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ABSTRACT The objective of this paper is to determine dynamic anode and cathode arc current distribution
of parallel vacuum arcs subjected to bipolar axial magnetic field. Drawn arc experiments were carried out
in a demountable vacuum chamber. A split bipolar axial magnetic field electrode with diameter of 100 mm
was specially designed. Arc current of two half split electrode discs were measured through Rogowski coils
out of the vacuum chamber. Experimental current ranged from 4.5 to 45.0 kA. Vacuum arc behaviors were
recorded by a high-speed camera. Unbalance phenomena of anode current and cathode current of parallel
vacuum arcs were observed. The maximum average anode and cathode current density difference between
parallel vacuum arcs at current of 45.0 kA were 2.57 and 2.52 A/mm?, respectively. Critical value of both
anode and cathode current difference ratio at time instant of maximum arc current difference with different
arc initial conditions was 0.60. The maximum critical value of time instant of maximum anode and cathode
current differences between parallel vacuum arcs with one strong arc branch at arc initial were 3.5 and 4.0 ms,
respectively. Moreover, a three-interval arc current development model was proposed to describe unbalance

phenomena of parallel vacuum arcs.

INDEX TERMS Parallel vacuum arcs, vacuum arc modes, axial magnetic field, arc current.

I. INTRODUCTION

Arc current is a key physical parameter of vacuum arcs.
Anode current density is closely associated with anode energy
flux density input and anode phenomena [1], [2]. Gener-
ally, anode serves as a passive collector of arc plasma when
arc current density is relatively low (e.g., in the diffuse arc
mode). As anode become active with high current density
(e.g., in the footpoint mode and anode spot mode), anode
begins to work as an arc plasma source. It is mainly because
local molten area on anode surface caused by inhomogeneous
energy flux density input would generate large quantity of
metallic vapor from anode [3], [4]. Cathode current density
represents electron, ion, and metallic vapor emitting during
arcing. Cathode spots, which serve as main source of metallic
vapor, sustain vacuum arcs during arc discharge [5]. For
vacuum interrupter, severe anode and cathode surface erosion
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caused by high-current vacuum arcs have significant effect on
its electrical lifetime, withstand voltage capability, and short-
current interruption capability [6], [7].

Extensive efforts have been devoted to determine vacuum
arc current distribution. By employing seven independent
elements working as anode, anode current density in each
element was determined [8]. The axial and radial anode
current density in front of anode in diffuse arc mode was
measured by means of a multiprobe and a diamagnetic loop,
respectively [9]. A multiring anode setup was used to deter-
mine anode current density in diffuse arc mode [10]. The
algebraic reconstruction technique algorithm was applied to
estimate 2-D current density distribution in a moving arc
root [11]. In [11], linear current distribution in a moving
arc root along seven directions was measured though mul-
tiple split cathode with different slit angle setup. By means
of 4-split anode electrode and Helmholtz coils, effect of axial
magnetic field on current density in the central anode area was
obtained [12]. Besides, contributions related to arc current

VOLUME 8, 2020


https://orcid.org/0000-0002-8521-3632
https://orcid.org/0000-0001-7563-3839
https://orcid.org/0000-0002-7040-5471
https://orcid.org/0000-0002-3306-767X

H. Li et al.: Dynamic Arc Current Distribution of Parallel Vacuum Arcs

IEEE Access

fixed electrode

(split geometry) electrical

conducting
rods

-

split iron

=~ split
) \ electrode
disc

movahle electrode
(full geometry)

FIGURE 1. Split bipolar axial magnetic field electrode geometry.

based on numerical calculation method were reported. Refer-
ences [13]-[15]. Most investigations mainly focus on anode
and cathode arc current density of vacuum arcs with single
arc column subjected to unipolar axial magnetic fields (AMF)
or without magnetic field. However, arc current distribution
of dual vacuum arcs in parallel are still not clear. In [16],
experimental investigation was carried out of one electri-
cal arc burning in the air connected to a vacuum arc in
parallel. Whereas, arc characteristics of parallel vacuum arcs
are quite different from characteristics of air arc and vacuum
arc setup. In our previous investigations, non-synchronous arc
phenomena in parallel vacuum arcs subjected to bipolar axial
magnetic field have been qualitatively described [17], [18].
However, vacuum arc current in each parallel arc branch
during arcing was not yet determined quantitively.

