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Abstract: The prestrike phenomenon in vacuum circuit breakers (VCBs) is interesting but complicated.
Previous studies mainly focus on the prestrike phenomenon in single-break VCBs. However,
experimental work on prestrike characteristics of double-break VCBs cannot be found in literature.
This paper aims to experimentally determine the probabilistic characteristics of prestrike gaps in a
double-break VCB consisting of two commercial vacuum interrupters (VIs) in series under direct
current (DC) voltages. As a benchmark, single-break prestrike gaps were measured by short-circuiting
one of the VIs in a double break. The experimental results show that the 50% prestrike gap d50

of each VI in a double break, which is calculated with the complementary Weibull distribution,
was significantly reduced by 25% to 72.7% compared with that in a single break. Due to the
voltage-sharing effect in the double-break VCB, scatters in prestrike gaps of each VI in a double
break was smaller than that in a single break. However, without the sharing-voltage effect, d50 of the
low-voltage side in the double break was 65% higher than that of the same VI in the single break,
which could be caused by the asynchronous property of mechanical actuators, the difference of the
inherent prestrike characteristics of each VI and the unequal voltage-sharing ratio of VIs.

Keywords: vacuum circuit breaker; double break; prestrike characteristics; vacuum interrupter;
prestrike gap

1. Introduction

Vacuum circuit breakers (VCBs) are widely used in medium voltage power systems while SF6 gas
circuit breakers are still the prevailing technology in high- and extra high-voltage networks. However,
SF6 gas has been specified as a strong greenhouse gas since 1997 in the Kyoto Protocol and its emission
has been strictly restricted. Therefore, it has been of increasing interest to develop VCBs to higher
voltage levels due to their advantages such as being maintenance free, having a long mechanical life,
excellent dielectric strength, high interruption capability, and environment-friendly characteristics [1].

The major difficulty of extending the application of VCBs to higher voltage levels arises from
the physical disadvantage of a vacuum in terms of the dielectric characteristics, i.e., the non-linear
relationship between the dielectric strength and contact gap length [2]. To be precise, the breakdown
voltage is nearly linear to the vacuum gap length within about 5 mm [3]. However, for a larger gap,
the dielectric strength shows a strong full voltage effect. An appropriate way to develop high voltage
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level VCBs is to use the double-or multi-break VCBs consisting of two or more vacuum interrupters
(VIs) in series, which takes full advantages of the excellent dielectric strength and high interruption
capability of short vacuum gaps [4].

Prestrike in VIs happens when the movable contact is approaching the fixed contact during the
current-making operation. Once the electric field strength across the contacts becomes larger than the
breakdown strength of the vacuum gap, an electric arc may occur prior to the mechanical touch of
the contacts, allowing a high inrush or making currents flow through. The prestrike phenomenon in
VCBs can cause electromagnetic transients in electrical systems, which may lead to harmful effects
and even damage in electrical devices in the system such as transformers, electrical machines and the
circuit breaker itself [5]. The pre-breakdown phenomena in VCBs is complicated. There are mainly
two theories about the pre-breakdown in VCBs. One is that field-emission current induces breakdown,
the other is that microparticles induce vacuum breakdown [6]. If the field strength at the surface of a
clean cathode in a VCB exceeds about 2 × 107 V/m, then field emission currents will be observed [7].
If the field strength exceeds about 1 × 108 V/m, pre-breakdown will occur [8]. Pre-breakdown induced
by microparticles mainly occurs at larger gap spacing [9].

