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ABSTRACT An excellent electrical contact state is necessary to ensure safe and stable operation of the
system. Therein, contact resistance and arc ablation are essential indexes for estimating the contact state.
In view of the characteristics of brush-rail device with transient large current for AC electromagnetic
propulsion, a contact resistance model and the concept of arc ablative trigger boundary are proposed in this
paper. Firstly, an equivalent circuit model is developed based on structural properties of brush-rail device.
Then, the corresponding contact resistance model is established considering the contact pressure, amplitude
and frequency of current, sliding velocity and consecutive run times. In addition, the main affecting factors
of arc ablation are analyzed and the p-v parameters of arc ablation boundary are determined. Finally, the
contact resistance and arc ablative trigger boundary of the brush-rail device are tested on a rotating transient
large current experimental platform, which proves the correctness of the proposed method.

INDEX TERMS Electromagnetic propulsion, brush-rail device, equivalent circuit model, contact resistance,

arc ablation.

I. INTRODUCTION

An electrical contact refers to the contact between differ-
ent conductors to carry the current flow [1], which can be
divided into fixed contact, separable contact and sliding con-
tact [2], [3]. Among them, the sliding contact is widely used
in industry, rail transit, electromagnetic propulsion, such as
the commutator in the motor, the arch arc structure in the
rail transit [4], the boot rail structure in the subway [5], and
the brush-rail device in the electromagnetic propulsion [6],
[7]. At present, the electrical devices mainly use AC, and
the excellent electrical contact state is a necessary condition
to ensure the safe and stable operation of the system. The
contact resistance and the arc ablation are essential criteria
for measuring the contact state.

In terms of contact resistance model, scholars have worked
on mathematical models and experimental method. J. A.
Greenwood extracted the formula for estimating shrinkage
resistance by using a series of dots representing the connec-
tion points between two metal planes [8]. Nakamura assumed
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a number of cubic points connecting two 3D electrodes,
and the shrinkage resistance is calculated by using the finite
element method and the boundary element method [9]. The
experimental method obtains the current and voltage from
the transformer, and then calculates the contact resistance
according to Ohm’s law. D. H. He studied the change of
contact resistance with time and proposed the view that the
contact resistance value is not constant in a certain time
range, but tends to fluctuate around a median value [10].
Bucca studied the electrical contact between carbon sliders
and copper wires and found that the contact resistance is
an exponential function of the contact pressure [11]. The
existing studies have mainly focused on the contact resistance
of the arch arc structure in rail transit, where the state is long
time and low current compared to the operating conditions of
electromagnetic propulsion.

In terms of arc ablation, most of the existing researches
focus on the generation and influence mechanism of arc
ablation. Under the influence of the energy produced by the
arc, the material of the contact surface sputters out in the form
of gas and tiny droplets, leading to arc ablation [12]. At low
arc energies, the wear mechanism is dominated by abrasive
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and adhesive wear. With the increase of arc energy, the wear
rate increases sharply, and the wear mechanism is mainly arc
ablation [13].

The brush-rail device provides a new idea for electromag-
netic propulsion, which can replace the cable power supply
to the electrical equipment and thus achieve higher velocity
[14]. However, the electrical contact issues may affect the
stability and reliability of the device. Different from the tra-
ditional structure, the brush-rail device for electromagnetic
propulsion are characterized by transient large current [15],
so conventional analysis methods are not applicable. Fur-
ther, this paper will consider transient large current feature
of electromagnetic propulsion, including contact resistance
and arc ablation, for a specific research of electrical contact
characteristics.