The objective of this paper is to determine dynamic anode
and cathode arc current distribution of parallel vacuum arcs
subjected to bipolar axial magnetic field. Split electrode setup
was applied. Dynamic anode and cathode arc current of each
parallel during arcing were measured. Relationships between
arc current, maximum parallel arc current difference, and
time instant of maximum parallel arc current difference were
determined. The effect of vacuum arc initial condition on
the parallel vacuum arc current different ratio was analyzed.
Based on the experimental observation, a three-interval arc
current development model of parallel vacuum arcs was pro-
posed, which helped to reveal anode and cathode current
dynamic distribution principles of parallel vacuum arcs.

Il. EXPERIMENTAL SETUP

A. SPLIT ELECTRODE GEOMETRY

Fig. 1 shows split electrode geometry. An electrode disc with
diameter of 100 mm was split into two half-moon shape
pieces by a slit of 2 mm width, symmetrically. The martial
of electrode disc was Cu50Cr50. Two electrical conducting
rods in parallel connected to the two split electrode discs.
A group of horseshoe shaped iron plates were set behind the
electrode disc to collect induced magnetic field around two
electrical conducting rods. The magnetic field was forced out
of the iron plates into electrode gap region near the open slit of
horseshoe shaped iron plates. Thus, a bipolar axial magnetic
field was generated. Parallel vacuum arcs were formed due to
the effect of the bipolar axial magnetic field. Parallel vacuum

VOLUME 8, 2020

Y .
inductor circuit breaker Rogowski coils
— i Vi high-speed
capacitor banks E 1
' N front view
__________________ window
demountable
vacuum chamber

FIGURE 2. Arrangement of experimental circuit.

arc current could be measured by means of split electrode
disc setup. For split electrode geometry, both iron plates
and electrode disc were separated. Current in each electrical
conducting rod could be regarded as the same value of arc
current in the related split electrode disc.

B. EXPERIMENT CIRCUIT

Experimental circuit arrangement is shown in Fig. 2. Drawn
arc experiments were carried out in a demountable vacuum
chamber with a pressure of ~10~* Pa. In the experiment, split
electrode was fixed to the vacuum chamber. A full horseshoe
type electrode served as movable electrode driven by a spring
actuator. Split electrode operated as anode and cathode,
respectively. Opening velocity was 2.0 m/s. Sinusoidal cur-
rent was generated by an L-C circuit with pre-charged capac-
itor banks. Arc current ranged from 4.5 to 45.0 kA. Arcing
time with one current half-wave was 8.5 to 10.5 ms due to
the mechanical dispersion of actuator. Vacuum arc behavior
was obtained by a high-speed camera with recording speed of
2 x 10* fps and exposure time of 4 yus. The viewing angle was
in parallel with electrode surface. Rogowski coils were set
outside the vacuum chamber. Two Rogowski coils were used
to measure current in each separated electrical conducting
rod. The measured current was regarded as the arc current
in parallel vacuum arcs. The total current in the experiment
was recorded by another Rogowski coil.

IIl. EXPERIMENTAL RESULTS
A. UNBALANCE PHENOMENA OF PARALLEL VACUUM
ARCS
Fig. 3 shows typical vacuum arc behavior of parallel vacuum
arcs subjected to bipolar axial magnetic field. Arc duration
was 20.7 ms with two current half-waves. Split electrode
served as cathode in the first current half-wave with current
of 15.4 kA. After first current zero, the polarity was reversed.
Split electrode worked as anode with current of 12.9 kA in
the second current half-wave. Cathode and anode arc current
of parallel vacuum arcs were measured in the same arc dis-
charge process (in Fig. 3) is shown in Fig. 4. Fig. 4(a) illus-
trates the dynamic arc current in the left and right parallel
arc branches during arcing. Meanwhile, total current of the
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FIGURE 3. Typical arc behavior of parallel vacuum arcs. Split electrode
worked as cathode with current of 15.4 kA in the first current half-wave.
Split electrode worked as anode with current of 12.9 kA in the second
current half-wave.
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FIGURE 4. Dynamic cathode and anode arc current of parallel vacuum
arcs. (a) Relationship between arc current of parallel arc branches and
total arc current. (b) Cathode and anode current difference between twin
parallel vacuum arcs.