Numerous efforts have been made to understand the prestrike phenomenon in vacuum interrupters.
Some researchers mainly focused on the melting effect of the prestrike arc on the contacts of the VCB,
and this effect would affect the breaking performance of the VCB. To study this, Slade et al. [10,11]
undertook a series of experiments to find that as the prestrike gap of the single-break VCB increased,
the prestrike arc lasted longer. The prestrike arc could cause the contacts to weld and the damage
caused by the welding depended on the arcing time. In order to determine the correlation of the
prestrike process and the breaking process of the VCB which mainly was researched in the field of
switching capacitor banks, Dullni et al. [12] found that the restrike phenomenon had some correlation
with the prestrike process mainly due to the protrusions caused by the prestrike arc on the contacts
in the single-break VCB. Körner et al. [13,14] obtained similar but more detailed results to Dullni.
They found that the significant development of local protrusions on the contact surface affected both
the microstructure and the macrostructure of contact surface during the capacitive making and breaking
process. Some researchers focused on the welding force caused by the prestrike arc on the contacts
of the VCB. If the value of the inrush current was high enough, the contacts would be melted and
become welded. The welding force was a basic value that could reflect the melting degree of the
contacts. Kumichev et al. [15] found that there was a correlation between welding forces caused
by capacitive prestrike process and the number of non-sustained disruptive discharges (NSDDs).
Yu et al. [16,17] found that both the amplitude and the scattering of the prestrike gaps and the welding
force were significantly influenced by the contact materials about the capacitive current prestrike in
single-break VCB. The damage caused by the prestrike arc was mainly influenced by the value of
the prestrike current (5 kA, 10 kA or 20 kA). The material and structure of the contacts could also
influence the prestrike arc behavior. Geng et al. [18] found that axial-magnetic field (AMF) contacts can
effectively reduce the erosion of the contacts produced by the prestrike arc when the capacitive current
is generated because of the diffusing effect produced by the AMF in single-break VCB, and higher
inrush current value would cause larger damage on the contacts. Some researchers have undertaken
calculations and simulations in order to gain an in depth understanding of the prestrike process.
A.A. Razi-Kazemi et al. [19] established a new realistic transient model for prestrike phenomena in
single-break VCB. Non-linear movement of the contacts, probabilistic behavior of the breakdown
voltage and the non-linear dielectric strength curve of the VCB were fully considered in this model.
Other researchers focused on the prestrike process mainly due to the design or application of the
VCB. X. Ma et al. [20] undertook experiments to observe the direct current (DC) pre-breakdown and
breakdown characteristics of micrometric gaps varying from 25 to 1000 µm. The results showed that
the pre-breakdown conduction was dominated by high field-electron emission and could be valuable
for the design of vacuum gaps in field emission displays. Kharin et al. [21,22], in a series of papers,
undertook calculations and experiments to explore the complexity of closing single-break vacuum
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interrupter contacts, in order to make an electrical circuit. Sima et al. [23] found that phase-controlled
VCBs can reduce the transient overvoltage and overcurrent compared with ordinary VCBs when they
were used to switch 10 kV shunt capacitor banks. However, previous studies mainly focus on the
prestrike characteristics of single-break VCBs. At present, experimental investigation of the prestrike
characteristics of a double-break VCBs has not been reported so far.

The objective of this paper is to determine experimentally the probabilistic characteristics of
prestrike gaps in a double-break VCB under DC voltages. This work can provide very important
information on the prestrike arcing process, which is of significant importance for the study of the
dielectric performance in VIs. Moreover, a better knowledge of the scatter in prestrike gaps in VIs can
be very helpful to improve the control accuracy of phase-controlled switching.

2. Experimental Setup

Figure 1 shows an experimental circuit, including a capacitor bank Cs, a double-break VCB,
a capacitive-resistance voltage divider, and an auxiliary electrical circuit. Figure 2 shows a picture of
the experimental setup. During the experimental tests, the capacitor bank was initially charged to a
certain voltage Us, which was applied to the double-break VCB as soon as the switchgear SWDC was
closed. The VCB was then triggered to close the circuit. During the closing operation, the moving
contact was approaching the fixed contact leading to a decrement of the dielectric strength of the
vacuum gap between the contacts. When the pre-charged voltage exceeded the breakdown voltage of
the vacuum gap, prestriking occurred before the mechanical touch of the contacts.

