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Abstract

The objective of this paper is to determine the transient characteristics and sites of the pre-breakdown (pre-BD) in the spark
conditioning under power frequency voltage (PFV) in vacuum. A multi-angle optical path system was built to record the arc
of pre-BD at two viewing angles by one camera, realizing the determination of the pre-BD sites in spark conditioning. The
recording rate of high-speed camera was 580,000 frames/s. The experimental results indicate that, in the spark conditioning
under PFV, the pre-BDs continuously occurred at a random moment. Within several half-waves, the number of the pre-BDs
could reach dozens of times, which was the key for the treatment of the electrode surface in conditioning. Under the application
of PFV, the single pre-BD occurred at a random moment, in which would last for several microseconds and the peak value of
the current would reach several amperes. Moreover, the pre-BD sites randomly distributed in the surface of the electrode and
almost covered the whole surface of the electrode. The number of the pre-BDs in edge region of the electrode tent to be more.

The pre-BDs took place independently in both time and space.
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1 | INTRODUCTION

Abstract

The spark conditioning has become a key process to improve the breakdown voltage for
high-voltage vacuum interrupters. The objective of this paper is to determine the
transient characteristics and sites of the pre-breakdown (pre-BD) in the spark
conditioning under power frequency voltage (PFV) in vacuum. A multi-angle optical
path system was built to record the arc of pre-BD at two viewing angles by one camera,
realizing the determination of the pre-BD sites in spark conditioning. The recording rate
of high-speed camera was 580,000 frames/s. The experimental results indicate that, in
the spark conditioning under PFV, the pre-BDs continuously occutred at a random
moment. Within several half-waves, the number of the pre-BDs could reach dozens of
times, which was the key for the treatment of the electrode surface in conditioning.
Under the application of PFV, the single pre-BD occurred at a random moment, in
which would last for several microseconds and the peak value of the current would reach
several amperes. Moreover, the pre-BD sites randomly distributed in the surface of the
electrode and almost covered the whole surface of the electrode. The number of the
pre-BDs in edge region of the electrode tent to be more. The pre-BDs took place
independently in both time and space, in which there should be no effect between each
other of two sequential pre-BDs.

lightning impulse voltage (LIV) and other high frequency impulse
voltages.
Recently, many researches on the characteristics of the spark

With rapid development of vacuum circuit breakers (VCBs) to
high voltage power systems of 110 kV and over, the insulation
petformance has become a great challenge for VCBs [1-3].
Vacuum interrupter, as the core component, plays a decisive role
in the electric strength of the VCBs [3, 4]. Especially in
high-voltage systems, it is important to ensure and improve the
reliability of the electric strength of vacuum interrupter.
Conditioning process has been considered an effective method
for the improvement of the dielectric strength of high-voltage
vacuum interrupters [4-8]. Conditioning process can melt the
partial materials and reduce the particles and defects in electrode
surface. This change in the electrode surface can strongly improve
the breakdown(BD) voltage and reduce the BD probability of
vacuum gaps. Spark conditioning is one of the conditioning
methods, in which the electrodes are conditioned by high-voltage
sources, mainly including the power frequency voltage (PFV), the

conditioning under the PFV and the LIV have been done based
on the basic theories and experiments. et al]9]
experimentally pointed out that the adsorbed gas removal was the
cause for the effect of the conditioning in vacuum BD. Shioiti ez a/.
[10] and Okubo ez al. [11] indicated that the electrode area might
determine the duration of conditioning process and the BD
voltages depended on electrode area. Kato ef 4[4, 12] and
Schneider ez 4l [13] investigated the electrode conditioning
mechanism in vacuum and found that the BD field strength and

