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ABSTRACT The off-line discharge between the pantograph and catenary (PAC) occurs frequently in the
actual operation of an electric locomotive, which affects the quality of the received current and the service
life of the pantograph. The current experiments on the off-line discharge between the PAC are mainly
low-power ones and the models established are static. To study the electrical behaviors during the PAC
relative motion under the actual working conditions, in this paper, the voltage and current of the contact wire
(CW) during its motion are measured. And the electrical behaviors during the rise, fall and reciprocating
motions of the pantograph are investigated by combining a finite element method (FEM) model based on the
magnetohydrodynamics with the auto transformer (AT) traction network circuit and moving mesh method.
It is found that the harmonic frequencies are mainly in the range of 0-30 MHz. The voltage distortion is
more obvious during the fall of the pantograph. And the negative polarity spike pulse has a larger amplitude
and occurs more frequently. The novelty of this paper lies in the experimental test with the high current and
high power, as well as the systematic analysis of the electrical behaviors and multi-physical field evolution
during the motion of the pantograph under the working conditions. Its contribution is to present an effective
method to study the dynamic behaviors of the PAC. The research results can provide an important reference
for the identification of the electrical characteristics of the PAC and the protection of the PAC equipment.

INDEX TERMS Electrical behaviors, pantograph and catenary (PAC), off-line discharge, auto transform
(AT) traction network circuit, finite element method (FEM) model.

I. INTRODUCTION
Currently, most electric locomotives in the world use the
sliding contact between the pantograph and catenary (PAC)
to receive the electric energy [1], [2], [3]. The pantograph
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located on the top of the locomotive during its movement
vibrates, leading to a short off-line discharge between the
PAC. This makes many harmonic waves, greatly affecting the
quality of the received current and deteriorating the rectifica-
tion of the electrical drive system.Moreover, the arc due to the
off-line discharge between the PAC causes the surfaces of the
PAC to be abraded and oxidized, which reduces their working
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lives and even affects the safety of the locomotive [4].
Therefore, it is necessary to study the electrical behaviors of
electric locomotives during the vibration of the pantograph
under the operating conditions (i.e. its rise and fall motion).

The electrical studies related to the PAC have focused on
the experimental study [5], [6], [7], [8], [9], [10], off-line
discharge of the PAC [11], [12], [13], [14], electromagnetic
noise [15] and contact resistance [16]. In terms of experimen-
tal testing, in general, researchers built the low-power direct
current (DC) [5], [6], [7] or alternating current (AC) [8], [9]
devices in the laboratory to measure the voltage, current, and
power consumption with small-current off-line discharging
during the static or slow motion between the PAC. For mod-
eling the arc caused by off-line discharge between the PAC,
the Mayre model [17] and the Cassie model [18] are the clas-
sical analytical models as well as the Habedank model [19]
developed based on the Cassie model. These models have
fewer formulas, easy to integrate with the circuit network.
And they are still used today. Kai et al. [20] considered
the effect of the high-speed airflow on the arc power dis-
sipation and improved the Mayr model to study the blown
arc characteristics. Zhou et al. [21] established a dynamics
model of a dual-pantographs-catenary system, analyzing their
off-line states and trajectories. They introduced the Cassie
model to study the discharge. With the development of the
computer technology, a finite element method (FEM) model
has become more and more common [13], [14]. Yu et al. [13]
set up an arc model of the PAC off-line discharge in the urban
rail based on the theory of magnetohydrodynamics. And
they investigated the surface temperature of the pantograph
with different materials and its distribution characteristics.
Yu et al. [14] used hydrodynamics and Maxwell’s equations
to build the flow columnmodel of the PAC off-line discharge,
studying the process of the air ionization and the particle
motion as well as the formation process of the impulse cur-
rent. These FEM models have more formulas (especially the
multi-field coupling model) but can visualize the distribution
and changes of multiple physical quantities.