The double-break VCB under test included two commercial 12 kV vacuum interrupters in series,
which were denoted VI_A and VI_B as shown in Figure 1. Cup-type AMF contacts were adopted.
The contact material was CuCr30 (30% weight of Cr). The surfaces of the contacts were initially
well-conditioned. A capacitive-resistance voltage divider, which can reduce the influence of the stray
capacitance to ground, was used to measure the voltage Um across the VCB during the transient
prestrike process. When the first prestrike occurred, a stepdown in the measured voltage waveform
of Um was then captured. Moreover, with the help of an auxiliary circuit, which included a battery
and two resistors in series that were connected to the auxiliary contact (SWau) of the VCB, the time
instant of the mechanical touch of the contacts in VIs can be detected from the waveform of voltage
Ua. The displacement curve of the moving contact, denoted by Ldisp, was measured by using a
high-precision linear displacement transducer. Figure 3 shows an example of the waveforms of the
measured voltages and contact displacement curve, where tpre is the instant when the first prestrike
occurs and taux is the instant when the moving contact is mechanically mated to the fixed contact.
Finally, the prestrike gap d, i.e., the vacuum gap length between the contacts when the prestrike occurs
during the closing operation, can be obtained.

Energies 2020, 13, x FOR PEER REVIEW 3 of 17 

 

overvoltage and overcurrent compared with ordinary VCBs when they were used to switch 10 kV 
shunt capacitor banks. However, previous studies mainly focus on the prestrike characteristics of 
single-break VCBs. At present, experimental investigation of the prestrike characteristics of a 
double-break VCBs has not been reported so far. 

The objective of this paper is to determine experimentally the probabilistic characteristics of 
prestrike gaps in a double-break VCB under DC voltages. This work can provide very important 
information on the prestrike arcing process, which is of significant importance for the study of the 
dielectric performance in VIs. Moreover, a better knowledge of the scatter in prestrike gaps in VIs 
can be very helpful to improve the control accuracy of phase-controlled switching. 

2. Experimental Setup 

Figure 1 shows an experimental circuit, including a capacitor bank Cs, a double-break VCB, a 
capacitive-resistance voltage divider, and an auxiliary electrical circuit. Figure 2 shows a picture of 
the experimental setup. During the experimental tests, the capacitor bank was initially charged to a 
certain voltage Us, which was applied to the double-break VCB as soon as the switchgear SWDC was 
closed. The VCB was then triggered to close the circuit. During the closing operation, the moving 
contact was approaching the fixed contact leading to a decrement of the dielectric strength of the 
vacuum gap between the contacts. When the pre-charged voltage exceeded the breakdown voltage 
of the vacuum gap, prestriking occurred before the mechanical touch of the contacts. 

The double-break VCB under test included two commercial 12 kV vacuum interrupters in 
series, which were denoted VI_A and VI_B as shown in Figure 1. Cup-type AMF contacts were 
adopted. The contact material was CuCr30 (30% weight of Cr). The surfaces of the contacts were 
initially well-conditioned. A capacitive-resistance voltage divider, which can reduce the influence of 
the stray capacitance to ground, was used to measure the voltage Um across the VCB during the 
transient prestrike process. When the first prestrike occurred, a stepdown in the measured voltage 
waveform of Um was then captured. Moreover, with the help of an auxiliary circuit, which included 
a battery and two resistors in series that were connected to the auxiliary contact (SWau) of the VCB, 
the time instant of the mechanical touch of the contacts in VIs can be detected from the waveform of 
voltage Ua. The displacement curve of the moving contact, denoted by Ldisp, was measured by using 
a high-precision linear displacement transducer. Figure 3 shows an example of the waveforms of the 
measured voltages and contact displacement curve, where tpre is the instant when the first prestrike 
occurs and taux is the instant when the moving contact is mechanically mated to the fixed contact. 
Finally, the prestrike gap d, i.e., the vacuum gap length between the contacts when the prestrike 
occurs during the closing operation, can be obtained. 

SWDC

R0

R1

C0

C1

Cs

VI_A

VI_B
Um

Voltage
Divider Double- break 

VCB

Ua

R2

R3SWau

 
Figure 1. Schematic diagram of the experimental circuit. 
Figure 1. Schematic diagram of the experimental circuit.
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Three groups of tests were carried out under the experimental conditions that are summarized
in Table 1, where the applied DC voltage Us were set as four levels of 10, 20, 30, 40 kV. In Test 1 and
Test 2 the prestrike characteristics of vacuum interrupters (VI_A and VI_B) under DC voltages Us were
investigated separately. In this case, only one vacuum interrupter (VI_A or VI_B) was connected into
the experimental circuit while the other one was shorted to ground by a busbar. In Test 3, the prestrike
characteristics of the double-break VCB with two vacuum interrupters (VI_A together with VI_B) in
series were analyzed, where VI_A was installed in the high-voltage side of the VCB and VI_B the
low-voltage side (Figure 1). In this case, the total prestrike gap d was defined as the sum of the prestrike
gaps in VI_A and in VI_B. The current-making operations were repeated 30 times in each test for all
the test groups.