Cross

the number of voltage applications required for conditioning were
much different depending on the voltage application procedures.
Kojima ef al. [14-106] investigated the BD characteristics for spark
conditioning in vacuum under various non-uniform electric fields
of LIV and with different anode materials. They discussed the BD
mechanism in terms of BD arising from anode heating or cathode
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heating, and proposed the optimum BD charge for the maximum
dielectric strength in spark conditioning in vacuum [16]. Erven ez
al. [6] investigated the vacuum insulation under 60 Hz PFV during
the conditioning process and proposed the pre-BD phenomena in
the inter-electrode gap. They found protrusion development on
the electrode sutrfaces were different from those under the direct
current (DC) conditioning. Balachandra ez 2/ [17] indicated that,
for stainless steel, copper and aluminum anodes, the temperature
of hot spots can reach the melting point for reasonable values of
the field intensification factor for vacuum gaps, subjected to 50
Hz AC excitations. Yang ez al. 18] found that the shunt capacitors
of vacuum interrupters could make the BD sites cover the entire
contact surface very evenly, under PFV conditioning. Latham ez 4/
[19-21] investigated the pre-BD sites distributions on a rounded
shaped cathode through a transparent anode. Du and Ma ez /. [22,
23] experimentally determined the distribution of the BD sites in
conditioning progress under the LIV in vacuum. However, the
transient characteristics and mechanism of the pre-BD in spark
conditioning process under the PFV in vacuum is not cleatly yet.

The objective of this paper is to determine the transient
characteristics and sites of the pre-BD in the spark conditioning
under the PFV in vacuum. In Section 2, besides the experimental
systems and the test specimen, a multi-angle optical path system
for the determination of pre-BD sites in spark conditioning for
vacuum interrupter was introduced in detail. In Section 3, the
transient characteristics and the sites of the pre-BDs in the spark
conditioning under PFV were determined experimentally. The
results also reveal the sequential relationship of the pre-BD sites.
The results in this paper are quite significant to understand the
physical mechanism in the spark conditioning and helpfully to
improve the BD voltage of vacuum interrupters.

2 | EXPERIMENTAL SETUP

2.1 | Test Specimen

Fig. 1 displays the schematic configuration of the experimental
vacuum interrupters. A glass tube of the vacuum interrupter
without central shield made the recording of the BD easily. The
diameter of the plane-plane electrodes was 18 mm. The material
of the electrodes was CuCr50 (50%Cr), with a thickness of 5 mm.
A chamfering radius was set at the electrode edge of 1 mm. The
diameter of the conductive rod was 12 mm. In experiments,
length of the electrode gap was set at 2.0 mm.

-
CuCr50

d=2.0mm

Electrodes
—

» Glass tube

FIGURE 1 Structural parameter of the experimental vacuum interrupter.

Vacuum interrupter without
central shield

2.2 | Experimental System Setup

Fig. 2 shows the schematic of the experimental system setup in
the spark conditioning under the PFV. The PFV (50Hz) was
generated by a transformer (400kVA) and was applied on the
electrodes in the vacuum interrupter. The static electrode was
grounded. A limiting resistance Ry of 100 kQ was applied in the
main circuit. A voltage divider and a Pearson coil were used to
measure the value of the PFV and its current, respectively. Photos
of the BD process in spark conditioning were recorded by a
high-speed camera. The recording rate of the camera was 580,000
frames/s and the exposure time was set at 1.285 ps.
Limiting resistance

Tk .
=====F-- ' lVaCUUm interrupter

@ Transformer

Voltage divider

Oscilloscope l!,

High-speed
CCD camera

J_— Ground

Experimental system setup of the spark conditioning under the

Computer

FIGURE 2
PFV.

Table I displays the details of the experimental arrangements.
The length of the electrode gap was set at 2.0 mm. The virtual
values of the applied PFV ranged from 14 kV to 30 kV, which
were divided into 6 grades. In order to prevent the over
conditioning, the duration of the applied PFV was 20 s at each
grade voltages.

Table 1. Experimental atrangements

Length of
clectrode gap

Applied PFVs Duration of the applied
voltage
14 kV
18 kV
2.0 mm 20KV 20's
24 kV
28 kV

30 kV

2.3 | Determining Method of the Pre-BD Sites in
Spark Conditioning

Fig. 3 shows a planform of the multi-angle optical path system
for the determination of the pre-BD sites in spark conditioning
for vacuum interrupter. To determination the site, the photos of
the pre-BD should be recorded at two different viewing angles at
least. Through the multi-angle optical path system, the photos of
the pre-BD at two viewing angles were recorded by one camera at
same time. As shown in Fig. 3, there were two optical paths
designed by a combination of four mirrors. By two left mirrors,
the Optical path_1 made the view of the pre-BD at Viewing
angle_1 appear in the left half-view of the high-speed camera.
Then, through the Optical path_2, the view of the pre-BD at
Viewing angle_2 should appear in the other right half-view of the
camera. The angle between the two viewing angles was set at 90°.
Thus, the pre-BD at two viewing angles could be recorded in one
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photo at same time.

