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ABSTRACT Intermediate frequency (IF) electric power supply system has been widely applied in airplanes.
Reignition after interruption of 360–850Hz vacuum arc in axial magnetic field (AMF) is studied in this paper.
According to the experimental results, the current interruption ability decreases from 22.4 kA at 360 Hz to
14.0 kA at 850 Hz. With the increase of frequency, the rate of change of current, di/dt, at current zero (CZ)
reaches the breaking threshold at a smaller current value. Based on the least squares solution of the Mayr
model, the time of decay of arc energy is prolonged when interruption fails, which is disadvantageous to the
breaking process. On the other hand, the eddy effect is enhanced by higher frequency, which increases the
residual magnetic induction intensity and the hysteresis phase of AMF after CZ. As a result, the diffusion of
plasma is blocked. In the experiments, we find that the position of arc reignition always appears at the margin
of contacts. It is shown by calculation that the electric field at themarginal area is twice as strong as that inside
the contact. The current density is high, where the electric field is strong, leading to the higher probability of
field emission. Arc images are analyzed by frame differential method. The sputtering velocity ofmacroscopic
particles is estimated to be 10–20 m/s. The dissipation time of the macroscopic particles is longer than the
arc time of IF vacuum arc, and the presence of macroscopic particles leads to the arc reignition. The findings
of this paper would be beneficial to the parameter design of IF vacuum circuit breakers, such as the magnetic
flux density of AMF, the chamfering of contact margin, and contact materials.

INDEX TERMS Aircraft, dielectric recovery strength, eddy current effect, intermediate frequency vacuum
arc, macroscopic particles, marginal effect of electric field.

I. INTRODUCTION
In some more-electric aircrafts, electricity is generated by
a frequency-varying generator and the current frequency is
in the range of 360-800 Hz, which is called intermediate
frequency (IF) power supply system. As the frequency and
current increase, the interruption process becomes difficult
and hence new circuit breakers are required to ensure the
safety of the aircraft. Vacuum circuit breakers have been
widely used in medium/low voltage power systems, and are
potentially suitable for use in the IF power supply system
in aircrafts. In the field of research on vacuum arc in the
aviation IF power supply system, Wang analyzed vacuum arc
at 360-800 Hz in an axial magnetic field (AMF) vacuum
interrupter with 66 mm diameter. The relationship between
arc properties, such as arc shape, current interruption ability,

arc voltage noise, anode melting phenomenon, and current
frequency was discussed [1], [2]. Zhu studied the vacuum
arc motion characteristics at 360-800 Hz in a transverse
magnetic field (TMF). The arc would move only when the
current increased to a certain value. If the cathode surface was
occupied by cathode spots, there would be high frequency
noise in the arc voltage [3]–[5]. Jiang considered that the con-
tacts material played a key role in determining the breaking
capacity of the vacuum interrupters and the characteristics of
an IF vacuum arc. When the current fails to be interrupted,
the arcs overflow the gap and exhibit irregular performances
in the first half wave [6].

The success of the interruption is determined by the com-
petition between the rise rate of recovery voltage (RRRV)
and the recovery rate of dielectric strength (RRDS). If RRDS
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is less than RRRV, the arc will reignite after extinguish-
ing [7], [8]. In high current mode, a sharp increase in input
power will cause the rate of melting of anode material to
increase, which contributes to evaporation of metals and sput-
tering of macroscopic particles. The dielectric strength will
be reduced by a large amount of metal vapors and particles
[9], [10]. Densities and spatiotemporal distributions of copper
vapor particles in vacuum arc have been measured using
laser-induced fluorescence [11], [12]. Wantanabe estimated
the anode surface temperature of CuCr50, and the critical
vapor density and pressure at the current interruption limit.
It was concluded that the reignition might be mainly domi-
nated by the vapor density in the gap [13]. Researchers also
found various kinds of copper particles at macroscopic level
in the arc column and liquid copper formed a clockwise swirl
flow on the contact plate in AMF, which led to interruption
failure. In the process of vacuum arc breaking, the energy
injected into the anode will cause anodemelting, evaporation,
and deformation. The arc contraction will lead to more seri-
ous anode deformation and the deformation also can influ-
ence the dielectric recovery process significantly [14], [15].
Qin investigated the dielectric recovery strength influenced
by 375-1000 Hz reverse current in a DC interrupting process.
It was found that decreasing the frequency of the reverse
current can improve the dielectric recovery strength [16].