Table 1. Experimental conditions.

Test Group Applied Voltage (kV) Experimental Condition Making Operation

Test 1 Us Single-break test with VI_A 30

Test 2 Us Single-break test with VI_B 30

Test 3 Us Double-break test with VI_A and
VI_B in series 30
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The prestrike arc current during each current-making operation was only tens to hundreds of
amperes. Considering all the contact surfaces had already been well conditioned, the erosion effect
on the contact surfaces was low and could be neglected. Moreover, because of the asynchronous
property of the mechanical actuators in the double-break VCB, the contacts in VI_A and VI_B were
not mechanically closed at the same time. The average time delay of VI_B compared with VI_A was
0.1 ms (computed from 50 closing operations with no load), which was used as a compensation when
calculating the time instant taux.

3. Experimental Results

3.1. Probabilistic Characteristics of the Pestrike Gap

The prestrike phenomenon in the vacuum circuit breakers can be characterized by prestrike gap
d, which is the instantaneous vacuum gap length between the contacts of the vacuum interrupters.
It is measured at the occurrence of the first prestrike during a current-making operation. In this work,
a probabilistic analysis of the prestrike gap under different applied voltage levels had been carried
out. The distributions of the prestrike gaps in the test groups under each voltage level were calculated.
Let f (d) be the density function (DF) of the prestrike gap distributions, which indicates the chance of
the prestrike between the contacts in VIs at a vacuum gap length d. The corresponding complementary
cumulative distribution function (CCDF) can be then calculated by:

F(d) =
∫
∞

d
f (u)du (1)

which gives the probability of the prestrike between the contacts in VIs when the vacuum gap length is
no less than d. Figures 4–6 show the calculated CCDF under applied voltage Us from the experimentally
measured prestrike gaps in Test 1, Test 2 and Test 3, respectively. In Test 3, the total prestrike gap as well
as the prestrike gaps in VI_A (high voltage side) and in VI_B (low voltage side) were all given.
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For the characterization of the CCDF, the Weibull distribution is used and the CCDF is then
given by:

F(d) = exp

−(d
η

)β (2)

where η > 0 is the shape parameter of the Weibull distribution [24] and β > 0 is the scale parameter of
the Weibull distribution or the characteristic value of the prestrike gap. Both η and β are obtained by
fitting the experimental data, as shown in Table 2.
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Table 2. Values of the Weibull parameters.

Test Group Us (kV) β η (mm) R-Square

Test 1 (VI_A)

10 2.2 0.3 0.99
20 4.9 0.5 0.98
30 6.7 0.7 0.99
40 10.3 1.0 0.95

Test 2 (VI_B)

10 1.8 0.1 0.99
20 3.2 0.3 0.99
30 3.7 0.7 0.97
40 3.4 1.1 0.99

Test 3

VI_A and VI_B

10 0.9 0.2 0.97
20 2.6 0.6 0.99
30 5.3 0.9 0.99
40 4.6 1.1 0.97

VI_A

10 1.2 0.2 0.95
20 3.3 0.4 0.99
30 5.9 0.5 0.99
40 4.7 0.7 0.96

VI_B

10 0.8 0.04 0.99
20 1.9 0.2 0.99
30 4.7 0.3 0.99
40 4.7 0.4 0.97

The fitted curves with the Weibull distribution given in (2) with respect to Test 1, Test 2 and Test 3
are shown in Figures 4–6, respectively, where a good agreement between the fitted curves and the
experimental data can be observed. Besides the evaluation of the fit from the figures graphically,
R-square is used in order to evaluate the goodness of the fit numerically, which is the square of the
correlation between the predicted prestrike gaps and the experimentally measured values. R-square
can take on any value between zero and one, where a value closer to one indicates a better performance
of the fitted model [24–26]. The calculated values of the R-square parameter are presented in the last
column of Table 2. From Table 2 it can be noted that the values of R-square are no smaller than 95% in
all tests, which indicates that the prestrike gap has a Weibull distribution with parameters η and β
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and that the model with the given parameters fits the prestrike gap distributions well. CCDF density
function f (d) is given by

f (d
∣∣∣η, β) =

β

η

(
d
η

)β−1

exp

−(d
η

)β (3)