Based on what mentioned above, a contact resistance
model for the brush-rail device is proposed for transient large
current conditions. Therein, the contact resistance model and
the concept of arc ablative trigger boundary are proposed.
It provides support for the design and safe operation of
the brush-rail device. In Section II, the equivalent circuit
model of the brush-rail device is built with some assumptions.
In Section III, the contact resistance model of the brush-rail
device is established according to the influence mechanism
of different factors. In Section IV, single variable experi-
ments were performed on a rotating transient large current
experimental platform to obtain the corresponding fitting
coefficients and to verify the correctness of the model. Mean-
while, the influence mechanism and trigger boundary of arc
ablation are analyzed. Conclusions and prospects are drawn
in Section V.

Il. EQUIVALENT CIRCUIT MODEL

The brush-rail device is shown in Figure 1, Ry, Ly are the
resistor, inductor of brush, and R, and L, are the resistor,
inductor of rail, and Ry, R, R, are the contact resistors, and
C,...,C, are the contact capacitors, and n depends on the state
of the contact surface.

The power supply is supplied to the electrical equipment
through the rail, brush and contact surface. A constant pres-
sure spring applies constant pressure to the brush to keep it
attached to the rail. From the micro point of view, the process-
ing cannot achieve absolute smooth, there are many bumps
on the contact surface of the brush-rail, and the contact is
actually achieved through these bumps. The points formed by
these bumps are called conductive spots, which are scattered
under contact pressure and current [16].

Electrical contact types can be classified into metallic,
quasi-metallic and capacitive contacts based on material
properties and contact states. In this way, the electrical contact
of the contact surface can be equivalent to the parallel connec-
tion of resistors and capacitors, with resistors of various types,
including resistors of shrinkage and thin-film type [17]. Thus,
the equivalent circuit model for Figure 1 is shown in Figure 2.

In Figure 2, the current flow through the conductive spots.
The current around the conductive spot will contract linearly,
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resulting in a decrease in the effective conductive area, which
in turn leads to an increase in the resistance, called the shrink-
age resistance Ry;.

Assuming that the conductive spot is circular, the equipo-
tential plane around it and the current contraction line as
shown in Figure 3. g; is the radius of the i-th conductive spot,
and the Laplace equation of the potential distribution around
the conductive spot is:

VAU (r,r) =0 ()
The equipotential plane of the ellipsoid is:
2 2
r y
—_—t = =1 2
al+p? Wl

where, r and y are ellipsoidal coordinates, and p is an isopla-
nar parameter of the ellipsoid.

The shrinkage resistance between the equipotential plane
and the conductive spot is:

d
w = i/ - r__° arctanﬁ 3)
2 a; —+ /1,2 2ma; a;

where, p is the resistivity of the material.

When the reference surface is selected as infinite, that is,

o approaches infinite, the shrinkage resistance in half space
can be obtained:

-

= 4a,~

“
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Further, the contact resistance of a single circular conduct-
ing spot is the sum of two half-space shrinkage resistances:

Ri=21102 5)
4(1,’
where, p1 and p; are the resistivity of the two materials of the
contact surface respectively.
The contaminated film on the contact surface increases the
resistance of the conducting spot, and the resulting additional
resistance is the thin-film resistance Rp;:

03

wa;
where, p3 is the resistivity of the thin-film resistance of the
contact surface.

A single contact resistor is:
Ri = R.i + Ry @)

The contact resistance R is:

n 1 -1
R. = — 8
c [Z R,} ®)
i=1
A single contact capacitor is:
c &S; ©)
i=
dj
where, ¢ is the dielectric constant, S; is the surface area of
the capacitive contact microelement, d; is the distance of the
capacitive element plate.
As can be seen from Figure 2, capacitive elements and
conductive spots are spaced, so the number is approximately
the same. The contact capacitance C. is:

Cc=>.G (10)
i=1

The expression of impedance Z,, of the two-port network

in Figure 2 is:
R.
1 + [wCcR:]?

2
&) (11)
1+ [wCeRe]?
where, w is the angular frequency of the power supply.

In order to analyze the values of each component in the
equivalent circuit model, the assumptions are as follows:

(1) The resistance of the brush and rail depends on temper-
ature, material properties, and shape, neglecting changes in
value due to wear.

