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Abstract. Arc restriking will prolong the arc extinguishing time and increase
the erosion of the contacts, seriously reduces the electrical life and reliability
of the relays. In particular, arc restriking is more likely to happen in DC circuit
with inductive load. Therefore, based on MHD theory, this paper uses COMSOL
Multiphysics to establish a two-dimensional mathematical model of arc plasma
of HVDC relays. By applying different sizes of magnetic field, the arc voltage,
current and images are obtained to analyze the arc restriking characteristics in a
circuit with a load of 100 V/100 A. The results show that increasing the external
magnetic field in a certain range is beneficial to accelerate the arc extinguishing.
However, as the external magnetic field increases further, the arc restriking is more
easily and earlier to happen.
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1 Introduction

In the process of DC arc movement, there are only high-temperature gases and a small
amount of metal vapor exist in the arc gap [1]. When the electric field strength of
the arc gap reaches the critical restriking field strength, arc restriking happens. At the
same time, the arc will temporarily stay between the arc gap or the arc root will move
on the surface of the contact, which is called arc stagnation [2]. The arc restriking
phenomenon of relays with a arc extinguishing chamber has been the focus of scholars
[3, 4]. Literature [2] showed the influence of different current on arc stagnation and
restriking, and obtained the critical restriking field strength through the combination
of experiment and simulation. Multiple arc column restriking phenomenon are showed
in literature [5] under the condition of 450 V/10 A DC, and relationship between the
restriking frequency of silver contacts and the strength of the magnetic field and electric
field. Literature [6] showed the restriking phenomenon at DC V. The probability of
arc restriking phenomenon under different voltages is studied in literature [7], and a
simplified simulation model of analyzing the mechanism of restriking is established.
The above studies on arc restriking did not consider the effect of metal vapor and was
all carried out under high voltage direct current.

In this paper, the arc restriking characteristics of 100 V/100 A DC are studied. The
result shows that the arc restriking increases increases the arcing time and the erosion of
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the contacts, which will reduce the electrical life and reliability of the relays. Therefore,
a mathematical model of DC arc is established based on MHD and the influence of
external magnetic field on arc restriking characteristics is studied.

2 Experiment

2.1 Structure of the Arc Test System

In this paper, a DC arc test system is used to collect arc images and parameters of
the HVDC relay. The test system includes main circuit, controlling circuit, high-speed
camera, and data acquisition part, as shown in Fig. 1. The main loop current is 100 A
and the switching voltage is 100 V. A high-speed camera is used to capture images of
the arc during the breaking process, and the data acquisition part collects the arc current
and voltage. A permanent magnet is added to the back of the two pairs of contacts to
provide transverse magnetic field with different magnetic field strength.

Fig. 1. Structure of the arc test system

2.2 Experiment

Figure 2 shows the images of DC inductive arc restriking during the breaking process
when the magnetic flux density is 40 mT and the arc voltage and current is 100 V and
100 A respectively. As shown in the picture, at t = 1.18 ms, a prebreakdown channel is
formed at point A, which is white spot, namely luminescent plasma. At t = 1.24 ms, the
luminescent plasma is transformed into arc, and the arc reignites between the contact
and the arc column.

The free gas remains due to the temperature of arc area, and needs a certain amount
of time to spread, decreasing the strength of the insulation of the arc gap. The arc root
moves to the edge of the contact. Then the arc is elongated, the arc voltage increases
rapidly, which leads to the arc restriking. The new arc column and the original arc column
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form a parallel channel, which makes the arc resistance drop rapidly. Figure 3 is the arc
voltage waveform. It can be seen from the figure that the arc voltage drops at point 1
marked in the figure, corresponding to point A in Fig. 2. The drop of voltage is precisely
because the arc restriking, two arcs are connected in parallel, and the resistance drops,
and the voltage also drops.

Arc restrikigwill be affected by voltage, current,magnetic field and arc extinguishing
medium. In this paper, the experiment of breaking100V/100A inductive loadwas carried
out for 40 times for HVDC relay. The obtained arc restriking times in air medium are
shown in Fig. 4. It can be seen from the figure that with the increase of the applied
magnetic field, the frequency of arc restriking also increases.When the appliedmagnetic
field is greater than 40 mT, the probability of arc restriking is more than 50%, and when
it is 60 mT, the probability of arc restrking is 95%.