3.2. Scatters in the Prestrike Gap

The scatter in the prestrike gap is of significant importance for investigating the prestrike
phenomenon in vacuum interrupters. Moreover, for the phase-controlled switching application with
vacuum circuit breakers, a better knowledge of the scatter in the prestrike gap could help to improve
control accuracy. The scatter in the prestrike gap can be characterized by the standard deviation of the
experimental measurement of the prestrike gaps, which is given by:

σ =

√
1
N

∑N

i=1

(
di − d

)2
(4)

where N is the number of each experimental data set; d is the average value of each set of the
experimental data, and di is the prestrike gap measured during the ith making operation. The scatters
in the prestrike gaps in all the test groups under varied applied voltages are given in Table 3. In the
last column, σ indicates the scatter, where a lager value of σ indicates more scatter in the experimental
data of the prestrike gaps.

Table 3. Prestrike gaps of 10%, 50% and 90% and scatters in prestrike gaps.

Test Group Us (kV) d10 (mm) d50 (mm) d90 (mm) σ (mm)

Test 1 (VI_A)

10 0.39 0.23 0.10 0.11
20 0.62 0.48 0.33 0.16
30 0.82 0.69 0.52 0.12
40 1.09 0.97 0.81 0.15

Test 2 (VI_B)

10 0.20 0.11 0.04 0.06
20 0.35 0.24 0.13 0.16
30 0.82 0.60 0.36 0.17
40 1.38 0.96 0.55 0.41

Test 3

VI_A and VI_B

10 0.46 0.13 0.02 0.16
20 0.83 0.52 0.25 0.23
30 1.02 0.81 0.57 0.16
40 1.35 1.04 0.69 0.27

VI_A

10 0.32 0.12 0.03 0.11
20 0.50 0.35 0.19 0.13
30 0.62 0.50 0.37 0.09
40 0.82 0.63 0.42 0.16

VI_B

10 0.12 0.03 0.00 0.06
20 0.33 0.18 0.07 0.10
30 0.40 0.31 0.21 0.07
40 0.52 0.40 0.27 0.11

To study the probabilistic characteristics of prestrike gaps, the 10% prestrike gap d10, 50% prestrike
gap d50, and 90% prestrike gap d90, i.e., the prestrike gap at which the value of CCDF is 10%, 50%,
and 90%, respectively, are commonly used [7,16,25,26]. In this case, the influence of the approximation
error between the fitted CCDF and the measured prestrike gaps that are higher than d90 or lower than
d10 on the probabilistic characteristics of prestrike gaps can be neglected. The values of d10, d50, and d90

can be calculated by (2), which are shown in Table 3. It can be noted that with the increment of applied
voltage Us, the d10, d50 and d90 are all increasing significantly. Moreover, the 50% prestrike gap d50 can
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be used as one of the most important parameters since it gives the prestrike gap at which there is a
50% chance for the vacuum gap to achieve breakdown in the VCB, i.e., d50 acts as the mean value of
the prestrike gap in the sense of the Weibull distribution. The relationships between d50 and applied
voltage Us in Test 1, Test 2, and Test 3 are shown in Figure 7, Figure 8, and Figure 9, respectively, where
the error bar at each data point shows the corresponding scatter in the prestrike gaps. It can be noted
that the value of d50 is approximately proportional to applied voltage Us.
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Figure 7. The relationships between d50 and applied voltage Us in Test 1 with VI_A.
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Figure 9. The relationships between d50 and applied voltage Us in Test 3: VI_A (a), VI_B (b), and the
total prestrike gaps (c).
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4. Discussion

4.1. Positive Effects of the Double-Break Vacuum Circuit Breaker

A vacuum interrupter in the double-break tests (Test 3) may have different prestrike characteristics
in terms of prestrike gaps and scatters in prestrike gaps compared with that in the single-break tests
(Test 1 and Test 2) due to the voltage-sharing-effect, the asynchronous property of the mechanical
actuators, and the inhomogeneity of the inherent prestrike characteristics of VIs in a double-break VCB.

