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ABSTRACT With the development of more/all electric aircraft technology, variable frequency (360–800Hz)
power systems have become an important development focus for future aircraft design. Vacuum switches
are highly suitable applications in this aviation power supply environment due to their excellent interrupting
ability and reliability. In this paper, vacuum arc behaviors at intermediate frequencies were analyzed, and a
numerical model of an intermediate-frequency (IF) vacuum arc was established. The plasma parameters and
arc voltage characteristics were investigated. The regularities of arc voltage, ion temperature, ion density and
plasma pressure during the arcing cycle were obtained, and the influence of the frequency and amplitude of
the current on arc voltage characteristics and plasma parameters were analyzed. The correlations among
the peak arc voltages and plasma parameters with the amplitude and the frequency of the current were
determined. The results showed that the plasma parameters and arc voltages of the IF vacuum arc were
obviously affected by the frequency and amplitude of the current at 2.5–7.5 kA. The simulation results
were in good agreement with the experimental results, which proved the validity of this IF vacuum arc
model.

INDEX TERMS Intermediate-frequency, vacuum arc, numerical model, plasma parameters, arc voltage
characteristics.

I. INTRODUCTION
The increasing demands on the world’s energy reserves and
the continuous growth of the aviation industry have encour-
aged the aircraft manufacturers to move toward more/all
electric solutions. This change has also led to a sharp increase
in aircraft power generation capacity. As a mainstream civil
aircraft, the Boeing B737NG has a generating capacity
of 270 kVA, while the Boeing B787’s capacity surges at
1,500 kVA [1], [2]. In this case, the traditional ‘‘constant
speed constant frequency’’ mode and ‘‘variable speed con-
stant frequency’’ mode are unable to meet the increasing
power demands of more/all electric aircraft power supply
systems in terms of power supply characteristics, reliability,
maintainability and weight. The ‘‘variable speed and variable
frequency’’ mode, in which the generator of the power supply
system is directly driven by the engine accessory casing,
has a simplified power generation system structure, strong
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maintainability, and large capacity and power density; this
mode has greatly improved the power generation efficiency
and reliability of aircraft power systems. In modern aircraft
power supply systems, such as the Airbus A380, A350 and
Boeing B787, the ‘‘variable speed and variable frequency’’
mode has been applied [3].

This increase in frequency leads to a significant increase
in di/dt when the current crosses zero. It is difficult for a
traditional air switch to meet the demand in an aircraft IF
power supply system with increasing capacity. A vacuum
switch uses vacuum as an arc extinguisher and offers the
features of strong interrupting capacity, extremely high ser-
vice life, reliability and safety [4], [5]. Given its excellent
performance, it is highly suitable for application in an avi-
ation power supply environment, which is extremely sen-
sitive to air pressure and temperature. Therefore, to better
apply vacuum switches to an aviation power supply system,
it is necessary to study the vacuum arc voltage character-
istics and plasma parameter characteristics at intermediate
frequencies.
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At present, most of the numerical simulation research on
vacuum arc models has focused on 50/60 Hz frequencies.
Boxman analyzed a vacuum arc as a fluid for the first time [6].
Keidar and Beilis et al. established a two-dimensional mag-
neto hydrodynamics (MHD) model by combining the fluid
equation with the electromagnetic equation [7]. A vacuum
arc model established by Schade and Shmelev contained an
energy conservation equation of electrons and ions [8]. Wang
Lijun established an MHD model considering the effects of
ion kinetic energy and viscosity [9].

