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The Duration of Arcing Following Late Breakdown
in Vacuum Circuit Breakers

René Peter Paul Smeets, Senior Member, IEEE, Davy W. Thielens, Member, IEEE, and Rob W. P. Kerkenaar

Abstract—Vacuum interrupters occasionally show unexpected
(late) breakdown after current interruption. As a result, the inter-
rupter conducts briefly, carrying a high-frequency current due to
the discharge of various (stray) capacitances in the vicinity of the
interrupter. Thanks to the capability of vacuum interrupters to in-
terrupt such high-frequency current, the conduction period is nor-
mally very short (normally in the order of 10 s). In the discussion
around the assessment of such late breakdowns (often termed non-
sustained disruptive discharges in the standardization literature)
regarding the possibility of generation of overvoltage in capaci-
tive circuits, the duration of the conductive period is an important
parameter. Experiments were carried out, in which discharges of
various single frequencies (72 kHz–1.1 MHz) were generated fol-
lowing breakdown (spontaneous breakdowns as well as prestrike)
of two commercial vacuum breakers. It is demonstrated that the
duration of the discharge depends strongly on the discharge cur-
rent frequency. At higher frequencies, the duration of the discharge
tends to be shorter than at lower frequencies. For practical circuits,
allowing simultaneous discharge from various circuit parts, it was
observed that the highest frequency component determines the arc
duration. Duration of up to 15 s was observed. This duration is
too short to allow significant overvoltages to develop in standard
capacitive power delivery circuits.

Index Terms—Circuit breaker testing, circuit transient analysis,
high-voltage techniques, standardization, vacuum arc, vacuum
breakdown, vacuum interrupter, vacuum switching.

I. INTRODUCTION

OCCASIONALLY, interrupters break down relatively long
(up to 1 s) after the interruption of current and restore

insulation immediately thereafter. This event is frequently ob-
served in tests [1] and seems to be unrelated to the current being
interrupted [2]. Usually, such a “late” breakdown is associated
with vacuum switching devices, although (undocumented) ob-
servations of self-restoring breakdowns in switchgear have
also been reported, indicating that this phenomenon may not be
restricted to vacuum switching technology only. However, this
investigation only deals with vacuum based phenomena.

In the International Electrotechnical Commission (IEC) stan-
dard literature, such self restoring, “late” breakdowns are termed
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“non-sustained disruptive discharges” (NSDD) reflecting the in-
herent characteristic of vacuum interrupters to restore the insu-
lating state almost immediately after the breakdown. This is due
to the outstanding capability of vacuum interrupters to interrupt
currents of very high frequency.

The duration of the disruptive discharge is subject of the
present contribution. As of yet, the origin of the breakdowns
is not fully clear. They are thought to be initiated by a combi-
nation of several mechanisms, the primary being mechanical
vibrations, leading to the release of macro-particles [3] or to a
sudden increase of field emission level leading to breakdown
[4].

The interpretation and assessment of self-restoring late break-
downs have led to considerable discussion, particularly con-
cerning what consequences, if any, they would have in real life
circuits.

II. EXPERIMENTAL RESULTS

In an attempt to get more quantitative information on late
breakdown phenomena, a large number of switching tests were
performed at Eindhoven University of Technology [5]. To this
aim, a test circuit was realized consisting of three oscillatory
circuits (with oscillation frequencies of 1.1 MHz, 430 kHz, and
72 kHz), see Fig. 1, each of which will (start to) discharge upon
breakdown of the test-breaker. The discharge frequencies are
chosen such as to simulate the various circuit parts that will con-
tribute to a high-frequency (HF) discharge upon breakdown of a
interrupter in a real circuit; various stray capacitances and induc-
tances will contribute to a multifrequency oscillation through
the arc.

In the experimental approach described here, the three induc-
tance-capacitance (LC) circuits are meant to represent circuit
parts that are in the immediate vicinity of the gap (L1C1: 1.1
MHz), at some distance (meters) away from the gap (L2C2: 430
kHz), and relatively remote (tens of meters) from the gap (L3C3:
72 kHz).