Recently, based on the polygonal contact principle,
Yao et al. [22] established a collision dynamics model of the
pantograph and investigated the contact force of the PAC.
Gao et al. [23] proposed a temperature analytical model of
the extended contact line when the pantograph rises and
falls based on the thermo-power balance equations. And they
studied the behaviors of the double sliding electrical contact
of the PAC. Zhu et al. [24] used a low-power PAC experi-
mental device to measure and analyze the parameters such
as the stable ignition voltage and time during the rise of the
pantograph. Jackson et al. [25] analyzed the variations of the
velocity and pressure of the pantograph at different oper-
ating heights based on a three-dimensional fluid dynamics
model. Song et al. [26] experimentally tested and simulated
the contact force between pantograph and contact network
at different speeds. They used a neural network algorithm to
optimize the quality of the contact force at the four speeds.

Kim et al. [27] described a three-dimensional unsteady tur-
bulent flow around Faiveley CX pantograph by large-eddy
simulations, exploring the aerodynamic force distributions
on the structures of the pantograph. In summary, there are
relatively few studies on the electrical characteristics when
the pantograph rises or falls.

From the above, the researchers set up the low-power PAC
experimental device to measure the electrical behaviors dur-
ing their off-line. And the established arc models of the PAC
off-line discharge were mainly used to study the situation
when the PAC was relatively stationary. The experiment on
the PAC off-line discharge with the high current and power,
as well as the electrical behaviors and multi-physics field
evolution during the motion or vibration of the pantograph
under the working conditions, has not been solved. Therefore,
in this paper,

1) A high-power high-speed railway PAC experimental
device to measure the voltage and current at the large sup-
ply current (100 A) and high-speed motion (450 km/h) is
employed and their time-domain and frequency characteris-
tics are studied.

2) Based on the magnetohydrodynamics and combined
with the auto transformer (AT) circuit and moving mesh
method, a dynamic FEM model for realizing the motion of
the pantograph of the electric locomotives under operating
conditions is developed.

3) The electrical behaviors and multi-physical quanti-
ties during the rise, fall and reciprocating motion of the
pantograph are researched, as well as the influence of the
pantograph speed on them.

The structure of this paper is as follows: the section II
briefly introduces the components of the PAC experimental
device and its main parameters. The measured results are
analyzed in the time domain and frequency domain; the
section III establishes a dynamic model of the PAC and
verifies it; the section IV discusses the electrical behaviors as
well as the characteristics of the multi-physical fields during
the rise, fall and reciprocating motion of the pantograph, also
illustrating the effects of the speed of the pantograph on them;
the section V is the conclusion. The research process of this
paper is shown in Fig. 1.
This paper gives an effective method to research the

dynamic behaviors of the PAC. The research results can
provide an important reference for the identification of the
electrical characteristics of the PAC and the protection of the
PAC equipment.

II. EXPERIMENTAL DEVICE AND RESULTS
The main components of the PAC experimental device of
high-speed rail are the mainframe, turntable with embed-
ded the connect wire (CW), vibration table and pantograph
installed on the vibration table (see Fig. 2a). Its main param-
eters are as follows: the rotational speed of the turntable
ranging from 0-530 km/h, the leveling distance of ±350 mm,
the power supply current of 0-1000 A, the vibration table
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FIGURE 1. Block diagram of research process.

having a loading capacity of 180 kg, the acceleration of
0.75 m/s2, and the vibration frequency of 0-30 Hz. The
experimental device simulates the actual running state of a
high-speed railway by setting the parameters of the rotational
speed, the power supply current and the vibration frequency.
The off-line discharge phenomenon occurs between the PAC
(see Fig. 2b) [28]. The measurement circuit is in Fig. 2c.

