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a b s t r a c t

The current-zero characteristic of vacuum circuit breakers (VCBs) has an important influence on the
dynamic dielectric recovery and the success of the breaking test. In the paper, the characteristic of the
post-arc current, post-arc charge and the post-arc conductance at current-zero is researched to obtain
the influence of the arc memory on the current-zero characteristic and the post-arc characteristic. Based
on the synthetic test circuit, the test plat of the current-zero characteristic is set up and the test VCB is a
transparency vacuum interrupter in order to observe the development and extinguishing process of the
vacuum arc by the high speed CMOS camera. The distribution law of post-arc characteristic is gained by
measuring and processing the post-arc current. The relationship between the post arc charge and the
final position of last cathode spot is investigated. The current-zero characteristic of VCBs supply the base
for controlling vacuum arc, improving the breaking capacity, which maybe also useful to VCBs with
multi-break.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The VCB is widely used in the medium voltage because of the
superior extinguishing ability and the high dielectric recovery
strength. However, it is difficult to extend VCBs to high voltage level
be limited by the saturation effect which is that the breakdown
voltage increases slower even remains unchanged with the in-
crease of the vacuum gap [1]. The current-zero characteristic of
VCBs is a key factor to improve the breaking capacity and voltage
distribution of multi-break VCBs [2,3].

The current zero characteristic mainly includes the residual
plasma in current-zero, the temperature distribution of the anode
surface and the post-arc characteristic which is composed of the
post-arc current, post-arc conductance and the post-arc charge.
There have been a lot of researches on current-zero characteristic.
The post-arc sheath growth model is always used to analyze the
dynamic dielectric recovery strength as shown in Fig. 1 [4]. At
current zero, the residual plasma is composed of ions and electrons,
which is electroneutral. The ions continue to move towards the
anode because of their inertia while the electrons can adapt their
G. Ge), mfliao@dlut.edu.cn
speed immediately as the electric field is applied. As shown in the
Fig. 1, the electrons reduce their speed to zero and then reverse the
direction while the transient recovery voltage (TRV) is almost zero
in this phase. In the second phase, the electrons move towards the
new anode and leave an ionic space charge sheath behind. The TRV
is mainly applied across the sheath. At the third phase, the electrical
current drops because that all the electrons have been absorbed by
the new anode and the ions current caused by the TRV can be
negligible [5,6]. The sheath expansion is simulated by a 1D hybrid
model of the non-equilibrium post-arc plasma and cathode sheath
coupled with a direct simulation Monte Carlo method [7]. The 2d3v
model of sheath expansion is established the post-arc decay pro-
cess [8]. The influence of the electron density and ion temperature
on the sheath expansion is investigated by the particle in cell (PIC)
simulation [9]. In all of the above simulation, the initial residual
plasma and temperature, which is influenced by the arc memory, is
set a certain value. The arc memory is the effect of the vacuum arc
(including arcing time, arc current, plasma density and tempera-
ture) on the current zero characteristic such as the residual plasma,
surface temperature of the electrodes, post-arc resistance and the
dielectric recovery strength. So the relationship between the arc
memory and the current-zero characteristic is needed to be further
researched. In the experimental aspect, the distribution of the
electron density is gained by the Langmuir probes [10]. The residual
plasma is measured by the retarding field analyzer (RFA). The post-
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Fig. 1. The post-arc current in VCBs.
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arc charge is varied from 9 to 31 mC [11]. The decay process of the
anode surface temperature is also researched to gain the optimal
magnetic control. The post-arc characteristic such as the post-arc
current and charge is always used to indicate the breaking capa-
bility of VCBs [12,13].

