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Abstract: Mechanical circuit breakers (MCBs) are the limiting component for current injection HVDC circuit breakers. Improving
their interruption performance reduces requirements for capacitance and inductance needed in the injection circuit and thus
space use and costs. Higher performance can be achieved by creating a period of low current gradient before zero crossing in
the MCB, e.g. by using a saturable inductor (SI). In this paper, the impact of duration and steepness during the low current-
gradient phase is linked to arc parameters of the investigated model gas circuit breaker. It is shown in a scaled experimental
setup that an optimum design of the SI can be derived from arc time constant and interruption limits for constant current
gradients. This optimisation results in a considerable increase of interruption performance. The feasibility of implementing an SI
in a full-scale HVDC circuit breaker is demonstrated using simulations. Using an improved injection scheme, the stresses for the
MCB can be reduced significantly. Consequently, the injection circuit components can be scaled down, making the topology
more economical. The reduced interruption requirements might also make it possible to use a single gas interrupter instead of a
series connection of vacuum interrupters, reducing the complexity of the mechanical switch.

1 Introduction
The safe and reliable operation of multiterminal high voltage DC
(HVDC) grids requires a sophisticated protection system. The
interruption requirements in such systems differ fundamentally
from HVAC grids [1, 2]. Due to the absence of a current zero
crossing, fault currents in HVDC systems cannot be interrupted by
mechanical circuit breakers (MCBs) alone. Additionally, the
converters in HVDC systems are considerably less tolerant to surge
currents than AC transformers. For typical HVDC systems, this
requires fault neutralisation times in the single digit millisecond
range [2]. While power electronic switches can easily meet these
requirements, their on-state losses are considerably higher than
those of mechanical switches.

To cope with these requirements, a large number of circuit
breaker topologies with different properties has been proposed [3–
8]. The vast majority of these breakers consists of three parallel
paths, the nominal current path (NCP), the current commutation
path (CCP) and the energy absorption path (EAP). In the closed
state, the current is conducted via the NCP, either using an ultra-
fast disconnector or a MCB, which is optimised for low conduction
losses. In case of a fault, the current is commutated into the CCP,
where the counter voltage is build up to stop the current flow.
Overvoltages due to inductive energy, which is stored in the
system, are limited by the surge arrester (SA) elements in the EAP.

If an MCB is used, an artificial current zero crossing has to be
generated in the NCP within a short time. To realise this, an active
current injection scheme can be used. In this case, the CCP consists
of a pre-charged capacitor, an inductor and an activation switch.
Once the fault is detected and the MCB in the NCP has reached a
sufficient contact separation, the activation switch is closed,
initiating a current flow through the NCP in the opposite direction,
eventually leading to a current zero crossing.

A key factor for the interruption performance of a current
injection topology is the mechanical opening time as well as the
interruption capability of the MCB [8]. Using a switch with shorter
mechanical operation time, the peak current can be limited and thus
stresses on equipment reduced. Additionally, a high interruption
capability of MCBs, i.e. the ability to successfully interrupt faults
with high current gradients before and high voltage gradients after
zero crossing, allows to reduce capacitance and inductance in the

injection circuit and thus minimise cost. Due to their high voltage
withstand capability for small gap distances and high interruption
capability compared to gas circuit breakers (GCBs) [1], vacuum
circuit breakers (VCBs) can be used [2, 9, 10]. However, VCBs are
limited in their voltage withstand. In AC, they are typically used in
medium voltage applications. In recent years, research has pushed
these boundaries and first results for single-break prototypes for
voltages above 100 kV have been published [11, 12]. For the
proposed operating voltages in future HVDC grids, however, a
series connection of VCBs is required, which comes at the cost of
mechanical complexity. GCBs have superior dielectric properties,
which is the reason for their dominance in high voltage
applications. For a GCB, a single unit would be sufficient, however
at the cost of having a larger LC circuit to cope with the lower
interruption capability.

Interruption limits (for GCBs and VCBs) depend on both
current profile before and voltage profile after current zero. The
current before zero crossing determines the conductance of the arc
plasma and thus the probability of interruption and reignition after
zero crossing, when voltage builds up. For a successful
interruption, a low conductance of the plasma at and after current
zero is desired.