The present research on IF vacuum switches has been
mainly based on experiments, as there are few reports on the
numerical modeling of vacuum arcs at intermediate frequen-
cies. The breaking capacity, arc characteristics and contact
ablation of an IF vacuum arc in cup-shaped axial magnetic
field (AMF) contacts were obtained in [10]. The influence
of the material and diameter of the AMF contacts on the
arc characteristics and breaking performance at intermediate
frequencies was obtained in [11]. The arc characteristics and
the arc energy loss under transverse magnetic field (TMF)
contacts at 50 Hz and 7 kHz were evaluated in [12]. In [13],
the vacuum arc behavior and arc voltage characteristics of
cup-shaped TMF contacts at intermediate frequencies were
studied. A new contact with a curved surface was proposed
to improve the current-interrupting ability, and the arc voltage
characteristics, arc energy, ablation of the anode contact and
condensation of the arc products at intermediate frequencies
were investigated [14]. In [15], the plasma parameters of an
IF vacuum arc at a current of 8.1 kA were measured by
colorimetric thermometry. The reignition after interruption of
intermediate-frequency vacuum arc was studied in [16].

For an IF vacuum arc with an extremely wide frequency
range from 360 Hz to 800 Hz, the current vacuum arc
simulation model has a complex algorithm and requires a
long calculation time. To address the need for a simulation
calculation of an IF vacuum arc and obtain the vacuum arc
characteristics at multiple frequency points with less time
cost, this paper established a numerical model of a vacuum
arc at intermediate frequency.With this simulation model, arc
voltage characteristics and plasma parameters at intermediate
frequency during the arcing cycle were obtained, and the
influence of the frequency and the amplitude of the current
on arc voltage characteristics and plasma parameters were
achieved.

II. EXPERIMENTAL RESEARCH ON VACUUM ARC
BEHAVIOR AT INTERMEDIATE FREQUENCY
A. EXPERIMENTAL SYSTEM SETUP
The single-frequency oscillation circuit shown in figure 1 is
used to study the intermediate-frequency vacuum arc. C0,
VT0, L0, VI constitute the main oscillation circuit. C1, VT1
and R1 constitute an arc-starting circuit with a small value
of approximately 90A until the contacts are fully opened.
By adjusting C0 and L0 of the main circuit, the frequency of
the current can be changed within the range of 360–800 Hz.

FIGURE 1. Schematic diagram of the IF circuit experimental system.

R2 and C2 are adjust the rate of rise of recovery volt-
ages (RRRV) parameters. In the experiment, the recovery
voltage can be 325–550 V for similarity to a 230 V aircraft
power supply system. In present experiments, a 41 mm-
diameter copper butt contact is selected. The gap distance is
set to 3 mm, and the opening speed of electrodes is about
0.4–0.5 m s−1. The vacuum chamber is able to maintain an
internal pressure less than 5× 10−4 Pa.
The contacts are separated at the starting circuit, and only

at the full contact gap is the high current switched on. The
experimental setup is different from that used in the actual cir-
cuit breaker (CB), which easily compares the IF vacuum arc
behavior and other experimental results at different currents
and frequency and reduces the uncertainty of the experiment.
A digital oscilloscope can be used to record the arc voltage
and the arc current measured by a Rogowski Coil. A high
speed camera was used to record arc images. This camera was
able to capture images at a speed of 35,087 frames per second
with a resolution of 320× 240.

B. ARC APPEARANCE AND DISCUSSION
An IF vacuum arc at a current of 2.5–7.5 kA was interrupted
in the IF circuit experimental system. Fig. 2 shows the arc
shape of the 5 kA vacuum arc at intermediate frequency. Since
arc column plasma is basically emitted from the cathode spots
along the opening distance, we determine the diameter of
the arc by observing the range of the cathode spots. The arc
behavior of the vacuum arc was divided into two stages in
this paper: an expansion mode and a diffusion mode. In the
expansion mode, with increasing arc current, the vacuum arc
expands from the starting position to the surrounding area
as new cathode spots are generated in the arc root area. The
arc diameter increases approximately at the rate of current
increase. The arc diameter reaches the peak value as the
arc current is near the peak. The IF vacuum arc is in the
diffusion mode as the arc current is in the descending phase.
The diameter of the vacuum arc does not change obviously
due to the gradual weakening of the cathode expansion. The
observed result from the CCDs is that the cathode spots
gradually decrease in brightness until they are extinguished.
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FIGURE 2. The IF vacuum arc behavior at a 5 kA peak current.

