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ABSTRACT Pantograph-catenary system is the key part of train current collection. The current density
distribution of current-carrying friction pair used in pantograph-catenary system affects the safety running
of train. At present, there is little research on the current density distribution of the friction pair. Because
it is difficult to measure the current density directly, it is necessary to study by simulation. A sliding elec-
trical contact simulation model of pantograph-catenary system was established by COMSOL Multiphysics
software. The current density distribution of the friction pair under normal, light, and heavy rain conditions
were studied with the simulation model. The current density isosurface in contact wire is saddle-shaped, and
that in slide is arc-shaped. Under normal condition, the current density of contact area increases firstly and
then decreases with the increase of contact force. It increases with the increase of current and decreases with
the increase of sliding speed. Under rain condition, the current density decreases firstly and then increases
with the increase of contact force. It increases with the increase of current. It increases firstly, then decreases
and finally increases with the increase of sliding speed. Under the same contact force, sliding speed, and
current conditions, the current density under rain condition is lower than that under no rain condition. Finally,
the validity of the model was verified.

INDEX TERMS Current density, pantograph-catenary system, rain environment, sliding electrical contact.

I. INTRODUCTION
The pantograph-catenary system is an important part to
ensure current collection performance of electric locomotive.
The current density distribution of current-carrying friction
pair used in pantograph-catenary system directly affects the
temperature characteristics of contact area, and then affects
the safety running of train.

The operating environment of pantograph-catenary system
is relatively complex. Environment factor, operation speed,
contact force and other factors have important influence on
the amplitude and distribution of current density. If the cur-
rent density of electrical contact point is too high, the local
temperature will continuously rise, which will lead to failure
of the electric contact performance and even burn the contact
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surface. Current density is regarded as a criterion for the
occurrence of electric erosion [1]. Therefore, it is of great
significance to analyze current density of the current-carrying
friction pair used in pantograph-catenary system.

In recent years, current density and temperature of contact
surface, contact resistance, and current collection quality of
pantograph-catenary system have been studied. The current
density distribution characteristics on the contact surface
was obtained with semiconductor wafer experiments. As a
result, it was confirmed that electric current was uniformly
distributed over the contact area covered by an oxide film [2].
The size and location of conductive spot and surrounding
conductive spots have a great influence on the current density
of conductive spots [3]. It was shown that the current density
distribution across the contact surface remains finite as com-
pared to that of the idealized co-planar case [4]. The dynamic
characteristics of the switching arc in different media were
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FIGURE 1. Flowchart of establishment of the simulation model.

analyzed, and the current density of the boundary between
arc and electrode was studied [5]. They found that the con-
ductive points distribute inside the indentation scar, which
was mechanically fabricated on Sn-coated-Cu and Sn-bulk
plates, and the resistance of conductive points dominated
the total contact resistance [6]. A pantograph arc model was
built to obtain the heat flux density injected into pantograph
slide and the effect of operation speed on surface erosion of
pantograph slide was studied [7]. The electromagnetic noise
under the condition of arc in sliding electrical contact was
studied [8]. The effect of current density on temperature and
surface morphology was analyzed and the results showed that
the higher the current density was, the higher the surface
temperature was [9]. The effects of speed, contact force and
spring stiffness on current collection quality of contact rail
and collector shoe system were analyzed by considering the
elasticity of catenary [10]. The thermoelectric characteristics
of rough contact area was studied [11]. The current den-
sity distribution of pantograph arc was studied by using a
magneto-hydrodynamic model. The arc column constricts
and current density increases as the arc develops from cathode
region to anode surface [12]. The transient process of contact
surface temperature of a current-carrying friction pair used
in pantograph-catenary system was simulated [13]. It showed
that the temperature decreased from contact area to surround-
ing area. The contact force of pantograph-catenary system
was evaluated and the influence of the friction coupling on the
current collection was analyzed through the numerical sim-
ulation [14]. The influence mechanisms of operating speed,
current, fluctuating amplitude and fluctuating frequency of
compressive load on friction and wear rate were studied [15].
The results showed that increasing contact wire tension and
decreasing messenger wire tension could improve the current
collection quality between pantograph and catenary [16]. The
influence of wind load on the dynamic interaction perfor-
mance of pantograph-catenary was analyzed [17], [18].

