(a). A transmis-
sion/insulation rod (to mechanically link the actuated device),
a latching mechanism (to keep the actuator in the open and
closed positions), a damping system, electric energy storage
and control ancillaries are also required for the proper oper-
ation of the device. To initiate armature displacement, a time
varying current is injected into one of the coils (typically by
capacitor discharge), thus producing a time varying magnetic
field. The time varying magnetic field induces eddy currents
in the conductive armature. Owing to the direction of the
induced currents, a repulsive magnetic force between arma-
ture and coil is produced. This operating principle allows
the construction of fast, compact and robust devices with
minimal moving components. Using this design, reaction
times of 100µs and opening speeds in excess of 20m/s have
been reported for low mass switches [72], [76] and unloaded
TC devices [71], [73]. However, for moderately loaded
actuators opening speeds in the 5-10 m/s range are more
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FIGURE 19. Moving coil actuator.

common [71], [77]. The main drawback of this mechanism
is the low efficiency, typically in the 5% range, and the
consequent relatively large ancillary components (such as
energy storage capacitors) that are required. Additionally,
the TC actuator is highly non-linear, thus the force on the
moving armature reduces in an approximately inverse square
law relationship with displacement.

The TC actuator’s poor efficiency is due to the increasing
separation between components as the armature moves away
from the coil. This separation weakens the magnetic link,
thereby diminishing the repulsive force [75]. In order to
increase the efficiency alternative, magnetic repulsion drives
have been suggested. A magnetic repulsion actuator using a
double sided coil arrangement, which does not rely on eddy
currents for operation, was proposed in [71], [75]. In this
arrangement two series connected flat coils are wound in
opposing directions and placed in close proximity. When
excitation is applied to the circuit terminals, as shown
in Fig. 18(b), the induced magnetic fields result in an oppos-
ing force, that drives the coils apart. This alternative design
exhibits a marked increase in efficiency over a TC (70%
higher), however the overall net efficiency of the design under
load remains low, less than 10 % [71]. Thus large capacitors
for energy storage are still a requirement. One important
drawback of this design is the need for an alternative actu-
ation mechanism to enable bidirectional displacement, com-
plicating the device. Given the low efficiency exhibited by
repulsion based actuation technology, actuators with different
working principles have been considered for applications
where ultra-fast actuation is required [78]–[81].

The moving coil actuator (MCA) consists of a moveable
coil immersed in a magnetic field produced by a firmly
fixed permanent magnet arrangement, as for example shown
in Fig. 19. When excitation is applied to the coil terminals a
force proportional to the injected current (Lorentz force) is
produced. The generated magnetic forces result in the move-
ment of the coil. The direction of coil movement is dictated by
the applied voltage polarity. Thus bidirectional operation of
the device can be easily achieved by voltage reversal. Further-
more, since the air-gap between the permanent magnets and
the coil remains constant during operation, this device is con-
siderably more efficient than repulsion based actuators [78].

Since the coil is the moving element, a relatively low
mass is displaced only. Moving coil type actuators can have

FIGURE 20. Moving magnet actuator.

sub-millisecond response times. By means of numerical sim-
ulations, the dynamic characteristics of the moving coil actu-
ator were found to be adequate for use in HVDC breakers
in [78]. However most of the actuator implementations in
DC protection schemes have been limited to medium voltage
applications [79], [80]. Thus their practicality for use in
HVDC breakers still needs to be demonstrated. In addition,
complexity and size of the MCA are considerable higher than
that of a TC with similar performance.

Another actuator design that has been considered for use in
ultra-fast applications is the movingmagnet actuator (MMA).
The MMA operation principle is similar to that of the MCA.
However, in this design the coil is firmly attached to a static
surface while the magnet is attached to a moving shaft,
as shown in Fig. 20. Due to the exceptional acceleration
required in HVDC applications, and the brittle nature of
permanent magnet material, the resilience of this kind of
device for use in HVDC breakers is questionable. In addi-
tion the displaced mass is in general larger than that of
an equivalent moving coil actuator, thus a longer reaction
time must be expected from a MMA compared to a MCA
when subject to similar excitation. The suitability of the
MMA for use as an ultra-fast actuator for MVDC protec-
tion was investigated in [81], [82], where the lower per-
formance of the MMA compared to a similar MCA was
confirmed.