FIGURE 3. The maximum diameter of the IF vacuum arc at 2.5–7.5 kA
peak current.

To gain the shape parameters of the simulation arc model,
a correlation of the diameter of the vacuum arc changing with
time during the whole arcing cycle is constructed. In order
to prevent the discontinuity of the vacuum arc between the
expansion mode and the diffusion mode, the correlation is
constructed by using a sigmoid activation function:

D(t, Ip, f ) =
Dmax(Ip, f ) · sin(2π f · t)

1+ eK ·(t−1/4f )
+

Dmax(Ip, f )
1+ e−K ·(t−1/4f )

(1)

where D(t, Ip, f ) is the instantaneous diameter, mm; Dmax is
the maximum vacuum arc diameter, mm; Ip is the peak value
of the arc current, kA; f is the current frequency, Hz; and K
is 6000 in this paper.

As shown in Fig. 3, the maximum diameter during the arc-
ing cycle is affected by the current frequency and amplitude.
The larger the current amplitude is, the more cathode spots

are needed. The variation of frequency will change the length
of time when the vacuum arc is in the expansion mode.

When the current amplitude is constant, the maximum arc
diameter decreases linearly with increasing frequency. It can
be expressed by the following equation:

Dmax(Ip, f ) = D0 · Iαp · f + K0 · I
β
p (2)

where Dmax(Ip, f ) is maximum vacuum arc diameter, mm;
Ip is the peak value of the arc current, kA; f is the current
frequency, Hz. The parameters D0 and K0 are related to the
contact structure and contact diameter, and the parameters
α and β are related to the current, frequency and contact
parameter. Typical values for D0, K0, α, and β are obtained
by the twice linear least squares method at 2.5–7.5 kA at
360 Hz, 465 Hz, 585 Hz, 660 Hz, and 800 Hz frequencies;
D0 = −6.680 × 10−3, K0 = 11.03, α = 0.4396, and
β = 0.4174.

III. ESTABLISHMENT AND ASSUMPTION OF
MATHEMATICAL MODEL
At the moment of contact separation, the cathode contact
surface of the vacuum interrupt is heated, and a large amount
of metal vapor evaporates. The metal vapor is further ionized
into positive ions and electrons to form an arc plasma. Based
on the research of Rich and Farrall [17], this paper considered
the generation, ionization, dispersion and condensation of
metal vapor particles during the arc ignition process and
established a numerical model of the IF vacuum arc.

Assumptions of the model in the simulation process are
given as follows:

a. The IF vacuum arc is a symmetrical cylinder at small gap
distance, the plasma parameters are uniform, and the effect of
the magnetic field on the plasma parameters is neglected;

b. The solution region satisfies the quasi-neutral equation,
ne ≈ zi × ni, where ne is the electron number density, ni is
the ion number density, and zi is the ion mean charge number;

c. The metal vapor particles, charged ions and electrons in
the IF vacuum arc are considered to be in thermal equilibrium;

d. The anode is not active during the arcing cycle, and the
evaporation of the anode is ignored. All the electrons in the
IF vacuum arc are ionized by metal vapor particles.

e. The polar voltage drop is slightly affected by the fre-
quency, and the energy exchange in the polar region does not
affect the plasma parameters in the arc column region.

The metal vapor vaporized from the cathode is partly ion-
ized into ions and electrons and is either partly diffused out of
the gap or condensed on the contact surface during the arcing
cycle. The equilibrium equation for the number of particles
can be written as:

Varc
dn(t)
dt
=

∫
0evdSe −

∑
i

ci

∫
0idSi (3)

where n(t) is the metal vapor density of the IF vacuum arc at
time t , m−3; Varc is the volume of the IF vacuum arc in the
contact gap, which is determined by formula (1), m3; 0ev is
the flux density of the metal vapor particles injected into the
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IF vacuum arc by evaporation from the cathode surface per
unit time, s−1 · m−2; 0i is the flux density lost through the
side and upper and lower surfaces of the IF vacuum arc per
unit time, s−1 · m−2; and ci is the condensation coefficient
on the side of the contact gap and the lower surface of the
contact.

