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Abstract. Ultra-fast opening mechanical switches are proposed as key components for medium-voltage
DC circuit breakers, enabling rapid fault current commutation to a parallel capacitor. After arc
extinction in the commutating switch, the gas-filled gap is exposed to rapidly rising transient voltages,
and the success of commutation depends on fast dielectric recovery. This paper presents a method to
estimate the arc temperature at the time of arc extinction and its subsequent decay after full current
interruption in a fast-elongating arc with short arcing times. A modified Lowke model, accounting for
arc thermal inertia, is used to track the evolution of arc temperature and radius from arc initiation up
to arc extinction. Post-extinction gas temperature decay is modeled using heat transfer in a simplified
cylindrical geometry. Finally, the dielectric breakdown voltage of the gap is estimated via critical field
theory, accounting for temperature-dependent breakdown fields.
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1. Introduction

Fast opening switches have been identified as a crucial
component in several proposed DC circuit breaker de-
signs [1-3], where a fast elongating switching arc with
a sufficiently high arcing voltage [4] is created in order
to facilitate commutation of the arc current to other
parallel branches, such as a semiconductor switch-
ing component [5] or a non-linear current controlled
impedance (such as a PTC resistive element [6]) or
even to a linear impedance (such as a capacitor [7], or
a combination of inductor and capacitors). In some
configurations, to facilitate the current commutation
process, an active current injection is used, or even
at higher voltage ratings, a series power electronics
component is employed. Adding any component to
the whole circuit breaker system results in an increase
of its complexity and consequently its cost, there-
fore, a DC circuit breaker with minimum necessary
components is the preferred solution.

One of the recently proposed DC circuit breaker
configurations for medium voltage applications sug-
gests using a fast mechanical switch in parallel to
an appropriately dimensioned capacitor [7]. In this
method, the commutating switching gap is exposed to
the transient voltage generated over the parallel capac-
itor after the current commutation is completed. As
the targeted arcing times in the commutating switch
need to be as short as possible to avoid any excessive
degradation of the contact system, the gap length at
the time of current commutation is in the range of a
few millimeters. Given that an electric arc—even with
very short arcing durations—constitutes a thermal gas
discharge with elevated temperatures, and that the
dielectric breakdown strength of the gas is strongly
dependent on its temperature [8, 9], this paper exam-
ines the temporal evolution of the temperature within

the short commutating gap up to the instant of com-
plete current commutation, as well as its subsequent
decay following arc extinction, in order to estimate
the dielectric recovery strength of the switching gap,
which must reestablish more rapidly than the voltage
rise across the parallel capacitor.

For this purpose, a simple arc model is developed
to estimate the arc temperature and its radius at
the time of arc extinction accounting for arc thermal
inertia. Decay of the temperature of the hot gas
filling the switching gap in the post-arc period is
considered applying the heat transfer. The calculated
temperature profile of the hot gas column, together
with the switching gap length, is used to estimate the
dielectric recovery of the switching gap with varying
arcing time, initial arc current, and opening velocity.

2. Simplifying assumptions

Fast-opening switches can be implemented in vari-
ous ways, most commonly using an electrodynamic
mechanism—known as the Thomson drive—which
achieves opening velocities of up to several tens of
meters per second [10]. The current-carrying contacts
are configured as a set of sliding contacts, where their
separation initiates an arc. When integrated with a
properly designed parallel branch, the current begins
to decrease immediately after separation.

Fig. 1 illustrates a simplified contact configuration
typical of fast-opening switches. Although the switch-
ing arc exhibits highly dynamic and complex spatial
profiles, a short arcing time generally results in a gap
length of only a few millimeters at the moment of arc
extinction. For the purposes of this study, the arc is
idealized as having a simple cylindrical shape. The
switch opening velocity is treated as a key parameter
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Figure 1. Simplified sliding contact configuration.
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Figure 2. Simplified current waveform used for simu-
lations.

influencing the dielectric recovery following the extinc-
tion of the commutating arcs. It is assumed that the
gap length increases linearly with time.

In addition, depending on the other components
parallel to the mechanical switch, the current could
have different decay profiles. In this study, as another
simplification, the current waveform is assumed to
be as shown in Fig. 2, where it starts at an initial
DC current value, Ipc, after initiation of the arc by
contact separation at tg, the current flowing through
the switch starts to decline, and at ¢;, it is fully
commutated to the parallel branch, so that the arc
gets extinguished. The arcing time, i.e., t; — tg, and
the initial DC current, Ipc, are two parameters used
to explore dielectric recovery behavior of the short
commutating arcs in this paper.