Glass tube of vacuum
" interrupter

Outline of electrodes

Mirror 1 Mirror_3

Viewing angle_1 Viewing angle_2

TP

High-speed
CCD camera

FIGURE 3 Planform of the multi-angle optical path system (top view).

Fig. 4 displays the schematic diagram of the determining
method for the pre-BD sites. As shown in Fig.4, based on the
photo of the pre-BD at Viewing angle_1, the length 4, defined as
the length from the axis of the vacuum spark of the pre-BD to the
axis of the electrodes, could be determined quantitatively. On the
same way, the length 4 at Viewing angle_2 could be determined.
Thus, the intersection of the two straight lines, according by 4
and db, was regarded as the center site of the pre-BD. Based on the
method above, the site of the pre-BD could be determined
accurately.

Viewing angle_1

AXls e AXiS
N S
e )
Axis of electrode /( N N\ QOutline of
/N ) electrodes

Electrodes | |

vacuum spark

d Determination | 7, | siteofthe
of d1 and d2 A pre-BD
Axis of | \x |
vacuum spark , . |
s/ T
Viewing angle_2 4 |
! y S
m 1 P 4
Axis of electrode [ : M 4
Viewing angle_1 : : | Viewing angle_2
Electrodes | + + +
High-speed
A CCD camera

FIGURE 4 Schematic diagram of the determining method for the pre-BD sites.
(top view).
3 | EXPERIMENTAL SETUP

3.1 | The Characteristics of the Pre-BD in Spark
Conditioning under PFV

In this section, transient characteristics of the pre-BD in spark
conditioning were investigated, which includes the voltage and

current waveforms and the photos of vacuum spatk in pre-BD
process. The virtual value of the applied PFV was 24 kV, with the
duration of 20 s.

Fig. 5 shows the typical waveforms of voltage and current
during the spark conditioning under the PFV in vacuum. As
displayed in Fig. 5, a large number of pre-BDs occurred in the
spark conditioning process. In the duration of the applied PFV of
20 s, the pre-BDs occurred continuously in around 40 ms. The
pre-BDs took place 19 times in total and were labelled by the serial
numbers. In each time of pre-BDs, the voltage dipped suddenly
and then recovered rapidly. The peak vale of current of the
pre-BDs ranged from 1.4 to 7.2 A. The 19 times of the pre-BD
distributed unevenly in four half waves of the PFV.

80 H— Voltage 48
—— Current 1
60 16
L 14 19 ]
40 6 18 4 =
< 8
i 20 / 42 =
T ) 0 8
(e)) 1 -
£/ | 3
S 15 17
40 13 -4
No.1 2 3 57 910 16 17
-60 | Seri 1-6
erial number of pre-BD|
-80 | 1-8
1 1 1 1 1 1 1 1
-5 0 5 10 15 20 25 30
Time (ms)

FIGURE 5 Typical voltage and current waveforms of the 19 times pre-BDs in
the spark conditioning under PFV of 24 kV.

To understand the transient characteristics of the pre-BD in
spark conditioning under PFV in detail, Fig. 6 displays the
waveforms of the voltage and current in No.1 pre-BD. As shown
in Fig. 6, in No.1 pre-BD process, the voltage dipped suddenly to
zero at the value of 30.5 kV, with great oscillations. The current
increased rapidly with a peak value of 5.8 A. The oscillation of the
current sustained 5.1 ps. The duration of the voltage oscillation
sustained 19.2 ps.

70 T T T T
60 No.lpre-BD | 58A 46
S0r —— Voltage
40 - Current 4
) <
< =
2 28
S 5
° (@)
>
VA 0
-20 F — ~—5.1pus
230 F 19.2 ps 4.2
1
-40 L 1 1 1
-10 0 10 20 30
Time (ps)

FIGURE 6 Details of the voltage and current waveforms in the No.1 pre-BD
during spark conditioning under PFV of 24 kV.