parallel vacuum arcs was presented. Vacuum arcs ignited at
both sides of the split electrode at time instant t1 of 1.7 ms
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after electrodes separation. At time instant of 1.8 ms, brighter
arc appeared at the left side. While at the right side, only
a weak luminous arc was observed. Cathode arc current of
left and right arc branch was 7.6 and 0.4 kA, which indicated
extremely unbalanced arc current after arc initial. As elec-
trode gap increased, cathode spot moved from the arc initial
position to the fringe of split electrode disc, as shown in
the arc images at time instant of 3.0 and 4.4 ms in Fig. 3.
Cathode arc current of left arc branch decreased at first.
Then it slightly increased. Cathode arc current of right arc
branch continuously increased. At time instant t2 of 5.4 ms,
cathode spots distributed on the whole split electrode disc
surface. Cathode arc current of left and right arc branch had
appropriately the same value of 7.7 kA. From time instant
t2 to t3 of 7.9 ms, cathode arc current of two parallel arc
branches maintained at a relative balanced state with alter-
native higher current value. After t3, vacuum arc evolved
into multi-cathode spot arc mode (in which mode cathode
spots separated with independent plasma jet). Vacuum arcs
were fully diffused. Cathode current of parallel vacuum arcs
decreased with a relative same decreasing ratio.

First current zero appeared at time instant t4 of 11.1 ms.
Vacuum arc reignited after t4. At time instant of 12.1 ms,
vacuum arc was observed at left side. Then, vacuum arcs
appeared on both sides at t5 of 12.6 ms. Between t4 and t5,
vacuum arcs were unstable and shifted between left and right
position due to the weak axial magnetic field. Arc currents
of parallel arc branches were unbalanced. With the increase
of arc current, two arc branches gradually separated. From
t5 to t6 of 19.0 ms, parallel vacuum arcs were relative stable.
Vacuum arcs became slightly distorted in the large electrode
gap. After t6, vacuum arcs were in multi-cathode spot arc
mode.

Fig. 4(b) shows dynamic arc current difference and
dynamic arc current difference ratio between parallel vac-
uum arc branches. In order to estimate the unbalanced level
arc current of parallel vacuum arcs, current difference ratio
is defined. The current difference ratio of parallel vacuum
arcs can be calculated by the current difference between
parallel vacuum arcs divided by total arc current. It repre-
sents the level of unbalanced vacuum arc current. Higher
current difference ratio indicates a larger current of one arc
branch. According to Fig. 4(b), current difference reached
the maximum value of 7.1 kA at 1.9 ms (electrode separated
at 1.7 ms). The current difference ratio was 0.91. It rapidly
decreased to 0.20 within 1.1 ms. At time instant t2, current
difference ratio was zero. Afterwards, current difference ratio
was below 0.05 which indicated balanced parallel vacuum
arcs during this period. Near the time instant t4, current dif-
ference ratio was approximately 1 because of the large calcu-
lation error near current zero. Although the current difference
ratio was high before current zero, it did not represent a large
current difference value because arc current and arc energy
input were low enough near current zero. After arc reigniting,
the average value of current difference ratio between t4 and
t5 was 0.50, which suggested unbalanced arc current process.
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FIGURE 5. Arc behavior of parallel vacuum arcs. Split electrode worked as
anode with current of 32.6 kA.

After time instant t5, the current difference ratio was below
0.12. At 0.5 ms before second current zero, current difference
ratio increased sharply.

Based on the arc current characteristics of parallel vac-
uum arcs shown in Fig. 4, unbalance phenomena of par-
allel vacuum arc current were observed. Parallel cathode
current difference ratio had a peak after electrode separation.
It was probably affected by the vacuum arc initial condition,
e.g., arc ignition position, arc phase, and electrode surface
condition. The cathode current difference ratio decreased to
below 0.12 after t2. It indicated that the cathode current
difference maintained at a low level in the diffuse arc mode
(in which mode arc plasma diffused and filled contact gap)
with cathode spot distributing on the split electrode surface
homogeneously.