3. Modeling

To estimate the dielectric recovery of commutating
switching arcs in fast-opening switches, the arc tem-
perature evolution is first modeled until the arc is
extinguished. The arc is assumed to have a cylindri-
cal shape, characterized by a core temperature and a
radius. After arc extinction, heat transfer analysis is
performed to track the evolution of the temperature
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distribution in the hot-gas column during the post-
arc period. The resulting temperature profile is then
used to estimate the breakdown voltage across the
switching gap.

3.1. Switching arc model

In this study, a modified Lowke formulation is em-
ployed to model the switching arc. The Lowke model
[11] is a stationary approach in which the arc column
is assumed to be cylindrical, characterized by a core
temperature and a core radius, with a parabolic radial
temperature profile. The arc current is used as the
primary input parameter. The model has been success-
fully used to describe the experimental arc behavior
in some other studies [12]. However, since the model
does not incorporate the temporal evolution of the arc,
it cannot accurately predict the arc column tempera-
ture near current zero. Instead, it relies solely on the
balance between the input and output power of the
arc. When applied with the input current waveform
shown in Fig. 2, the model predicts unrealistically low
temperatures for the gas in the switching gap at the
moment of arc extinction, as the instantaneous arc
current alone governs the arc temperature and radius.
To account for the dynamic behavior of the switch-
ing arc resulted from its thermal inertia, the stationary
model has been changed in such a way that the differ-
ence between the input and output powers to the arc
would result in a change of its internal energy, which
will then be reflected in its temperature and radius.

dT I? 4kT
= - 1
P q o(mr?)?2  r2 v (1)

where p, ¢p, 0, k, T and r are the density, the
specific heat, the electric conductivity, the thermal
conductivity, the core temperature and the radius of
the arc column. I is the current flowing through the
arc. U is the radiated power per cubic meter of hot
gas per steradian, which can be expressed as [11]:

28T
T

U =

€ (2)

where [ is the Stefan-Boltzmann constant, € a radi-
ation coefficient, which is dependent on the pressure
and arc radius and material type. For air, it can be
estimated as [11]:

e=1—e 007N (3)

If no time dependence is considered, the left-hand
side of (1) becomes zero, and (1) will be reduced to
the stationary formulations given in [11]. Inclusion of
the change of the internal energy of the arc allows for
accounting the impact of the thermal inertia of the arc,
which would be of particular importance in case of fast
arc current changes, as the case investigated in this
study. Adding the thermal inertia part to the power
balance has also used in some earlier studies [13] to
successfully describe the arc characteristics. In this
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formulation, a parabolic temperature profile within
the arc column is assumed, and the heat conduction
as well as radiation losses, i.e., the second and third
terms on the right-hand side of (1), have been taken
into consideration.

3.2. Temperature decay after arc extinction

Temperature and radius of the arc at the time of arc
extinction calculated using the model described in Sec-
tion 3.1, are used as initial values in a heat transfer
simulation using a commercial multi-physics simula-
tion tool encountering thermal conductivity and heat
convection to evaluate the evolution of the tempera-
ture profile of the hot gas column filling the switching
gap after the arc current is completely commutated
to the parallel capacitor, and arc in the mechanical
switch is extinguished. The model includes only natu-
ral convection and radial conductive forces from hot
to cold gases, and the influence of forced convective
forces due to gas flow is not included.