From Table 3, it can be noted that the scatters in the prestrike gaps of VI_A (resp., VI_B) in the
double-break tests, i.e., in Test 3 are smaller than that of VI_A (VI_B) in the single-break tests, i.e.,
in Test 1 (with respect to Test 2). Vacuum interrupters with less scatters in the prestrike gaps would be of
great importance in order to improve the accuracy of the phase-controlled making technique. Therefore,
with the same VIs, a double-break VCB would be better suitable for the phase-controlled switching.

The double-break VCB takes full advantage of the good dielectric insulation ability of the vacuum
gap. A double-break VCB which has two gaps in series can withstand higher voltage compared to the
single-break VCB in the same total break length [27]. The relationship between breakdown voltage
and electrodes gap of the single-break VCB has two different expressions. When the electrode gap is
less than 5 mm, the breakdown voltage and electrodes gap length is a linear equation, as shown in:

Ut = k · d (5)

When the electrode gap is greater than 5 mm, Breakdown voltage and electrodes gap length is a
non-linear equation when the electrodes’ distance is greater than 5 mm, as shown in:

Ut = k · dm (6)

The value of m is between 0.4 to 0.7, d stands for the electrodes’ gap length, k is a constant number.
The relationship between breakdown voltage and electrodes’ gap length of the double-break VCB

is shown in (7). It is based on the assumption that the voltage distribution value of two interrupters
is equal.

Ut = 2k · dm (7)

However, in the double-break VCB which does not have a grading capacitor in parallel with
each VI, the shared voltages of each VI are not equal because of the stray capacitance. It is impossible
to realize double withstand voltage as (7) shows [28]. In order to investigate the influence of the
voltage-sharing effect in double-break VCBs on the prestrike characteristics, the relative variations in
the prestrike gaps of each vacuum interrupter under different applied voltage levels are calculated by:

δ(d) =
d(DB)

− d(SB)

d(SB)
× 100% (8)

where d(DB) is the prestrike gap of vacuum interrupter VI_A (resp., VI_B) obtained from the double-break
test, i.e., Test 3 and d(SB) is the prestrike gap from the single-break test, i.e., Test 1 (resp., Test 2).

Table 4 shows the values of relative variations δ in d10, d50 and d90. The vacuum gaps in VI_A
and VI_B in the double-break test can be considered as two capacitors in series [29] and each gap
shared part of the total applied voltage Us. Therefore, the voltage applied to each gap was smaller
than Us, leading to a smaller prestrike gap. The smaller the prestrike gap was, the shorter the prestrike
arcing time was. For a given applied voltage, a double-break VCB has a better performance than a
single-break one in terms of reducing the prestrike gaps in the vacuum interrupter, which is termed as
the positive effects of double-break VCBs.
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Table 4. Relative variations in the 10%, 50% and 90% prestrike gaps.

Us (kV) 10 20 30 40

VI_A
δ (d10) −17.9% −19.4% −24.4% −24.8%
δ (d50) −47.8% −27.1% −27.5% −35.1%
δ (d90) −70% −42.4% −28.8% −48.1%

VI_B
δ (d10) −40% −5.7% −51.2% −62.3%
δ (d50) −72.7% −25.0% −48.3% −58.3%
δ (d90) −100% −46.2% −41.7% −50.9%

4.2. Negative Effects of the Double-Break Vacuum Circuit Breaker

Due to the voltage-sharing effect, the actual voltage applied to each vacuum interrupter VI_A or
VI_B in the double-break tests was smaller than that in the single-break tests. In order to investigate
the prestrike characteristics of vacuum interrupters in double-break tests by comparison with that in
single-break tests under the same applied voltage, the influence of the voltage-sharing effect has to
be eliminated.