Thus, many scholars have tried to explain arc reignition
phenomenon and study the cause of the RRDS, however
there is not a unified explanation for vacuum arc interruption
failure. In addition, most of the existing recent researches
are aimed at the power frequency arc, while the research
on the vacuum arc at intermediate-frequency is in the initial
stage. In this study, interruption experiments of vacuum arc
at 360-850 Hz are carried out and the reignition phenomenon
is investigated. From the rate of change of current di/dt ,
the arc energy and the hysteresis of AMF at current zero (CZ),
we explain the reason why the current interruption ability
decreases with the increase in frequency. The influence of
marginal effect on field emission and reignition location are
analyzed. Based on the results, the process of arc reignition
seems to be impacted by macroscopic particles.

II. EXPERIMENTAL CONDITIONS
The experimental system for IF vacuum arc is shown in
Fig. 1. The oscillating circuit which consists of a capac-
itance C1, inductance L1, TRIAC T1, and vacuum circuit
breaker (VCB), is used to generate an oscillating current
at 360-850 Hz. The arc branch consists of an electrolytic
capacitor C2, power diode D1, current-limiting resistor R2,
and SCR T2, whose function is to make an approximate
DC arc in VCB until the oscillating current is injected. The
frequency regulation branch is composed of R0 and C0, which
can adjust the rate of the recovery voltage du/dt after CZ. The
current is measured by shunt R1 with a 0.6 m� resistance.
The trigger signal for each branch is controlled by the

trigger and recording system and the action sequence in the
experiment is as follows. After C1 and C2 have been full

FIGURE 1. Experimental system for 360-850 Hz vacuum arc.

charged, T2 is triggered when the VCB is closed. Next,
the VCB is opened by the operating mechanism and an
approximate DC arc is generated. When the VCB opens to
the rated separation, the high-speed camera is triggered. Then
T1 is triggered, injecting the IF oscillating current. T2 will be
switched off by a reverse voltage if T1 is switched on because
the charging voltage of C1 is higher than that of C2. T1 is not
switched off until the end of the experiment.

In the experiment, a DL750 waveform recorder
(YOKOGAWA) is used to record the voltage and current. The
maximum recovery voltage is about 500 V and the limit value
of the voltage probe is 2000 V. A Phantom v7.3 high speed
camera is used to capture the arc images at a sampling rate
of 35,087 and a resolution of 320× 240.

III. RESULTS AND DISCUSSION
A. INTERRUPTION ABILITY RELATED TO FREQUENCY
Interruption ability for short circuit current is one of the
important parameters of vacuum interrupter. In order to study
the limit interruption ability at different frequencies and ana-
lyze the main factors affecting its open circuit performance,
VCB of AMF type with contact materials of CuCr50 and
diameter of 41 mm is tested in this section, with a con-
tact distance of 3 mm. By changing the current frequency,
we obtain the current peak value in the first half wave for
successful and failed interruption at different frequencies,
as shown in TABLE 1, represented by Isuccess and Ifailure
respectively. For each frequency, the limit interruption test
is performed more than 15 times. It should be noted that
when the current frequency is 500 Hz and current peak is
16.5 kA, breaking is sometimes successful and sometimes
fails. Therefore, we consider 16.5 kA at 500 Hz as a critical
value and 15.5 kA at 600 Hz also as a critical value for the
same reason.

As shown in Fig. 2, Isuccess and Ifailure at different frequen-
cies are represented by curves with symbol ◦ and ×, respec-
tively; then the limit interruption current must be between
the curves ◦ and ×. We can conclude that with the increase
of frequency, the limit breaking ability of AMF type vac-
uum interrupter decreases. From the macroscopic aspect,
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TABLE 1. Current level for successful and failed interruption at different
frequency (AMF, CuCr50, 41 mm).

FIGURE 2. Limit interruption ability at different frequencies (AMF,
CuCr50, 41 mm).

the interruption process is determined by the competition
between the RRRV and RRDS. The RRDS is affected by
many factors, such as the di/dt at CZ, the hysteresis of the
AMF, the thermal state of the contact, etc. Because the RRRV
du/dt, which is determined by R0 and C0 in Fig. 1, is constant
at different frequencies, we will pay attention to the di/dt at
CZ, the arc energy and the hysteresis of the AMF in this paper.