Current researches mainly focus on arc current density and
the relationship between temperature and current density. The
most studies in the filed of pantograph-catenary are relevant
to the dynamic interaction performance. The research on cur-
rent density distribution of current-carrying friction pair used
in pantograph-catenary system is relatively rare. Especially,
research on current density and its influence factors of the
friction pair under rain condition haven’t been reported.

In this paper, a sliding electrical contact simulation
model of pantograph-catenary system was established and its

FIGURE 2. Geometric model.

FIGURE 3. Cross section of contact wire.

validity was verified by experiments. The current density
distribution of the friction pair under different conditions was
simulated and analyzed. The model does not consider the
influence of wind load and other external disturbances. The
current density characteristics of contact surface under no
rain, light rain, and heavy rain conditionswere compared. The
effect of contact force, current, and sliding speed on current
density was studied.

II. SIMULATION MODEL
The sliding electrical contact simulation model was estab-
lished by COMSOL Multiphysics software. The modeling
process is shown in Fig. 1.

The established simulation model mainly revolves electric
field and temperature field. The two physical fields inter-
act with each other and affect the electrical contact state
together. The modules of heat transfer, solid mechanics,
and multi-body dynamics in COMSOL were mainly used to
establish the simulation model.

A. ESTABLISHMENT OF GEOMETRIC SIMULATION MODEL
The three-dimensional geometric model was established
according to the actual size of our experimental equipment.
The contact wire was simulated by a circular copper wire,
as shown in Fig. 2. Its main radius is 491mm and small
radius R is 8mm. Considering the wear of contact wire during
long-term experiments, the wear amount h was set to 1mm.
The cross section of the contact wire is shown in Fig. 3. The
contact wire moves in a circle on x-z plane and the contact
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TABLE 1. Physical parameters of slide and contact wire.

TABLE 2. Material parameters of water.

slides move back and forth along x-axis direction to simulate
zigzag motion between the contact line and contact slide.

B. DETERMINATION OF MATERIAL PARAMETERS
The material parameters of the slide and contact wire are
shown in Tab. 1. In the simulation process, it is assumed
that the material properties keep constant and the wear of
materials is neglected. The convective heat dissipation of air
is considered. The coefficient of heat dissipation is constant.

An adjustable water spray systemwas used to simulate rain
environment. The system is mainly composed of a regula-
tor and a pump. The heavy or light rain was simulated by
controlling the amount of spraying water. It was achieved
by adjusting the working voltage of the pump. According to
IEC 60068 standard [19], the rainfall amount of light rain is
30g and the rainfall intensity is 60mm/h. The corresponding
working voltage of the pump is 3.3V. The rainfall amount
of heavy rain is 150g and the rainfall intensity is 300mm/h.
The corresponding working voltage is 5.5V. In the simulation
model, the rain condition was achieved by setting a layer of
water film on the surface of the slide and contact wire. The
material parameters of water are shown in Tab. 2.

C. BOUNDARY CONDITIONS
The temperature field constraints in the model are as follows:

The external forced convection was used as heat flux
boundary. The convective heat transfer coefficient is related
to the sliding speed of contact wire. The external temperature
was set to 15◦.
The electric field constraints in the model are as follows:
The system follows current conservation law. The govern-

ing equations are as follows:

∇ · J = Qj (1)

J =
(
σ + ε0εr

∂

∂t

)
E + Je (2)

E = −∇V (3)

Among them, σ is conductivity of the material. εr is
relative dielectric constant. The current passing through the
contact surface of the friction pair is the sum of the currents

FIGURE 4. Isosurface distribution of current density norm in contact wire.

at multiple contact points.

n · J = hc (V1 − V2) (4)

where hc is contact surface conductance. J is contact surface
current density. V1 and V2 are the two boundary potential of
the contact surface respectively.

After the setup was completed, the transient solver was
selected to simulate the model. The required simulation
results were derived from the result module.

III. SIMULATION OF CURRENT DENSITY DISTRIBUTION
The distribution of current density in contact line and slide is
represented by current density norm. It refers to the absolute
value of current density.

A. ISOSURFACE DISTRIBUTION OF CURRENT DENSITY
NORM IN CONTACT WIRE
When contact force is 60N, sliding speed is 20km/h, and
contact current is 100A, the isosurface distribution of current
density norm in contact wire is shown in Fig. 4. It shows the
isosurface distribution is saddle-shaped.

