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The fault caused by a pantograph-catenary arc is the main factor that threatens the stability of high-speed railway
energy transmission. Pantograph-catenary arc vertical drift is more severe than the case under normal pressure, as it is
easy to develop the rigid busbar, which may lead to the flashover occurring around the support insulators. We establish
a pantograph-catenary arc experiment and diagnosis platform to simulate low pressure and strong airflow environment.
Meanwhile, the variation law of arc drift height with time under different air pressures and airflow velocities is analyzed.
Moreover, arc drift characteristics and influencing factors are explored. The physical process of the arc column drifting to
the rigid busbar with the jumping mechanism of the arc root on the rigid busbar is summarized. In order to further explore
the mechanism of the above physical process, a multi-field stress coupling model is built, as the multi-stress variation law
of arc is quantitatively evaluated. The dynamic action mechanism of multi-field stress on arc drifting characteristics is
explored, as the physical mechanism of arc drifting under low pressure is theoretically explained. The research results
provide theoretical support for arc suppression in high-altitude areas.
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1. Introduction
As a sliding electrical contact material, carbon–copper

electrodes have high current transmission efficiency, low con-
tact resistance, and excellent crocking resistance, as they are
widely implemented in many fields, such as rail transportation
and aerospace.[1–5] A carbon–copper electrode is the core el-
ement of a pantograph-catenary sliding electrical contact sys-
tem in the field of rail transit, and it is also subjected to vi-
bration impact, which leads to the arcing phenomenon occur-
ring frequently. According to statistics, the fault caused by
pantograph-catenary arcs is the main factor that threatens the
power supply’s safety, and the loss is very serious.[6–9] High-
speed trains would suffer from various environments or con-
ditions, such as the Sichuan–Tibet railway, which will oper-
ate under low pressure and strong airflow for a long time,
the frequency of arc occurrence is higher, the arcing time is
longer, and the vertical arc drift is more serious. The arc col-
umn vertical drift causes the arc to develop on the rigid bus-
bar, which leads to the busbar ablation and mechanical per-
formance degradation. In addition, due to small insulation
spacing of a rigid pantograph-catenary system, the arc is easy
to float to the vicinity of the supporting insulator, which will
cause flashover to occur around the support insulators.[10,11]

However, the characteristics and influencing factors of the ver-
tical drift of the arc column in the low air pressure and strong
airflow environment are still unclear. The physical process of

the arc column drift to the rigid busbar and the multi-stress
variation law of the pantograph-catenary arc in the movement
process are rarely reported. Therefore, it is of great signifi-
cance to study drift characteristics of pantograph-catenary arc
and the mechanism of multi-field coupling stress for suppress-
ing arc drift and realizing arc control in low air pressure and
strong airflow.

At present, scholars at home and abroad have carried
out a lot of research on the arc motion characteristics and
its influence mechanism under different air pressures, mainly
focusing on switching electrical arc,[12–16] UHV secondary
arc[17,18] and pantograph-catenary arc,[10,19–27] and so on,[28]

many achievements have been made. Research on arc charac-
teristics under low air pressure mainly focuses on vacuum cir-
cuit breaker arc and the arc under extremely low air pressure
(< 0.3 atm) environment.[14,16,29] However, it is still unclear
what differences the arc motion characteristics will show at air
pressures between 0.5 atm and 0.8 atm. In Refs. [17,18], the
authors studied the effect of different airflow velocities on the
motion characteristics of UHV secondary arc, considering that
the airflow velocity is about 5 m/s, whereas the airflow veloc-
ity at the carbon slide of the pantograph-catenary system can
reach about 30 m/s. The influence mechanism of airflow on
arc drift is very different. In terms of chain arc modeling, the
authors of Ref. [30] explored the multi-field stress characteris-
tics of the high-altitude DC insulator’s local arc. However, the
arc current of the pantograph-catenary is about 107 times that
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of the local arc current of the insulator, and the multi-stress
action mechanism of the arc is very different from that of the
pantograph-catenary arc. It can be seen from the review that
there is no relevant research on the vertical drift characteristics
of the pantograph-catenary arc and its influencing mechanism
and the multi-stress mechanism in the low air pressure and
strong airflow environment.