3.3. Temperature dependent critical electric
field

Previous studies have demonstrated that the critical
electric field depends on temperature in hot gases. In
[8], the reduced critical electric field for air is reported
for temperatures up to 6000 K. The electrical conduc-
tivity of air begins to increase significantly around
6000 K and reaches very high values near 8000 K [14].
The concept of electrical breakdown caused by impact
ionization is, therefore, not applicable for tempera-
tures larger than 6000 K as the main charge genera-
tion is the thermal ionization of the gas. On the other
hand, assuming a constant critical electric field for
temperatures above 6000 K, as suggested in [9], would
falsify the dielectric recovery estimations of the gap,
in particular, in case of larger initial currents, as the
estimated arc temperature at the time of current ex-
tinction is in the range where high conductance of the
air is expected. To rectify this problem, the concept
of critical electric field is extended for higher tem-
peratures, where the thermal runaway of the hot gas
channel results in re-establishment of the arc channel
(re-ignition). For this purpose, a critical current den-
sity, Jeritical, 1S used to calculate the critical electric
field as Zeitical . The measurements in [15] indicate a
range of 10% to 107 % for the critical current density
that leads to thermal runaway in the air based on post
arc current measurements and estimates of the cross
section of the arc. With this assumption, the critical
electric field continues to decrease beyond 6000 K. For
temperatures above 8000 K, the gas channel is unable
to sustain any voltage due to its high conductivity,
causing the critical electric field to become negligible
(see Fig. 3). The solid line in the figure, representing
data up to 6000 K, is taken from [8], while the dashed
line beyond 6000 K is an extrapolation based on the
conductivity behavior of the air [14] and a critical
current density of 5.10% 2.
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Figure 8. Reduced critical electric field for air at at-
mospheric pressure as a function of its temperature.
The solid line is taken from [8] and the dashed line
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gas and a critical current density of 5.10° fg.
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Figure 4. Current, core temperature and radius of the
arc with starting current of 100 A and two different
arcing times, i.e., 300us (fast) and 3500 us (slow).

The breakdown voltage of the switching gap after
arc extinction field can be calculated using the reduced
critical electric field and the particle number density
in the gas, integrated over the length of the switching
gap.

4. Results and Discussion

4.1. Arc temperature and radius evolution

In this section, the arc temperature and arc radius
profiles for different combinations of parameters are
reported, including the initial arc current, Ipc and
the arc duration, t; — to. The calculations are based
on the model described in Section 3.1.
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Impact of arc current on temperature and radius
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Figure 5. Current, core temperature and radius of the
arc with different starting currents, i.e., 100 A, 300 A
and 1000 A and the same arcing times of 350 us.
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Figure 6. Example of arc temperature profile evolution
after arc extinction for a starting arc current of 100 A,
arcing time of 8500us and at different times after arc
extinction, i.e., 10us, 50us and 100 ps.

The impact of the arc duration on the arc core
temperature and arc radius is shown in Fig. 4, where
the arc core temperature and arc radius for the same
starting DC current of 100 A with different arc du-
rations of 300 s and 3500 s are depicted. It seems
that the thermal inertia of the arc plays a more pro-
nounced role in case of shorter arcing times resulting
in higher temperatures at the time of arc extinction.
The arc radius is, however, almost independent of the
arc duration.

The role of the initial arc current on the arc tem-
perature and arc radius at the time of arc extinction
is shown in Fig. 5. For an arc duration of 350 ps,
the temperature and radius profiles of the arc are pre-
sented for three different initial arc currents: 100 A,
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300 A and 1000 A. The arc temperature at the time of
arc extinction shows a strong dependence on the initial
arc current, increasing from approximately 11,300 K to
over 20,000 K. In contrast, the arc radius at the time
of arc extinction exhibits significantly less sensitiv-
ity to the initial current, varying only slightly—from
about 0.4 mm to around 0.6 mm-—even when the
initial current is increased tenfold.

4.2. Temperature decay after arc extinction

After the arc current is ceased to zero, there will
be no active heating of the hot gas column filling
the gap between two electrodes. Due to the heat
transfer, the hot gas temperature starts to decay. In
the simulation performed to estimate the temperature
decay of the hot gas column, the thermal conductivity
near electrodes has also been considered.

A typical temperature distribution of the hot gas
column at different times is shown in Fig. 6. Even
though the arc column temperature is around 9000 K
at the time of arc extinction, see Fig. 4, the tempera-
ture decays significantly within a few tens of ps. The
temperature near electrodes seems to be lower because
of a more efficient heat transfer near the electrodes.
This results in a range of temperatures along the hot
gas column. In this example, after around 200 ps, the
gas temperature becomes lower than 2000 K, indicat-
ing a cold gas like behavior. It seems that this will be
the case for different initial currents as shown in Fig.
7. Even though the temperature at the moment of arc
extinction depends strongly on the initial current, it
decreases rapidly within a few hundred microseconds.

4.3. Dielectric recovery of the switching gap

The temperature profile of the hot gas is used to esti-
mate the critical electric field along the switching gap
at different times after arc extinction. The breakdown
voltage can then be calculated as an integral of the
critical electric fields over the gap length.

