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Abstract During the rapid current falling phase of DC breaking, due to the current
drops quickly, resulting in a strong eddy current effect, which makes that the variation
of the axial magnetic field (AMF) produced by AMF contact obviously lags behind
that of current. Therefore, when the current approaches zero, the strength of AMF
in the electrode gap is still strong. According to previous research, when the current
density of high-current vacuum arc is less than 500 A/cm? or the strength of the
AMF is greater than 10 mT/kA, the vacuum arc (VA) is a multi -cathode vacuum
arc. This article aims to study the dynamic properties of VA in DC breaking process
based on artificial current zero when the current approaches zero. The dynamic
characteristics of single-cathode spot jet are simulated by 2D transient MHD model.
The simulation results indicate that the ion density, axial current density, ion pressure,
ion temperature and electron temperature of plasma decrease with the decrease of arc
current, and the diffusion degree of arc shape decreases with the decrease of current.

Keywords Vacuum arc + DC interruption + Dynamic characteristics + Modeling
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1 Introduction

The flexible interconnection of large electrified wire netting based on flexible direct
current transmission technology is the main construction content of China’s power
grid planning [1], and a high-voltage DC circuit breaker with the ability to fast isolate
short-circuit faults is crucial for ensuring their safe and stable operation. Although a
large number of prototypes of mechanical DC circuit breakers have been developed
both domestically and internationally, there is still a significant lack of critical basic
research in the rapid DC breaking process, especially the dynamic properties of VA
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in the DC breaking process, which is also one of the key factors affecting the success
of DC breaking.

The DC interruption method based on forced zero crossing technique is one of
the most common DC breaking technologies nowadays [2], which is very suitable
for short-circuit breaking in HVDC power grids due to its characteristics.

Modeling and simulation of the arc characteristics in DC breaking process is very
helpful to understand the physical characteristics of arc. Below is a brief introduction
to the research process of the simulation of VA characteristics. Boxman et al. first
used the theory of fluid mechanics to simulate the properties of VA in the 1970s
[3]. In the 1990s, Keidar and Beilis et al. improved the numerical model of VA [4].
They coupled the electromagnetic field equation and fluid mechanics equation to
solve it. Later, they considered the impacts of the azimuthal magnetic field generated
by the arc and the external AMF in the simulation [5], and also solved the electron
energy conservation equation to obtain the distribution of the electron temperature
[6]. Schade et al. further improved the numerical model of VA by considering the
energy conservation equations of electrons and ions in simulation [7, 8]. Wang et al.
took into account the impacts of ion kinetic energy and viscosity in the MHD model
of vacuum arc, and simulated the VA characteristics under supersonic and subsonic
conditions by establishing a 2D steady-state MHD model [9, 10]. Afterwards, they
extended the 2D steady-state MHD model to a 3D steady-state MHD model [11],
taking into account the spatial distribution of the AMF generated by the AMF contact
[12]. They also simulated and analyzed the characteristics of arc under the action
of extraneous transverse magnetic field [13]. Shmelev et al. built a hybrid model,
through which the VA properties in the multi-cathode spot jet mixing process were
simulated [14].

At present, the research on the simulation of VA dynamic characteristics in DC
breaking process is very limited. Greenwood et al. [ 15] built a one-dimensional model
to simulate the properties of DC arc, in which fluid theory was used to simulate the
characteristics of plasma. Jaidian et al. [16] established a 2D transient model on the
basis of the magnetohydrodynamics theory to simulate the properties of VA during
the DC breaking process. Liu et al. [17] used COMSOL software to establish a 2D
fluid-chemical mixed model of DCVA on the basis of MHD theory. Hashemi et al.
[18] built a 2D transient MHD model, through which the characteristics of DCVA in
arapid transverse magnetic field were simulated. Wang et al. [19] built a 3D transient
MHD model to simulate the dynamic properties of VA during the rapid current falling
phase in DC interruption, and also conducted simulation calculation for the initial
diffusion stage of DCVA [20].

This article aims to study the dynamic properties of VA in direct current inter-
ruption on the basis of artificial current zero when the current is close to zero. A
2D transient MHD model is built, based on which the dynamic characteristics of
single cathode spot jet are simulated. The dynamic characteristics of ion pressure,
ion number density, axial current density, ion temperature and electron temperature
of single cathode spot jet when the current is close to zero were obtained.
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2 Physical Model and Assumptions

2.1 Physical Model

The simulation uses a 2D transient MHD model [21]. Figure 1 is the physical model
diagram of this simulation. The simulation model contains a cathode spot jet with a
diameter of 2 mm. The electrode distance is 4 mm. The calculation area of the model
is a trapezoid, and the length of the bottom surface is consistent with the diameter of
the cathode spot jet. The two sides are free boundaries. The cathode is at the bottom,
and the anode is at the top. The initial incidence angle of the cathode jet is o, which
is the angle between the side boundary and the perpendicular line of the cathode
surface.

2.2 Modeling Assumptions

In the model of this article, the following assumptions were made:

(1) Assuming that the single-cathode spot jet is not affected by others;

(2) Assuming the AMF in the calculated area during the simulation process is a
constant value;

(3) Assuming that the model is an axisymmetric model;

(4) The plasma in the calculated region is highly ionized, containing only ions and
electrons;
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(5) Assuming that the plasma in the calculated area meets the quasi-neutral
condition;

(6) Assuming that the vacuum arc satisfies fluid theory to describe;

(7) Ions and electrons are regarded as ideal gas;

(8) Assuming that both ions and electrons follow the Maxwell distribution;

(9) The anode is not yet active and passively receives ions and electrons that arrive
at the anode.