For this reason, attempts have been made to reduce current
gradient immediately before zero crossing. A promising option is
the use of a saturable inductor (SI) in series with the MCB. For
currents above a certain threshold, the SI is in saturation and thus
has a low inductance. When the current approaches zero shortly
before the interruption, the core of the SI de-saturates, drastically
increasing its inductance. This reduces the rate of rise of current
shortly before zero crossing (RRCCZ − ) to decrease the stresses for
the MCB. Additionally, the rate of rise of voltage after current zero
(RRVCZ + ) is reduced by the additional inductance.

The idea to improve interruption performance by adding a SI in
series with the MCB has already been around in an early phase of
the development of HVDC circuit breakers [9, 13–16]. Greenwood
and Lee [3] discussed the effects of reducing both rate of rise of
current before and rate of rise of voltage after zero crossing on a
theoretical basis. Experimental data supporting the hypothesis that
a SI influences the interruption performance of VCBs has been
published by several authors [13, 14, 17, 18]. A comprehensive
study by Yanabu et al. [14] shows the impact of different SIs on
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rate of change of current and voltage around zero crossing.
Findings of Niwa et al. [17] also allude that the duration of the
period of low current gradient has an impact on the interruption
performance of VCBs.

By using experimental methods, this paper shows that
performance improvement is possible for GCBs as well. With the
obtained data, arc time constant and interruption performance for
constant current gradients can be linked to the interruption
performance when introducing a period of low current gradient
before zero crossing. It is demonstrated that an optimum design of
the SI for GCBs can be derived from that, once arc time constant
and interruption performance for constant current gradients are
known.

Based on the experimental findings, an optimised current
injection topology employing a SI is presented. Using simulations,
the feasibility of the design for HVDC systems as well as its
advantages compared to a regular LC injection circuit are
illustrated. Using the described system, the necessary capacitance
in the current injection circuit can be minimised and the costs
reduced.

2 Dynamic characteristics of the arc
The interruption performance of a GCB is dependent on various,
complex processes in the arcing chamber. Of major importance is
conductance and thus geometry and temperature profile of the arc.
This is largely influenced by gas flow and energy exchange
between arc plasma and surrounding material, e.g. ohmic heating,
radiative and convective cooling as well as nozzle ablation. In
steady-state conditions, heating and cooling are balanced. For
current interruption, a zero crossing, i.e. a changing current, is
required, and during this transient change of current, heating and
cooling are not balanced. With decreasing current, the ohmic

heating changes, as well as the cooling due to changes in
temperature profile and geometry of the arc. However, these
changes are not instantaneous, and each of the cooling mechanisms
can be associated with a time constant, describing the inertia of the
respective process (e.g. change of plasma or wall temperature,
decrease of arc radius) [19, 20].

As a consequence, the success of interruption is not only
dependent on the current gradient at zero crossing (or any other
single point in time), but rather on the development of the current
in a certain period before zero crossing. The same applies for the
voltage after zero crossing. The duration of this time period is
dependent on heat balance and thus on the time constants of the
specific GCB design that is investigated. In case the current
(voltage) is linear for the relevant period, interruption performance
can be related to the rate of change of current (voltage) before
(after) current zero, as is commonly done in AC applications [21,
22].

Cao and Stokes [19] find that the dominant time constant can be
attributed to radiative cooling. Consequently, if the current slope
can be decreased before current zero for a duration in the range of
this time constant, the interruption performance can be expected to
increase. If the period of low current gradient lasts for five times
the time constant or longer, the interruption performance is
assumed to be comparable to a linear current with the same
gradient (as an exponential transition process is assumed).

2.1 Model GCB

In the presented study, a model GCB was used, which is depicted
in Fig. 1. It consists of a set of fixed arcing contacts, embedded in a
nozzle. A gas flow for cooling is established by discharging three
gas reservoirs into the arcing chamber. For the conducted tests, air
at a pressure of 6 bar is used. The arc is initiated by an ignition
wire. 