According to the theory of molecular motion [18], we can
assume

0i =
n(t)v
4
, v =

(
8kT
πM

)0.5

(4)

v represents the thermal velocity of metal vapor particles
in the electrode gap; k is Boltzmann’s constant; T is the
temperature of the metal vapor particles in the IF vacuum
arc; and M is the atomic mass of a metal vapor particle. The
evaporation of metal particles is related to the current and
corrosion rate, and the following equation can be obtained:∫

0evdSe
V

=
γ

MV
· i(t) (5)

i(t) = Ip sin(2π f · t + ϕ) f : 360Hz∼800Hz (6)

γ represents the corrosion rate of the electrode, which is
related to the contact material; as the experimental object of
this numerical simulation model is the IF alternating vacuum
arc obtained by igniting a DC arc, the initial phase angle ϕ is
0◦. Taking γ /MV = Ke, we can rewrite (3) as

dn(t)
dt
+

v
∑
i
ci
∫
dSi

4V
· n(t) = KeIp sin(2π f · t) (7)

By solving (7), the function of the density and the pressure
of the metal vapor in the IF vacuum arc changing with time
during the arcing cycle is obtained:

n(t)≈
KeIp(

v
∑
i
ci
∫
dSi

4Varc
· sinωt−ω cosωt)

(
v
∑
i
ci
∫
dSi

4Varc
)2 − ω2

·(1−e−
v
∑
i
ci
∫
dSi

4Varc
·t )

(8)

Varc=π (
D(t, Ip, f )

2
)2 · larc (9)

P(t)=
n(t) · T · P0 × 22.4× 10−3

273× 6.02× 1023
(10)

In order to facilitate the solution process of the equation,
we assume the plasma temperature T and the volume of arc
Varc are constants before (8). After the expression of the ion
density is obtained as (8), we consider T and Varc as time
variables. This approximation will cause a certain error in the
solution of the ion density. Metal particles at high tempera-
tures and pressures collide and ionize ions and electrons. The
dissociation in the IF vacuum arc is characterized by the Saha
formula as follows [19]:

χ2(t)
1− χ2(t)

=
K0T 2.5(t)

P(t)
exp(−

11600Ui
T (t)

) (11)

χ (t) is the ionization rate of the metal vapor; Ui is the ioniza-
tion potential, which is related to the contact material; ne(t) is

the electron density, where ne(t) ≈ zi×n(t)×χ (t). Since only
the electron current is considered, the electronic conductivity
σ (t) can be expressed by the following equation:

σ (t) =
e2ne(t)
mefei

, fei(t) =
(ln3/10)Zine(t)(m−3)
3.5× 1010T 1.5

e (eV)
(12)

where fei is the electron collision frequency, ln 3 is the
Kulun logarithm, and Zi is the relative charge number. The
conductance Gcol of the arc column and arc voltage can be
shown as:

Gcol(t)=
4σ (t)·Larc
πD2

arc
, Uarc=Uanode+Ucathode+Ucol (13)

where Larc is the length of the arc column of the vacuum arc;
Darc is the diameter of the arc column of the vacuum arc; and
Uanode,Ucathode and Ucol are the voltage drops of the anode,
cathode and arc column, respectively [4].