As shown in Fig. 2, di/dt of CZ at different frequencies
under failed interruption are represented by the curve. The
di/dt increases from about 50 A/µs at 360 Hz to 75 A/µs at
850 Hz. Because the di/dt reaches a maximum at CZ, it is
related to the frequency and current peak as,

di
dt

∣∣∣∣
max
=

d
[
Ipeak sin(2π f · t)

]
dt

∣∣∣∣∣
t=0

= 2π f · Ipeak (1)

The above equation illustrates that with a higher frequency,
a smaller current value will cause the same di/dt . If it is
considered that there is a threshold of di/dt in VCB, then it
will be more difficult to break with the increase in frequency.

According to the Bennet pinch model, the pressure differ-
ence between the inside and the edge of the arc column is,

1P(r) = µ0

∫ rh

r
(
Jr
r

∫ r

0
Jrdr)dr (2)

Due to the skin effect, with the increase of the current
rate, the distribution density of current, Jr, will be high at the
center and low at the edge of the arc column, as a result of
which the arc pressure at the column center increases and the
constriction of the arc will be more apparent [17]. The above
phenomenon can be observed in Fig. 8, which shows the arc
images of failure interruption at different frequencies. The

heat and the energy density are high due to the contraction
of the arc, which will enhance the stability of the arc. Then,
when the current decreases to zero, the number of cathode
spots and plasma will decrease slowly, caused by the high
current rate di/dt. There will be residual current in the arc
area at CZ, which weakens the dielectric recovery strength.
So, the interruption at 850 Hz is worse than that at 360 Hz.

According to the Mayr model, the differential equation for
an arc is,

g′(t) =
dg(t)
dt
=
g(t)
τ

(
u(t) · i(t)

P0
− 1) (3)

In this case, g(t) is the conduction of arc, u(t) is the arc
voltage, and i(t) is the current.P0 is the heat dissipation power
of arc, and τ is the time constant of arc. To solve for P0 and τ ,
we need to obtain the least squares solution of equation (4),

min J (τ,P0)

= min
N∑
i=1

[g′(ti)− (
1
τP0

g(t) · u(t) · i(t)−
1
τ
g(t))]2 (4)

Based on the arc voltage and current data in the experiment,
we can calculate the heat dissipation power and the time
constant of arc at various current and frequency conditions,
as shown in TABLE 2. The experimental data for failed
interruption is indicated in a bold, italic font.

TABLE 2. Heat dissipation power and time constant of arc.

According to the data in the table, the order of magni-
tudes of P0 and τ are consistent in different experimental
conditions, indicating that the results are reliable. The effect
of the current on P0 is obvious, and P0 increases with the
increase of the breaking current, as shown in Fig. 3 (a). This
is because an increase in current implies an increase in the
input power of arc. Then, to ensure a power balance, the heat
dissipation power will be increased. The variation of the time
constant of arc is more complicated. On the macro level,
the time constant of arc at 360 Hz is larger than that at other
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FIGURE 3. Parameters of the Mayr model.

frequencies, indicating that the arc time affects τ . At the same
frequency, the time constant increased significantly in the
failed interruption, as shown in Fig. 3 (b), in which successful
interruption is presented by the symbol ◦, and failed inter-
ruption is presented by the symbol ×. This means that the
arc energy decays slowly when a failed interruption occurs,
which is disadvantageous for the break.

B. HYSTERESIS OF THE AMF
On the other hand, as the current frequency increases,
the eddy current effect of the AMF will be stronger, causing
the hysteresis of AMF more strongly. The AMF, B, in the
contact gap is related to the current magnetic field, Bi, gen-
erated by the current, i, and eddy current magnetic field, Be,
generated by the eddy current, ie, as illustrated in Fig. 4 (a).

According to the Ampere circuital theorem and Faraday’s
law of electromagnetic induction,∮

l
B · dl = µ0I (5)

e = −
d8
dt

(6)

As known from equations (5) and (6), the current, i, which
flows through the contacts, is in the same phase as the current
magnetic field, Bi. The eddy current, ie, is inducted by AMF
and the eddy current magnetic field, Be, lags behind B by
90◦. The composition of the AMF is shown in Fig. 4 (b),
in which the angle, α, indicates the phase bywhich the current
magnetic field, Bi, lags behind the AMF, B.

FIGURE 4. The AMF generated by the contacts.