2.2 Experimental method to determine the arc time constant

To determine the arc constant under relevant low current
conditions, a flexible pulsed direct current source is used [24, 25]
(cf. Fig. 2). This consists of three independent buck converter
modules that can control their output current by applying the
output voltage across a pre-set inductor. 

To determine the time constant of the model GCB, a quasi-
constant current is generated by one module to set the operating
point, using the maximum inductance of 4.5 mH. The arc is then
excited using current pulses of triangular shape, generated by a
second module with 0.2 mH as inductance. The third module is not
used. To achieve falling current slopes (which are solely
determined by load voltage and module inductances) that are
similar to the rising slopes, a 1.3 Ω resister was placed in series
with the model GCB, and the charging voltage of the capacitors
was reduced to 2000 V. The voltage across and current through the
model GCB for an example measurement is illustrated in Fig. 3. 

The evaluation of the arc time constant is based on a
generalised Mayr model for a dynamic arc (cf. (1)) [26]. In this
equation, g(t) describes the arc conductance, τ its dominant time
constant, i(t) the current and u(t) the voltage. P(g) is the cooling
power, which is considered to be a function of the conductance (as
opposed to be constant in [26]). Due to the limited excitation from
the operating point and the low duration of the current pulses, the
arc time constant is considered constant and the cooling power is
considered to be linear with the conductance

ġ(t)
g(t) = 1

τ
i(t) ⋅ u(t)

P(g) − 1 (1)

To determine the linearised P(g) relationship, two fix points are
needed. One can be found in the steady state before the current
pulse is injected. The second fix point for Pmax(gmax) as well as τ
are determined using a least square error optimisation, comparing
to the conductance based on measured current and voltage.

Fig. 1  Model GCB used in the presented study [23]
 

Fig. 2  Flexible pulsed current source used for investigating arc time
constant [25]
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2.3 Arc time constant for the tested model GCB

Fig. 4a illustrates the current through the model GCB during a
single current spike as well as the arc voltage and the resulting
conductance. The current measurement is used to determine τ with
the described algorithm. 

As expected, the injected current shows a steep, quasi-linear
rise of about 8.8 A μs−1 for ∼10 μs. The oscillations that accompany
the beginning of rise, peak and end of the injected current are
caused by the switching operation of the used semiconductors. The
ripple introduced by the two switching actions has a small
amplitude and high frequency compared to spike and thus is
expected not to influence the results. Comparing current and
conductance, it becomes apparent that the arc diverges from its
static voltage–current characteristic, as peak conductance is
reached about 10 μs after peak current. This indicates that the
selected parameters for the injected current are reasonable.

The distribution of the resulting time constants from all spikes
at ∼140 A base current, the lowest available current level, is
illustrated in Fig. 5. The distribution is centred around 5–6 μs. This
compares reasonably well to investigations by Cao and Stokes
[19], who determined a median of 4.75 μs for an ablation arc with a

similar length in PTFE. Chapman and Jones find similar values,
ranging from 3.5 to 10 μs using an air blast circuit breaker [20].
Other sources also find values in the few microsecond range [27–
29]. Considering the exponential characteristic of the process, this
means that the arc would take about 25–30 μs (5τ) to adapt fully to
the new conditions, if current instantaneously changes from one
value to another. Similarly, the interruption performance of
different wave shapes should be comparable, as long as the current
is kept at a common trajectory for a duration of at least 5 ⋅ τ before
zero crossing (taken that voltage after current zero crossing
develops identically). 

3 Interruption performance test circuit
To determine the interruption capability of the model GCB, an LC
test circuit is used (cf. Fig. 6). Amplitude and arc duration can be
influenced by adapting inductance, capacitance and pre-charge
voltage. In parallel to the device under test, a snubber circuit is
connected that can be used to influence the rate of rise of voltage
after interruption. More information regarding the setup and used
GCB can be found in [23]. 

Both the inductance of the air coil inductor (L) and of the SI
(LSI) can be adjusted by changing the number of turns and, for the
SI, the air gap in the core.

4 Design of the SI
To verify the assumption that the arc fully adjusts to new
conditions within 5τ, the impact of the current wave shape shortly
before zero crossing needs to be investigated. For that purpose, a SI
is developed and a test bench is used to compare the interruption
performance of the model GCB for currents with and without an
additional period of low current gradient.