Fig. 7 displays the photos of the vacuum spark in the No.1
pre-BD during spark conditioning under PFV of 24 kV,
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corresponding to the waveforms in Fig. 6. Yellow solid lines
labelled the outline of electrodes. The time labeled in Fig. 7 is
consistent with that in Fig. 6. In each photo, there are two views
of the vacuum spark of the pre-BD. The left part view is the
vacuum spark of the pre-BD that observed at Viewing angle_1.
The right part view is the vacuum spark of the pre-BD that
observed at Viewing angle_2.

As shown in Fig.7, in each time pre-BD, the bright vacuum
spark could be observed and recorded. The time between the two
adjacent photos was 1.7 us. Based on the photos of the vacuum
spark, the duration of the No.1 pre-BD process at least continued
for 5.1 ps. In the first recorded photo, at #=-0.4 ps, a bright
vacuum spark suddenly appeared in the space between the
electrodes. One frame later, at /=1.3 ys, the light intensity of the
vacuum spark strengthened. However, the site of the vacuum
spark fixed. After the next frame, at 7=3.0 us, the light intensity of
the vacuum spark decayed significantly, with only a small bright
spot remained in the pre-BD site. In the last frame, at /=4.7 ps, the
light intensity of the vacuum spark decayed further, which
corresponding to the decay of the current waveform in Fig. 6.

Viewing angle_1

e N

Electrodes |

Viewing angle_2

Time t=4.7 us

FIGURE 7 The photos of vacuum spark in the No.1 pre-BD during spark
conditioning under PFV of 24 kV.

The results show that, in the spark conditioning under PFV,
there were a number of pre-BDs occurred continuously at a
random time. In one pre-BD, the duration of the vacuum spark
would last for several microseconds. The peak value of the
pre-BD current would reach several amperes. In the whole
vacuum spark process of one pre-BD, the site of the vacuum
spark remained in one spot.

3.2 | The Determination of Pre-BD Sites in
Conditioning Process under PFV

In this section, the pre-BD sites in spark conditioning under PFV
of 24kV were determined experimentally. The photos of the 19
times pre-BD were displayed in sequence. Based on these photos,
corresponding to the waveforms of the voltage and current in Fig.
5, the pre-BD sites could be determined accurately.

Fig. 8 shows the photos of the 19 times pre-BD in conditioning
at two viewing angles. Yellow solid lines were used to label the
outline of electrodes. In every pre-BD process, the photos of the
vacuum spark with highest intensity were chose to determine the
pre-BD site. There were two views of the pre-BD spark in each
photo, labelled by Viewing angle 1 and Viewing angle 2,
respectively. The time of the selected photos and the duration of
each pre-BD process Az consistent with that in Fig. 5, was labelled
above of the photos.

Viewing angle_1  Viewing angle_2

Electrodes |

No.1 at-0.4 ps, At=5.1 ps

No.11 at20622.8 us, At=2.8 ps

===l

No.2 at1373.2 us, A=5.2 ps

No0.12 at 20950.4 ps, At=2.4 ys

—

No.3 at2411.6 ps, At=4.4 ys

No.13 at 21525.6 s, At=4.4 ps

No.4 at 9073.6 ps, At=3.2 ys No.14 at21917.2 ys, At=10.0 ys

- =) = =

No.5 at 10156.8 ps, At=3.2 us No.15 at 22606.0 ys, At=14.0 ys

=

No.6 at 11014.8 ps, At=4.4 ys No0.16 at 23486.4 ps, At=9.6 us

——

—

No.7 at 11592.8 ps, At=2.8 ps

—. p— S

No.8 at 12333.2 ps, At=4.4 us No.18 at 30748.8 s, At=8.4 us

= -] =

No.9 at 19318.0 ps, At=4.4 s No0.19 at 31442.4 us, At=8.8 ps

- | - =

FIGURE 8 The photos of vacuum spark in 19 times pre-BD in conditioning at
different viewing angles under the PFV of 24 kV.