(2) The contact resistance is considerably greater than con-
tact capacitance because the brush-rail device mostly operates
with large contact pressure and minor current frequency.
Therefore, this paper studies the characteristics of the contact
resistance, ignoring the influence of contact capacitance in
(11). The contact resistance is:

Zyp = Ryp +anb =Rp + R +

+jw (Lb + Ly —

Re=Rp—Rp — R =Rypp — & (Ro +Rr0) (12)
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where, Rgp is the resistance of the two-port network ab in
Figure 2, obtained from measurements, and ¢ is the correction
coefficient of skin effect, which is obtained by experiment,
and Ry, Ry are the contact resistances of brush and rail
without consideration of skin effect, respectively.

(3) During the operation of the brush rail sliding power
supply device, the conductive spots will disappear and new
ones will be generated. The value of the contact resistance
varies only with the operating conditions.

Ill. ELECTRICAL CONTACT CHARACTERISTICS

The electric contact characteristics can reflect the compre-
hensive state of the brush-rail device. The affecting factors
of contact resistance mainly include contact pressure, current
amplitude, current frequency, sliding velocity, consecutive
run times and arc ablation.

A. CONTACT PRESSURE
As a result of the contact pressure, the bumps on the contact
surface begin to contact each other and form conductive
spots. According to the Hertzian elastic contact theory, as the
contact pressure increases, the conductive spots formed by
contact will undergo elastic deformation, making their radius
larger, which will lead to smaller shrinkage resistance and
smaller contact resistance [17]. The morphology of con-
ductive spots under different contact pressures is shown in
Figure 4.

In (5), the relation between a; and the contact pressure F'
can be derived from the Hertz elastic formula:

3 [1—y2 1—y2 1 1\!
=& ZF Ly 72 —+— 13
a4 =3 4 ( Eq + E> + r + 1) 13)

where, F is the contact pressure, and y is the Poisson’s ratio
of the conductive spot, and E is the elastic modulus of the
conductive spot, and r is the radius of conductive spot, and &
is the undetermined coefficient between O and 1.

As the contact pressure continues to increase, the conduc-
tive spots on the contact surface change from elastic contact
to rigid contact, and the variation trend of contact resistance
gradually becomes stable. Further, Poisson’s ratio, elastic
modulus, resistivity and radius of conductive spot are all
constants, so (8) can be simplified as:

- r
R. = 7 +D (14)
where, p, g, D are undetermined coefficients, which are

obtained from experimental results.

B. CURRENT AMPLITUDE
The influence of current amplitude on contact resistance is
mainly reflected in two aspects: electromotive force and Joule
heat.

When the brush-rail device is energized, the current flow
through the brush and rail, forming a current loop and gen-
erating a magnetic field around them. The current of the
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(a) Low contact pressure (b) High contact pressure

FIGURE 4. Morphology of conductive spots under different contact
pressures.

brush and rail will be affected by each other’s magnetic field,
generating electromotive force, known as Lorentz force.

The electromotive force Fe, is decomposed into Fey, Fey
and F; according to the Cartesian coordinate system. Assum-
ing that the contact pressure is directed along the x-axis, thus
F., can affect the value of the contact pressure in (14), and
F, is proportional to the square of the current, which is:

Fey = hi? (15)

where, [ is the value of the current amplitude, and 4 is the
undetermined coefficient, which is determined by the physi-
cal structure and can be obtained by finite element analysis.
h is positive if in the same direction as the contact pressure,
otherwise it is negative.

Current flowing through the contact resistance will gener-
ate Joule heat, and its thermal power is:

P=(1—¢I’R. (16)

where, ¢ is the material loss rate.