The design of the SI is focused on reducing (di/dt) that exceeds
the interruption capability of the GCB to a value below the
threshold for successful interruption for the optimum time duration.
This is visualised qualitatively in Fig. 7, using a simplified two-
state model. The saturation current (Isat) marks the level, above
which the SI acts as an air coil. Consequently, in this region, the
rate of change of current (di/dtsat) is high. Below saturation current,
inductance of the coil increases considerably, leading to a period of
low current gradient (di/dtnon − sat) with a duration Δt to facilitate
interruption at current zero. 

As discussed, the duration of the period of low current gradient
needs to be sufficiently long for the arc to adjust to the new

Fig. 3  Current and arc voltage during measurement to determine arc
constant Δt

 

Fig. 4  Close-up of a single spike, used to determine arc time constant τ
(a) Measured current and voltage of a representative current spike, (b) Conductance
calculated from measured current and voltage (Gcalc) and fitted using the described
algorithm (Gfit)

 

Fig. 5  Histogram of the calculated arc time constant τ for a base current
of 140 A from a total of 115 spikes

 

Fig. 6  Setup to determine interruption performance of MCB, including a
adjustable air core reactor (L) and a tuneable SI (LSI)
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conditions, characterised by the arc time constant (τ). However,
increasing the duration of this phase requires a higher saturation
current, which in turn requires a larger inductor core volume,
increasing space use and costs. To determine the ideal duration of
the period of low current gradient for the model GCB, a flexible
inductor design is required.

4.1 Dimensioning

The rate of rise of current in the MCB when clearing a fault in a
current injection circuit breaker at zero crossing is defined by the
superposition of fault and injection current. The injection current is
the result of the pre-charged capacitor discharging into the
inductance of the CCP (and NCP) branch. If the arc voltage is
neglected, it can be assumed proportional to the capacitor voltage
divided by the loop inductance

di/dtMCB = uc(tCZ)
L + di/dtfault (2)

Here, uc is the injection capacitor voltage and L is the loop
inductance.

In the test circuit, described in Section 3, this corresponds to the
voltage across the capacitor divided by the sum of L and LSI.

The inductance of a SI in the non-saturated state can be
approximated for a single-layer coil by using the following
formula:

LSI, non − sat = μ0AEN2

δ + lE(μ0/μE) (3)

Here, AE is the core cross-section, N the number of turns, δ the air
gap length, lE length of the magnetic path in the core and μE the
core permeability. The saturation current for a core material with
the saturation flux BS is given by

Isat = NBSAE
L = BSδ

Nμ0
(4)

The period of low current gradient can be approximated by

Δt = Isat
di/dtnon − sat

(5)

From these equations, a dimensioning can be derived for a specific
set of parameters (di/dtsat, di/dtnon − sat, Δt).

4.2 Design verification

In the presented case, a tapped inductor with adjustable air gap is
selected to be able to realise a variety of combinations regarding
mentioned parameters. For a more compact and economic design, a
multi-layer coil is used (Table 1). 

Using a power choke tester (ed-k DPG10-1000A), the designed
inductor is characterised. A number of example measurements with
varied parameters is illustrated in Fig. 8. Adjusting air gap and
number of turns makes it possible to set saturation current and
unsaturated inductance value over a wide range. 

A side effect of changing the number of turns is that the
inductance of the coil is not only changed in the non-saturated, but
also in the saturated state. To avoid an undesirable influence on the
rate of rise during high currents (di/dtsat) when changing from
linear inductor to SI, an adjustment of the linear inductance in the
test circuit can be performed.

While the transition between non-saturated and saturated region
happens in a rather narrow window, it is still not ideal and
immediate. Hence, for the definition of the duration of the period
of low current gradient, a transition point has to be defined (i.e. the
saturation current). In this paper, the current that corresponds to an
inductance value in the middle between non-saturated and
saturated state is used (cf. (6))

LSI(Isat) = LSI, non − sat + LSI, sat
2 (6)

The period of low current gradient can then be defined as the time
between reaching the saturation current and current zero crossing.
While different definitions are possible (e.g. reaching 90% of the
non-saturated inductance value), they do not impact the general
trends presented in this paper.