For each simulation step, the external power supply injects
energy into the vacuum arc through the electrode as follows:

Winput (t) = UarcIarc ·1t (14)

where Iarc is the current of the IF vacuum arc. As the par-
ticles in the IF vacuum arc will dissipate outward through
the boundary, the energy carried away by these particles
constitutes the main part of the energy dissipated by the IF
vacuum arc. Ws(t) represents the energy dissipated by other
forms, such as radiation and conduction, and we assume this
part accounts for 15% of the total dissipated energy basing
on the results in [20]. Since the particles always follow the
principle of energy balance, the difference 1W between the
input energy and the dissipated energy of each step is equal
to the change in the internal energy of the IF vacuum arc.
According to (16) and (17), we can obtain the variation of
the energy in the arc column during the arcing time. The
following formulas show the correlation:

Wloss(t) =
3
2
kT (t) · 0loss(t) · Si ·1t +Ws(t) (15)

W1(t) = Winput(t)−Wloss(t) (16)

Warc(t) = Warc(t − 1)+W1(t) (17)

Aswe assume the particles in the IF vacuum arc are consid-
ered to be in thermal equilibrium, we can get the temperature
of plasma on the basis of the energy balance principle by (18).
And then we can fix the temperature of plasma by (19)
and (20).

Tenergy(t) =
2
3
·

Warc(t)
KV · ne(t) · (1+ χ (t) · zi)

(18)

Terror(t) = Tenergy(t)− T (t) (19)

T (t) = T (t)+1T (t) (20)

IV. CONDITIONS AND CALCULATION METHODS
A real electrode dimension is adopted in this model. The elec-
trode diameter is selected to be 41 mm, the material is pure
copper, and the electrode separation is 3 mm. We selected
a cathode erosion rate γ of 115 µg/C and an ionization
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FIGURE 4. The calculation method of the vacuum arc numerical model at
intermediate frequencies.

potentialUi of 7.72 V [21]. From Kutzner andMiller’s exper-
imental results [22], the mean charge number of ions zi was
1.85. We found that the sum of the voltage drops of the anode
and cathode is almost unaffected by the frequency at a current
of 2.5–7.5 kA in our experimental conditions, and in this
article, we consider it 14.2 V based on the average results
of the experiment.

In this paper, the numerical model is designed to determine
the plasma parameters and arc voltages of the IF vacuum arc
during the arcing cycle. The solution method is as follows:

As is shown in Fig. 4, the first step is to set the peak value
and frequency of the IF current. According to (6) and (9), the
current amplitude and arc column volume during the arcing
time can be determined. Based on experimental measurement
results in [15], the initial value of the IF plasma temperature
T is set. In the second step, the density and pressure of the
particles in the arc column are solved by (8) and (10). Next,
the ionization rate of the metal particles and the electronic
conductivity of the arc column can be calculated by (11)
and (12). According to (13) to (17), the energy in the arc
column can be obtained by calculating the input and loss of
arc energy. The fifth set is to calculate the temperature of
plasma Tenergy by (18) based on the energy balance. And
then we need to judge whether the initial temperature T
meets the solution requirements according to (19). If the
difference between Tenergy and the initial temperature T is
within the allowable range, we believe that the plasma tem-
perature T is reasonable, and then proceed to the next time
step of the arcing time. If the difference between Tenergy
and the initial temperature exceeds the allowable range,
we believe that initial temperature does not meet the balance
of arc energy, and adjust the initial plasma temperature T in
step 7 and repeat steps 2 to 5 again. It should be noted that
the allowable range and the adjust size of plasma tempera-
ture 1T needed to be set at the first step, and this setting
will affect the calculation accuracy and calculation time.

FIGURE 5. Ion density of 5 kA current at 360–800 Hz during the arcing
cycle.

FIGURE 6. Ion temperature of 5 kA current at 360–800 Hz during the
arcing cycle.

The above steps are carried out until the end of the entire
arcing cycle.

V. SIMULATION RESULTS AND ANALYSIS
A. EFFECT OF FREQUENCY ON PLASMA PARAMETERS
AND ARC VOLTAGE
The variation trend of the ion density of the vacuum arc at a
current of 5 kA and frequencies of 360 Hz, 465 Hz, 585 Hz,
660 Hz, and 800 Hz is shown in Fig. 5 during the arcing cycle.
The peak value of ion density ranges from 1.23 × 1021 m−3

to 2.68× 1021 m−3. The higher the frequency of the vacuum
arc is, the higher the ion density is.