The hardness of metal materials has a negative exponential
relationship with temperature, and the hardness will decrease
with the increase of temperature. At the same time, with
the further increase of temperature, the decrease trend of the
material hardness will slow down [18]. The relation between
hardness and temperature of metal materials is:

H =Ae BT (17)

where, H is material hardness, and T is the temperature, and
A is the hardness at absolute temperature of 0, and B is the
softening coefficient of material hardness.

As the current amplitude increases, the geometrical mor-
phology and radius of the conductive spot changes, and the
larger contact area of the conductive spot decreases the con-
tact resistance. In addition, with the increase of temperature,
the resistivity of the material increases, and a larger tem-
perature gradient will increase the heat conduction velocity,
both of which will slow down the trend of decreasing contact
resistance.

Therefore, the traditional definition of contact resistance as
an exponential quadratic function of current amplitude is not
accurate. Referring to (16) and (17), the relation between con-
tact resistance and current amplitude considering the influ-
ence of Joule heat is:

— p —BI¢
o= ((F+Fex>q +D)e (18)

where, @ and B are undetermined coefficients, which are
related to material properties and obtained by experiment.
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C. CURRENT FREQUENCY

The influence of current frequency on contact resistance is
reflected in skin effect. The relationship between skin effect
depth and current frequency is:

p
A = 19
7f o (19

where, f is the current frequency, and po is the vacuum
permeability, and its value is 47 x 10~ H/m.

With the increase of current frequency, the skin effect will
be more obvious. For brush and rail, the skin effect reduces
the effective flow area and increases the contact resistance.
Meanwhile, for shrinkage resistance, the penetration depth of
electromagnetic field is much greater than a;, so the effect of
current frequency on shrinkage resistance is negligible [19].

When the current frequency is 100 Hz, the penetration
depth of skin effect of brush and rail can be calculated by
formula (19) as 29.8 mm and 7.3 mm, respectively. Combined
with the specific size, it can be seen that the characteristic
size of rail is much larger than the penetration depth of
magnetic field, so its resistance is more obviously affected by
frequency. If the skin effect is not corrected for the resistance
of brush and rail, it can be seen from (12) that the calculated
value of contact resistance will be greatly affected.

D. SLIDING VELOCITY

On the one hand, with the increase of sliding velocity between
the brush and the rail, the gas pressure on the contact surface
increases, thus the contact pressure decreases, resulting in
the increase of the contact resistance. At the same time, the
thickness of the gaseous molecular film also increases, which
leads to an increase in the contact gap between the brush and
the rail, leading to the increase of the contact resistance.

On the other hand, the friction heat due to mechanical
friction will increase the temperature of the contact surface,
which is similar to the effect of Joule heat, leading to a
decrease in the hardness of the material and thus a decrease in
the contact resistance. However, the increase in temperature
leads to an increase in the resistivity of the material, which in
turn increases the contact resistance.

It can be seen that the factors affecting contact resistance
by sliding velocity are complex, and the law between them
is traditionally expressed in terms of an exponential function
[20], which can be substituted into (18):

p kv—BI*
Ro=|——+D 20
‘ ((F+Fex)q - )e 20

where, v is the sliding velocity of brush and rail; k is the
undetermined coefficient, which is related to velocity, mate-
rial properties, temperature and other factors, and obtained by
experiment.

E. CONSECUTIVE RUN TIMES

In transient large current operating conditions, the impact of
the contact resistance by the consecutive run times is mainly
reflected in the temperature rise. During the operation of the
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brush-rail device, the heat source can be divided into Joule
heat and friction heat, which both decrease the hardness of
the metal material, increase the resistivity, and then change
the value of the contact resistance.

As the consecutive run times of the brush-rail sliding power
supply structure increases, the temperature of the contact
surface increases, but it eventually stabilizes at a certain
value. Thus, the relationship between temperature rise and the
consecutive run times is:

0=Tr(1—e ™) 2n

where, 6 is the temperature rise of the contact surface, and
t is the consecutive run times, and m is the undetermined
coefficient, and Ty is the stable temperature rise of the con-
tact surface. The stable temperature rise corresponds to the
balance between the total heat generated by Joule heat and
friction and the heat lost through heat dissipation. At this
point, the temperature rise does not alter as the increase of
the consecutive run times.