Fig. 9 illustrates example measurements using the described SI
and the LC test circuit. This example shows that using the correct
settings, it is possible to conduct variations of one of the three
parameters (in this case Δt), while keeping the other two
(di/dtnon − sat and di/dtsat) fixed. 

Fig. 7  Influence of SI on current in the MCB. Isat: saturation current of SI,
Δt: period of low current gradient

 
Table 1 Parameters of the SI
Component Value
N 35–225
AE 30 cm2

δ 0.1–4 cm
BS 1.5 T
 

Fig. 8  Example of the inductance characteristic of the designed SI as a
function of current for different number of connected turns for fixed air gap
(δ = 10 mm)

 

Fig. 9  Design verification: parameter variation of Δt, while keeping
di/dtnon − sat and di/dtsat fixed
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5 Interruption capability
In the following, the interruption capability of the model GCB with
and without SI are investigated. Using the performance for
constant current gradients as a reference, the impact of the SI on
interruption performance of the model GCB can be determined.

5.1 Linear inductor

In the presented test cases with linear inductor, the success of
interruption is determined by the rate of rise of current before zero
(RRCCZ − ) and the rate of rise of voltage after zero (RRCCZ + ). As a
linear inductor is employed, the RRCCZ −  can be considered
constant around zero crossing. Here, it is determined by a linear fit
of the last 20 μs before zero crossing. The rate of change of voltage
after interruption is determined by linear fitting the voltage
between zero crossing and 75% of the recovery voltage peak. For a
fixed RRCCZ + , interruption will always be successful if the
RRCCZ −  is below a certain value and always fail if it is above a
second threshold. In between, a transition happens.

Fig. 10 shows experimental results for interruption tests with
RRCCZ +  in a limited range (0.8–1.1 kV μs−1) and a variation of
RRCCZ −  over a wide range (0.7–1.7 A μs−1). The boxes illustrate
two regions with a very high chance of interruption (success

region, green) and failure (failure region, red), respectively. In
between, the described transition between both modes occurs. 

The impact of RRCCZ −  on the interruption performance results
from the difference in energy input in the arc plasma before zero
crossing. Higher rate of rise of current corresponds to higher
currents before zero crossing and thus increased heating power and
energy input that has not (completely) been dissipated at current
zero. Consequently, the arc is more conductive at that time instant,
which increases the chance of failure to interrupt.

Fig. 11 illustrates the arc resistance shortly before current zero
as a function of RRCCZ −  for the measurements presented in
Fig. 10. The resistance is calculated from measured arc voltage and
current and is averaged over the range from 450 to 550 ns before
current zero to reduce the impact of noise. As expected, a negative
correlation between arc resistance shortly before interruption and
rate of change of current can be seen. Apart from two outliers, this
trend is almost linear and also confirms the increased chance of
failure for lower arc resistances shortly before zero crossing. 

5.2 Saturable inductor

The two regions identified using the linear inductor (cf. Fig. 10)
serve as a reference for the SI. Using the adjustable inductor
described in Section 4, a parameter study is conducted. The
parameters are selected in a way that the prospective values for
RRCCZ −  and RRCCZ +  (without de-saturation of the SI) exceed the
failure region to make sure that interruption criteria are not met.
Saturation current and non-saturated inductance are set to create
periods of low current gradient of variable duration with a fixed
and decreased di/dt that is slightly below the limit for successful
interruption determined with the linear inductor.

Fig. 12 shows the results of the interruption tests using a SI in
series with the MCB. The current gradients in saturated and non-
saturated state are fixed in a narrow range. A comparison with
Fig. 10 shows that the SI design successfully reduced the RRCCZ −

from beyond the failure region (prospective values) to the success
region. Additionally, the RRCCZ +  was considerably reduced. This
is a result of the increased inductance in the MCB branch. The
voltage build-up after current interruption is governed by charging
of the stray capacitance of the MCB through the loop inductance.
Using the SI, this inductance is increased considerably, reducing
the charging currents and consequently the RRCCZ + . 