As an alternative to repulsion driven actuators, hydraulic
actuators have been implemented in practical HVDC break-
ers [37]. The pneumatic/hydraulic actuator converts potential
energy, typically stored in the form of a high pressure fluid,
into linear mechanical motion. High speed valves allow the
pressurized fluid access to a cylindrical barrel, where a piston
connected to a transmission rod is pushed in the required
direction. An opening speed of 10 m/s and less than 3ms
response time were reported in [37] for a hydraulic actua-
tor driving a mechanical HVDC breaker. The ability of a
hydraulic system tomove a 10 kgmass over a distance of 2 cm
with a total response time approaching 2.5 ms, at hydraulic
pressures up to 340 atm, was reported in [83]. This type
of actuator requires a relatively large, robust and complex
mechanism in which to store the pressurized fluid and oper-
ate the auxiliary valves, making its installation and main-
tenance in remote locations difficult. Furthermore, similar
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FIGURE 21. Low mass ultra-fast switches [72].

performance figures are achievable using simpler electro-
magnetic actuators.

Given the limitations in efficiency exhibited by the TCA
there is a trend to integrate the latching mechanism [84], [85]
with the TC armature as part of the switch design in order
to minimize actuator moving mass [72], [76], [77], [86].
Many of these switches can be series connected for voltage
scalability [72]. Figure 21 shows linear and rotational switch
designs based on this premise.

Although system efficiency remains lowwith these designs
(around 5%), opening velocities of 30 m/s and 50 m/s were
reported for the linear and rotational devices, respectively,
using a driving energy of approximately 200 J [72]. With
this approach, moving mass is minimized. Hence, compared
with conventional switches operated by external actuators,
the switch reaction time is reduced and the operating speed
increases. However, these designs are aimed at medium volt-
age applications; thus scalability of the switch to HVDC lev-
els needs to be verified. The main challenge, when a number
of series connected mechanical switches are used to scale the
design to HV levels, is to achieve reliable synchronous oper-
ation of all switching elements; otherwise voltage sharing
between switch elements can be a concern. Uneven voltage
sharing may result in a restrike, and the current interruption
process failing.

2) SWITCHING MEDIA
Given the need for fast dielectric recovery, and high insu-
lation strength in HVDC breaker applications, Vacuum

Interrupter (VI) and Sulphur Hexafluoride (SF6) based
switches have been favored in practical HVDC breaker
designs [36], [49], [51], [37], [87], [88]. Air-blast [32] and
oil [89] breakers have also been used as dielectric media in
HVDC breakers. However these technologies have fallen into
disuse due to the superior dielectric properties of vacuum
and SF6 systems. VIs exhibit high dielectric strength while
SF6 switches possess superior post-arc insulation strength.
For these reasons the combined use of series VI and SF6
interrupters (hybrid switch) has also been suggested as a
means to combine the most advantageous properties of each
media [90]–[92]. Nevertheless in prototype HVDC break-
ers a single technology is often used, this is in order to
avoid transient recovery voltage (TRV) sharing problems.
If the TRV share is disproportionate between interrupters,
the switch with the highest voltage may experience an arc
restrike. It should be noted that due to its superior insulation
strength over vacuum SF6 has been preferred for voltages
above 300 kV; the 320 kV hybrid breaker in [51] uses SF6
as the insulation media in the mechanical switch.

For medium voltage, VI is the dominant switching tech-
nology. Compared with other mechanical switching devices,
relatively small gaps are necessary for effective voltage iso-
lation; resulting in a compact design and a small moving
mass. The combination of these desirable properties allows
for a relatively low energy input requirement for its opera-
tion. At medium voltages the VI’s breakdown voltage gap
characteristic exhibits a linear relationship. However, as the
voltage requirement increases, this linearity is lost due to
loose electrode micro particles, as indicated in Fig. 22 [93].
In order to extend the usability of VIs to higher voltage levels
series connected VIs are often used.