Fig. 2. Arc restriking images during the breaking process
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Fig. 3. Arc restriking voltage during the breaking process

Fig. 4. The number of arc restriking times under different magnetic field sizes

3 Numerical Model

3.1 Geometric Model

In this paper, a high voltage DC relay with bridge double break point structure is studied.
The rated voltage of the relay is 150 V, the current is 100 A, the diameter of the moving
contact and the fixed contact is 8 mm, and the material is silver tin oxide. Its structure is
shown in Fig. 5. In the simulation of arc plasma, the improved model makes the calcula-
tion easier and reduces the simulation time. Because the contact system is symmetrical,
only half of the arc extinguishing chamber needs to be simulated. The structure of the
improved model is shown in Fig. 6. In the figure, the upper part is fixed contact and
the lower part is moving contact, which moves in the negative direction of the y-axis.
Through the relationship between moving contact time and displacement, the change of
arc re-ignition during contact movement can be obtained.
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Fig. 5. Contact structure

Fig. 6. Simplified model of the contacts

3.2 Government Equations

Through the above simulation, the change lawof arc in the arc extinguishing chamber can
be obtained. The flow field can be expressed by N-S equation and energy conservation
equation, and the electromagnetic field can be expressed by Maxwell equation group
[10].

The mass conservation equation as shown by (1):

∂ρ

∂t
+ div

(
ρ
−→v ) = 0 (1)

where ρ is the plasma density, which is related to the local temperature, t is the simulation
time, and −→v is the velocity vector. B is obtained by solving the N-S equation, as shown
in (2).

∂ρvi
∂t

+ div
(
ρvi

−→v ) = − ∂P

∂xi
+ div(ηgradvi) + (

−→
J × (

−→
B arc + −→

B PM )) (2)

where vi is the ith component of the velocity vector. In 2-D MHD method, it stands
for x and y components of the velocity p is the pressure which is also dependent on
the temperature and η is the dynamic viscosity of plasma. The body force exerted on
the arc plasma is the Lorentz’s force which is generated by the self-generated magnetic
field provided by the arc itself as well as the external magnetic field provided by the
permanent magnets. The Lorentz’s force exerted on each cell is calculated by

−→
J × −→

B ,
here,

−→
J is the current density and,

−→
B is the total magnetic flux density that consists of

the magnetic flux densities generated by the arc itself
−→
B arc and that generated by the

permanent magnets
−→
B PM .
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Where vi is the ith component of −→v . In two-dimensional space, it represents the
component of velocity on the x and y axes. P is the pressure, indicating the dynamic
viscosity of the plasma, and its value is related to the temperature. The arc plasma is
affected by Lorentz force, which is generated by the arc itself and the permanent magnet.
Lorentz force on each battery is represented by

−→
J × −→

B , and
−→
J is the current density

and
−→
B is the total magnetic flux density.
Moreover, the physical property of the ambient atmosphere is closely related to the

temperature. In MHD model, the solution of temperature is shown in formula (3).

∂(ρh)

∂t
+ div

(
ρh−→v ) = −div

(
λ

cp
gradh

)
+ σE2 (3)

where h is the enthalpy, λ is the thermal conductivity, cp is the specific heat under
constant pressure, σ is the electrical conductivity, and E is the magnitude of the electric
field strength, σE2 is the heat source for the arc which is the Joule’s heat generated by
the huge current density inside the arc column.

Where h is enthalpy, λ is thermal conductivity, cp is specific heat, σ is conductivity,
E is electric field strength, and σE2 is heat generated by large current in the arc column.

It can be seen from the above equation that each physical quantity generated by the
arc itself can be obtained from (4) – (6), as follows:

div(σgradϕ) = 0 (4)

−→
J = σ

−→
E = −σgradϕ (5)

div(gradAi) = −μ0Ji (6)

−→
B arc = rot(

−→
A ) (7)

where ϕ is the potential and
−→
A is the vector of magnetic potential.

3.3 Assumptions and Boundary Conditions

The arc motion is generated by the interaction of multiple physical quantities. The
simulation assumptions are as follows [11, 12]:

(1) The arc environment is assumed to be LTE constant.
(2) Ignore the time of arc starting, and assume that the arc starts to burn steadily from

0.4 mm. Set the starting value of transient simulation as the temperature obtained
by static simulation.

(3) Ignore the function of arc sheath.

The boundary conditions are determined by the theoretical basis of hydrodynamics,
electromagnetism and plasma. In the electric field, as shown in Fig. 5, the movable
contact is represented as anode, and the fixed contact is represented as cathode. The
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current flows in from the anode, flows out from the cathode, and flows back to the
anode through the external circuit current. Assuming that there is no current flow at the
boundary of the simulation area, the calculation formula is −→n · −→J = 0. In the air flow,
the boundary of the simulation area is open, and the fluid can flow out of the boundary.
The temperature involved in the calculation is the steady-state temperature value.