Two commercially available vacuum circuit breakers (12 kV
rating, CuCr based contacts) were stressed with alternating cur-
rent (ac) recovery voltage up to 40 kV after interruption of a
very small current from a high-voltage transformer.
This very high recovery voltage was applied in order to give a
higher probability of late breakdown. The (randomly occurring)
late breakdowns were monitored with high-frequency digitizers.

It turned out that the frequency of occurrence of late break-
down differed greatly from breaker to breaker, and in order to
obtain a sufficiently high number of results for both breakers,
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Fig. 1. Multiple frequency circuit for evaluation of late breakdown discharge duration.

the approach was chosen to monitor the first prestrike that oc-
curs upon closing of the contacts.

Comparison of the discharge characteristics (oscillogram,
breakdown voltage, duration of discharge, HF current inter-
ruption mode) of the prestrike discharge with the actual late
breakdown discharge showed no difference. Thus, it is assumed
that the processes that determine the duration of the first pre-
strike arc are equivalent to those governing the late breakdown
arc duration.

A. Single Frequency Discharges

In the first series, discharges were monitored in oscillatory
circuits of only one single frequency (L1C1, L2C2, or L3C3).
A striking and very clear difference in discharge duration is ob-
served. In Fig. 2 examples of the discharge current [Fig. 2(a)]
and voltage across the interrupter [Fig. 2(b)] are given, together
with the cumulative fraction of duration of HF current flow for
each of the two interrupters (solid and dotted curves, respec-
tively) and for each of the three discharge frequencies.

For each of the three frequencies, a different reignition mech-
anism can be observed.

1) L1C1 (1.1 MHz, typical discharge duration 10 s): At
this frequency, the transient recovery voltage (TRV)
following HF current zero is not important. Appar-
ently, of the current is decisive whether or not
HF current is interrupted. Once the HF current is in-
terrupted, the feeding capacitor is discharged to a large
degree because of the high damping in the L1C1 cir-
cuit at this frequency (damping time constant 6.8 s).
In this mode, thermal processes determine the duration
of the HF arcing.

2) L3C3 (72 kHz, typical discharge duration 60–100 s):
At this frequency, TRV rises after every HF current
zero. Apparently, the gap is able to interrupt at every
HF current zero, but the TRV thereafter cannot be with-
stood. Hence, dielectrical processes determine fully
whether arcing will continue or not. Because of the
lower frequency, the driving capacitor C3 can main-
tain its voltage relatively long (damping time constant
is 83 s).

3) L2C2 (430 kHz, typical discharge duration 20 s): In
this intermediate discharge frequency range, a mixture
of both of the previous processes (L1C1 and L3C3)

Fig. 2. Measured discharges in three single frequency circuits. (a) Current
through VCB. (b) Voltage across VCB. (c) Cumulative fraction of discharge
duration in circuits LC1 (1.1 MHz), LC2 (430 MHz), LC3 (72 kHz). Dashed:
VCB A. Drawn: VCB B.

is present. Initially, at high , this quantity de-
termines the HF current interruption result. In a later
arcing stage, when is reduced due to the damping
in the circuit, TRV becomes decisive (damping time
constant 21 s).

In Fig. 3, an overview is presented of a large number of test.
Herein, every dot represents a measured HF current zero, with
its value on the horizontal axis and the voltage immedi-
ately following HF current zero on the vertical axis. The circled
dots represent succesful interruptions, with the voltage being the
TRV peak value. The uncircled points indicate reignitions with
the corresponding reignition voltage. The three curves are the
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Fig. 3. Precurrent zero di=dt versus voltage across interrupter Ub after zero for discharges in the three single-frequency circuits.

maximum possible (prospective) TRV peak values for the three
circuits, given as: , with the overshoot
factor and the circuit inductance (L1, L2, or L3). In Fig. 3, the
data of VCB B have been used.