Referring to (17), the influence of temperature rise is added
to (20), and the contact resistance is:

P kv—BI* —16
Ro=———+DjJ)e 22
¢ (w+nm ) 22
where, T is the undetermined coefficient, which is obtained
by experiment.

F. ARC ABLATION
The arc ablation has a serious influence on the brush-rail
device, and the extent of the effect is mainly concentrated on
the contact surface.

In this way, the ablative brush and rail surfaces form
many holes and residues, which increase the roughness of the
contact surface. Furthermore, arc ablation induces a chem-
ical reaction on the contact surface of the material, which
modifies the resistivity.

However, arc ablation has a strong randomness and uncer-
tainty, so experiments are traditionally used to analyze its
affecting factors. Therefore, in the experimental part, this
paper studies the affecting factors of arc ablation, including
current amplitude, contact pressure and sliding velocity, and
explores the trigger boundary of arc ablation.

IV. EXPERIMENT

In order to investigate the influence law and mechanism of
the electrical contact characteristics of the brush-rail device,
a rotating transient large current experimental platform was
developed as shown in Figure 5.

The experimental platform is composed of asynchronous
motor, motor controller, brush, rail, constant pressure spring,
super capacitor, high power converter and load, etc. Among
them, brush, rail materials are metal graphite CT73 and
chrome-zirconium copper C18150. The experimental plat-
form can flexibly adjust contact pressure from 0 to 200 N,
current amplitude from O to 3 kA, current frequency from 1 to
100 Hz, and sliding velocity from O to 75 m/s.
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Thus, the equivalent circuit model for the rotating transient
large current experimental platform is shown in Figure 6. Ry,
and Ly, are the resistance and inductance corresponding to the
half circumference of the rail.

The voltage and current signals of the two-port ab in
Figure 6 are collected, and then the resistance value corre-
sponding to the fundamental signals of the equivalent circuit
model is calculated by voltammetry method.

The simplified contact resistance is:

1 1
R. = §Rab —Rp — Zth (23)

The single variable experiments of contact pressure, cur-
rent amplitude, current frequency, sliding velocity and con-
secutive run times were carried out on the experimental
platform. At the same time, the affecting factors and trigger
boundary of arc ablation are studied.

A. CONTACT PRESSURE EXPERIMENT
The experiment of contact pressure was carried out on the
experimental platform. The contact pressure was set to 20 N,
60N, 100 N, 140 N and 200 N, the current amplitude to 1 kA,
the current frequency to 10 Hz, and the sliding velocity to
0 m/s. The temperature was ensured to fluctuate within a lim-
ited range during the experiment, and the experiment results
of the contact resistance under different contact pressures are
shown in Figure 7.

In Figure 7, the contact resistance decreases with the
increase of contact pressure. When the contact pressure
reaches 100 N, the change trend of contact resistance slows
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down. The undetermined coefficient p = 0.003378, g =
0.4833, D = 0.000368, the maximum error of the fitting
value is 2.95%, and the average error is 0.83%, indicating
that (14) can better fit the experimental value.

B. CURRENT AMPLITUDE EXPERIMENT

The finite element analysis model was built according to
the experimental platform to verify the magnitude of the
electromotive force. With the contact pressure direction as
the positive reference direction, the simulation result of the
electromotive force in this direction for different current
amplitudes is shown in Fig. 8.