As a result, the stresses for the MCB can be reduced and the
chance of interruption increased. This confirms that the positive
effect of the SI, previously demonstrated for VCBs, can also be
seen for GCBs.

The resistance of the arc shortly before current zero crossing is
often used as an indicator for the thermal interruption performance
of GCB [30]. The corresponding values for the interruption tests
with the SI are depicted in Fig. 13 as a function of Δt, keeping the
di/dt in high current and low current period constant between the
measurements, as illustrated in Fig. 9. As expected, the values
positively correlate with Δt for short duration of the period of low
current gradient. In contrast, if Δt exceeds a certain value, a further
extension of the duration of low current gradient does not have an
impact on the arc resistance shortly before zero crossing. A
comparison with Fig. 11 shows that the arc resistance for long Δt is
in the same range as when using a linear inductor
(di/dtCZ − ≃ 0.7 Aμs−1, Rarc ≃ 900 Ω). Consequently, it is not
expected to influence the interruption capability. The threshold
between the two areas appears to be at approximately
ttrans ≃ 30 − 40 μs. Furthermore, a comparison between the arc
resistance for long Δt with the respective values for employing a
linear inductor only (cf. Fig. 11) shows a good correspondence. 

The development of the arc resistance supports the assumption
that, if the current slope before zero crossing is changed, a
transition between the conditions for the high current di/dt and the
low current di/dt happens. The minimum duration for a full
transition (ttrans), which can be used as a design parameter to reduce
the size of the required inductor, is similar to the expected duration,
derived from the measurement of the thermal time constant (5τ).

Fig. 10  Interruption performance of test MCB for constant current
gradients, failure region: red box, success region: green box

 

Fig. 11  Arc resistance 500 ns before zero crossing as a function of
RRCCZ −  at zero crossing

 

Fig. 12  Improvement of MCB interruption performance when using a SI,
prospective: expected values at current zero if inductor would remain in
saturation, obtained by simulation (no period of low current gradient),
green/red box: success/failure region of linear inductor tests (cf. Fig. 10)
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The independence of the high current phase on the interruption
performance for long enough period of low current gradient is
further supported by the results presented in Fig. 14. In this series
of experiments, Δt and di/dtnon − sat are kept constant and the slope
in the high current regime is varied. The substantial difference
between the rate of change of current in both phases is clearly
visible. The development of current and arc resistance is depicted
for several hundred microseconds before zero crossing. While the
resistance differs considerably at the high current phase, it
converges during the period of low current gradient to values with

a considerably decreased relative difference close to current zero,
as expected. 

6 Simulation of improved current injection circuit
breakers for HVDC networks
To evaluate the feasibility of using SIs with the presented design
criteria in current injection circuit breaker topologies for HVDC
networks, a simulational study is conducted.

6.1 Topology and dimensioning of components

Fig. 15 depicts the differences between current injection circuit
breakers with reference (Ref, black and blue elements) and
improved injection topology (Imp, black and orange elements).
Typically, a capacitor (CINJ) that is pre-charged to system voltage is
used together with a linear inductor (LINJ) to shape the injected
current, which will be referred to as the reference topology (Ref).
Capacitance and inductance have to be selected such that the peak
current of the LC circuit exceeds the maximum fault current by a
defined safety margin. A high resonance frequency of the circuit is
beneficial, since component size and thus costs are smaller as well
as the time to current zero. Limiting factor is the interruption
capability of the MCB, i.e. gradients of current before and voltage
after zero crossing. For low (fault) currents, current zero is reached
earlier and with a higher gradient, increasing RRCCZ − .
Additionally, the charge remaining in the injection capacitor is
higher, leading to higher RRCCZ +  as well as a higher peak transient
interruption voltage. Both make it more difficult for the MCB to
interrupt the current at zero crossing and often set a lower limit for
the smallest current that can be switched successfully. 

The improved injection circuit (Imp) consists only of the pre-
charge injection capacitor in the CCP and the SI (as well as a small
SA) in the NCP (black and orange components in Fig. 15). This
makes it possible to have a lower inductance compared to the
reference topology at the beginning of the injection, when a fast
build-up of the injection current is required. Additionally, the
inductance of the circuit close to current zero crossing in the MCB
is considerably higher than in the reference topology, leading to a
decreased RRCCZ − , facilitating successful interruption.