High frequency harmonics appear in both the voltage and
current (see Fig. 3). From the voltage curve, the complete
shape of the arc can be clearly seen, including the initia-
tion, ignition, and extinction stages. And the amplitude and
frequency of the harmonics are larger in the initiation and
extinction stages. In the ignition stage, which is themain stage
of the discharge, the voltage and current are relatively more
stable and fewer harmonics are generated. Also, the stable
conductive channel is formed after the air between the PAC
is pierced. And the discharge belongs to the balanced. The
equivalent resistance of the plasma varies with some factors
such as the plasma temperature and arc length. It increases
the total resistance of the entire circuit, resulting in a slight
decrease in the overall current, while causing the voltage
between the PAC to be elevated. During the initiation and
extinction stages, due to the drastic fluctuation of the current,
the electric field around it also fluctuates significantly, which
will generate the electromagnetic disturbance.

The FFT analyses of the above measurements show that
the main frequency range of the current is 0-30 MHz, with
higher amplitudes near the frequencies of 0.7, 1.5, 3.8-4,

5.5, 8.8, 11, and 21.8-23 MHz. The main frequency range
of the harmonics of the current also less than 30 MHz,
mainly distributed around the frequencies: 0-5, 5-10, 11-12,
15 and 20MHz. The main range of the electric field spectrum
is less than 60 MHz, mainly distributing near the frequen-
cies of 0.3, 6.9-9.2, 4.7-10.6, 15.1, 29-34, 46, and 52 MHz.
The fundamental components of the voltage and current are
still their main components. And similar conclusions can be
obtained in other cases of the CW currents and speeds.

III. DYNAMIC MODELING OF PAC
From the section II, the ignition stage occupies a larger part
of the discharge process. To describe the physical processes
accurately and highlight the stable discharge stage, a FEM
model of the PAC is established based on the magnetohydro-
dynamics [13].

The pantograph mainly consists of the base frame, spring,
arm, and slider (see Fig. 4a). The 2D geometrical model of
the PAC consists of the CW, pantograph slider (PS) and air
domain (see the left of Fig. 4b).

A. FUNDAMENTAL EQUATIONS
The basic equations of the magnetohydrodynamics include
the Navier-Stokes equations and Maxwell’s equations.
And the magnetohydrodynamic vector equation is [13], [32]:

∂ρ

∂t
+ ρ∇ ·

⇀v = 0 (1)

ρ
∂

⇀v
∂t

=
⇀

J ×
⇀

B− ∇P− η∇ × ∇ ×
⇀v +

4
3
η∇

(
∇ ·

⇀v
)

(2)

ρ
dh
dt

=
⇀

J ×
⇀

E + ∇ · (k∇T ) + Q− etr (3)

(1)-(3) are the mass conservation, momentum conservation
and energy conservation equation respectively, where ρ is the
mass density, v is the velocity vector of the plasma, J×B is the
vector of the electromagnetic force acting on the plasma, P is
the pressure of the plasma, η is the viscosity coefficient, E is
the electric field strength, k is the heat conduction coefficient,
Q is the heat of reaction term, etr is the radiation term,
h = e + P/ρ is the enthalpy (per unit of mass), and T is the
temperature. E , J and B are given by Maxwell’s equations
and Ohm’s law.

For the temperature field, the temperature changes due to
the interaction of the pantograph, as a discharge electrode,
with the plasma. The equations are as [13] and [14]:

− n · (−k∇T ) = Qb (4)

Qb = −Jelec8eff + JionVion (5)

Jelec = If
(
|J · n| > JR, JR, |J · n|

)
(6)

JR = ART 2 exp
(
−q8eff /kBT

)
(7)

Jion = |J · n| − Jelec (8)

where Jelec is the electron current density, 8eff = 2.6 V is
the active function on the electrode surface, Jion is the ionic
current density, Vion = 15.7 V is the ionization potential,
AR = 120 A/(m2

·K2) is the effective Richardson constant,
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FIGURE 2. PAC experimental device: a. main components, b. off-line discharge (the left inset shows photo of
locomotive and right inset is its pantograph) and c. measurement circuit diagram.