The electromotive force is 0 in the y-axis and z-axis direc-
tions and negative in the x-axis directions, indicating that the
electromotive force is in the opposite direction to the contact
pressure. With the increase of current amplitude, the elec-
tromotive force decreases quadratically, which proves that
equation (15) is correct and the value of & is —3.29 x 1072,

For the Joule heat influence experiments, the contact pres-
sure was set to 20 N, 60 N and 100 N, the current amplitude
from 0.2 to 3 kA, the current frequency to 10 Hz, and the
sliding velocity to 0 m/s. The temperature was ensured to
fluctuate within a limited range during the experiment, and
the experiment results of the contact resistance under differ-
ent current amplitudes are shown in Figure 9.

In Figure 9, the contact resistance decreases with the
increase of current amplitude. When the contact pressure
was 20 N, 60 N and 100 N, the corresponding undeter-
mined coefficients o are 0.7052, 0.8517 and 0.9157, and 8
are 0.7231, 0.4514 and 0.3024, respectively. The maximum
errors were 28.45%, 14.32% and 4.15% for contact pres-
sures of 20 N, 60 N and 100 N, respectively, with aver-
age errors of 8.31%, 4.94% and 1.87%, indicating that the
greater the contact pressure, the smaller the error and the less
randomness. As the current amplitude increases, the contact
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resistance decreases and the trend slows down, which addi-
tionally explains the correctness of (17) and (18).

C. CURRENT FREQUENCY EXPERIMENT
The experiment of current frequency was carried out on the
experimental platform. The contact pressure was set to 100 N,
the current amplitude from 0.5 to 3 kA, the current frequency
from 5 to 100 Hz, and the sliding velocity to O m/s. The
temperature was ensured to fluctuate within a limited range
during the experiment, the experiment results of the resis-
tance of the two-port network R,y are shown in Figure 10.
In Figure 10, as the current frequency increases, the resis-
tance of the two-port network ab increases because of the
skin effect that increases the resistance of the brush and rail.
Through experimental fitting, the correction coefficient of
skin effect is:

n =0.04982f + 1 (24)

In addition, because the contact resistance is affected by
the current amplitude, the resistance of the two-port network
ab is different.

D. SLIDING VELOCITY EXPERIMENT

The experiment of sliding velocity was carried out on the
experimental platform. The contact pressure was set to 20 N,
60 N and 100 N, the current amplitude to 2 kA, the current
frequency to 10 Hz, and the sliding velocity from O to 75 m/s.
The temperature was ensured to fluctuate within a limited
range during the experiment, and the experiment results of the
contact resistance under different sliding velocity are shown
in Figure 11.

In Figure 11, the contact resistance increases with the
increase of sliding velocity. When the contact pressure was
60 N and 100 N, the corresponding undetermined coefficients
k are 0.01 and 0.0063. The maximum errors were 15.52% and
4.33% for contact pressures of 60 N and 100 N, respectively,
with average errors of 5.71% and 1.12%, indicating that (20)
can better fit the experimental value.

In addition, for the contact pressure of 20 N and the sliding
velocity of 23 m/s, the contact resistance jumps significantly
and increases with the sliding velocity. This is due to the
apparent arc ablation at sliding velocities of 23 m/s or above,
and the proposed model cannot solve the nonlinear case,
which is analyzed in detail later.
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E. CONSECUTIVE RUN TIMES EXPERIMENT

The experiment of temperature rise was carried out on the
experimental platform. The contact pressure was set to 20 N,
60 N and 100 N, the current amplitude to 0.5 kA, the current
frequency to 10 Hz, and the sliding velocity to 0 m/s. The tem-
perature rise of the brush-rail device was increased to a stable
value by controlling motor rotation. The contact resistance
was measured once for each 5 K decrease in temperature rise,
and the experimental results are shown in Figure 12.

In Figure 12, the contact resistance gradually decreases
with the increase of temperature rise, which is caused by
the decrease of material hardness. When the contact pressure
was 20 N, 60 N and 100 N, the corresponding undetermined
coefficients T are 0.01, 0.0083 and 0.0114, the maximum
errors are 4.52%, 3.87% and 3.89%, and the average errors
are 1.42%, 1.51% and 1.24%, indicating the correctness and
applicability of (22).