In y-z plane, along the negative direction of y-axis, the two
sides of the isosurface are higher and the middle is lower.
That is, the isosurface far from contact surface is higher, while
the one near the contact surface is lower, as shown in Fig. 5.
The reason for this phenomenon is that the current line bends
to both sides of the contact wire when it flows through the
contact wire from the contact area. That is to say it bends from
the negative direction of y-axis to the two sides of z-axis. The
current density norm decreases gradually from the contact
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FIGURE 5. Isosurface distribution of current density norm in y-z plane.

FIGURE 6. Streamline diagram of current density in contact wire.

FIGURE 7. Isosurface distribution of current density norm in x-y plane.

surface to the contact wire. Because the contact area is small,
the current is concentrated and the current density is large.
While in the area far from the contact surface, the current line
is sparse and the current density is small.

Fig. 6 is a streamline diagram of current density in contact
wire. The current line is relatively dense near the contact area
and it bends from the contact surface to both sides of z-axis.

In x-y plane, along the negative direction of z-axis, the
middle of the isosurface is higher and the two sides are lower.
That is, the isosurface near the center of the small radius
of contact wire is higher, while the one at the edge of the
conductor cross-section is lower, as shown in Fig. 7. This is
mainly because the area of contact wire is larger than that of
the contact surface, and the current conduction from inside of
the contact wire to contact surface is a contraction process.
So the current density is large in the middle of the same
horizontal plane, and current density at the edge is small. The
isosurface of current density norm is higher in the middle and
that near two sides are lower.

B. ISOSURFACE DISTRIBUTION OF CURRENT DENSITY
NORM IN SLIDE
Fig. 8 is the isosurface distribution of current density norm
in slide under the same simulation condition as in Fig. 4.
The farther away from the contact surface, the smaller the
current density is. The isosurface near the contact surface is

FIGURE 8. Isosurface distribution of current density norm in slide.

FIGURE 9. Streamline diagram of current density in slide.

arc-shaped. During the simulation, the potential was applied
uniformly on the lower surface of the two slides. The lower
surface doesn’t contact with the contact wire. When current
flows from the slide to contact surface, current lines concen-
trate and the current density is higher near the contact surface.
The current density far from the contact wire is smaller.

In x-y plane, along the negative direction of z-axis, the cur-
rent line bends from two sides of x-axis to negative direction
of y-axis when it flows from slide to contact area, as shown in
Fig. 9. The contact area is small, and the current lines varies
from expansion to contraction. At the same horizontal plane,
the current density far from the center the contact surface
is smaller. Therefore, the isosurface of current density norm
near the contact surface is arc-shaped.

IV. MAXIMUM CURRENT DENSITY OF THE CONTACT
SURFACES
The maximum current density of the contact surface under
different conditions is shown in Fig. 10.

When contact current is 200A and sliding speed is
120km/h, the maximum current density increases firstly and
then decreases with the increase of contact force under no
rain condition, as shown in Fig. 10 (a). However, the max-
imum current density decreases firstly and then increases
with the increase of contact force under light and heavy
rain conditions. The possible reasons for the above results
are as follows. Under no rain condition, when contact force
increases from 70N to 90N, the actual contact area increases,
and it leads to the decrease of current density. On the other
hand, the increase of friction heat leads to the increase of tem-
perature. The relationship between temperature and contact
voltage is as follows:

T 2
M − T

2
0 = U2

j /4L (5)
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FIGURE 10. Maximum current density of contact surface under different
conditions.

where T0 is the temperature of the conductor outside the
shrinkage area, TM is the maximum temperature of the
conductive spot. Uj is contact voltage. Lorentz coefficient
is L = 2.4× 10−8(V/K)2.
According to formula (5), the contact voltage increases

with the increased contact temperature. In that case, the con-
tact resistance increases with a constant contact current
according to Ohm’s law. The friction pair of the machine is
composed of copper impregnated carbon slide and copper
contact wire. Copper oxide film and carbon film may be
formed during the experiment, whose breakdown voltage is
about 0.7V. The film can be broken down under the contact

voltage of several volts. Therefore, there is no film resistance,
only constriction resistance. Under the same contact condi-
tion, the increase of contact resistance (constriction resis-
tance) means the decrease of actual contact area. Therefore,
the current density increases with a constant current. So the
current density increases because the later effect is more
obvious. When contact force increases from 90N to 110N,
the current density decreases due to increasing of actual
contact area.

Under rain condition, water film is formed. When contact
force increases from 70N to 90N, the lubrication of water
improves the contact performance [20], [21], so the current
density reduces. When contact force increases from 90N to
110N, the water film thickness becomes thin or even breaks
down due to increased friction action. So the current density
increases.