While the current frequency is constant and the amplitude
increases, Bi and Be will increase in proportion; thus the hys-
teresis phase, α, is constant. However, if the current amplitude
is constant and the frequency increases, the amplitude ofBi is
constant and the amplitude ofBe increases. Tomaintain a vec-
tor synthesis relationship, the amplitude of B must decrease,
as well as the hysteresis phase α must increase, as displayed
in Fig. 4 (b). Therefore, the eddy current effect and the
hysteresis phenomenon will be strengthened by the increase
of frequency. Moreover, the hysteresis of AMF after CZ is
also an important factor affecting reignition and breaking
ability. With regard to the vacuum arc at power frequency,
Wang has simulated delay time of the AMF type contact.
It is found that the maximum delay time is not more than
0.6 ms at the contact center [18]. As the cycle time is changed
with variation in frequency, the delay time is not sufficient
to explain the problem. So, we introduce current phase, θ ,
to analyze the magnetic properties at different frequencies.
For example, θ is 90◦ at the peak current. The current is
given by

i(θ ) = Ipeak sin(2π f · t) = Ipeak sin θ (7)

where Ipeak is the current peak, f is the frequency and θ is the
current phase. If 0.6 ms is converted to current phase, it can be
concluded that the hysteresis phase of AMF is less than 10.8◦

at power frequency. The ANSYS results for the AMF at IF
current are shown in Fig. 5, where Q is the center point of
the middle plane between the contacts and L is the diameter
and the exciting current is 1 kA RMS in simulation. As the
frequency is 400 Hz, the residual magnetic flux density of
Q is 2.80 mT at CZ, and the hysteresis phase is about 20◦.
When the frequency is up to 800 Hz, the residual magnetic
flux density of Q is 3.65 mT, and the hysteresis phase is much
higher than 30◦. This means that althoughwith the increase of
frequency, the delay time of AMF at IF is shorter than that of
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FIGURE 5. Magnetic flux density of Q and L.

the power frequency, the hysteresis phase, which arises due
to the influence of frequency on AMF, is much larger than
that of the power frequency. And from Fig. 5 (c), it can be
seen that, before the current peak, the AMF of each point in
L increases with the increase of current. However the increase
rate of the center is slow and the B is lower than that of other
regions. After the peak current, the further away from the
center, the faster the AMF decreases. The change process
also indicates that the magnetic field of the contact center
is the most affected by the eddy current, and the hysteresis
of AMF is the most obvious. Therefore, residual plasmas in
arc gap will be under the control of residual magnetic field
over a long phase and are difficult to spread quickly at IF,
hindering the RRDS and hampering the arc reignition. Hence,
the hysteresis of AMF is a very important factor determining
the current interruption ability at IF.

C. POSITION OF ARC RECOGNITION
When interruption failed at 360 Hz and 22.4 kA, the arc
reignition process in CuCr50 contacts is shown in Fig. 6 (a).

FIGURE 6. Arc reignition process in various contacts.

Before CZ, the upper contact is anode and the lower contact
is cathode in the arc images from t1 to t3. Since t4, the current
decreases to zero and is inversed, then the old anode turns
to be the new cathode and the old cathode turns to be the
new anode. At t6, it can be observed that the position of arc
reignition is at the margin of the contacts. With the increase in
current, the arc diameters expand and macroscopic particles
sputter from the contacts in the process.

In the contact with various materials, such as Cu-W-
WC, it can also be observed that reignition appeared on
the contact margin first, as shown in Fig. 6 (b). Unlike the
process CuCr50 contacts, There is no obvious particles at
macroscopic level in the arc column. And there are not so
manymacroscopic particles; nevertheless some cathode spots
appear around outside the new cathode. As the melting point
of Cr is 1875◦, and the melting points of W and WC are
approximately 3000◦, it is easier for metal evaporation and
macroscopic particles to sputter from CuCr50 than from Cu-
W-WC, and the ablation performance of CuCr50 is not as
good as that of Cu-W-WC.

The input energy and the temperature of contact are high
during the arc period. The diffusion rate of plasma is very
high: about 1∼2×104 m/s for the metal atoms and ions and
106 m/s for the electrons [19], whichmakes the diffusion time
reach the microsecond level. However, for a metal contact
with several thousand degrees centigrade after CZ, the cool-
ing time must be much longer than the diffusion time of plas-
mas. Thus, in the high current mode, it is easy for electrons
launching from the hot anode with high temperature, to be the
new cathode and lead to arc reignition. Further, it can be seen
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FIGURE 7. Ablation and electric field at the margin of the contact.

that, there are serious ablation areas at the margin after the
experiment, as shown in the top view of the CuCr50 contacts
in Fig. 7 (a).

Based on the experimental results, the maximum recovery
voltage is about 500 V after CZ, when interruption failed.
Then we apply a voltage difference between the contacts
and calculate the distribution of electric field in the 3 mm
distance, as shown in Fig. 7 (b), in which the electric field
intensity is represented by color. The results show that the
electric field intensity at the margin is twice as strong as that
inside the contact because of the marginal effect, where the
enhancement coefficient of electric field is 2.