In an ideal case, if both interrupters VI_A and VI_B share the same percentile of the total applied
voltage Us, i.e., both share 50% out of Us, then the sharing voltage of VI_A (resp., VI_B) in Test 3 would
be 10 kV or 20 kV, i.e., the same voltage applied to VI_A (resp., VI_B) in Test 1 (resp., Test 2), when the
applied voltage to the double-break Us in Test 3 is 20 kV or 40 kV. Figure 10 shows the 50% prestrike
gap d50 of VI_A and VI_B in the single-break tests compared with that in the double-break tests where
the value of applied voltage Us in Test 3 is twice as large as that in single-break tests (Test 1 and Test 2).
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Figure 10. The negative effects of double-break vacuum circuit breakers (VCBs) on the prestrike gaps
of vacuum interrupters. (a) The single-break VCB under 10 kV compared with the double-break under
20kV. (b) The single-break VCB under 20 kV compared with the double-break under 40kV.

However, the voltage-sharing ratio of VI_A and VI_B in double-break VCBs was not the same
due to the stray capacitance to ground. In fact, from the previous studies the voltage-sharing ratio of
the vacuum interrupter installed on the high voltage side (i.e., VI_A in our case) is larger than that on
the low voltage side (VI_B) [30]. Note that a larger applied voltage leads to a higher prestrike gap.
Therefore, the prestrike gaps of VI_A in Test 3 should be larger than that in Test 1, while the prestrike
gaps of VI_B in Test 3 should be smaller than that in Test 2 when Us in Test 3 is twice as large as that
in Test 1 and Test 2. This can be verified for the vacuum interrupter VI_A from Figure 10, but not for
VI_B. As can be observed from Figure 10, the prestrike gap of VI_B in Test 3 is larger. To be precise,
the voltage applied to VI_B in Test 3 with Us = 20 kV (resp., 40 kV) is lower than 10 kV (resp., 20 kV)
due to the voltage-sharing effect while the 50% prestrike gaps d50 is larger than that in Test 2 with an
applied voltage of 10 kV (with respect to 20 kV) instead. That is to say, the double-break VCB does not
make fully advantage of the dielectric strength of the vacuum gap on the low voltage side, which is
termed as the negative effects of double-break VCBs.

The negative effects of double-break VCBs may be caused by the asynchronous property of the
mechanical actuators, the inhomogeneity of the inherent prestrike characteristics and the unequal
voltage-sharing ratio of VIs in a double-break VCB.

The double-break VCB is closed or interrupted by the mechanical actuators. In the ideal case,
the two VIs of the double-break VCB moves at the same velocity and the operating characteristics are
same too. Due to the inevitable performance differences between the mechanism’s actuators of the
double-break VCB, and their tolerance to various environmental changes not being the same, the effect
caused by the asynchronous property of the mechanical actuators on the double-break VCB must
not be underestimated. In the breaking process, when the operating time interval of two breaks is
2 ms, the distance difference between two vacuum gaps is significant. The arcing time of the two VIs
is different, which makes the sharing voltage of each VI is unequal in the breaking process. In the
most serious situation, reignition will occur [31]. On the other hand, in the current-making process,
considering a double-break VCB with two vacuum interrupters VI_A and VI_B in series, we denote
by d∗50(VI_A) and d∗50(VI_B) the inherent 50% prestrike gaps of VI_A and VI_B, which is the 50%
prestrike gap when tested separately in the single-break tests. Due to the asynchronous property of the
mechanical actuators in the double-break VCB, one of the moving contacts, for example the moving
contact in VI_A, moves faster than the other, as shown in Figure 11a. Let both VI_A and VI_B share half
of the applied voltage (Us/2) and have a same inherent 50% prestrike gap, i.e., d∗50(VI_A) = d∗50(VI_B).
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During the closing operation, the vacuum gap length between the contacts in VI_A is smaller than that
in VI_B (lA < lB). Therefore, it is very possible for VI_A to breakdown earlier than VI_B. As soon as the
prestrike occurs in VI_A, the total voltage Us would be applied to the vacuum gap in VI_B. Then the
prestrike occurs in VI_B. In this case, the measured prestrike gap of VI_B is the same as lA, which is
larger than d∗50(VI_B) the inherent 50% prestrike gap of VI_B.