B. ANODE CURRENT DISTRIBUTION OF PARALLEL
VACUUM ARCS

1) DEVELOPMENT OF ANODE CURRENT DIFFERENCE
Vacuum arc behavior of parallel vacuum arcs at arc current
of 32.6 kA is shown in Fig. 5. Split electrode worked as
anode. Fig. 6 represents anode current of parallel vacuum
arcs during arc discharge. Electrode separated at time instant
Al of 2.1 ms. InFig. 5, vacuum arcs appeared at both sides of
electrode near the center at 2.6 ms. Anode arc current in the
left and right arc branches were 9.5 and 11.8 kA, respectively.
In order to further describe the arc current variation of left and
right arc branches, the minus sign before current difference
ratio indicated a larger current in right arc branch in this paper.
The current difference ratio at 2.6 ms was —0.13. From time
instant A2 to A3 of 4.5 ms, vacuum arcs at both sides moved
to the whole electrode surface. Parallel vacuum arcs were in
the intense arc mode (in which mode distinct boundary of
vacuum arc appeared under short contact gap). During this
period, arc current in the left arc branch was higher than
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FIGURE 6. Dynamic anode arc current of parallel vacuum arcs.
(a) Relationship between parallel anode arc current and total arc current.
(b) Anode current difference between parallel vacuum arcs.

the current in the right arc branch. After 4.5 ms, parallel arc
branches were observed. Arc current difference between left
and right arc branches continuously increased to the maxi-
mum value of 4.8 kA at A4 of 9.2 ms. At this moment, arc
current in the left and right arc branches were 11.4 and 6.6 kKA,
respectively. The current difference ratio was 0.31. After
time instant A4, current difference between left and right
arc branches was decreasing until current zero (AS). Parallel
vacuum arcs during this period were fully diffused. Anode
surface was becoming relative dark. Fig. 6(b) shows the anode
current difference ratio with arc current of 32.6 kA. From time
instant Al to A3, anode current difference ratio oscillated
with decay feature until parallel arc current tended to in
balanced state. In order to describe this current self-balance
process at arc initial, arc current self-balance time is defined.
It is the time duration from electrode separation to arc current
of two parallel arc branches reaching a relative balanced state.
Arc current self-balance time indicates the self-balance capa-
bility of parallel vacuum arcs from the unbalanced arc initial.
Generally, short arc current self-balance time is preferred to
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avoid inhomogeneous parallel arc energy input which will
result in severe erosion at one side of electrode disc. Anode
arc current self-balance time with current of 32.6 kA was
2.4 ms. After time instant A3, parallel vacuum arc branches
were formed. Anode current difference ratio increased from
0.01 to 0.30 at time instant A4 rapidly. Afterwards, anode
current difference ratio increased to 0.38 at A6 gradually.
During this period, anode current difference ratio continu-
ously increased which indicated that parallel vacuum arcs
tended to be more unbalanced. From A6 to current zero, arc
current was lower than 4.0 kA. Parallel vacuum arcs were in
multi-cathode spot arc mode. Large anode current difference
ratio mainly caused by calculation error did not represented
a large absolute value of arc current difference.

Based on the anode current difference ratio, anode cur-
rent of parallel vacuum arcs during arc discharge could be
divided into 3 intervals as shown in Fig. 6(b). Interval I was
the arc initial period from time instant Al to A3. Vacuum
arcs were in the unstable movement stage in the interval 1.
During this period, vacuum arc ignited at random positions
and then it moved to whole electrode surface. Anode parallel
vacuum arcs current presented self-balance characteristics at
arc initial until parallel vacuum arcs finally formed. Interval II
was the stable arc burning period from time instant A3 to A6.
Parallel vacuum arcs were in the relative stable burning stage.
In this period, anode arc current of parallel vacuum arcs
tended to become further unbalanced according to current
difference ratio curve. It indicated that anode parallel arc
current had an unbalance tendency in the stable arc burning
period instead of self-balance characteristics at arc initial.
Interval III was the arc decay period near current zero from
time instant A6 to AS. During this period, vacuum arc was
in multi-cathode spot arc mode with current below 5.0 kA
typically. Because of continuously decreasing arc current,
high current difference ratio in the arc decay period did not
represent large current difference value actually. Interval III
indicated the nonsynchronous cathode spots decay process of
parallel vacuum arcs.