As shown in Fig. 8, the sites of the vacuum spark in 19 times
pre-BD were stochastic. There were much difference in the
duration Az in 19 times pre-BD. The minimum duration of the
pre-BD Az was 2.4 ps. The maximum duration Az lasted 14.0 ps,
took place at time of 22606.0 ps. In different pre-BDs, the
intensity of the vacuum spark was quite different. In No.6 and
No.7 pre-BDs, the intensity of the vacuum spark was much less
than that in other pre-BDs. In No.15 pre-BD, in which the
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duration Af was the maximum of 14.0 ps, the intensity of the
vacuum spark was not the highest.

Fig. 9 displays the planform of the pre-BD sites in the
conditioning process under the PFV of 24 kV, based on the
photos of vacuum spark in 19 times pre-BD in Fig. 8. The two
viewing angles were labelled, respectively. The sites of the pre-BD
were numbered in sequence, corresponding to the waveforms in
Fig. 5 and the photos in Fig. 8. As shown in Fig. 9, the sites of the
19 times pre-BD randomly distributed in the whole surface of the
electrodes. There was no apparent constriction of the pre-BD
sites in the conditioning process under the PFV of 24 kV. The
pre-BD did not repeat itself in the same place. The number of the
pre-BDs appeared at the edge of the electrodes tent to be more.

159 9,

Sites of the pre-BD
o3

9, —

Viewing
l«—— angle_2

7é2 Qb 1
38
13° @
11
Q10 1

1 QOutline of

electrode

Viewing angle_1

FIGURE 9 Planform of the pre-BD sites in spark conditioning process under
PFV of 24 kV.

Based on Fig. 8 and Fig. 9, it can be concluded that, based on
the multi-angle optical path system, the sites of the pre-BD under
PFV in spark conditioning could be determined quantitatively.
The experimental results indicate that there were much difference
in the duration and intensity of the vacuum sparks in different
pre-BDs. The sites of the pre-BD randomly distributed in the
whole surface of the electrodes, without apparent constriction and
did not repeat itself in the same place. The number of the pre-BDs
appeared at the edge of the electrodes tent to be more.

3.3 | Distribution Characteristics of Pre-BD Sites
in Spark Conditioning under PFV

In this section, the distribution characteristics and the sequential
relationship of the pre-BD sites in spark conditioning under PFV
are determined experimentally. The virtual value of the applied
voltage increased from 14 to 30 kV. The applied duration of the
PFV was 20 s.

Fig. 10 displays the distribution of the pre-BD sites in spark
conditioning under various PFVs. Table 2 lists the numbers of the
pre-BDs occurred under various PFVs. As shown in Fig. 10 and
Table 2, under the PFV of 14 kV, there are 15 times pre-BDs
occurred between the electrodes. The sites of the pre-BD located
in the whole electrode surface without a clear pattern. When the
PFV increased to 18 kV, the distribution of the pre-BD sites was
irregular. The number of the pre-BDs increased to 17 times.
When the applied PFV continuously increased to 21 kV, 24 kV
and 28 kV, except for that the number of the pre-BDs increased

to 20, 19 and 35 times, the distribution of the pre-BD sites located
randomly in the electrode surface, without a clear pattern yet. At
the 30 kV, the sites of the pre-BD almost covered the whole
surface of the electrode, with a significant increase of the pre-BD
number of 90 times.

Sites of the pre-BD
< <

A—

Sites of the pre-BD A

<
<«
A

Outline of 4
electrode

Outline of
electrode

(a) Under PFV of 14 kV (b) Under PFV of 18 kV

Sites of the pre-BD

*

Outline of
electrode

Outline of
electrode

(c) Under PFV of 21 kV (d) Under PFV of 24 kV

Sites of the pre-BD
> >
> > > >
> P>
> %> ;f}» 4
»> »P Seni >
Outline of
> >

ectrode
ek

(e) Under PFV of 28 kV (f) Under PFV of 30 kV
FIGURE 10 The distribution of pre-BD sites in conditioning process under
various PFVs.

*
Outline of
electrode

Table 2. Numbers of pre-BD under vatious PFVs

Lengths of

clectrode oaps Applied PFVs Numbers of pre-BD
14 kV 15
18 kV 17
20 kV 20
2.0 mm
24 kV 19
28 kV 35
30 kV 90

Fig.11 displays the distribution of the total pre-BD sites under
the total six PFVs. As shown in Fig. 11, the electrode surface was
divided into five regions starting from the center to the edge.
These regions were labeled from Region 1 to Region 5, labelled by
the red solid lines, respectively. Region 1 was a circle with a
diameter of 2 mm. The radius values of adjacent circles differed by
2.0 mm. In Fig. 11, under six PFVs from 14 to 30kV, the total sites
of the pre-BD almost covered the whole surface of the electrode.
Under six PFVs, there was no apparent constriction of the
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pre-BD sites. The pre-BD sites randomly distributed in the
surface of the electrode. The pre-BD did not take place twice in
the same place.