As noted above, for higher voltage levels SF6 exhibits
a superior dielectric strength than vacuum [93], Fig. 23,
enabling a more compact switch design. However SF6 has
been identified as a greenhouse gas and due to environmental
concerns its use is highly restricted, and alternative strate-
gies to minimize or eliminate it are being developed. For
instance, high voltage SF6 free VIs, up to 145 kV, have
been developed [94]; however VI technology use at higher
voltages is limited due to cost [95]. Another alternative is
to combine SF6 with other gases, such as N2, resulting in a
significant reduction in the use of SF6, while preserving its
dielectric properties to some extent [96], [97]. From the exist-
ing mechanical switching technologies only vacuum and SF6
(alone or in combination with other gases) switchgear seems
able to fulfil the requirements for use in hybrid/mechanical
HVDC breakers.

3) GAS-DISCHARGE TUBES
Recently interest has rekindled on the use of gas-discharge
tubes as mechanical switches [98]. This, also known as a
crossed field switch tube (CFT), is a magnetically control-
lable gas discharge device in which the ambient pressure is so
low than an externally generatedmagnetic field is required for
a discharge to be sustained [99]–[101]. In a CFT conduction
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FIGURE 22. Vacuum breakdown voltage gap length characteristic [93].

FIGURE 23. SF6 and vacuum dielectric strength [93].

is possible only if a magnetic field of sufficient strength
is applied in a direction perpendicular to the electric field
between the electrodes. Thus the removal of the magnetic
field will cause the discharge to quench and current flow to
cease. Individual and series connected CFTs with a voltage
recovery rate around 1-1.5 kV/µs were tested at 100 kV, 1 kA
and interruption times of 10 µs were reported [99]. Based on
this device HVDC breakers were proposed in [102], [103].
However due to thermal and pressure issues the conduction
time of CFTs is limited.

B. THE INDUCTOR
A reactor is typically placed in series with the DC circuit
breaker in the DC grid, which is used to limit the rate of rise of
the fault current. It is also called the current limiting reactor.
A dry-type air-core reactor is normally used to avoid satura-
tion of the magnetic core [104]. The dry-type air-core reactor
is environmentally friendly and requires little maintenance.
The inductance of the current limiting reactor is determined
by the DC system voltage, the main breaker maximum inter-
rupting current, the MMC blocking current, the fault detec-
tion and interruption time.

The transient fault current is effectively reduced with a
larger current limiting reactor, which allows the DC cir-
cuit breaker to have longer time to clear the fault [8]. The
reactance is in the range of tens of mH to a few hundred
mH depending the HVDC grid voltage [8], [105]. However,
the current limiting reactor causes conduction losses and also
poses control challenges in the DC grid, which may affect
stability of the DC grid [19]. The current limiting reactor also
can affect the behaviour of hybrid DC circuit breaker. The
impact of the current limiting reactor on the hybrid DC circuit
breaker is discussed in detail in [105]. The current limiting

reactor can cause overvoltage of the DC circuit breaker after
fault interruption. A sudden rate of change of fault current,
will generate a large voltage across the DC reactor. This
overvoltage added to the DC grid voltage will be applied
to the DC circuit breaker when the varistor is absorbing the
energy from the system.

Dry-type air-core reactors for HVDC transmission sys-
tems normally use cylindrical coils. The parameters con-
sidered when designing and testing the dry-type air-core
reactor include the inductance, losses, temperature rise of
the DC reactor [106], [107]. The inductance of a single
layer air-core inductor can be estimated using the following
equation [108]:

L =
0.001N 2d

114d + 254l
(3)

where N is the number of turns, d is the diameter of the coil,
l is the length of the coil (>0.8 radius). When the length of
the coil is longer than the diameter of the coil, the inductance
of the reactor can be further simplified using the inductance
of a solenoid coil:

L =
µ0N 2A

l
(4)

where µ0 is the permeability of free space (a vacuum), N is
the number of turns, A is the cross-sectional area, l is the
length of the solenoid coil.

Dielectric tests and short-circuit withstand tests have to be
considered in the design process [106], [107]. The electric
field distribution under fault conditions needs to be analyzed
to make sure that the maximum electric field is lower than
the dielectric strength of the insulation materials. Also the
electromagnetic force needs to be investigated to confirm
the mechanical integrity under short-circuit fault condition.
The electromagnetic force on the conductor follows the
Lorentz force law:

F = Il × B (5)

It should be noted that the electromagnetic force is propor-
tional to the current squared as the magnetic field flux den-
sity also increases with the current. Typically, commercially
available dry-type air-core reactor windings are made of large
number of aluminum conductors connected in parallel [109].
These conductors are mechanically immobilized and encap-
sulated in epoxy impregnated fiberglass filaments to enhance
the mechanical strength [109]. The dry-type air-core reactors
used on HVDC transmission systems are then mounted on
insulators rated for the full system voltage, basic insulation
level (BIL), and creepage requirements [106], [107].