2) UNBALANCE CHARACTERISTICS OF ANODE CURRENT
UNDER DIFFERENT CURRENT LEVELS

Anode current characteristics of parallel vacuum arcs were
shown in Fig. 7. Split electrode served as anode with arc
current ranged from 4.5 to 45.0 kA. In the experiment, three
cases of vacuum arc behaviors at arc initial were observed,
i.e., 1) two approximate balanced arcs at both sides of split
electrode discs, 2) one strong arc branch and one weak arc
branch at two split electrode discs, 3) only one strong arc
branch appeared at one side of split electrode disc. Case 3)
could be considered as an extreme condition of case 2).
Therefore, two different arc initial conditions (case 1) and
case 2)) were taken into consideration in the analysis of
parallel anode current characteristics. Fig. 7(a) shows the
relationship between total current and maximum anode cur-
rent difference between parallel vacuum arcs. Vacuum arc
with one strong arc branch at arc initial was observed when
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FIGURE 7. Anode current characteristics of parallel vacuum arcs with arc
current ranged from 4.5 to 45.0 kA. (a) Relationship between total current
and maximum anode current difference between parallel vacuum arcs.
(b) Relationship between total current and time instant of maximum
anode current difference between parallel vacuum arcs. (c) Relationship
between current difference ratio and time instant of maximum anode
current difference between parallel vacuum arcs.

current was lower than 25.0 kA. For a specific total current,
the maximum anode current difference of arc initial case 1)
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was larger than arc initial case 2). It suggested that one strong
arc branch at arc initial was not preferred because it would
lead to severe local electrode erosion caused by large anode
current. The maximum anode current difference between
parallel vacuum arcs with one strong arc branch at arc initial
and with two approximate balanced arcs at arc initial could
be estimated by equation (1) and (2), respectively

la_max_diff = 0.536p1a1 + 1.14 (1
la_max_diff = 0.24izp101 + 0.77 2)

where i;_ax_gi Was the maximum anode current difference
between parallel vacuum arcs, iz, Was the total current of
parallel vacuum arcs. According to equation (1) and (2), when
total current was 40.0 KA, iy_max_qif With one strong arc
branch at arc initial was 22.3 kA, which was 2.2 times higher
than iy uax_gyp With two approximate balanced arcs at arc
initial. Besides, average current density is defined, which can
be calculated through arc current divided by the area of split
electrode disc. The maximum average anode current density
difference between parallel vacuum arcs at current of 45.0 kA
was 2.57 A/mm?2.

Fig. 7(b) shows the relationship between total current
irora and time instant of maximum anode current difference
between parallel vacuum arcs #,_max_diff - Vacuum arcs ignited
at time instant zero. Time instant of maximum anode current
difference between parallel vacuum arcs in the experiments
were scattered in an open triangular region. With the increas-
ing of total current, the dispersity of time instant of maximum
anode current difference between parallel vacuum arcs was
larger. When total current iy, was 10.0, 20.0, and 30.0 kA,
the t4_max_aiy Was within 2.4, 4.7, and 6.9 ms, respectively.

Fig. 7(c) shows the relationship between time instant of
maximum anode current difference between parallel vacuum
arcs t,_max_qiff and anode current difference ratio at time of
maximum anode arc current difference k,_max_diy Four areas
were divided based on crossing lines 4 ax_gif = 3.5 ms
and ky_max_qif = 0.60. When two approximate balanced
arcs appeared at arc initial, the current difference ratio at
time instant of maximum anode arc current difference in the
experiments were scattered in the area 2 and area 3 with
ka_max_aifr lower than 0.60. If one strong arc branch was
formed at arc initial, the current difference ratio at time instant
of maximum anode arc current difference in the experiments
only distributed in the area 4 with k;_nax_qifr higher than 0.60.
Therefore, 0.60 would be regarded as the critical value of
ka_max_ayr With different arc initial conditions.