A Under 14 kV
<« Under 18 kV
4 Under 21 kV/|
@ Under 24 kV
® Under 28 kV
» Under 30 kV

Region_1

Reg|.on_2 Sites of the

Region_3 pre-breakdown

Region_4

Region_5 Outline of

electrode

FIGURE 11 The distribution of the total pre-BD sites under six PFVs.

Table 3 displays the statistics of the pre-BD sites in the spark
conditioning in the five regions under six applied PFVs. From
Region_1 to Region_4, there was no clear pattern in the change of
the pre-BD sites numbers. The number of the pre-BDs in
Region_5 tent to be more.

Table 3. Statistics of the pre-BD sites in the spark conditioning in the five regions

Number of Numbers of pre-BD under six applied PFVs
Region 14kV  18kV  21kV  24kV  28kV  30kV
Region 1 0 0 0 0 0 1
Region 2 1 0 1 4 2 8
Region 3 1 3 3 4 4 12
Region 4 1 3 7 0 1 23
Region 5 12 11 9 11 28 46

Fig. 12 shows the numbers of pre-BD sites per square
millimeter in the spatk conditioning in five regions of the
electrode surface. As shown in Fig. 12, under the voltage of 14 kV
and 18 kV, the number of pre-BD sites per square millimeter in
Region_5 was the maximum, which were 0.12 and 0.11 times per
square millimeter. When the voltage increased to 21 kV and 24 kV,
the maximum appeared in Region_3 and Rigion_2, which were
0.1 and 0.16 times per square millimeter. Under 28 kV, the
maximum was 0.26, in Region_3. When the voltage increased to
30 kV, the number of pre-BD sites per square millimeter in the
five regions ranged from 0.24 to 0.46 times per square millimeter.
From Region_1 to Region_4, there was small difference in the
numbers of the pre-BD sites per square millimeter.

Fig. 13 shows the sequential relationship of the 90 times
pre-BD sites in the conditioning process under PFV of 30 kV.
From Fig. 13(a) to Fig. 13(f), there are fifteen sites of the pre-BD
in every figures. The 90 times pre-BD sites were numbered in
sequence. The electrode surface was divided into four areas by
two crossed solid lines, labelled from Area_1 to Area_4. As
shown in Fig. 13(a), the first pre-BD occurred in Area_1. Then the
second and third pre-BDs occurred in Area_2 and Area_4. In the
first 15 times pre-BD, two sequential pre-BDs occurred in
different site, which were hardly adjacent. In Fig. 3(b), in the 15
times pre-BD from No.15 to No.30, the sites almost located in
Area_1. However, the sites of the two sequential pre-BDs were
adjacent. From No.31 to No.90, as shown from Fig. 13(c) to Fig.

13(f), the pre-BD sites occurred in the same rule in the time
sequence, in which the two sequential pre-BDs occurred almost in
different sites and far away from each other in the electrode
surface.

[ Region_1
[ Region_2
I Region_3
[ |Region_4
I Region 5

Applied power frequencyVoltage

- 0.08
28 kV 0.08
0.26
T 0.32
0.32
30 kV 03
0.46
0.0 0.1 0.2 0.3 0.4 0.5

Numbers of pre-BD sites per square millimetre

FIGURE 12  Numbers of Pre-BD sites per square millimeter in the spark
conditioning in five regions of the electrode surface.

(a) No.1-No.15

(b) No.15-No.30

F)

(c) No.31-No.45

(€ No.61-No.75

(f) No.76-No.90
FIGURE 13 Sequential relationship of the 90 times pre-BD sites in spark
conditioning under PFV of 30 kV.
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As indicated in Fig. 10, 11 and 12, it can be concluded that,
under six PFVs, the pre-BD sites randomly distributed in the
surface of the electrode and almost covered the whole surface of
the electrode. The number of the pre-BDs in edge region of the
electrode tent to be more. Moreover, in the aspect of the time
sequence, the two sequential pre-BDs occurred almost in
different sites and far away from each other in the electrode
surface. Thus, the pre-BDs took place independently in both time
and space, in which there should be no effect between each other
of two sequential pre-BDs.