The DC reactor has also been proposed for use as a means
for fast and accurate dc fault detection in a meshed multi-
terminal HVDC grid [110], [111]. The rate of change of the
voltage across the DC reactor is compared with predefined
protection voltage thresholds.

In a multiterminal DC grid, there are two options for
the locations of the reactors: a centralized configuration
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where one reactor is placed next to each MMC con-
verter and a distributed configuration where one reactor is
placed on each end of the DC transmission cable [8]. The
Zhangbei 500 kV HVDC grid uses a distributed configu-
ration of DC reactors rather than a centralized configura-
tion as the equivalent loop reactance is higher in the first
case [8].

C. THE LOAD COMMUTATION SWITCH
The load commutation switch is used to transfer current from
the normal conduction path to the main breaker. It must
have low losses, a fast switching speed and high reliability.
An excellent summary is given in [112].

Typically a fast semiconductor switch is used, for exam-
ple IGBTs or equivalent devices. An IGBT can conduct in
one direction (the direction of the arrow in Fig. 24(a)). The
design also only blocks a high voltage in one direction, from
collector (high voltage end) to emitter. Since the IGBT can
only carry current in one direction, and can only block a
low voltage in the reverse direction, a diode is added in
parallel allowing current conduction in the reverse direction
(i.e. in ‘anti-parallel’) in Fig. 24(a), and to protect the IGBT
from reverse over-voltage.

For a bidirectional switch therefore, a more complex
design is required than just a single switch. Fig. 24(b) shows
one such example [112]: each IGBT is responsible for car-
rying current in one direction - S1 for current left to right for
example. An extra diode is required in series with each switch
to block voltage in the reverse direction: D1 blocks reverse
voltage across S1, and prevents D1a conducting, when cur-
rent is being controlled by the IGBT switch in the other
direction. The snubber design to limit overvoltage across the
device is complex – conventional designs can cause problems
due to oscillation of the snubber capacitance with the stray
inductance of the circuit and impact on the speed of the UFD,
so more complex designs like Fig. 24(b) are required [112].
Full bridge circuits, as shown in Fig. 12(a), can also be used,
though the increased number of series devices may affect
conduction losses.

IGBTs have limited peak current carrying and voltage
withstand capabilities, with present commercial devices
being in the order of several kV and pulsed currents of several
kA. For a LCS, a single device would typically not offer
sufficient reliability or rating and so the use of several in series
and parallel has been proposed. In [49], based on a 4.5 kV
StakPak IGBT, a 3-by-3 grid device as shown in Fig. 24(c)
was developed. The voltage design required that over-voltage
due to stray inductance be considered and a snubber to limit
dv/dt be included. To generate enough voltage drop, two
devices in series were required (in a test circuit with four
80kV main breaker modules in series, see VII.D). To carry
sufficient current, two devices in parallel were required. To
allow redundancy an extra series and parallel layer were
added forming a 3-by-3 grid. Cooling design was based on a
2-by-2 arrangement carrying current (which results in higher
power loss per device) [112].

FIGURE 24. Load commutation switch elements.

In addition the LCS must be designed for various failures
of other parts of the breaker circuit. Fig. 24(c) for example
does not show supplementary over-voltage protection.

D. MAIN SEMICONDUCTOR BREAKER
The semiconductor ‘main breaker’, if used, must carry and
break full fault current. It must also withstand the peak
voltage applied both by the energy absorbing branch and
during any transient which may occur while the breaker is
blocked, but has not been isolated from the remaining HVDC
system by its isolation switches. Typically it is designed for
voltages in excess of 1.5 p.u. [51]. Like the LCS, the main
breaker is made of series devices, for example as in Fig. 25,
and if necessary parallel devices. The challenge is thus to
ensure equal voltage sharing (series) and current (parallel)
between switches. Typically the main breaker is modularized.
As an example [112] uses 80 kV modules able to interrupt
current in either direction, made of 40 IGBT switch modules
in each direction. This also allows the main-breaker voltage
to be adjusted, if necessary, by inserting all or fewer mod-
ules [113]. The use of press-pack devices, ensures failure to
a short-circuit if one IGBT fails [51].