According to the Fowler-Nordheim field emission theory,
the relationship between current density and electric field
intensity is given by [19]

J =
1.541× 10−2E2

ϕt2(y)
exp[
−6.831× 109ϕ3/2v(y)

E
]

y =
3.795× 10−3

√
E

ϕ

(8)

where J is the current density, E is the electric field intensity,
ϕ is the work function and t(y) and v(y) are the field emission
functions of Fowler-Nordheim. As expressed in equation (8),
the current density is high where the electric field intensity
is strong. Owing to the high current density, a large amount
of metal vapor will be heated, melted and evaporated at the
margin of the contact, thus increasing the probability of field
emission. In addition, because of the strong electric field
intensity, charged particles move faster and do not recombine
easily at themarginal region. Due to the above reasons, the arc
reignites first at the margin of the contact.

D. SPUTTERING OF MACROSCOPIC PARTICLES
The sputtering of macroscopic particles in CuCr50 con-
tacts during reignition is captured by high-speed camera,

FIGURE 8. Sputtering of macroscopic particles in CuCr50 contacts during
reignition.

as displayed in Fig. 8. Since the reignition, the upper contact
is cathode and the lower contact is anode. It can be seen that
there are many particles in the chamber and the sputtering is
severe. We record 10 images continuously at each frequency
and mark the observational particle by a red cycle.

By means of the frame differential method, the sputtering
of marked particles is analyzed and the average velocity,
vavg, the acceleration, a, and the angle, β, between the
emission direction and the horizontal direction, are listed in
TABLE 3.

TABLE 3. Parameters of macroscopic particles.

The macroscopic particles sputtering is driven by the pres-
sure inside the arc area, as illustrated in Figure 9.

According to our previous research [20], if the pressure
gradient is considered to be constant along the emission
direction, which is w, the pressure gradient in arc area will be
related to the acceleration. Further, referring to the average
radius, r of particles, the mass of the macroscopic particles
which is m, and the force which is F in the pressure field, can
be calculated by

∂P
∂w
= ρa

F =
∫

dF =
4
3
πr3

∂P
∂w

(9)
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FIGURE 9. Pressure of macroscopic particles sputtering process.

FIGURE 10. Dissipation time of the macroscopic particles at different
frequencies.

In addition, the macroscopic particles would not disap-
pear until they reach the inner surface of the shield cover,
and the particles will be solidified. The dissipation time is
associated with the average velocity and the emission angle,
as expressed by

t =
l

cosβ · vavg
(10)

The calculated results are shown in Fig. 10.
Before CZ, the half cycle time is the arc time. The dis-

sipation time, which involves particle moving and being
solidified after CZ, of the macroscopic particles will be
longer than the arc time before CZ at various frequencies.
Thus, the arc reignition is impacted by the macroscopic
particles sputtering, which may be the source of plasmas
and metal vapors post arc. If the density of particles and
metal vapors are large enough, the arc will reignite by
breakdown.

IV. CONCLUSIONS
Based on the experimental results and analysis, we have
drawn the following conclusions, which would be beneficial
to the parameters design of IF vacuum circuit breakers, such
as the magnetic flux density of AMF, chamfering of contact
margin and contact materials.

(1) With the increase of frequency, the current inter-
ruption ability of AMF vacuum circuit breaker decreases
from 22.4 kA at 360 Hz to 14.0 kA at 850 Hz. On one
hand, the rate of change of current, di/dt , at CZ reaches

the breaking threshold at a smaller current value with
higher frequency. Based on the least squares solution of
the Mayr model, the time of decay of arc energy is pro-
longed when interruption fails, which is disadvantageous to
the breaking process. On the other hand, the eddy effect
is enhanced at higher frequency, which increases the resid-
ual magnetic induction intensity and hysteresis phase of
AMF after CZ. As a result, the diffusion of plasma is
blocked.

(2) In the experiments on contacts with various materials,
we observed that the position of arc reignition always appears
at the margin of contacts. It is shown by calculation that
the electric field at the marginal area is twice as strong as
that inside the contact. The current density is high where the
electric field is strong, leading to higher probability of field
emission.

(3) Arc images are analyzed by frame differential method.
The sputtering velocity of macroscopic particles is estimated
to be 10-20 m/s. The dissipation time of the macroscopic
particles is longer than the arc time of IF vacuum arc, and
the presence of macroscopic particles seems to lead to the arc
reignition.
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