In conclusion, there are a lot of researches on the current-zero
characteristic in previous works. However, there are little re-
searches on the relationship between the arc memory and the
current-zero characteristic and the influence of the current-zero
characteristic on the post-arc characteristic. In this paper, the test
plat is set up to investigate the distribution of the post-arc char-
acteristic by processing the post-arc current. The arc photos are
observed by the high speed CMOS camera to analyze the arc
memory to the current-zero characteristic such as the post-arc
charge. The influence of the final position of the last cathode spot
on the post-arc characteristic is obtained.
2. Test configuration

As shown in Fig. 2, the test plat of current-zero characteristic in
synthetic circuit is composed of the synthetic test circuit,
measuring equipment, the test VCB and the high speed CMOS
camera. The maximum capacity of the synthetic test circuit is
110kV/50 kA. The current source consists of Li and Ci while the
voltage source is composed of Cv and Lv. The closing circuit breaker
CB is used to introduce the main current while the triggered switch
G is used to introduce the high TRV. The post-arc current measure
equipment is composed of VI, Rsh, SG and CT1, which is designed and
verified in our previous researches [14,15].Pt1, is used to measure
the TRV while CT2 is Rogowski Coil which is used to measure the
main current. The VCB is drove by the permanent magnet actuator
Fig. 2. The test plat of current-zero characteristic in synthetic test circuit.
(PMA) and the vacuum interrupter is transparent in order to
observe the development of the vacuum arc by the high speed
CMOS camera.

The post arc current is measured by the PACME which is
composed of the VCB, protective gap SG, the shunt resistor Rsh and
CT1. As shown in Fig. 3, the VCB is composed of the upper terminal,
transparent vacuum interrupter with observing window, the lower
terminal, the insulating rod, the PMA and the controller. The
detailed parameters can be found in our precious researches [31].
The breaking current is 20 kA while the rated voltage is 10 kV. The
high-precision current sensors CT1 is Tektronix current probe
TCP202 whose measuring range, bandwidth and precision is 50 A,
50 MHz and 1% respectively. The resistance of the shunt resistor is
448 mU and the maximum current of the shunt resistor is about
30.84 A.

The post-arc current is measured and the vacuum arc photos are
observed when the test condition is shown in Table 1. The post-arc
conductance and charge can be gained by the formula (1) and (2).
The transparent vacuum interrupter is 10kV/20 kA and the contacts
are in AMF configuration. Themain current is varied from 0 to 15 kA
while the TRV is 0e22 kV. When the main current and the TRV is
10 kA and 22 kV respectively, the influence of the arcing time on the
post-arc characteristic can be gained. In the condition that the main
current and the arcing time are 22 kV and 5 ms respectively, the
influence of the main current magnitude on the post-arc charac-
teristic can be obtained. The entire above test is repeatedly con-
ducted in order to gain the distribution law of post-arc
characteristic in different condition.

Gt ¼ ipac
UTRV

(1)

Qpac ¼
Zt

0

ipacdt (2)

3. Experimental result and analysis

3.1. Post-arc characteristic

In the condition that the main current and the TRV are 10 kA and
18 kV respectively, the interrupting test is shown in Fig. 4. The du/dt
of the TRV is 4.5 kV/ms. The period of the half sine-wave is about
Fig. 3. Prototype of the novel post-arc current measurement equipment (PACME).



Table 1
The configuration of test condition.

Imain (kA) tarc (ms) UTRV (kV) du/dt (kV/ms)

0 2 0 0
5 3 5 1.25
7.5 4 10 2.5
10 5 15 3.75
12.5 6 18 4.5
15 7 22 5.5

Fig. 4. Waveform of the current and voltage in the interruption.

Fig. 6. Post-arc conductance and charge of VCBs with AMF contacts.
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12 ms. The post-arc current and TRV is shown in Fig. 5 which is the
partial enlarged drawing at current-zero. The peak value and the
duration of the post-arc current are about 0.6503 A and 4.8ms
respectively. After the post-arc current approaches to zero in the
time of 4.8 ms, there is a little oscillating current whose frequency is
almost same to the TRV, which can be neglected because the
magnitude of the oscillating current is very little. When the time is
above 4.8 ms, the post arc current is almost same and the post-arc
charge is parallel. The phenomenon indicates that the post-arc
characteristic is stable when the time is above 4.8 ms.