With this background, the role of the initial DC
current as well as the arc duration in the dielectric
recovery of the short arcs becomes clear as the arc
temperature in the post-arc period is highly dependent
on both of these two parameters.

The opening velocity plays a dual role in the dielec-
tric recovery of the switching gap. First, it directly
influences the gap length at the moment of arc ex-
tinction—a key parameter explicitly examined in this
study. Second, the opening velocity enhances arc cool-
ing, leading to higher arc voltages and consequently
shorter arcing durations. However, this latter effect is
only implicitly considered in the present analysis.

Fig. 8 shows the impact of arc duration and open-
ing velocity on the recovery of the switching gap. At
higher opening velocities and longer arcing durations,
the gap length at the moment of arc extinction tends to
be larger, promoting faster dielectric recovery. While
shorter arcing times are intuitively seen as beneficial —
primarily due to reduced wear on the arcing contacts —
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Figure 7. Temperature evolution of the hot gas filling
the switching gap after current extinction for arcing
time of 800 us and different initial currents (a) 100 A
(b) 300A and (c) 1000 A.

they may inadvertently lead to slower dielectric recov-
ery, as they are associated with smaller gap lengths
at current extinction.

Dielectric recovery of a switch opening with different
velocities at different initial DC currents is depicted
for two different arcing times of 300 pus and 3500 ps, in
Figs. 9 and 10, respectively.

As previously illustrated (see, for example, Fig. 5),
the initial DC current has a pronounced effect on the
temperature of the hot gas column at the moment of
arc extinction. For currents of 1000 A and above, the
gas temperature significantly exceeds the threshold at
which it becomes conductive. Consequently, during
the early post-arc phase — within the first few tens of
microseconds after arc extinction — the hot gas remains
at temperatures above 8000 K. This sustained high
temperature leads to negligible dielectric recovery of
the switching gap during this period. An increase
in opening velocity also has a beneficial effect on
dielectric recovery in this case.
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Figure 8. Dielectric recovery of a switching gap with
initial DC current of 100 A, for different arcing time
and opening velocity combinations.
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Figure 9. Dielectric recovery of a switching gap with
three different initial DC currents, i.e. 100 A, 200 A
and 1000 A, and two different opening velocities, i.e.,
6.5m/s and 12.7m/s, and the same arcing time of
300 ps.

5. Conclusions

This study presents a simplified thermal model for the
development of arc temperature and arc radius, based
on the Lowke model and incorporating thermal inertia
based on physical parameters. By considering only
conduction and radiation, the model effectively demon-
strates how the arc duration influences the thermal
behavior of the arc. The results show that shorter arcs
are more affected by thermal inertia, while longer arcs
tend toward steady-state conditions due to increased
cooling time and heat dissipation.

The breakdown voltage is shown to increase with
arc duration due to greater gap distances, and it
is experimentally confirmed that successful current
commutation prevents arc re-strikes.

While the developed model provides a useful frame-
work for analyzing the influence of thermal inertia on
arc behavior, it represents a simplified approach to a
complex physical phenomenon. Several assumptions
were made to enable tractable simulations, including

17



K. Niayesh, A. Usland

Plasma Physics and Technology

50000 " 2 100,v=65 3000 Gom: FIrst 5SUI5

1=100, v=12.7 ¢ Pt
= 1=200,v=6.5 J I
12200, v=12.7 2000 ~

=+ 121000, v=6.5 7 4

- e
40000 1 . 1=1000, v=12.7 | % rt

1000 - ST

‘-’/ ’ o

30000

20000

Breakdown Voltage (V)

10000

Time (us)

Figure 10. Dielectric recovery of a switching gap with
three different initial DC currents, i.e. 100 A, 200 A
and 1000 A, and two different opening velocities, i.e.,
6.5 m/s and 12.7 m/s, and the same arcing time of
3500 ps.

the use of a cylindrical arc geometry, the neglect of
metal vapor content, and the consideration of only con-
duction and radiation as cooling mechanisms. These
simplifications may affect the quantitative accuracy
of the results, particularly under conditions where
convection or vapor effects become significant. In
addition, the simulation results require experimental
verification to confirm their validity. Future work will
therefore include targeted experiments and model re-
finements incorporating additional physical processes
and more representative material parameters.
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