To this end, the experimental platform of pantograph-
catenary arc under low air pressure and strong airflow is built
in this paper, the development process and vertical drift char-
acteristics of pantograph-catenary arc under different air pres-
sure and different airflow velocity are analyzed, and the phys-
ical process of the arc column drift to the busbar and the
jumping mechanism of the arc root on the busbar are sum-
marized. Based on the comprehensive consideration of the
electromagnetic force, thermal buoyancy, wind load, and air
resistance of the pantograph-catenary arc under low air pres-
sure and strong airflow, a numerical calculation model of the
multi-field coupling stress of the pantograph arc is established.
The multi-stress variation law of arc under different air pres-
sure and airflow is analyzed, the multi-field coupling stress
of pantograph-catenary arc in different development stages is
theoretically calculated, and the action mechanism of multi-
field coupling stress on arc drifting movement in different de-
velopment stages is revealed. The research results provide the-
oretical support for arc suppression in high-altitude areas.

2. Drift characteristics of pantograph-catenary
arc in low air pressure and strong airflow

2.1. Experimental platform and methods

An experimental platform for pantograph-catenary arc
simulating in the low air pressure and strong airflow environ-
ment was established, and the schematic diagram of the exper-
imental platform is shown in Fig. 1.

The experimental platform consists of a constant current
power supply, current limiting resistor, arc generator, oscillo-
scope, high-speed camera, and computer terminal. The low
air pressure arc generator mainly includes a low air pressure
chamber, carbon–copper electrodes, a precision displacement
table, and a displacement controller, where the precision dis-
placement table is controlled by a stepper motor controller.

The carbon–copper electrodes were pretreated before the
experiment to ensure the accuracy of the experimental results.
During the experiment, the carbon–copper electrode was fixed
on the precision displacement table and was contacted with a
gap distance of 0 mm. Then operate the precision displace-
ment table to separate the carbon–copper electrode to generate
the pantograph-catenary arc. The breaking speed of the preci-
sion displacement table is adjustable from 0 to 10 cm/s. The
experiment uses a step-less speed control fan, and the airflow

velocity is continuously adjustable in the range of 0–60 m/s.
The position of the fan outlet is fixed at 10 cm from the elec-
trode, and the central axis of the fan outlet is parallel to the
contact point of the carbon–copper electrode to ensure that the
high-speed airflow is parallel to the electrode streamline. In
the experiment, the airflow velocity was controlled by adjust-
ing the fan switch, the airflow velocity at the electrode was
measured with a precision anemometer, the average value was
repeated 5 times to eliminate the error, and the airflow veloc-
ity at the electrode was determined to be 10 m/s, 20 m/s, and
30 mm/s. The maximum output current of the power supply
is 150 A, which is consistent with the traction current of a
single pantograph when the high-speed train is running. The
experiment uses a digital oscilloscope (Tektronix MDO3024,
the bandwidth frequency is 200 MHz) to record the voltage
waveform. Arc current was recorded using a Hall current
sensor (WHK LB5S2) and an active voltage probe (Tektronix
TAP0250). A high-speed camera (FASTCAM Nova S6) was
used to capture the arc motion development process.
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Fig. 1. Pantograph-catenary arc test and diagnosis platform under low
air pressure.
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Fig. 2. Vertical arc drift height diagram.