For the dimensioning of the discussed topologies, a terminal
fault in a 320 kV system with 100 mH current limiting inductance
serves as reference. The dimensioning of the reference injection
topology is done as described in [8, 31]. The key parameters of the
study are summarised in Table 2. The SI is designed using the
formulas presented in Section 4. In saturation state, the inductance
is selected to be similar to the linear inductance in the reference
injection circuit. By introducing a sufficiently large air gap in the
core, a trade-off between high non-saturated inductance and high
saturation current can be found. In this case, a Δt of 25 μs is aimed
for based on findings in [32] (high voltage GCB), leading to a
saturation current of 206 A and a non-saturated inductance of 36.6 
mH. To investigate the maximum occurring stresses at interruption,
the MCB is modelled by an ideal switch. 

6.2 Simulation results

Fig. 16 illustrates simulated currents and voltages of the
interruption process for the reference and the improved injection
topology for representative high (HighF) and low fault current
levels (LowF) to interrupt. After detection of the fault, the MCB is
signalled to open. Once it reaches a sufficient contact distance to
withstand the recovery voltage, a counter current is injected from
the CCP to create a zero crossing in the MCB, at which it clears.
The fault current commutates into the CCP, where it charges the
injection capacitor to the clamping voltage of the SA. This is
followed by a commutation of the fault current into the EAP and a
dissipation of inductive energy stored in the system. 

For the interruption process in the MCB, the current slope
before zero crossing in the NCP (RRCCZ − ) and the subsequent
voltage rise (RRCCZ + ) are of importance (close-up of the
respective phase in the simulation is depicted in Fig. 17). Here, the
differences between the topologies become apparent. Fig. 18

Fig. 13  Arc resistance as a function of Δt for di/dtsat ≃ 0.7 A μs−1 and
di/dtnon − sat ≃ 2.3 A μs−1

 

Fig. 14  Impact of a variation of the gradients in the high current period
(di/dtsat) on arc resistance for fixed gradient during low current period
(di/dtnon − sat ≃ 0.7A μs−1)
(a) Development of current before zero crossing, (b) Arc resistance before current zero
crossing

 

Fig. 15  Equivalent circuit diagram of current injection circuit breakers for
HVDC applications
(a) Reference topology (Ref), (b) Improved injection (Imp)
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illustrates current and voltage gradient and clearly shows that the
reference topology is likely to exceed interruption limits even for a
stack of vacuum interrupters, due to the high frequency injection
circuit. The use of a SI leads to a drastic decrease in current slope
shortly before zero crossing. In this case, even with a relatively
small air-gaped core, the rate of rise can be reduced by two orders
of magnitude from the saturated to the non-saturated state for 20–
30 μs. Compared to the dimensioning of the reference topology,
this will considerably reduce the stresses for the MCB during
interruption, ensuring a successful switching operation. While a re-

dimensioning of the reference topology to reach lower gradients at
zero crossing for successful interruption at low fault currents is
possible, this will reduce the peak interruption current. Keeping
peak injection current constant while decreasing RRCCZ −  by a
certain factor would result in similar increases in L and C,
increasing the overall cost and operation time. A two order of
magnitude increase consequently does not seem feasible. 

Besides current before zero crossing, the SI also impacts the
initial transient interruption voltage (ITIV), especially the
RRCCZ + . Due to the additional inductance, the rates at the
improved injection circuit are about two orders of magnitude lower
than for the reference (cf. Fig. 18). Additionally, the period of low
current gradient delays the current zero crossing. This leads to a
further discharge of the injection capacitor and thus a decrease in
ITIV peak compared to the reference topology. This effect becomes
more pronounced at high fault currents, as the rate of change of
injection capacitor voltage is highest close to peak injection
current. For small fault currents, the effect is negligible. On the
contrary, when the injection capacitor is still almost completely
charged at current zero in the NCP due to small fault currents, the
peak voltage across the MCB could even exceed the one of the
reference topology. This is due to the fact that the main SA in the
EAP is connected to both MCB and SI. A negative voltage drop
across the SI during ITIV build-up thus results in higher voltages