Series connection of IGBTs is not straightforward.
If turn-on or turn-off rates vary, voltage sharing is not equal
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FIGURE 25. Proactive hybrid circuit – main breaker detail.

during transients, potentially damaging devices. In the off-
state, if leakage currents and device capacitances and/or
resistances are poorly matched, again voltage sharing may
be hard to achieve. The literature gives a good review of
this quite complex subject [114]–[116], so the detail will
not be repeated here. Typically series connected systems
use matched devices with some auxiliary passive circuits to
assist voltage sharing, where possible. Ideally devices from
one production lot would be used to achieve the smallest
parameter variation, although close matching of devices in
every detail is often impractical [117]. Care must be taken
to ensure gate drive pulses are delivered to ensure switch-
ing signals are as close to identical as possible, which also
means gate lead inductance must be kept as similar as pos-
sible. Heating and cooling too ideally would be closely
matched to keep device temperature and therefore device
resistances, as closely matched as possible. To minimise volt-
age (Ldi/dt) stress during switching, connection inductance of
the switches must be kept low.

Classically, resistors would be placed in parallel with series
connected IGBTs to aid static voltage sharing. Since the main
breaker is typically used in a hybrid circuit arrangement,
it would turn-on at nearly zero voltage and so a turn-on
snubber would not be necessary. A combination of resis-
tances, capacitances and diodes (snubbers) would be used
to ensure voltages are equalized across series devices during
turn-off. However the fast switching of IGBTs may make
this more difficult than for slower switching devices [115].
More modern approaches used control of the gate signals
to equalize voltages using active feedback [118], though
voltage balancing during the ‘tail time’ of turn-off, when
devices are switched off, cannot be balanced by most active
control methods, and the use of small snubber circuits may
be unavoidable [114]. In any case, main breaker units would

need over-voltage protection, and it may be appropriate to
combine overvoltage protection (section E) and main breaker
modules (see Fig. 13 for example). It should be noted that all
these components take up space. All have manufacturing tol-
erances, which may be significant, especially for capacitors,
and maymake high precision design of snubbers challenging.

Paralleling devices can be problematic, since devices will
have different on-state resistance and voltage drops even if
closely matched [114]. Even if devices are closely matched,
lead inductance and resistance will affect this transiently and
in steady-state. Other factors which can have an important
effect include device temperature, which varies resistance,
as well as emitter-ground parasitic inductance [114]. Meth-
ods to manage this include [114]: derating parallel devices,
to allow mismatch – static derating dominates in this consid-
eration; adding series resistance to balance any mismatches
(which leads to higher losses); closed loop gate drive con-
trol. The complexity of balancing parallel devices, mean that
paralleling devices is typically avoided where reasonably
possible.

Lastly the breaker will need to be designed for a succession
of recurrent operations in case the first is not successful.
Reference [113] suggests design for three restart attempts,
where the arrester energy handling capability is a key factor.
Despite this, it is suggested that cooling of the main breaker
devices is not necessary if they are used in a hybrid breaker,
as they do not normally carry current [113]. This of course
potentially limits the amount of time that current can be
proactively transferred to the main breaker.

E. OVERVOLTAGE PROTECTION
Most DC breaker designs rely on metal oxide varis-
tors (MOVs) to limit over-voltages and dissipate the asso-
ciated energy [39], [49], [33], [119] though there are
proposals for devices without them. MOVs are devices
with high energy handling capability and voltage clamping
properties [120]–[122]. They carry very little (leakage) cur-
rent until a threshold voltage is reached, above which large
current flows (up to a high maximum current density),
as shown in Fig. 26. MOVs are highly suited for protection of
the solid-state components present in hybrid and solid-state
breaker designs, and for energy absorption. Devices can be
put in series and share voltage well, however paralleling them
is more complex and requires considerable care in finding
suitable matching MOVs.