FIGURE 3. Current, voltage and electric field between PAC with RMS CW
current of 100 A and speed of 450 km/h (Vol represents voltage, Cur for
current and EF for electric field).

q is the electron charge, and |J·n| is the normal current density
of the interface.

B. MOVING BOUNDARY CONDITIONS
For the fluid field, it can be regarded as the laminar flow.
The surfaces of the CW and pantograph are set as the no-
slip boundary. And the air boundary is set as the pressure exit
boundary with one standard atmosphere. For the temperature
field, the air is in the fluid state, the air boundary is set to

FIGURE 4. Pantograph-CW model: a. 3D geometrical model and b. 2D
computational model and its mesh profile.

be thermally insulated, i.e. -n·q=0 (where q is for the con-
duction heat flux). And the initial temperature of the whole
computational region is room temperature (293.15 K).

For the electric field, the whole computational region fol-
lows the law of the conservation. And the air boundary is
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set to be electrically insulating i.e. n·J=0. Since the cathode
emits electrons to the anode, the lower end of the CW is set to
be the input boundary condition of the current density [26].
For the magnetic field, the whole computational region fol-
lows the Ampere’s law, and the air boundary is set to be
magnetically insulated. The moving mesh method is used to
realize the motion of pantograph. (see the right of Fig. 4b).

C. MODEL VALIDATION
Based on the above magnetohydrodynamic equations and
boundary conditions, the FEM software [13], [30], [31] is
used for modeling and the calculated results with the mea-
sured are compared [32] (see Fig. 5).

FIGURE 5. Comparison of calculation results of PAC off-line discharge
with measured results [32]: a. voltage and b. current.

The current overall presents a sinusoidal waveform (see
Fig. 5a). When the pantograph is separated from the CW,
the discharge happens and the arc ignites. It is extinguished
near the zero point and then ignites again. That is, there
is a transient zero-rest phenomenon. The distortion of the
voltage is larger. In the early stage of the discharge there is
a sudden increase on the voltage waveform (see Fig. 5b),

when the voltage acts on the air between the PAC. While the
air is punctured, its equivalent resistance decreases rapidly
and the voltage decreases instantaneously. During arc re-
ignition, the voltage exhibits the same process as the ignition.
A comparison shows that the maximum error between the
calculated and measured results is 4.3% for the voltage and
4.0% for the current. These show that the model developed in
this paper is correct and can be used to study and analyze the
dynamic electrical behaviors of the PACwhen the pantograph
rises or falls.

IV. RESULTS AND DISCUSSION
The established FEM model of the PAC with the AT traction
circuit is simulated jointly. And the electrical behaviors and
multi-physical field behaviors during the rise, fall and recip-
rocating motions of the pantograph are discussed, as well as
the influence of the speed on them.

In Fig. 6, the parameters of the AC voltage source
are 27.5 kV, 50 Hz, Rs=0.2496 �, Ls=12.64 mH. And
the distributed impedances to ground are Cj=0.69 pF,
Rj=0.01 � and Lj=1.0278 × 10−4 H, respectively. The
equivalent impedances of the car body are Rt=0.063 �,
Lt=0.223 mH and Ct=4.25 µF [33], respectively. The volt-
age between the pantograph and ground, as well as the
current flowing through the pantograph, is sinusoidal when
the PAC are in good contact. Their amplitudes are 27.5 kV
and 202.74 A, respectively. According to the actual situation
of the PAC, in the following simulation, the speed of the
pantograph is 2 cm/s for 0.1 s. The initial gap between the
PAC is 2.5 mm.

FIGURE 6. AT traction network circuit coupled FEM model.