2.3 Boundary Conditions

The single-cathode spot jet can be regarded as a vacuum arc in which ions are in
a supersonic state. For the boundary of the cathode, base on previous experimental
data, the velocity of ion that near the cathode u = 10* m/s, the electron temperature
T. = 1.5 eV, the ion temperature 7; = 0.3 eV, and the average charge of ion z; =
1.85. Assuming a uniform distribution of axial current density on the cathode side.

The boundary condition on the anode side of the equation of electron energy
conservation is:

2kT,
2.5n.kv. T, + qe; = nevze - — Psh (1)
e

n, is the electron number density; & is the Boltzmann constant; v, is the electron axial
velocity; T, is the electron temperature; @y, is the potential of the anode sheath.

Assuming that the electron energy conservation equation is adiabatic on the side
boundary, that is:

3T, /on =0 2)

The boundary condition of the magnetic transport equation on the cathode side
is:

mol (1) x
B,— L
TTaRr 2

3)

By is the azimuthal magnetic field; R is the radius of the column of arc, x is the
x-axis coordinate value of the grid of the cathode side.

The boundary condition of the magnetic transport equation at the side boundary
is:

I(t
Bgzﬂo (3]
2rr

4)

r is the distance between the grid of the side boundary and the axis of the arc column.
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Jo is the azimuthal current density; B, is the strength of the axial magnetic field; p,
is the electron pressure; g; is the thermodynamic constant.

3 Simulation Results and Discussion

The Simulation condition is that the current of single-cathode spot jet drops from
200 to 50 A within 15 ws. The initial calculation time is 20 s before the current
crosses zero. During the rapid current falling phase, the variation of the AMF lags
significantly behind that of current. Meanwhile the simulation calculation time is very
short, and the simulation area is very small, so the AMF in the calculated area during
the simulation process sets as a constant value of 100 mT. Due to the large current
drop rate during the rapid current falling phase, the arc current can be approximately
considered as a linear decrease. The simulation model is a transient model, and
time step of this simulation is 0.5 ps. In this paper, the simulation results of the
characteristics of single-cathode spot jet at four different time (the corresponding arc
current value at four different time is 200, 150, 100 and 50 A respectively) are taken
for analysis. The simulation results are as follows.

3.1 Ion Number Density

Figures 2 and 3 indicate that as the current decreases, the ion number density
decreases significantly. Before the current close to zero, due to the small current
carried by a single jet, the plasma in arc column is distributed in a diffuse manner. At
the corresponding time of each arc current value, the ion number density decreases
gradually from cathode to anode, and also decreases from the center of the arc column
along the radial direction to the edge. Comparing the distribution of ion number
density at the corresponding moments of different arc current values, it is found that
as the current decreases, the overall ion number density decreases, and the diffusion
degree of the jet gradually weakens. The reason is that the decrease of ion number
density will lead to the decrease of radial pressure gradient, and then the radial diffu-
sion velocity of plasma decreases, so the overall diffusion of the single-cathode spot
jet weakens.
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Fig. 2 Distribution of the ion number density (cathode at the bottom, anode at the top)

Fig. 3 Distribution of the
ion number density on the
arc column centre axis
(cathode is at z = 0 mm,
anode is at z = 4 mm)

3.2 Axial Current Density
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Figures 4 and 5 show that as the current decreases, the axial current density of the
jet also decreases. At the corresponding time of each arc current value, the axial
current density and its gradient gradually decrease from the cathode to the anode.
This is because in a low current diffusion state arc, the pinch force generated by
the self-generated magnetic field on the ions is smaller than the ion pressure. So the
distribution of the axial current density is consistent with the ion number density.
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Fig. 4 Distribution of the axial current density

Fig. 5 Distribution of the
axial current density on the
arc column centre axis
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3.3 Ion Pressure

Figures 6 and 7 demonstrate that as the current decreases, the ion pressure decreases.
As shown in Fig. 7, the ion pressure at the central axis increases first and then
decreases. The peak value of ion pressure is not on the cathode, but above the cathode.
As the current decreases, the peak position of the ion pressure is farther away from
the cathode, which is quite different from the distribution of the ion number density.

3.4 Ion Temperature

Figures 8 and 9 show that as the current decreases, the ion temperature decreases. The
main reasons are as follows: Firstly, with the decrease of the current, the generated
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Joule heat decreases significantly, leading to the decrease of the electron temper-
ature. The heat obtained by ions in the process of electron and ion heat exchange
decreases, so the ion temperature decreases. Secondly, as the current decreases, the
deceleration of ions by the radial current and the azimuthal magnetic field weakens,
so the kinetic energy of the ions converted into internal energy decreases, causing
the ion temperature to decrease.

3.5 Electron Temperature

Figures 10 and 11 indicate that as the current decreases, the electron temperature
decreases. Compared with the ion temperature, the electron temperature is higher.
The distribution of the electron temperature from cathode to anode increases first
and then decreases, which is like that of the ion temperature. The reason why the
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Fig. 8 Distribution of the ion temperature
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electron temperature close to the anode will decrease is that the electron consumes
energy during the process of passing through the anode sheath.

4 Conclusions

This article establishes a 2D transient MHD model to simulate the dynamic properties
of VA during DC breaking process based on artificial current zero when the current
approaches zero. The following conclusions are obtained:

(1) The ion density, the axial current density, the ion pressure, the ion temperature
and the electron temperature in the region of the arc column decrease as the arc
current decreases.
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(2) As the current decreases, the diffusion degree of plasma weakens.
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