From Fig. 3, it becomes clear that at s, reig-
nition can follow without any voltage, whereas at values below

s, initially the gap will interrupt at every cur-
rent zero. In this lower range, due to the influence of the
residue of the arc (charged particles in the gap, remnants of hot
electrode regions, field intensification), reignition can follow at
any voltage between zero and the maximum available voltage

.

B. Multiple Frequency Discharges

In the second series, all three circuits were connected to the
VCB, so that current consisting of three frequency components
starts to flow upon breakdown of the interrupter. This is the sit-
uation in a real network, since upon breakdown, various subcir-
cuits start to oscillate, each with their characteristic frequency. A
typical current is shown in Fig. 4, together with the cumulative
distribution of the three-frequency discharge duration. As can
be seen, by comparison with Fig. 2, the duration of these mul-
tifrequency discharges seems to be determined by the highest
frequency component. The exact reason for this needs further
investigation to clarify, but probably this is due to the different
condition in the vacuum gap and/or different rate of rise of the
TRV at different frequencies.

Thus, it is concluded that the late breakdown discharge
(which is believed to have similar characteristics as the pre-

strike discharge), has a duration in the order of 10 s in realistic
multifrequency circuits.

C. Observations in Three-Phase Circuits

Late breakdowns are observed frequently in high-power
testing of vacuum interrupters [1], both at short-circuit current
interruption, but equally well at (small) capacitive current inter-
ruption. Such tests, aimed at certification, are normally carried
out in three-phase circuits which can lead to complicated
transients due to the interaction of the three phases. Because
of this interaction, a single breakdown in one phase can evolve
into a breakdown of a neighboring vacuum interrupter phase.
When this occurs, another situation arises, because much higher
currents can start to flow.

This is outlined in Fig. 5, where a typical oscillogram (after
interruption of a capacitive current by a vacuum breaker in a 38
kV circuit) is shown of three late breakdown events.

1) At 229.12 ms (see upper left), the middle phase breaks
down, which can be recognized by the collapse to zero
of the corresponding voltage across the breaker. Be-
cause the tests are usually carried out in an ungrounded
circuit, the voltage jump in the middle phase is trans-
ferred to the other two phases, causing a voltage peak
of 120 kV across the lower phase interrupter.

2) By this, the lower phase interrupter also breaks down.
Now, there is arcing in two phases, resulting in a dis-
charge current with a low frequency (57 kHz here)
combined with a high amplitude and thus, as with the
L3C3 oscillation of Fig. 2, the duration of the discharge
is relatively long, here approximately 90 s.
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Fig. 4. Multifrequency current as a result of discharge. (a) Current. (b) Voltage.
(c) Cumulative fraction of discharge duration (VCB A).

3) Finally, at 229.45 ms, a third breakdown occurs (in the
middle phase), that initiates a discharge maintained by
parasitic circuit elements resulting in a very high fre-
quency discharge current with a typical duration of 10

s, as with L3C3 of Fig. 2. This time is estimated, since
high-resolution current measurement near the VCB is
normally not carried out during testing.

In case of late breakdown in three-phase circuits, normally the
latter (short-lasting) type of discharge is observed.

As outlined in Fig. 5, the path in which the discharge current
runs, is essential for the duration.

Situation 1) This is the standard single phase (late) break-
down, causing only current of very high fre-
quency and low amplitude in a path having
high impedance. The duration of arcing is
very short, typically s.

Situation 2) This is the case when due to the three phase
interaction, a second breakdown creates a
path for a two phase current. This current has
a much lower frequency but a much higher
amplitude. Arc duration can be up to 100

s. In this case, because another current path
is involved, the discharge current frequency
is much lower than in situation 1, but the
amplitude is significantly higher. Depending

on the ratio of capacitance on both sides of
the breaker, there may be a discrepancy be-
tween practice in test stations and in network
service, unaccounted for in the standards.