A. RISE OF PANTOGRAPH
The current is sinusoidal during the rise of the pantograph,
with the amplitude of 202 A (see Fig. 7). Compared to the
current, the value of the voltage between the PAC is smaller.
However, it shows the spike pulses, with a maximum spike
value of−185 V. The maximum distortion ratio ((sharp peak-
normal peak)/normal peak) is (−185+25)/(−25)=6.4 and
the average distortion ratio (

∑
distortion ratios/

∑
number

of normal peaks) is 1.46. When t>0.4 s, the spike pulse
disappears (the spike frequency is 5/10=0.5) and the voltage
amplitude gradually becomes smaller. The reason for this is
believed that with the decrease of the gap between the PAC,
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FIGURE 7. Voltage and current during rise of pantograph.

While the current flowing through is almost constant, the
voltage between the PAC gradually decreases. And the pulse
appears near the voltage peak where the gradient change is
larger. At this time the plasma is in violent motion, causing
its resistance to a sudden change. The reason that current
does not contain distorted harmonics is that the corona dis-
charge (i.e. the air ionization process) is not considered in the
model [14] and the small arc resistance makes the impedance
of the entire circuit not change significantly. So the overall
current waveform does not change. This agrees with the
experimental results generally [29].

The area of high temperature is the arc region (see the first
row of Fig. 8). The highest temperature area is located at
the center of the gap. As the pantograph rises, the arc region
narrows. The temperature on the bottom of the CW shows
a symmetrical distribution with a high center and two low
ends. From 0.01 s to 0.1 s, the temperature at the midpoint

FIGURE 8. Dynamic distributions of temperature, electromagnetic and air
flow field between PAC during rise of pantograph (the times for the three
columns are 0.02, 0.06 and 0.1 s, respectively).

of the bottom of the CW increased by 7 K, indicating the
accumulation effect of the temperature.

The magnetic field strength is greater in the region where
the CW is in contact with the arc. And its value increases
gradually with the reduction of the gap, with the maximum
value of 2.18 × 103 A/m (see the second of Fig. 8). The
distributions of the velocity field are related to the shape
of the CW as well as the size of the gap, wrapping along
the bottom of the CW and spreading out to the sides (see
the last of Fig. 8). The air on both sides of the bottom of the
CW has the higher velocity and lower velocity than in other
regions.

B. FALL OF PANTOGRAPH
During the fall of the pantograph, the current is still a sinu-
soidal wave. While the upper and lower half waves of the
voltage both have spike pulses. And the amplitude of the
negative pulse is larger than that of the positive (see Fig. 9).
When t >= 0.05 s, the average value of the pulses is larger
than that when t < 0.05 s. This is since the plasma motion
is more violent when the gap increases. In general, compared
with the rise of the pantograph, when it falls, the spike pulse
appears with increased frequency and larger amplitude. The
larger the gap, the larger the resistance of the plasma and the
spike.

FIGURE 9. Voltage and current during fall of pantograph.

The temperature is lower than that when the pantograph
rises (see Fig. 10). This is due to the increase in the gap, which
leads to the intensification of air convection and thus facili-
tates heat dissipation. The discharge arc (red area) gradually
becomes longer and wider. And the highest temperature is
around the arc column, gradually decreasing along its radial
direction. The magnetic field decreases gradually along the
negative direction of the z axis. And its maximum value is
still 2.07 × 103A/m. This is because the gap increases with
the fall of the pantograph so that the arc is stretched. So,
the current density decreases resulting in a decrease in the
magnetic field. In this process the air flow velocity decreases,
with a maximum of 0.04 m/s.
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FIGURE 10. Dynamic distributions of temperature and air flow field between PAC during fall of
pantograph.

FIGURE 11. Voltage and current during reciprocating motion of
pantograph.

C. RECIPROCATING MOTION OF PANTOGRAPH
To study the electrical characteristics during the vibration
of the pantograph, its reciprocating process including the
down-up motion and up-down motion is simulated, of which
the first stage of the motion time is 0.05 s and the second is
0.05 s).