Further, in order to analyze the relationship between the
temperature rise and the consecutive run times, the following
operating conditions were set:

1) The rail accelerates from O to 45 m/s in 8 s, during which
time the two-port network ab through the current flow with an
amplitude of 1 kA and a frequency of 10 Hz.

2) The rail decelerates to 0 in 16 s, and rests for 6 s, during
which time no current flow.

3) The contact pressure was set to 20 N, 60 N, and 100 N,
and the above procedure was repeated 20 times.

Record the average temperature rise during each operation,
and the experimental results are shown in Figure 13.

In Figure 13, for contact pressures of 20 N, 60 N and 100 N,
the stable temperature rise of the contact surface Ty are 9.69,
11.17 and 26.11, and the corresponding undetermined coef-
ficients m are 0.1067, 0.09525 and 0.09214. The maximum
errors were 4.11%, 3.84% and 5.42% for contact pressures
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of 20 N, 60 N and 100 N, respectively, with average errors
of 1.07%, 1.29% and 1.98%, indicating that (21) can better
fit the relationship between temperature rise and consecutive
run times.

Under the same consecutive run times, the temperature rise
is higher when the contact pressure is 100N, because the heat
of friction is proportional to the friction force, and the friction
force is proportional to the contact pressure. Contact pres-
sures of 20 N and 60 N have little difference in temperature
rise. This is because a contact pressure of 20 N has a greater
contact resistance, and at the same current amplitude, it has a
greater Joule heat.

F. CONTACT RESISTANCE MODEL PREDICTION

The predict model of contact resistance (22) proposed in this
paper was verified on the experimental platform. The contact
pressure was set to 100 N, the current amplitude to 1 kA, the
current frequency to 20 Hz, the sliding velocity to 38 m/s,
and the consecutive run times to 10. The comparison between
predict and experimental values of contact resistance is shown
in Figure 14.

As can be seen from Figure 14, the predict values and
the experimental value are mainly consistent in trend, with
the maximum error of 6.91% and the average error of 1.5%.
It shows that the contact resistance model proposed in this
paper could accurately reflect the actual situation of brush-
rail device, and has some promising engineering applications.

G. ARC ABLATION EXPERIMENT

In order to investigate the influence of arc ablation on the con-
tact surface of carbon brush, optical electron microscope and
white light interferometer are used to photograph and scan
the contact surface to compare the contact surface images and
roughness before and after arc ablation, as shown in Figure 15
and Figure 16.
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FIGURE 14. Comparison of predict and experimental values of contact
resistance.
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FIGURE 15. Comparison of brush contact surface images before and after
arc ablation.

(a) Before arc ablation

(b) After arc ablation

FIGURE 16. Comparison of brush contact surface roughness before and
after arc ablation.

For calculating the contact resistance before and after the
arc ablation, the contact pressure was set to 100 N, the current
amplitude to 2 kA, and the current frequency to20 Hz. The
contact resistance before and after arc ablation is 0.6198 mS2
and 0.6483 mS respectively, and the roughness before and
after arc ablation is 0.562 Sa and 1.83 Sa respectively. It can
be known from Figure 15 and 16 that:

1) Arc ablation results in rough contact surfaces, which
are exacerbated as the arc ablation, resulting in a decrease
in resistive contact, which in turn increases the contact
resistance.

2) As the brush and rail slide, the arc ablation residue
attached to the brush and rail will further increase the rough-
ness of the contact surface, causing damage to brush-rail
device.

In order to objectively evaluate the severity of arc ablation,
the voltage waveform of the two-port network ab is used
as judgment criterion. It is considered that a single voltage
peak represents the occurrence of a single arc ablation. Three
evaluation levels are defined as light, medium and heavy,
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FIGURE 17. Evaluation levels of arc ablation.

corresponding to the occurrence of 1~2, 3~7 and more than
8 arc ablations per unit time. The corresponding voltage
waveforms for the normal and the three evaluation levels are
shown in Figure 17.