4 | DISCUSSION

4.1 | The Role of The Pre-BD for Electrode
Surface in Spark Conditioning Process under PFV

In this paper, the transient characteristics of the pre-BD in spark
conditioning under PFV was determined. As shown in Fig. 5,
under the application of PFV at a certain value, a number of
pre-BDs occurred continuously at a random time. Fig. 6 and Fig. 7
indicate that the pre-BD would last for several microseconds and
the peak value of the current would reach several amperes. Fig. 11
and Fig. 13 reveal that the pre-BDs in conditioning under the PFV
would be independent in both time and space, which would take
place all over the electrode surface irregulatly. Therefore, under
the spark conditioning of PFV, the surface of electrode was reated
mainly through the vacuum sparks of number times of pre-BDs.
In each times of pre-BD, the micro-protrusion and the defects in
one site of the electrode surface should be removed.

Comparing to the role of the LIV for electrode surface in
conditioning process [14, 16, 24], there are two differences for
that under the PFV. Firstly, the duration of the discharge process
in conditioning is different. Under the LIV, the duration of the
discharge process would reach several tens microseconds [22].
Under the PFV, the duration of one pre-BD would last for only
several microseconds. Secondly, the number of discharges in
conditioning is different. Under the LIV, there was only one
discharge in each time of conditioning after the application of
high voltage. Under the PFV, the pre-BD would take places large
number of times after the application of the high voltage.
Moreover, in the two adjacent pre-BDs, the discharge processes
are independent of each other. Thus, in the one time of
application of the PFV, the defects in large numbers of sites in the
electrode surface should be removed. As a conclusion, the
efficiency of the conditioning under the PFV should be higher
than that under the lightning impact voltage.

4.2 | Effect of the Electric Field on Pre-BD Sites
in Conditioning under PFV

To investigate the effect of the electric field on the pre-BD sites in
conditioning process under PFV, an electrostatic field calculation
model was built according the experimental setting. Fig.14
displays the distribution of the electric field between the
electrodes under the experimental voltage of 30 kV. As shown in
Fig.14, the eclectric field between the electrodes distributed
uniformly in regions from No.1 to No.4. In these regions, the
electric field intensity maintained around 1.50X10"7 V/m. In the
edge region of No.5 and the filleting area of the electrode, the
electric field intensity strengthened to 1.77X10"7 V/m.

As displayed in Fig.11 and Table 3, the distribution of the total

pre-BD sites under six PFVs reveal that the pre-BD sites
randomly distributed in the sutface of the electrode, in which the
number of the pre-BDs in Region_5 tent to be more. As revealed
in Fig. 12, under a certain applied voltage, there was no significant
difference in the numbers of pre-BD sites pet squate millimeter in
the spark conditioning, in the regions from Region_1 to Region_4.
However, the number of pre-BD sites per square millimeter in the
Region_5 should be obviously higher than that in other four
regions. This phenomena could be explained in two aspects.
Firstly, the distribution of the pre-BD sites should be effected by
the electric field intensity between the electrodes. As displayed in
Fig.14, the distribution law of the experimental pre-BD sites was
in accordance with the electric field between the electrodes. In
edge region of Region_5, in which there was a higher electric field,
the pre-BD should occur more frequently, which is the same as
that in the case of the BD site in the conditioning under the
LIV[22]. Secondly, the distribution of the pre-BD sites should be
effected by the micro-surface condition of different regions in
electrode surface. In the processing of the electrode, the edge
region should be chamfered, leading to more particles and defects
in this region.

E (V/im)

177107
1.50x10"6

1.21x10"6
l 9.71<10"6
7.29%<10"6
4.86x<10"6
I 2.43X10"6
0

FIGURE 14 Distribution of the electric field between the electrodes under
experimental voltage of 30 kV.