The vertical drift height-time characteristic curve and the
vertical drift velocity are important parameters to explore the
drift characteristics of the arc column. The measurement
schematic diagram and calculation method are shown in Fig. 2.
The height of the arc column is measured using the arc image
captured by the high-speed camera. Define h as the arc verti-
cal drift height at time t1, select the contact line diameter d1

on the unified focal plane as the reference, d is the contact line
diameter on the arc image at time t1, then the arc vertical drift
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height h1 at time t1 reads

h1 =
d1h
d

. (1)

Similarly, the arc vertical drift height h2 at time t2 can be cal-
culated from the arc image, and the arc column vertical drift
velocity reads

v =
h2−h1

t2− t1
. (2)

2.2. Development process to the rigid busbar of
pantograph-catenary arc

We utilize a high-speed camera to capture the develop-
ment process of the pantograph-catenary arc in the low air
pressure and strong airflow (P = 60 kPa; V = 30 m/s), as

shown in Fig. 3. At the initial stage of arcing (t < 400 ms),
the cathodic arc root and anode arc root of the pantograph-
catenary arc move near the midline of the arc starting posi-
tion, macroscopically showing an approximate circular “bright
spot”. With the development of the pantograph-catenary arc,
the arc column is stretched laterally under the action of air-
flow. Statistics show that when the arcing time is about
t = 500 ms, the transverse stretching distance of the arc col-
umn is 15.3 mm. At this time, the vertical arc drifting devel-
opment of the arc is still relatively slow, and the drifting height
of the arc column is about 8.3 mm. When the arc develops to
about 750 ms, the heights of the arc lateral development and
vertical drift arc further increase to 20.6 mm and 15 mm, and
it can be observed that the arc column vertically drifts to the
rigid busbar, and a new anode arc root is formed.

P=60 kPa; V=30 m/s

t=250 ms t=500 ms t=750 ms t=1000 ms t=1250 ms

Lh=20.6 mmLh=15.3 mm

Lv=8.3 mm Lv=15 mm

The arc column drifts to the rigid busbar

Carbon slide plate

Rigid busbar

5 mm
Airflow

Fig. 3. Development process of pantograph-catenary arc (P = 60 kPa, V = 30 m/s).
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Fig. 4. Voltage waveform (P = 60 kPa, V = 30 m/s).

Figure 4 shows the pantograph-catenary arc voltage
waveform when P= 60 kPa and V = 30 m/s. A comprehensive
analysis of the voltage waveform shows four stages: a volt-
age jump-slowly rising-voltage steep rise-frequent oscillation.
Before the separation of the carbon and copper electrodes, the
electrodes are in contact, and the voltage between the elec-
trodes is about 0 V. With the separation of the carbon electrode
and the copper electrode, arcing begins, and the inter-electrode
voltage is transformed into the arc voltage, showing a steep
rise in the voltage waveform as shown in area A. In stages A
to B, the rising rate of the voltage waveform increases signifi-
cantly, and the voltage amplitude increases from about 150 V

to about 210 V. This is because the wind load and thermal
buoyancy of the arc increase significantly, and the arc length
and the vertical drift height increase, resulting in a rapid in-
crease in arc voltage. In stages B to D, with the further in-
crease of the arc length, the stability of the arc column dete-
riorates, and the voltage waveform shows a trend of frequent
oscillation.

It is worth noting that the voltage surge and oscillation
phenomena can be seen in the voltage waveform, as shown in
areas B and C. The analysis shows that in area B, the anode arc
root jumps from the catenary to the busbar, the arc length in-
creases instantaneously, and the arc voltage rises sharply. The
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reason for the oscillating change of the voltage waveform in
area C is the root jumping behavior of the anode arc root. Dur-
ing the arc root jumping process, the newly formed arc chan-
nel is shorter than the original arc channel, and the arc voltage
drops rapidly. After the arc root jump is completed, the new
arc channel develops stably, and the arc voltage gradually re-
turns to the original amplitude, showing a dynamic change of
oscillation on the voltage waveform.