4 Simulation and Analysis

In this paper, uniform and constant transverse magnetic field is adopted, and its magnetic
flux density of 40mT, 50mT and 60mT is applied in simulation. The temperature change
of the arc when the magnetic flux is 40 mT is shown in Fig. 7. The arc moves to the
edge of the contact under Lorentz force at t = 0.86 ms, and the pre-breakdown channel
appears at the root of the arc at t = 1.06 ms. At t = 1.15 ms, the luminescent plasma
is transformed into arc, and the arc restriking between the contact and the arc column.
Two arcs are connected in parallel way, and the resistance decreases.

Fig. 7. Variation of arc temperature with time under 40 mT magnetic field

The simulated and measured arc voltage when the magnetic flux is 40 mT are shown
in Fig. 8. The time 0 point corresponds to the time 0 of the experimental test, and the
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simulation starts from when the distance of contact is 0.2 mm, corresponding to t =
0.22 ms in the actual measurement. The arc voltage rises rapidly after 0.86 ms seen from
the figure when the arc moves to the edge of the contact. At point 2 in the figure, at t
= 1.15 ms, the voltage drops suddenly, which corresponds to point B in Fig. 7. This is
mainly because the arc restriking decrease the resistance,which leads to the decline of the
arc voltage and the prolongation of arcing time. The simulation calculation is consistent
with the variation trend of the measured voltage curve, but there is a slight difference in
the numerical value. During themovement of arc root, themeasured arc voltage increase,
but the trend is not obvious in the simulation, and the arc movement time in the contact
is shorter. It is because the sheath is simplified in simulation and the concentration of
metal vapor is different. In addition, the displacement current is ignored in the simulation
model, and the arc plasma is assumed to be laminar incompressible, and only one side
contact is simulated. And the starting point of the arc in the experiment is random, and
the unbalanced combustion of the arc may be caused in the bridge double-breakpoint
structure.

Fig. 8. Arc voltage under 40 mT magnetic field

Based on the accuracy of simulation model, the influence of magnetic field on arc
restriking is discussed. The arc voltage are simulated when the magnetic flux are 40 mT,
50 mT and 60 mT. As shown in Fig. 9, as the magnetic flux increases the arc movement
time decreases and moment of rapid rise of arc voltage is advanced. It can be seen that
when the magnetic flux is 40 mT, 50 mT and 60 mT, the time of the arc restriking is
1.16 ms, 1.01 ms, and 0.85 ms, respectively.

The critical breakdown field strength of arc gap which is affected by the temperature
of the arc gap anddistance between the contacts, is themain factor affecting arc restriking.
The smaller the critical breakdown field strength is, the easier the arc gap is to be broken
down. On one side, As the moving speed of the arc root increases, the critical breakdown
field strength decreases. On the other side, the critical breakdown field strength increases
with the increase of dielectric thickness, which is the distance between the contacts in this
paper. Under different sizes of magnetic field, the arc restriking time is different, so is the
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distance between the contacts. The distance between contacts during arc restriking can
be calculated according to the displacement-time curve of moving contacts. When the
magnetic field is 40 mT, 50 mT and 60 mT, the distance between contacts is 1.010 mm,
0.852 mm and 0.768 mm, respectively. Therefore, with the increase of magnetic field,
the dielectric thickness decreases, the critical breakdown field strength decreases, and
the the probability of arc restriking increases.

The increase of the magnetic field has a dual effect on the movement characteristics
of the breaking arc. On the one hand, the increase of the magnetic field increases the
movement speed of the arc root, reduces the arc stagnation time and the metal vapor,
which is beneficial to the arc movement. On the other hand, the larger the magnetic field
is, the faster the arc moves, so the high temperature gas can not be emitted immediately,
and the arc gap insulation strength decreases. Because the arc column moves out of the
arc gap quickly and the contact gap is small, it is easy to cause dielectric breakdown and
arc restriking.

Fig. 9. Arc voltage under different magnetic field

5 Conclusion

Based on the magnetohydrodynamics (MHD) model, under the conditions of different
magnetic flux density plate, this paper carries out simulation and analysis on the arc
restriking characteristics. The conclusions are as follows:

(1) As the magnetic flux density increases, the probability of arc restriking and erosion
of the contacts increase. The simulation model in this paper can be used in finding
the best magnetic flux density to shorten the arcing time and reduce the erosion of
the contacts.

(2) When the temperature of the arc zoneis high, there will be a large amount of silver
vapor, which will hinder the arc movement and increase the probability of arc
restrikin. Therefore cooling the arc can reduce the probability of arc restriking to a
certain extent.
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