Electrodes

4.3 | Physical Mechanism of Pre-BD in
Conditioning Process under PFV

In this paper, the transient characteristics of the pre-BD in spark
conditioning could be revealed by the photos of the vacuum spark
in Fig. 7 and the waveforms of the 19 times pre-BD in
conditioning in Fig. 8. Based on the experimental results, it could
be concluded that, what matters in conditioning process under
PFV should be the large numbers of the pre-BDs. Thus, the effect
of a single pre-BD on the treatment of the electrode surface and
the numbers of the pre-BDs under a certain voltage should be the
keys in the understanding of the physical mechanism in
conditioning process of the electrodes under FPV. Moreover, as
revealed in Fig. 13, the two sequential pre-BDs occurred almost in
different sites and far away from each other in the electrode
surface. As a result, in the conditioning under PFV, the pre-BDs
took place independently, in which there should be no effect
between each other of two sequential pre-BDs.

Therefore, as shown in Fig. 15, under the application of PTV,
the physical mechanism of the pre-BD on the treatment of
electrode surface in conditioning process could be divided in four
stages. 1) Stage_1, formation of the high electric field stage:
Under the application of PFV, an extra-high electric field region
should form at the tip of one of the micro protrusions. 2) Stage_2,
formation of the molten drop stage: Under the extra-high electric
field and the field emission, the top of this micro protrusion
started to melt. A molten drop formed at the top of this micro
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protrusion. Under the continues heating, the molten drop started
to explode and vaporize. 3) Stage_ 3, formation of conducting
channel stage: Under the particle collisions and the electron

impact in metal vapor, the metal vapor was turned to metal plasma.

Then, an electric channel was built between the electrode and the
current started to flow. 4) Stage_4, extinguishment of the pre-BD
vacuum spark stage: as the disappear of the micro protrusions,
there was no enough sustained energy for the maintenance of the
plasma. The plasma diffused to the space between electrode and
vacuum spark of the pre-BD extinguished. As a result, after the tip
of the micro protrusion disappeared, there was no source of the
metal vapor and plasma. Therefore, the pre-BD could not
maintain and rapidly extinguished in several microseconds. This
understanding could provide an explanation for independent
phenomena of the two sequential pre-BDs in the conditioning
under PFV.

Formation of the high
Stage_1 electric field stage

Electrode

Formation of the molten
Stage_2 drop stage

Iect“ l Electrode -
bld \

Tip of one micro
protrusion

Molten drop
Start to explode
R
[ T R

Pre-BD Process in conditioning
under PFV

Formation of conducting
Stage_3  channel stage

Extinguishment of the pre-

Electrode
Stage_4 BD vacuum spark Y
/ Conducting ¢ Metal plasma
Electrode Y channel for 4% .éé Pida P
4 B N PR current ¢ ) ¢
Disappear of the \é " Diffusion of metal
micro protrusions —c plasma ' Electrode _
T, © Positive lon @ Electron
Electrode @ Metal vapor

FIGURE 15 Schematic diagram of the physical mechanism of the pre-BD in
conditioning process under the application of PFV.

5 | CONCLUSION

In this paper, the transient characteristics and sites of the pre-BD

in the spark conditioning under PFV in vacuum has been

determined experimentally. The following conclusions can be
drawn.

1.1In the spark conditioning under PFV of vacuum interrupters,
the pre-BDs continuously occurred at a random moment.
Within several half-waves, the number of the pre-BDs could
reach dozens of times, which was the key for the treatment of
the electrode surface in conditioning.

2. Under the application of PFV, the single pre-BD occurred at a
random moment, in which would last for several microseconds
and the peak value of the current would reach several amperes.
Under PFV of 24 kV, the peak value of the current in pre-BDS
would reach 7.2 A and the vacuum spark always stayed in one
site and sustained from 2.4 to 14.0 ps.

3.Under six PFVs, there was no apparent constriction of the
pre-BD sites. The pre-BD sites randomly distributed in the
surface of the electrode and almost covered the whole surface
of the electrode. The number of the pre-BDs in edge region of
the electrode tent to be more.

4. The two sequential pre-BDs occurred almost in different sites

and far away from each other in the electrode surface. The
pre-BDs took place independently in both time and space, in
which there should be no effect between each other of two
sequential pre-BDs.
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