When one strong arc branch appeared at arc initial,
ta_max_diff was shorter than 3.5 ms. It suggested that the
maximum anode current difference between parallel vacuum
arcs generally appeared in the interval I in the Fig. 6(b) due
to the extreme unbalanced arc current at arc initial. The time
instant of maximum anode current difference between paral-
lel vacuum arcs ranged from 0.1 to 7.0 ms if two approximate
balanced arcs appeared at arc initial. Thus, 3.5 ms could be
considered as the maximum critical value of ta_max_diff for
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FIGURE 8. Arc behavior of parallel vacuum arcs. Split electrode worked as
cathode with current of 18.9 kA.

the initial arc condition with one strong arc branch. According
to the analysis above, it indicated that parallel vacuum arc
behavior at arc initial had significant effect on the unbalance
characteristics of parallel anode arc current.

C. CATHODE CURRENT DISTRIBUTION OF

PARALLEL VACUUM ARCS

1) DEVELOPMENT OF CATHODE CURRENT DIFFERENCE

As the main plasma source during arc discharge, cathode
played a different role from anode. In order to investigate
cathode arc current distribution of parallel vacuum arcs, split
electrode was set as cathode. Arc current ranged from 6.0 to
41.0 kA. Fig. 8 shows behavior of parallel vacuum arcs with
arc current of 18.9 kA. Related parallel cathode arc current
was measured as shown in Fig. 9. Electrode separated at
time instant B1 of 1.9 ms. At 2.1 ms, two approximate bal-
anced arcs appeared at both sides of split electrode. Cathode
current of left and right arc branches was 6.2 and 5.1 kA,
respectively. Cathode current difference and cathode current
different ratio were 1.1 kA and 0.10. At time instant B2 of
3.1 ms, cathode current of parallel vacuum arc branches were
in the same value of 1.4 kA. Between B1 and B2, cathode
spots of each arc branch moved to the fringe of split electrode
discs. Vacuum arcs were in the intense arc mode. From time
instant B2 to B3 of 4.1 ms, cathode spots of parallel vacuum
arcs tended to distribute on the entire electrode disc surface.
Cathode current of left branch was higher than the current
of right branch. Cathode current difference between left and
right arc branch increased to 0.8 kA. The related cathode
current difference ratio increased to 0.04 at B3. After B3,
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FIGURE 9. Dynamic cathode arc current of parallel vacuum arcs.
(a) Relationship between parallel cathode arc current and total arc
current. (b) Cathode current difference between parallel vacuum arcs.

cathode current difference between parallel arc branches
decreased slightly due to the different current phase. The
cathode current difference ratio remained almost the same
value which indicated a quite stable arc period. Vacuum arcs
were in diffuse arc mode. Near time instant B4 of 9.9 ms, arc
current was 5.2 kA. From time instant B4 to current zero (B5S),
vacuum arcs were in the multi-cathode arc mode with cathode
current difference lower than 0.2 kA.

During arc discharge, cathode current of parallel vacuum
arcs could be divided into 3 intervals based on the cathode
current difference ratio as shown in Fig. 9(b). The classi-
fication standard of 3 intervals was similar to the parallel
anode current. Interval I was the arc initial period from time
instant B1 to A2. It was the self-balance period of parallel
vacuum arcs. The cathode current self-balance time at current
of 18.9 kA was 1.2 ms. Interval II was the stable arc burning
period from time instant B2 to B4. Cathode current difference
ratio was relative stable when cathode spots spread over
the whole split electrode surface in the diffuse arc mode.
Interval III was the arc decay period with low arc current
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FIGURE 10. Cathode current characteristics of parallel vacuum arcs with
arc current ranged from 6.0 to 41.0 kA. (a) Relationship between total
current and maximum cathode current difference between parallel
vacuum arcs. (b) Relationship between total current and time instant of
maximum cathode current difference between parallel vacuum arcs.
(c) Relationship between current difference ratio and time instant of
maximum cathode current difference between parallel vacuum arcs.