Moreover, let both VI_A and VI_B be synchronized perfectly and share half of the applied voltage
(Us/2), as shown in Figure 11b. The inherent 50% prestrike gap of VI_A is larger than that of VI_B, i.e.,
d∗50(VI_A) > d∗50(VI_B). Then, it is very possible that the prestrike occurs in VI_A earlier that in VI_B,
leading to a higher prestrike gap of VI_B (that is lB) than d∗50(VI_B).

Similar effects can also be found in the case when the voltage-sharing ratios of VI_A and VI_B
are not equal to each other. As shown in Figure 11c, both VI_A and VI_B are synchronized perfectly
and have the same inherent 50% prestrike gap, since VI_A on the high voltage side shares voltage
higher than Us/2. The interrupter VI_A is highly possible to breakdown when the vacuum gap length
is larger than the inherent 50% prestrike gap, i.e., lA > d∗50(VI_A). Noting VI_A and VI_B are perfectly
synchronized (lA = lB), the measured 50% prestrike gap of VI_B would be larger than its inherent one.

The mechanical actuators of the double-break VCB used in this work are not perfectly synchronized,
which is practically impossible. The mechanical actuator installed on the low-voltage side moves slower
than that on the high voltage side with a time delay of 0.1 ms. Moreover, from Table 3, the inherent 50%
prestrike gap of VI_A is always larger than that of VI_B under the tested applied voltages. Together
with the effect of the unequal voltage-sharing ratio, the negative effects of double-break VCBs are
observed as shown in Figure 10.
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The prestriking phenomena are irrelevant to the initial contact gaps in the double break and the
single break in this work. As for the experimental setup, the double-break VCB consisted of two VIs.
When carrying out the single-break tests, only one vacuum interrupter (VI_A or VI_B) was connected
into the experimental circuit while the other one was shorted to ground by the busbar. The initial
gaps of both VIs were 10 mm. Therefore, the initial gap of the single-break VCBs was 10 mm, and the
initial gap of the double-break VCB was 20 mm (two 10 mm gaps in series). There are mainly two
theories about the breakdown in the vacuum. One is that field emission induces breakdown, the other
is that particles induce vacuum breakdown [6]. If the vacuum gap is less than 2 mm, the field emission
plays the dominant role in the breakdown process [9]. In these tests, all the prestrike gaps were
less than 2 mm. The prestrike was field-emission induced. The prestrike arc current during each
making operation was only tens to hundreds of amperes, the erosion effect on the contact surfaces
can be neglected. During the making process of the VCB, there is a threshold electric field strength
that determined whether breakdown occurs or not [32]. When the electric field strength exceeds the
threshold electric field strength between the contacts, the prestrike arc occurs and the gap between the
contacts at that instant is called prestrike gap, which is independent of the initial gap of the VCB [33].
However, if there is an inrush current in the prestrike process that causes erosion on contacts or the
prestrike gaps are larger than 2 mm, the initial gap of the single-break VCB and the double-break VCB
must be kept the same in order to compare the characteristics of prestrike gaps.

5. Conclusions

In this paper, the prestrike characteristics of a double-break VCB consisting of two 12 kV VIs in
series under DC voltages had been experimentally analyzed. The following conclusions can be drawn.

(1) With the increment of the applied DC voltage, the 10% prestrike gap d10, 50% prestrike gap d50

and 90% prestrike gap d90 were all increasing significantly, whereas the scatters in the prestrike
gaps were not changing too much. Specifically, the value of d50 was approximately proportional
to the applied voltage.

(2) With a given applied DC voltage, the positive effect of the double-break VCBs on the prestrike
characteristics can be observed, i.e., the prestrike gaps of the vacuum interrupters in the
double-break tests can be significantly reduced in comparison with that in the single-break tests
due to the voltage-sharing effect in double-break VCBs. Moreover, fewer scatters in the prestrike
gaps during the double-break tests can be found.

(3) The double-break VCB with two vacuum interrupters in series did not take full advantage of
the dielectric strength of the vacuum gap on the low-voltage side, i.e., the negative effect of a
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double-break VCB on the prestrike characteristics, which may be caused by the asynchronous
property of the mechanical actuators, the inhomogeneity of the inherent prestrike characteristics
and the unequal voltage-sharing ratio of VIs in a double-break VCB.
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