Situation 3) In this situation, the two conducting gaps
do not succeed to interrupt the high-fre-
quency current for situation 2 and a much
larger part of the circuit becomes involved:
the load capacitance discharges, and when
even this low frequency current cannot be
interrupted, followed by reestablishment of a
power frequency current. Duration can be in
millisecond range.

From test experience, all these situations are observed, but the
situation 1 is dominant.

For standardization purposes, it is proposed to call the phe-
nomenon occurring in situation 1 and 2 as an NSDD, and to
reserve the term restrike for situation 3 [7].

III. CONSEQUENCES FOR OVERVOLTAGE GENERATION

Considerable discussions have developed in recent years on
possible consequences (if any) of late breakdown followed by
a (very) short arcing period for the application in practical net-
works, and on the correct assessment in the standards [6].

The emphasis so far is on the capacitive switching (espe-
cially capacitor banks) where a considerable amount of energy
remains trapped in the capacitive load after power frequency
current interruption. During the discharge following late break-
down this energy might (partially) be released, which might lead
to overvoltages in the process of redistribution of capacitive en-
ergy over the various parasitic elements.

In an attempt to model the single phase discharge (situation 1
of Section II-C) in a practical three-phase circuit [7], it is shown
that the possibility of severe overvoltage generation is strongly
related to the duration of the late breakdown discharge. This
is because the oscillation that generates the highest overvolt-
ages is associated with a circuit oscillation of relatively low fre-
quency (several tens of kilohertz). In Fig. 6, the (sub)circuit that
is responsible for such an oscillation is outlined by the dashed
lines. In Fig. 7, the complete simulated discharge current, with
all its frequency components, as well as the load side voltages,
are shown. It can be seen that the theoretically maximum over-
voltage of 5 pu (to be reached in the healthy phase, see the arrow)
can only develop at sufficient duration of the discharge, i.e., at a
duration longer than a quarter period of the relevant oscillation.

IV. CONCLUSION

From single phase experiments, it has been observed that the
duration of discharge after “cold” breakdown of a vacuum gap
(either by prestrike either by late breakdown) is strongly de-
pending on the frequency of the discharge current (10–120 s in
the 1 MHz–70 kHz range). In case the discharge current is com-
posed of multiple frequencies, it is the highest frequency com-
ponent that determines the overall discharge duration, which is
observed to be in the order of 10 s in a practical circuit.

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on September 9, 2009 at 04:52 from IEEE Xplore.  Restrictions apply. 



1586 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 33, NO. 5, OCTOBER 2005

Fig. 5. Oscillogram and equivalent circuit of single and two-phase late breakdown in a capacitive circuit.

Fig. 6. Simulation circuit and discharge path causing most onerous overvoltages. Breakdown in upper phase at 2.5 per unit recovery voltage.
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Fig. 7. Simulated interrupter current (upper) and load side voltages (lower, in per unit, see Fig. 5) after breakdown in upper phase at maximum recovery voltage.

This is confirmed by results from certification tests in
three-phase test-circuits: for the most frequently occurring
single phase late breakdown, it is found that discharge duration
lies in the 10 s range. When the breakdown spans two phases,
longer arcing is possible. Ultimately, the high-frequency current
interruption capability will determine the arc duration.

From circuit analysis of overvoltages due to a single phase
late breakdown in a three-phase capacitor bank circuit, it be-
comes clear that maximum overvoltages can be expected only
after a time that normally exceeds the measured duration the
discharge.

Thus, the short duration naturally limits the probability of
overvoltage generation to a great extend.

However, care must be taken to generalize these findings.

1) The circuit can be such that the overvoltage generating
oscillation can peak during the “normal” discharge du-
ration.

2) In case the interrupter’s ability to clear high-frequency
current is affected, the discharge duration will be
longer than observed in the investigated test-objects.
The results presented here have been obtained in
vacuum interrupters with CuCr contacts. The conclu-
sions may be different for other materials.

3) When two phases breakdown almost simultaneously,
the situation becomes more complex and has to be
judged case by case. Very long arcing (including re-es-
tablishment of power frequency current) is possible.
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