Fig. 6 and Fig. 7 show the plasma temperature and
pressure of the IF vacuum arc at a current of 5 kA. The
peak value of plasma temperature ranges from 1.24 eV to
1.83 eV, and the peak value of plasma pressure ranges from
0.75 kPa to 2.3 kPa.

When the current frequency is increased, the tempera-
ture and pressure reached in the IF vacuum arc are also
higher, which is unfavorable for extinguishing the vacuum
arc. Experimental studies have found that the vacuum arc
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FIGURE 7. Plasma pressure of 5 kA current at 360–800 Hz during the
arcing cycle.

FIGURE 8. Arc voltage of 5 kA current at 360–800 Hz during the arcing
cycle.

is more difficult to interrupt as the frequency increases
at 360–800 Hz [10], [14].

As shown in Fig. 8, the arc voltage increases rapidly and
then decreases slowly. The peak arc voltage increases with
increasing frequency.

B. EFFECT OF AMPLITUDE ON PLASMA PARAMETERS
AND ARC VOLTAGE
Figs. 9, 10, 11, and 12 show the variation trend of ion density,
plasma temperature, ion pressure and arc voltage during the
arcing cycle in a vacuum arc with amplitudes of 5 kA and
7.5 kA at 360 Hz and 800 Hz. The ion density, plasma tem-
perature, ion pressure and peak arc voltage in the vacuum arc
all increase with increasing current amplitude. The vacuum
arc with currents of 800 Hz and 7.5 kA has the highest
parameters. Among them, the peak ion density of the vacuum
arc reaches 3.62×1021 m−3, the peak ion temperature reaches
2.21 eV, the peak ion pressure reaches 3.67 kPa, and the
peak arc voltage reaches 37.8 V. We found that as the current
increases, more conducting particles are needed to conduct
the current, which has a more obvious effect on ion density

FIGURE 9. The ion density of 5 kA and 7.5 kA current at 360 Hz and
800 Hz during the arcing cycle.

FIGURE 10. The ion temperature of 5 kA and 7.5 kA current at 360 Hz and
800 Hz during the arcing cycle.

FIGURE 11. The plasma pressure of 5 kA and 7.5 kA current at 360 Hz and
800 Hz during the arcing cycle.

than the variation of arc volume caused by the improvement
of current amplitude.
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FIGURE 12. Arc voltages of 5 kA and 7.5 kA current at 360 Hz and 800 Hz
during the arcing cycle.

FIGURE 13. Comparison of simulation results and experimental results of
vacuum arc ion density of 5 kA current at 800 Hz during the arcing cycle.

C. COMPARISON BETWEEN SIMULATION RESULTS AND
EXPERIMENTAL RESULTS
The light intensity of the vacuum arc observed by CCD
is approximately positively correlated with the ion density
[23], [24]. Therefore, images taken by a high-speed camera
can verify the correctness of the trend of ion density in the
simulation results during the arcing cycle. Video images of
the vacuum arc under the 41 mm diameter copper electrode
at 360 Hz 5 kA were analyzed and averaged to obtain the
trend of the ion density in the IF vacuum arc during the
arcing cycle, and they were compared with the simulation
results. The two kinds of data were normalized, as shown
in Fig. 13. In order to reflect the brightness change of the IF
vacuum arc, the vertical height of the images were increased
by 4.5 times. The simulation results are in good agreement
with the variation trend of the measured results during the
arcing cycle.

In [15], the arc temperature and electron density of an
IF vacuum arc of 8.2 kA at 400 Hz, 650 Hz and 800 Hz
were experimentally determined by using a two-band narrow-
band continuous spectral measurement. The measured results
showed that the temperature ranged from 0.5 eV to 2.5 eV,
and the electron density ranged between 5.5× 1020 m−3 and

FIGURE 14. Comparison of simulation results and experimental results
of arc voltage of 2.5–7.5 kA current at 360–800 Hz.