The current amplitude, contact pressure, and sliding veloc-
ity are investigated for the influence factor of arc ablation
in rail transit [21]. Current is a necessary condition for arc
ablation [22]. In order to verify the effect of the current
amplitude on the arc ablation, the contact pressure was set
to 20 N, the current amplitude from 0.5 to 3 kA, the current
frequency to 20 Hz, and the sliding velocity to 75 m/s. During
the experiments, the arc ablation phenomenon was observed
by combining the high-speed camera and voltage waveform.
The experiment results of the arc ablation under different
current amplitude are shown in Figure 18. The arc ablation
phenomenon at current amplitudes of 0.5 kA and 1kA is not
obvious, so the degree of arc ablation is judged by the voltage
waveform.

In Figure 18, arc ablation occurs at different current ampli-
tudes for certain contact pressures and sliding velocities. The
arc ablation becomes more severe with the increase of current
amplitude, indicating a positive correlation between the arc
ablation and current amplitude.

The experiment of dynamic sliding electrical contact
shows that the contact pressure and the sliding velocity are the
main causes of arc ablation. The arc ablative trigger bound-
ary value of contact pressure and sliding velocity (p-v) are
verified on the experimental platform. The contact pressure
was set from 20 to 80 N, the current amplitude to 2 kA,
the current frequency to 20 Hz, and the sliding velocity
from 0 to 75 m/s. The evaluation level of the arc ablation is
judged by the voltage waveform, and the experimental results
are shown in Figure 19, where the dots represent individual
experiments.

For the same contact pressure from 20 N to 40 N, the
arc ablation becomes more severe as the sliding velocity
increases, indicating that the arc ablation is positively corre-
lated with the sliding velocity. In the contact pressure range
of 20 N to 40 N, arc ablation becomes more severe with
the decrease of contact pressure at the same sliding velocity,
indicating that arc ablation is negatively correlated with con-
tact pressure. Therefore, in order to avoid the arc ablation of
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FIGURE 19. Arc ablations trigger boundaries with respect to contact
pressure and sliding velocity.

brush-rail device at any sliding velocity, the contact pressure
should not be less than 40 N.

In addition, the trigger boundary of arc ablation is related
to the geometry and environment of the brush rail device.
In order to avoid arc ablation of the brush rail device, a cer-
tain safety margin should be increased based on the trig-
ger boundary. The greater the contact resistance, the worse
the contact state, and the easier it is to approach or reach
the trigger boundary. Combined with the contact resistance
model solved earlier in this paper, arc ablation can be further
avoided.

V. CONCLUSION
The brush-rail device with transient large current for AC
electromagnetic propulsion is taken as the research object in
this paper. According to the structure characteristics of the
brush-rail device, its equivalent circuit model was established
and the rotating transient large current experimental platform
was designed. The contact resistance prediction model of
the brush-rail device is proposed based on the analysis of
different influencing factors, and verified on the experimental
platform. The results show that the proposed model can accu-
rately predict the contact resistance under different operating
conditions.

The evaluation level of arc ablation is defined, which can
objectively describe the severity of arc ablation in the paper.
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The arc experiment is carried out and the results indicate that
arc ablation can change the material properties and increase
the roughness of the contact surface, thus increasing the
contact resistance; the current amplitude affects the severity
of arc ablation, but it is not the main factor affecting the
occurrence of arc ablation; the main factors affecting the
occurrence of arc ablation are the contact pressure and slid-
ing velocity, and their boundary value for avoiding the arc
ablation is determined.

The research results in the paper can provide effective
guidance for the parameter design of brush-rail device, and
support the precise modeling and control of electromagnetic
propulsion equipment. For future studies, the effect of arc
ablation on service life will be analyzed based on the research
presented here.
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