Table 2 Components of the circuit breaker topologies
Component Value
system
VDC 320 kV
LDC 100 mH
injection circuits
CINJ 1.7 μF
linear inductor
LINJ 500 μH

 

 
Component Value

SI
N 70
AE 0.06 m2

δ 1 cm
BS 1.8 T
lE 1 m
Lnon − sat 36.6 mH
Lsat 365 μH
SAMCB

USAMCBmax 600 kV
ISAMCBmax 0.2 kA

 

Fig. 16  Simulation of fault current interruption for HVDC with reference
(Ref, solid) and improved injection topology (Imp, dashed)
(a) Simulation of interrupting a high fault current (HighF), (b) Simulation of
interrupting a low fault current (LowF)

 

Fig. 17  Close-up of Fig. 16: simulation of fault current interruption for
HVDC with reference (Ref, solid) and improved topology (Impr, dashed) for
low (LowF, red) and high (HighF, blue) fault currents
(a) Current traces around zero crossing, (b) Voltage traces around zero crossing

 

Fig. 18  Comparison of simulated rates of rise of current and voltage at
zero crossing for reference (Ref) and improved injection topology (Imp) for
high (HighF) and low fault current (LowF)
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across the MCB, before the SA clamping voltage is reached. This
problem can be solved by adding a small additional SA across the
MCB (cf. Fig. 15), which is able to limit the overvoltage. To ensure
that the SA does not share duties with the SA in the EAP,
absorbing the energy stored in the grid inductances, its residual
voltage needs to be higher than that of SAEAP. As the absorbed
energy is rather small (single digit kilo joule), the costs of such a
surge arrestor can be considered minor. As the SA is a critical
component, a sufficient safety margin should be included in the
dimensioning process and redundancy considered.

For the higher fault current HighF, the reference topology
shows a strong oscillation between CCP and EAP. As the MCB
interrupts the current flow in the NCP, the energy stored in the
injection inductor has to be dissipated in the SA of the EAP. This is
not the case in the improved injection topology, as there is no
additional inductance in the CCP, leading to reduced stresses for
the SA.

During nominal operation, the SI will create additional
conduction and magnetisation losses as it is in the NCP. However,
with sufficient conductor cross-section, the ohmic losses can be
considered negligible due to the limited number of windings.
Magnetisation losses occur due to ripple in the DC system, which
depend on the specific grid [33]. However, as the saturation current
is very low compared to typical load currents, the device will be in
saturation for normal operation and thus losses due to changes in
magnetic flux are expected to be negligible as well.

7 Conclusion
MCBs are the key component of current injection type HVDC
circuit breakers. To reduce size and cost of the circuit breaker
topology, high-frequency injection circuits are beneficial. However,
this is limited by the interruption performance of MCBs, which is a
function of rate of rise of current before and rate of voltage after
current zero crossing. To improve the interruption performance of
MCBs, the current gradient can be reduced shortly before current
zero crossing by the use of a SI.

In this paper, the influence of this period of low current gradient
on the interruption performance of GCBs is investigated. After a
determination of arc time constant and interruption performance
for constant current and voltage gradients around zero crossing, it
is shown that these parameters are sufficient to determine an
optimal period of low current gradient and dimension a
corresponding SI. Using this inductor, it was possible to decrease
the rate of rise of current at zero crossing in the MCB considerably.
Prospective currents of more than twice the maximum interruptable
rate of rise of current have been successfully interrupted without
indication of problems for further improvement. Consequently,
controlling the pre-current-zero current shape appears to be highly
promising for optimising current injection circuit breaker
topologies.

A simulation study of a reference current injection topology and
an improved topology based on a SI show the feasibility for the use
in HVDC systems. With the improved injection topology, it
appears possible to reduce rates of rise of current before and
voltage after current zero crossing by two orders of magnitude. For
a given interruption performance of a MCB, the passive
components of the injection circuit can be minimised, making the
system considerably more economical. Additionally, reducing the
required interruption performance for the MCB can make it
possible to use a single GCB instead of a series connection of
multiple VCBs, requiring a more complex drive and equal voltage
distribution, if it can be operated sufficiently fast.
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