2.1× 1021 m−3. These results were similar to the simulation
results in this paper, and the measured plasma density tended
to improve with increasing frequency, which was consistent
with the conclusion obtained in this paper.

Fig. 14 shows a comparison of the simulation and experi-
mental waveforms of the 5 kA arc voltage at 360 Hz, 465 Hz,
585 Hz, 660 Hz and 800 Hz. Since the arc voltage is affected
by the random motion of the cathode spots, the arc volt-
age waveforms in the experiment show certain fluctuations.
Fig. 15 shows a comparison of the simulation and exper-
imental values of the arc voltage peaks of 2.5–7.5 kA at
360–800 Hz. The simulation results are in good agreement
with the measured values, which indicates the effectiveness
of the simulation model established in this paper.

VI. DISCUSSION
As shown in Fig. 5 and Fig. 13, the peak value of the ion
density occurs before the peak of the arc current during the
arcing cycle, whether in the simulation results calculated by
the numerical model or the measured results by calculating
the light intensity. In the initial phase of the arcing cycle,
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FIGURE 15. Comparison of simulation results and experimental results
of peak values of arc voltage of 2.5–7.5 kA current at 360–800 Hz.

due to the large current rise rate di/dt , the cathode injects
ions and electrons into the IF vacuum arc at a faster speed.
In addition, to quickly form a conductive plasma flow in
the vacuum arc, a certain number of electrons and ions will
rapidly accumulate in the arc plasma in a short time. At this
time, the vacuum arc is still in the early stage of expansion.
The increase in the volume of the IF vacuum arc is less
than the accumulation of the number of ions, resulting in the
density reaching a peak before the current peak. At the same
time, the rapid increase in plasma density forces the vacuum
arc to obtain more energy from the external circuit in a short
time, which also leads to a rapid increase in arc voltage. In the
experimental observations, the arc voltage often reaches its
peak for the whole arc period at the beginning of the arcing
cycle as shown in Fig. 14(a).

As is shown in figs. 5 and 16, the ion density is nearly
zero at the phase angles of 0◦ and 180◦. But the reason
why it tends to 0 is different. In the perspective of analyzing
the mathematical model of IF vacuum arc, the last term of
equation (8) tends to zero at the phase angles of 0◦ and the
first term of equation (8) tends to a relatively small value at the
phase angles of 180◦. In the perspective of analyzing the arc
characteristics, there is no need tomaintain abundant particles
to deionize and conduct electricity in the arc column at the
initial phase and at the end of arcing cycle as the current of arc
is quite small at these moments. In addition, the value of the
ion density at the phase angle of 180◦ implies the existence
of residual plasma at current zero. This is consistent with the
phenomenon in the experiments, and the ion density at current
zero is similar to the calculations in [25]. The higher the
density of residual plasma at current zero is, themore possible
vacuum arc reignites after current zero under the influence
of a transient recovery voltage (TRV) [4], [26]. As is shown
in figure 16, the higher frequency of vacuum arc is, the higher
the density of residual plasma at current zero. And this can
explain why the higher-frequency arcs are easy to reignite in
the experiments [14].

FIGURE 16. Ion density of 5 kA current at 360–800 Hz at 180◦ the arcing
cycle.

The influence of frequency on a diffuse arc at intermediate
frequency is complicated. When the frequency is increased,
the time length of the arc cycle will be reduced, the total
energy injected into the arc gap by the external circuit will
also be reduced, and the ablation on the electrode surface will
be lighter. However, with an increase in frequency, the capac-
ity of the vacuum arc to dissipate energy outward is also
reduced due to the increase in the current change rate di/dt
and the limited arc volume expansion speed, which leads to
the accumulation of energy in the IF vacuum arc. The ion
temperature and plasma pressure in the IF vacuum arc are
greater at a higher frequency than at a lower frequency. This
also leads to difficulty in interrupting the vacuum arc at high
frequencies [14], [27].