The post-arc conductance and charge is shown in Fig. 6 (a) and
(b) by the formula (1) and (2). The post-arc conductance decreases
as the time increases when the time is below 4.8 ms. After that, the
post-arc conductance increases with increasing the time. The post-
arc impendence is described by the conductance may be not
appropriate because that the TRV is high frequency oscillating and it
may be correctly with the description of post-arc capacitance. So
the initial phase of the post-arc conductance is always more suit-
able than the post-arc current's peak value because of the diver-
gence of the post-arc current and the typical value in the moment
of 0.5 ms, which is always called G0.5, is always used to indicate the
post-arc characteristic [4]. The post-arc charge is obtained by time-
Fig. 5. Post-arc current of VCBs with AMF contacts.
integrating the post-arc current, which is more smooth and stable
as shown in Fig. 6 (b). The post-arc charge is proportional to the
post-arc conductance [16]. However, the post-arc charge is more
stable and smooth than post-arc conductance. Therefore, it is
optimal to describe the post-arc characteristic by the post-arc
charge.

The post arc charge is closely related to the residual plasma in
current-zero which is the result of the arc memory in arcing time.
The post arc charge is always used to represent the residual plasma
in current-zero without considering the field emission caused by
the TRV and the neutralization of plasma [12e14]. In the paper, the
current zero characteristic is described by the post arc charge.
3.2. The influence of the arcing time

When themain current and the TRV are 10 kA and 18 kV, and the
arcing time is varied from 2 ms to 7 ms, the test is repeatedly
conducted to gain the influence of the arcing time on the post-arc
charge. According to the Fig. 7, the post-arc charge increases as
the arcing time increases. The arcing strain (arc memory) increases
Fig. 7. The influence of the arcing time on the post-arc charge.



Fig. 9. Photos of the vacuum arc development.
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the residual charge at current-zero. The post arc charge is almost
proportional to the residual charge in current-zero. The interaction
between the arcing time and the post arc charge is useful to control
the voltage distribution in multi-break VCBs with synergy control
in our previous paper [14].

3.3. The influence of the current magnitude

When the arcing time and the TRV are 3 ms and 18 kV, and the
main current is varied from 5 kA to 12.5 kA, the test is repeatedly
conducted to gain the influence of the current magnitude on the
post-arc charge. According to the Fig. 8, the distribution of the post-
arc charge is almost constant when the current is from 5 kA to
12.5 kA. There may be some changes when the current is above
20 kA. However, the influence of the current magnitude is weaker
than the arcing time. Therefore, the influence of the current
magnitude on the post arc charge is little and can be neglected
when the breaking current is less than 12.5 kA.

3.4. The relationship between the final position of the last cathode
spot and the post-arc characteristic

The vacuum arc photos are observed by the high speed CMOS
camera. The electrical measurements and the CMOS camera are in
synchronously triggered by the synchronous controller. The photos
of vacuum arc are observed when the current and the TRV are 10 kA
and 22 kV respectively, which is shown in Fig. 8. In the Fig. 9 (a), the
molten metal bridge becomes just before the contacts separate in
5.70 ms. The bridge ruptures as the contacts separate in 6.20 ms.
The bridge column arc becomes in 8.55 ms and then transformed
into diffuse vacuum arc in 10.05 ms. The distribution of cathode
spots is uniform cross the surface in the vacuum arc extinguishing
process between the 11.70 ms and the 11.95 ms. After a lot of
interruption, the photos of vacuum arc are shown in Fig. 9 (b). The
development of vacuum arc is different to the Fig. 9 (a) and the
vacuum arc is concentrated on the right of the contacts. The final
position of the last cathode spot is near the edge of the cathode
surface.

The post-arc current and charge in the condition of the Fig. 9 (a)
and (b) is shown in Fig. 10. The peak value of the post-arc current is
357 mA in the same condition of the Fig. 9 (b) while it is 643 mA in
the condition of the Fig. 9 (a). In the same condition that the current
and the TRV are 10 kA and 22 kV respectively, the post-arc current is
absolutely different. The difference is the vacuum arc development
and the final position of the last cathode spot. Therefore the post-
arc current is closely related to the final position of the last cath-
ode spot which is the result of the vacuum arcing memory. Ac-
cording to the post-arc current in Fig. 10 (a), the post arc charge is
obtained, which is as shown in Fig. 10 (b). The final post arc charge
Fig. 8. The influence of the current magnitude on the post-arc charge.
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Fig. 10. Post-arc characteristic in the condition of Fig. 9 (a) and (b).