3. Arc column vertical drift movement influ-
ences mechanism

3.1. Characteristics of arc column vertical drift

The characteristic curves of arc vertical drift height-time
under different air pressure and airflow are statistically ana-
lyzed, as shown in Fig. 5. Figure 5(a) shows the variation
of the arc vertical drift height with time when the airflow ve-
locity is 30 m/s and the air pressure is 60 kPa and 80 kPa,
respectively. When the arc develops from the start of arcing
(t = 0 ms) to about 500 ms, the arc column vertical drift shows
a trend of uniform development. Between 500 ms and 700 ms,
the vertical arcing speed increases significantly. When the arc-
ing time is about 750 ms, the anode root jumps to the rigid
busbar, and the height of the arc column is close to the dis-
tance between the busbar and the carbon slide. On the con-
trary, when the air pressure is 80 kPa, the arc column develops
to the busbar when the arcing time is about 800 ms.

The air pressure is inversely proportional to the arc verti-
cal drift height. The arc vertical drift higher, and the arc col-
umn is easier and faster to develop to the busbar under low air
pressure. There are two possible reasons: on the one hand,
the diameter of the arc column becomes larger under low air
pressure, and the thermal buoyancy of the arc is proportional
to the arc radius, so the thermal buoyancy of the arc is greater.
On the other hand, the arc length is longer under low air pres-
sure, which also promotes the increase of thermal buoyancy
on the arc. Therefore, the arc column drifts higher under low
air pressure, and it is easier to drift to the busbar.

Figure 5(b) shows the characteristic curves of arc verti-
cal drift height-time for the airflow velocities of 20 m/s and
30 m/s. When the airflow velocity is 30 m/s, the arc vertical
drift is faster than that when the airflow velocity is 20 m/s. The
possible reasons for the higher height and speed of the arc ver-
tical drift under the strong airflow velocity are as follows: The
influence of airflow velocity on the arc column is greater than
the influence on the arc root. Under the condition of strong
airflow, the wind load on the arc column is larger, the arc col-
umn is rapidly stretched under the action of wind load, and the
arc length increases rapidly. The overall thermal buoyancy of
the arc column can be regarded as the vertical upward ther-
mal buoyancy of each arc column unit. Therefore, under the

condition of strong airflow, the thermal buoyancy of the arc is
greater, and the arc column vertical drift is more serious.
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Fig. 5. Variation of arc vertical drift height under different pressure and
airflow: (a) different pressure, (b) different airflow.

3.2. The development process and the physical mechanism
of arc column drift to the busbar

Given the development characteristics of the arc column
drifting on the busbar found in the above analysis, the dynamic
process of the arc column drifting to the busbar when the air
pressure is 60 kPa and the airflow velocity is 30 m/s was cap-
tured by a high-speed camera, as shown in Fig. 6. The arc
drifting to the busbar is divided into three processes: arc col-
umn heating the busbarthe new arc root forming the original
arc root extinguishing. The specific analysis is as follows:
when the arc develops to about t = 700.0 ms, it can be seen
that the arc column vertically drifts to the position of busbar
A, and continues to heat the busbar, resulting in an aggravated
temperature rise of the busbar. When the arcing time is about
712.5 ms, a new arc root is formed at the B position on the
busbar. At this time, the new arc root and the original arc root
coexist for a short time at positions A and B. Due to the large
resistance of the original arc root, it is not enough to main-
tain the stable combustion of the arc. Therefore, when the arc
develops to about t = 725.0 ms, the original arc root is ex-
tinguished and finally replaced by the new arc root. At this
point, the development process of the arc column floating to
the busbar is completed.
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t=720.0 ms 

A B

Arc column heating 
rigid busbar

New arc root begins
to form

The arc begins to develop on the rigid busbar 

t=732.5 ms 

t=757.5 ms t=745.0 ms 

Fig. 6. The dynamic process of the arc column drifting to the busbar.