near current zero. High cathode current difference ratio in this
period is mainly due to calculation error near current zero.
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Cathode current characteristics of parallel vacuum arcs
were shown in Fig. 10. Fig. 10(a) shows the relation-
ship between total current and maximum cathode current
difference between parallel vacuum arcs. Vacuum arc with
one strong arc branch at arc initial was observed with cur-
rent lower than 35.0 kA. Compared with maximum anode
current difference with arc initial of one strong arc branch,
the maximum cathode current difference with arc initial of
two approximate balanced arcs at both sides of split electrode
discs was higher for a specific total current. The maximum
cathode current difference between parallel vacuum arcs with
one strong arc branch at arc initial and with two approximate
balanced arcs at arc initial could be estimated by equation (3)
and (4), respectively

ic_max_d:ﬁ' = 0'67imtal +0.03 (3)
ic_max_dzﬁ” = 0'23itotal +0.74 (4)

where ic_max_aif Was the maximum cathode current differ-
ence between parallel vacuum arcs, iy, Wwas total current
of parallel vacuum arcs. According to equation (3) and (4),
when total current was 20.0 kA, ic_nax_qif With one strong
arc branch and two approximate balanced arcs at arc initial
was 13.4 kA and 5.3 kA. With total current increased to
40.0 KA, ic_max_ayr With one strong arc branch at arc initial
was 26.8 kA, which was 2.7 times higher than i¢c_qx_gir With
two approximate balanced arcs at arc initial. The maximum
cathode average current density difference between parallel
vacuum arcs at current of 40.0 kA was 2.52 A/mm?.

2) UNBALANCE CHARACTERISTICS OF CATHODE CURRENT
UNDER DIFFERENT CURRENT LEVELS
Fig. 10(b) shows the relationship between total current izysq;
and time instant of maximum cathode current difference
between parallel vacuum arcs 7._pqx_gjff - Time instant of max-
imum cathode current difference between parallel vacuum
arcs were scattered in an open triangular region. With the
increasing of total current, time instant of maximum cathode
current difference between parallel vacuum arcs had large dis-
persity. When total current i,y was 10.0, 20.0, and 30.0 kA,
the 7c_max_air was within 2.7, 4.5, and 6.6 ms, respectively.
Fig. 10(c) shows the relationship between time instant
of maximum cathode current difference between parallel
vacuum arcs fe_max_qgiff and cathode current difference ratio
at time instant of maximum cathode arc current difference
ke_max_difr - Four areas could be divided based on crossing
lines fc_max_air = 4.0 ms and kc_nax_gir = 0.60. When two
approximate balanced arcs appeared at arc initial, the current
difference ratio at time instant of maximum cathode arc cur-
rent difference in the experiments distributed in the area 2 and
area 3 with k. jqx_qir lower than 0.60. In the situation of one
strong arc branch was formed at arc initial, the current dif-
ference ratio at time instant of maximum cathode arc current
difference distributed in the area 4 with k¢_;1qx_qir higher than
0.60. Thus, the critical value of k¢_pqax_qgir With two kinds of
arc initial conditions could be determined as 0.60. When one
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strong arc branch appeared at arc initial, #,qx_g;r Was shorter
than 4.0 ms. The time instant of maximum cathode current
difference between parallel vacuum arcs ranged from 0.1 to
6.0 ms when two approximate balanced arcs appeared at arc
initial. Here, 4.0 ms could be considered as the maximum
critical value of #. jqx_gyf With one strong arc branch at arc
initial.