Fig. 11. The interaction between the final position and the residual plasma in current-
zero.
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in the condition of the Fig. 9 (a) and (b) is 16.0 mC and 9.7 mC
respectively. When the final position of the last cathode spot is near
the edge of the cathode surface in Fig. 9 (b), the post arc current and
charge is less because that the residual charge in current-zero is
ejected away from the contacts and absorbed by the vapour shield.

The interaction between the position and the residual plasma in
current-zero is shown in Fig. 11. The cathode spots reduce as the arc
current approaches zero. When the arc current reaches to zero, the
final cathode spot extinguishes and the inter-electrode space con-
tains residual plasma. The final position of the last cathode spot is
the result of the arc memory which is the influence of the vacuum
arc development on the current-zero characteristic. If the final
cathode spot is extinguished at the centre of position 1, more
charge returns to the anode than that of position 2. The residual
plasma of the final cathode spot is ejected away from the cathode
surface and absorbed by the vapour shield at position 2 while
almost all of the residual plasma is returned to the electric circuits
without considering the field emission and the neutralization at
position 1. Therefore, post-arc characteristic is closely related to the
final position of the last cathode spot.
4. Discussion

4.1. Influence of the magnetic field arc control on the current zero
characteristic

The TMF forces the arc to rotate quickly across the surface of the
contacts, thereby limiting the average thermal stress on it [3,17].
While AMF make the arc confined to the helixes around the mag-
netic flux line so that the arc voltage can be table and the arc re-
mains diffused mode. The AMF has remarkably increased the
breaking capacity of vacuum interrupters (VIs) than that of TMF and
the post-arc current of VCBs with TMF is larger and more unstable
[18,19]. In our previous researches [14], the influence of the AMF
control on the post arc charge is investigated. The vacuum arc
photos are observed by the high speed CMOS camera which is
shown in Fig. 12. The main current and the TRV are 10 kA and 18 kV
respectively. The externally applied AMF whose pulse width and
magnitude is 10.0 ms and 50 mT is controlled in synchronization
with the main current. In Fig. 12, the VCB contacts separates in
5.10 ms and the molten bridge becomes. Then the bridge ruptures
in 5.30 ms and the vacuum arc column becomes in 5.75. The vac-
uum arc transformed into diffuse mode in 7.85 ms. In the arcing
time, the vacuum arc is uniform cross the cathode surface while the
vacuum arc gradually extinguishes from 11.6 ms to 11.95 ms and
vacuum arc is concentrates on centre of the inter-electrode. The
Fig. 12. Vacuum arc photos with external AMF control.
final position of the last cathode is in the centre of the cathode
surface. Therefore, the AMF can make the vacuum arc diffuse and
concentrated on the centre, so that the post arc current and charge
is stable.

4.2. Demands of the current zero characteristic with multi-break
VCBs

The voltage distribution of multi-break VCBs plays an important
role on the breaking capacity [20,21]. Yanabu has investigated the
relationship between the voltage distribution ratio and the post-arc
current in double-break VCBs [22]. The unbalanced voltage is
caused by the difference of the post-arc charge. In order to make
the unbalance post arc charge, the AMF control is used. In addition,
the synergy of the VCBs with double-break is that control the post-
arc charge and the equivalent capacitance of VCBs [14]. According
to the influence of the arcing time and the current magnitude on
the post arc charge, the arcing time can be controlled to alter the
post arc charge which is useful to the voltage distribution of multi-
break VCBs.

5. Conclusion

The post-arc characteristic such as the post-arc current,
conductance and charge is obtained by measuring and process the
post-arc current. When TRV is 125 kHz, the valid duration of the
post-arc characteristic will be below 4.8 ms? The post-arc charge is
more stable and smooth, so it is more optimal to describe the post-
arc characteristic.

The post-arc charge can be used to describe the residual plasma
at current zero and it is the effect of the arc memory. The post-arc
charge increases as the arcing time increases and the influence of
the current magnitude is weak when the current is from 5 kA to
15 kA.

Based on the photos of the vacuum arc, we can obtain that the
post-arc characteristic is closely related to the final position of the
last cathode spot. The relationship between the final position of the
last cathode spot and the post-arc characteristic is gained and
analyzed.
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