The variations of the voltage are different in the two stages
(see Fig. 11). In the first stage (0-0.05 s), compared with
the down-up motion, the voltage with the up-down motion
appeared a larger negative spike pulse (the maximum distor-
tion ratio is 6.52). And it appeared earlier, less frequently. The
waveform gradually flattened. In the second stage (0.05 s-
0.1 s), the amplitude of the spike pulse with the up-down
motion is lower than that with the down-up motion. And its
frequency is still less. Overall, the spike frequency for the
up-down motion is 0.8 and its average distortion ratio is 2.1,
while the spike frequency for the down-up motion is 1.2 and
its average distortion ratio is 3.1. So the degree of voltage
distortion with the up-downmotion is lower than that with the

FIGURE 12. Voltage at different speeds of pantograph: a. upward and b.
downward motion.

down-upmotion. That is, the larger the range of gap variation,
the more violent the plasma motion and the more unstable the
electrical behaviors.
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D. INFLUENCE OF SPEED OF PANTOGRAPH ON
ELECTRICAL BEHAVIORS
The speed has no effect on the current but has a greater effect
on the voltage (see Fig. 12). As the pantograph rises, the volt-
age amplitude and spike values decrease gradually with the
increase of the speed, as well as the number of the pulse (see
Fig. 12a). In particular, when v = 0.02 m/s, the spike pulse
no longer occurs at t = 0.05 s. This indicates that at this time
the gap is very small and the plasma is already very stable.
For the fall of the pantograph at different speeds, during the
positive voltage, the faster the speed, the earlier the moment
of the spike pulse appears (see Fig. 12b). In the negative
voltage, the slower the speed, the larger the pulse amplitude.
And it keeps increasing with the gap, also indicating the more
violent motion of the plasma. In conclusion, the degree of the
voltage distortion is greater with the fall of the pantograph
than that with its rise.

The results discussed above are obtained for the given
typical parameters and circuit structure. When some param-
eters or the circuit structure change, these results can still
be used as a basis for the qualitative analysis. For example,
when the supply voltage of theAT traction network decreases,
the current amplitude decreases as well as that of the spike
pulse in the voltage. And the other electrical behaviors remain
unchanged; when the initial gap between the PAC increases,
the amplitude of the spike pulse increases and the current
remains unchanged; when the crosswind (i.e., the increase
in the air flow velocity) occurs near the PAC, the amplitude
of the spike pulse and its frequency increase, but the arc
temperature decreases.

V. CONCLUSION
In this paper, the voltage and current during the relative
high-speed operation between the PAC are measured by
the high-power experimental equipment. Then a dynamic
model of the PAC based on the magnetohydrodynamics is
established and verified. The model also applies the moving
grid technology and coupled the actual AT traction network
circuit. The main conclusions are as follows:

1) The high-frequency oscillations occur in the arc initi-
ation and extinction stages, smoother in the ignition stage.
The main frequency ranges of the voltage and current are
0-30 MHz.

2) When the pantograph rises or falls, the voltage has the
spike pulse at the place where the gradient of the curve is
larger near the peak. For the fall of pantograph, the pulse
amplitude and frequency are larger than that with its rise.
When the pantograph reciprocates, in the downward motion
stage, the voltage appears to have a larger value of the spike
pulse and more frequent. That is, the larger the range of the
gap, the more violent the motion of the plasma, the more
unstable the electrical characteristics.

3) As the pantograph rises, the amplitudes of the volt-
age and the pulse decrease gradually with increasing speed,
as well as the number of the pulse.When the pantograph falls,

during the positive voltage, the faster the speed, the earlier the
moment of the spike pulse appears. While during the negative
voltage, the slower the speed, the larger the pulse amplitude.

The modeling approach proposed in this paper could be
applied to the digital simulation of high-current discharge
experiments with a continuously varying discharge gap. The
discharge frequencies obtained from the experiment can
be used in the field of the electromagnetic protection and
electromagnetic interference of high-speed railways. The
limitation of this modeling approach is that only the equilib-
rium plasma discharge in the ignition stage is considered but
the corona discharge process is not included. In the next step,
the corona discharge features will be added to the model to
make it more complete.
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