IV. DISCUSSION

Unbalance phenomena of parallel vacuum arc current were
observed. In the experiments, parallel arc current distribution
for both anode and cathode had some common characteristics
during arc discharge. In order to describe dynamic anode
and cathode arc current development process, a three-interval
arc current development model of parallel vacuum arcs was
proposed according to current difference ratio of parallel
vacuum arcs. Interval I was arc current self-balance period
at arc initial. During this period, vacuum arcs expanded from
arc ignition position to whole electrode surface. Self-balance
feature of parallel anode and cathode arc current appeared in
the interval I as shown in Fig. 6(b) and Fig. 9(b). For parallel
vacuum arcs, three cases of vacuum arc behaviors at arc
initial were observed in the experiment. Cathode spots were
split to form new cathode spots rapidly and they were driven
to move to the fringe of electrode disc by electromagnetic
force. Unstable vacuum arcs were in expanded duration to
form parallel arc branches. Current difference ratio curve
decreased with fluctuation until parallel arc current tended
to in balanced state. The typical during of interval I was
within 4.5 ms. Interval II was stable arc burning period.
Parallel vacuum arc branches existed in the period. Anode
and cathode current difference ratio curves were quite dif-
ferent. Anode current difference ratio of parallel vacuum
arcs continuously increased as shown in Fig. 6(b), which
indicated an unbalance tendency in the interval II. Parallel
current unbalance process might be affected by two factors,
electrode surface condition after interval I and cathode phe-
nomena in interval II. Generally, intense arc mode appeared
in the interval I, which would lead to severe electrode ero-
sion especially with large current. Due to different arc initial
cases of parallel vacuum arcs, anode surface condition in two
parallel arcing regions were different. The anode region with
higher local temperature became more active. It had high
probability to emit metallic vapor from anode, which was
preferred to generate more of plasma in the relative arc branch
by ionization. Thus, macro-current difference of two arc
branches was observed. Besides, vacuum arcs in the interval
II were mainly in the diffuse arc mode, during which cathodic
vapor was the main contribution to arc plasma. Therefore,
anode current could be influenced by cathode phenomena.
Cathode current difference ratio of parallel vacuum arcs was
relative stable in the diffuse arc mode as shown in Fig. 9(b),
which indicated a relative balanced period in the interval II.
In this period, independent cathode spots distributed on the
entire split electrode disc surface homogeneously. Therefore,
the cathode current difference ratio of parallel vacuum arcs
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maintained at a relatively low stable value in the interval II.
The typical during of interval II began after interval I and
ended at 1.5 ms before current zero. Interval III was the
arc decay period shortly before current zero with typical arc
current lower than 5.0 kA. In this period, vacuum arcs were
in the multi-cathode spot arc mode. Current difference ratio
indicated nonsynchronous cathode spots decay process of
parallel vacuum arcs. The three-interval arc current develop-
ment model described the unbalance phenomena of parallel
vacuum arcs from the angle of dynamic arc current dis-
tribution quantitively. Besides, unbalanced parallel vacuum
arcs subjected to bipolar axial magnetic field would result
in asymmetrical electrode erosion characteristics in parallel
arcing region, e.g., molten layer depth, alloy content, surface
microstructure [19]. In addition, arc current had influence on
vacuum arc mode transition of parallel vacuum arc branches
and the diameter of vacuum arc columns [17]. All these con-
tributions help to better understand the unbalance phenomena
of parallel vacuum arcs.

Parallel arc current of another split electrode geometry with
split electrode disc and a complete horseshoe shaped iron
plates was reported in [20]. Parallel arc current self-balance
phenomena were observed during whole arcing discharge
because of the function of complete iron plates connecting to
two split electrode disc. The measured current of split elec-
trode with complete iron plates were the current of parallel arc
current affected by current sharing effect caused by complete
iron plates. However, the split electrode applied in this paper
had both split electrode disc and split horseshoe shaped iron
plates. Two parts of split electrode were totally separated.
Compared with measurement results in [20], the current mea-
surement in this paper could be regarded as the current of
related parallel arc branch.

V. SUMMARY

This paper experimentally determined dynamic anode and
cathode arc current distribution of parallel vacuum arcs sub-
jected to bipolar axial magnetic field. The conclusions are the
following:

1) Unbalance phenomena of anode current and cathode
current of parallel vacuum arcs were observed. Three-interval
arc current development model was proposed to describe
unbalance phenomena of parallel vacuum arcs. Interval I
was the parallel arc current self-balance period at arc initial.
During interval II, parallel anode and cathode arc current
in the diffuse arc mode presented unbalance tendency and
relative balanced characteristics, respectively. Interval I1I was
the arc decay period shortly before current zero.

2) The maximum average anode current density difference
between parallel vacuum arcs at current of 45.0 kA was
2.57 A/mm?. The critical value of anode current difference
ratio at time instant of maximum anode arc current difference
with different arc initial conditions was 0.60. The maximum
critical value of time instant of maximum anode current
difference between parallel vacuum arcs with one strong arc
branch at arc initial was 3.5 ms.
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3) The maximum average cathode current density differ-
ence between parallel vacuum arcs at arc current of 45.0 kA
was 2.52 A/mm?. The critical value of cathode current dif-
ference ratio at time instant of maximum cathode arc current
difference with different arc initial conditions was 0.60. The
maximum critical value at time instant of maximum cathode
arc current difference between parallel vacuum arcs with one
strong arc branch at arc initial was 4.0 ms.
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