The speed at which a MOV can dissipate energy depends
on the energy handling capability of the device. Energy han-
dling capability is defined as the amount of energy that the
varistor can absorb before it fails [120]–[122]; this capa-
bility is directly related to the device volume [122], [123].
It is clear that for HVDC breaker applications, the faster
the operation of the breaker switches, the smaller the energy
handling requirement of the MOV, all other things being
equal. Furthermore, for the MOV to operate without failure
or degradation, the absorbed energy must be quickly dissi-
pated. However in practice the energy and power dissipated
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FIGURE 26. Metal oxide varistor characteristic (based on [120]).

must be limited to avoid failure and long term degradation
of the MOV electrical properties [122]. The most common
MOV failure modes include thermal runaway, puncture and
cracking [120].

The response time of a varistor, the time required for the
device to respond to a transient overvoltage to provide voltage
surge protection, is in the range of 40-60 ns for conventional
devices, although faster reacting varistors [124] have also
been developed. Their layout, whether in parallel to the device
being protected or to ground, also affectsMOV system behav-
ior [125], [126].

The use of a varistor results in degradation of the
device [127]–[129], noticeable particularly in a moderate
increase in the leakage current [127] and a moderate decrease
in current for high applied voltages [129]. These changes
are however ‘acceptable’ [129] for DC breaker applications.
Environmental conditions too play a role in the aging process
of MOVs [130].

The calculation of energy absorbed by the varistor is com-
plex and depends on the AC grid, the DC grid, and con-
verter parameters. Required converter behavior also plays a
role [131]. There is also a complex interplay with the design
of the effective DC inductance: a larger inductance results in a
lower peak fault level, but can result in a longer fault detection
time. An increase in inductance may (or may not) result in a
higher amount of energy to be absorbed [131]. An excellent
summary is given in [132].

Research on this component is limited – and recent work
has highlighted that MOVs should be chosen with care [129]
– it is clear that this component would benefit from further
research.

F. BALANCE OF SYSTEM PLANT
The overall design of the circuit breaker is complex and
all issues cannot be adequately covered in a short review
article. Key aspects which the designer should bear in mind
in addition to main system components are:
• Cooling of power semiconductor switches, particularly

for components that carry continuous current needs to be
taken into consideration – it is not just conduction losses of
the LCS, but also losses in the cooling system and their reli-
ability that must be evaluated [50], [113]. This system must

either sit at the voltage of the breaker, or suitable isolation
must be achieved.
• The point of adding the circuit breaker into the HVDC

circuit is to increase the overall system reliability. However
the circuit breaker itself is a complex component with a reli-
ability less than 100%: adding it should not decrease overall
system reliability or (at least system availability). These has
important implications for the choice of sub-system compo-
nents and design for redundancy and failure.
• The designs shown have been mostly been unidirectional

breakers for one line. Research has been undertaken intomak-
ing them bidirectional and reducing component count, as well
as allowing components to be shared between breakers on
adjacent lines. A good summary is given in [50], in essence
either two unidirectional breakers are necessary (one for each
current direction), or parts of the circuit must be converted
into an H-bridge, or put into an external rectifier block (see
for example Fig. 12). Recent research papers are also starting
to propose multi-port breaker designs which add additional
capability (such as current flow control). Again [50] provides
a good summary.
• A considerable amount of research has been undertaken

into the use of auxiliary fault-current limiting (FCL) devices
to further reduce the rate of rise of fault current and to absorb
some of the fault energy, therefore reducing the power dissi-
pation in the energy absorption branch. An example is [133]
where a resistive FCL is added to the main breaker path. The
above point on reliability needs to be considered here.
• Supplying power to components is a key factor – most sit

at the voltage of the breaker. Some components (the mechan-
ical switch) require a large amount of energy in a short space
of time. Here storage is an option – but this must be sized
bearing in mind the potential need for repeated operation in a
short space of time.
• Instrumentation, sensors and communication must also

be considered – indication of faulty components is required,
and the need for potential remote operation should be con-
sidered. The complex issue of detection thresholds versus
discrimination of faults and robustness against maloperation
is a highly complex subject which would benefit from further
research.

IX. CONCLUSION
This article has given a review of the main concepts in HVDC
breakers, the main contenders for circuits and has described
the key sub-assemblies and technologies. An extensive refer-
ence list is given. The topic has evolved rapidly in the last few
years with multiple solutions now available. The emergence
of real-life multi-terminal systems (Nan’ao, Zhoushan and
Zhangbei) will undoubtedly spur further research and devel-
opment.
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