The physical mechanism of the arc drift easily forming a
new arc root on the busbar is analyzed as follows: On the one
hand, since the busbar material is mainly aluminum, its work
function is smaller than that of the copper electrode, so the arc
column floating arc heating the busbar is more likely to cause
thermal emission, and it is easy to form a new arc root. On
the other hand, at low air pressure, the air breakdown voltage

decreases, and the arc drifts to the vicinity of the busbar and is
more likely to break down the air, forming a new arc root on
the busbar.

3.3. Evolution process and following characteristics of arc
root on busbar

To further analyze the development and evolution pro-
cess of the arc column after the arc column floats to the bus-
bar, the arc development image with the arcing time between
about 1000.0 ms and 1062.5 ms is extracted, and the results are
shown in Fig. 7. When the arc develops to about 1000.0 ms,
the anode root is at position A of the busbar. When the arcing
time is about 1012.5 ms, the arc column continues to heat the
B position of the busbar due to the arc column’s vertical drift.
Until t = 1025.0 ms, a new anode arc root is formed at the B
position of the busbar. At this time, a bright spot can be seen
macroscopically. Two anode arc roots exist at positions A and
B at the same time, and the coexistence of the double arc roots
continues until the arcing time is about 1037.5 ms. Finally,
when the arc develops to about t = 1050.0 ms, the original arc
root is gradually extinguished due to the large resistance of
the original arc root, and the anode arc root jumping process
is completed.

Arc root
Arc column heating rigid 

busbar
New arc root begins  

to form

New arc root begins  
to form

The original arc root starts to 
go out Arc root jump completed

A

B

t=1000 ms t=1012.5 ms 

t=1037.5 ms 

t=1025.0 ms 

t=1050.0 ms t=1062.5 ms 

Fig. 7. Arc root jumps on rigid busbar.

4. The multi-field stress coupling model of
pantograph-catenary arc under low air pres-
sure and strong airflow

4.1. Multi-stress coupled modeling

In this paper, a multi-stress numerical calculation model
of pantograph arc under low air pressure and strong airflow is

established based on a chain model, as shown in Fig. 8. The
contact wire material and radius used in the model are consis-
tent with the actual wire parameters. The bottom profile radius
of the contact line is 6.5 mm, and the length and thickness of
the carbon slide are 15 mm and 20 mm, respectively. The ini-
tial calculated length of the pantograph arc is set to 4 mm.

During the simulation calculation, the following basic as-
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sumptions were used:[31]

(i) It is generally believed that the lateral width of the
bright part in the middle of the arc column is the diameter of
the arc column.

(ii) The rate of change of the arc diameter is much smaller
than the rate of change of the arc length, and the arc diameter
of the arc column model is considered to be a constant value.

(iii) In the modeling analysis, a single current element can
be regarded as a rigid body, and the diameter of the rigid body
of the microcurrent element is considered unchanged.

(iv) During the calculation, when the height of the arc col-
umn reaches the busbar, it is determined that a new arc root is
formed on the busbar.

(+)

(-)

li

Si

Wi

Contact line

Current element
Pantograph

Fig. 8. Schematic diagram of the chain arc model.
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Fti
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Fmi
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Direction of train operation

Fig. 9. Schematic diagram of the comprehensive force of the current
element.

When calculating the motion state of the arc based on the
chain arc model, it is necessary to define the position and di-
rection of each micro-current element of the arc column at the
initial moment of calculation. The position of each current ele-
ment is determined by its center of gravity, and its axial vector
and length are determined by two adjacent current elements.
For example, the position of the current element Wi is deter-
mined by two adjacent current elements Wi1 and Wi+1, where
Wi represents the center of gravity coordinate of the arc ele-
ment, li represents the length of the i-th current element, and
𝑆i represents the vector of the arc element. Then, li and 𝑆i can
be expressed as follows:

li =
1
2
−−−−−−→
Wi−1Wi+1, (3)

𝑆i =
1
2
−−−−−−−→
Wi+1−Wi−1. (4)

The comprehensive force of a single current element of
the chain arc is shown in Fig. 9. Each arc current element is
subjected to the combined action of the electromagnetic force
𝐹mi, wind load 𝐹wi, thermal buoyancy 𝐹ti, and air resistance
𝐹zi in the whole process of motion development. Based on the
chain model, by analyzing the force of each current element,
the multi-field stress variation law of the arc as a whole during
the moving process can be calculated.