From Fig. 10 (a), we can see that the current density under
no rain, light rain, and heavy rain conditions is almost the
same when contact force is 110N. It indicates that the water
film might break down. In this case, the water film has little
effect on current density.

Fig. 10 (b) shows that the maximum current density always
increases with the increase of contact current when contact
force and sliding speed keep constant. Whether there is rain
or not, the changing trend is the same.

Fig. 10 (c) shows that the maximum current density
decreases with the increase of sliding speed under no rain
condition. However, under rain condition, it increases firstly,
then decreases and finally increases with the increase of
sliding speed.

The possible reasons are as follows. Under no rain condi-
tion, the convective heat dissipation of air increases with the
increase of sliding speed, so the temperature of contact sur-
face decreases. According to formula (4) and (5), the contact
voltage decreases with the decreased contact temperature.
And the current density decreases with a constant current.

Under rain condition, on the one hand, the contact perfor-
mance is improved due to the lubrication of water. On the
other hand, the contact temperature decreases due to the heat
dissipation action of rain. So the current density is smaller
than that under no rain condition.

According to the thickness of water film, the lubrication
state of water film belongs to thin film lubrication. In low
speed range, because the film is thinner, an ordered liquid film
is easy to form [21]. When the lubrication film is arranged
from disorder to order, the lubrication effect becomes better,
so the current density at 50km/h is the smallest. When sliding
speed is 90km/h and 120km/h, the sliding speed is higher, and
the ordered film is difficult to form. So the lubrication effect is
not as good as that of at 50km/h, the current density increases.
However, the heat dissipation at 120km/h is better than that of
at 90km/h, so the current density at 120km/h is smaller than
that at 90km/h. At 380km/h, the friction heat and the tem-
perature is higher, so the current density is higher. Therefore,
the maximum current density increases firstly, then decreases
and finally increases with the increase of sliding speed.
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FIGURE 11. Sliding electrical contact experimental device.

FIGURE 12. Measured contact temperature of the friction pair.

Comparing with Fig. 10 (a) - (c), it can be seen that under
different conditions, the difference of influence of heavy rain
and light rain on current density is small.

V. MODEL VERIFICATION
It is difficult to directly measure the current density of contact
surface. There is a coupling relationship between the cur-
rent density and the temperature. According to formula (4)
and (5), when the temperature TM increases, the contact
voltage Uj increases. The current density increases when the
contact voltage Uj increases. So the validity of the model
can be indirectly verified by comparing the measured and
simulated contact temperature.

The temperature experiment was carried out as follows:
A sliding electrical contact experimental device [22],

as shown in Fig. 11, was used to complete the current-
carrying characteristics experiments under different contact
force, sliding speed, and contact current conditions. The fric-
tion pair of the machine is composed of copper impregnated
carbon slide and copper contact wire. It can simulate train
operation and adjust contact force, sliding speed, and contact
current. The contact force, sliding speed, and contact current
can be measured and stored by a Labview-based software.
A FLIR-T400 type infrared thermal imager was used to col-
lect the temperature of the contact zone of the slide.

The initial conditions are as follows: contact force is
70N, sliding speed is 120km/h, and contact current is 200A.
Fig. 12 is themeasured contact temperature of the friction pair
taken by infrared thermal imager. Fig. 13 is the corresponding
simulation result when simulation time is 600s.When contact
force is 70N, sliding speed is 120km/h, and contact current is
200A, the comparison of contact temperature between exper-
imental and simulation results under different rain conditions
is shown in Fig. 14. The maximum error is 9.4%, and the
simulation accuracy is satisfied. So the simulation model is
valid.

FIGURE 13. Simulation results of temperature field.

FIGURE 14. Contact temperature comparison under different rain
conditions.

VI. CONCLUSION
1) The isosurface of current density norm in contact wire is
saddle-shaped, while that of in slide is arc-shaped.

2) Under no rain condition, the maximum current density
in contact surface increases firstly and then decreases with
the increasing contact force. It increases with the increasing
contact current and decreases with the increasing sliding
speed.

3) Under rain condition, the maximum current density
of contact surface decreases firstly and then increases with
the increasing contact force. It increases with the increasing
contact current. It increases firstly, then decreases and finally
increases with the increasing sliding speed.

4) Under the same contact force, sliding speed, and cur-
rent conditions, the contact current density of the friction
pair under rain condition is smaller than that under no rain
condition.
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