According to the numerical model, the peak values of
plasma parameters of 2.5–7.5 kA vacuum arcs with a fre-
quency of 360–800 Hz are calculated, and the results and
rules as shown in Fig. 16 can be obtained. According to
Fig. 15 and Fig. 17, a similar correlation is found: the
peak value of arc voltage, ion density, ion temperature and
plasma pressure increases with current and frequency. The
peak value of the arc voltage and plasma parameters have
an approximately linear relationship with the frequency and
amplitude of the current, and the following relationship is
obtained:

ζ (Ip, f ) = K0Ip · f + K1Ip + K2f + ζ0 (21)

where ζ (Ip, f ) is a physical quantity of voltage and plasma
parameters related to the frequency and amplitude of the
current; Upk is the peak value of the arc voltage, V; ni_pk is
the peak ion density, 1021m−3; Te_pk is the peak value of the
ion temperature, eV; and Ppk is the peak plasma pressure, Pa.
R2 represents the correlation coefficient between the fitting
parameters and the simulation results, and the correlation
coefficients are all above 0.97. The coefficients of K0, K1,
K2 and ζ0 are shown in Table 1, and their selection is related
to the contact material, structure and electrode distance.
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FIGURE 17. Peak value of plasma parameters of 2.5–7.5 kA current at
360–800 Hz.

In the diffuse vacuum arc studied during the arcing cycle
in this paper, no obvious aggregation phenomenon occurs.
For the diffuse vacuum arc, the expansion of the arc is an
important factor affecting the plasma parameters of the IF
vacuum arc. The maximum value that the diameter of the arc

TABLE 1. Coefficients in the formula for the peak value of arc voltage
and plasma parameters of 2.5–7.5 kA current at 360–800 Hz.

can reach increases with increasing current amplitude. The
experimental study in [14] shows that for the butt contacts,
when the current is further increased to more than 10 kA, due
to the randomness of the movement of the cathode locations
and the self-generatedmagnetic field, the vacuum arc is easily
diffused to the edge of the electrode, even at the side and back
of the electrode. At this time, the violent sputtering of the arc
plasma outside the gap will reduce the amount of IF vacuum
arc plasma, and in order to balance the plasma density, more
energy needs to be input from the outside, which causes the
arc voltage to rise or emit high-frequency noise. To suppress
this activity, it is also necessary to restrain the plasma by
means of an axial magnetic field or by changing the structure
of the electrode [14], [28].

VII. CONCLUSION
In this paper, through a simulation study of an IF vacuum arc,
the following conclusions are obtained:

1) A numerical simulation model of an IF vacuum arc
is established. The arc voltage obtained according to the
numerical model simulation is in good agreement with the
experimental results. The ion density and plasma temperature
are close to the experimental measurement results.

2) Parameters such as IF vacuum arc ion density, plasma
temperature, plasma pressure and arc voltage of an IF vacuum
arc are greatly affected by the arc current frequency and
amplitude. The higher the frequency and current amplitude
are, the higher the waveform and peak value of each param-
eter are. The correlation of the peak value of arc voltage and
plasma parameters with the amplitude and the frequency of
the current is obtained.

3) The parameters such as ion density, plasma temper-
ature, plasma pressure, and arc voltage of the IF vacuum
IF vacuum arc during the arcing period increase rapidly at
the initial stage and then slowly decrease. The peak of each
plasma parameter appears before the arc current reaches the
peak.

4) One reason that the IF vacuum arcs with higher
frequency are easy to reignite is that they have higher plasma
density at current zero.

5) The maximum value of arc diameter is affected by the
current frequency and the current amplitude, which decreases
with increasing frequency and increases with increasing
amplitude. The correlation of the instantaneous value of
arc diameter with arcing time is obtained at 2.5–7.5 kA
and 360–800 Hz.
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