(i) Electromagnetic force model
The electromagnetic field in the space where the

pantograph-catenary arc is located comes from the superposi-
tion of the magnetic field generated by the current of the cate-
nary wire and the magnetic field generated by the pantograph
arc itself. The magnetic induction intensity at the current ele-
ment i can be expressed as

𝐵i =𝐵1i +𝐵2i. (5)

In the formula, 𝐵i is the total magnetic field intensity of the
current element; 𝐵1i is the magnetic field intensity generated
by the catenary wire current; 𝐵2i is the electric field intensity
generated by the arc itself, then the magnetic induction inten-
sity 𝐵i at the current element i is calculated by the Biot–Savart
law.[32] The calculation method can be expressed as follows:

𝐵i =
n

∑
1
𝐵 j×𝐷m j, (6)

d𝐵 =
µ0

4π
· I d𝑙×𝑟

r3 , (7)

B j =
∫ l2

l1
dB =

∫ l2

l1

µ0

4π
· I dI× r

r3

=
µ0I

4πr0
(cosθ1− cosθ2)𝑒B. (8)

In the formula, B j is the scalar value of the magnetic field gen-
erated by the current element j at the current element i, and l1
and l2 are the start and end points of a single current element
i; µ0 is the vacuum permeability, r is the distance between the
position to be determined and the arc current micro-element,
r0 is the vertical distance; the direction of 𝑟 is the arc micro-
element pointing to the point to be determined. θ1 is the angle
between the starting position of the arc micro-element and the
point to be calculated, θ2 is the angle between the end position
of the arc micro-element and the point to be calculated, and
𝑒B is the unit vector. The magnetic induction intensity 𝐵ai

generated by each discretized current element at i is superim-
posed to obtain 𝐵1i and 𝐵2i, and 𝐷m j is the unit vector of the
magnetic field. The electromagnetic force can be decomposed
into three spatial coordinate axes according to this vector. The
self-electromagnetic force 𝐹mi on the current element i can be
expressed as

𝐹mi =𝐵i×𝐼ili, (9)
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where 𝐼i is the current vector flowing through current element
i, and li is the length of current element i.

(ii) Thermal buoyancy model
The pantograph arc is a thermal plasma, the temperature

in the central area of the arc column can be as high as 10000–
12000 K, the temperature rise of the air around the arc is equal
to the temperature of the arc, and the air density around the arc
drops sharply, and the pantograph arc is subjected to vertical
upward thermal buoyancy. The buoyancy equation calculates
the magnitude of the thermal buoyancy 𝐹ti on the current ele-
ment i,

𝐹ti = (ρ0−ρ) ·gπr2
i li𝐷ti. (10)

In the formula, g is the acceleration of gravity, g = 9.8 m/s2;
ρ0 is the air density under standard atmospheric pressure; ρ is
the air density around the arc column; ri is the radius of the
current element arc column; li is the length of the current ele-
ment; the thermal buoyancy direction 𝐷ti is vertically upward.
ri changes with the decrease of air pressure. Therefore, this
paper corrects the thermal buoyancy calculation method un-
der different air pressures, in which the arc radius is corrected
according to

ri=

(
P
P0

)−0.465√ I
1.45π

. (11)

The air density is thin at low air pressure, and the relationship
between relative air density and air pressure at low air pressure
can be expressed as Eq. (12), where t is the air temperature
around the arc column of the pantograph arc under pressure P,

σ =
ρP

ρ0
=

P
P0
× 293

273+ t
. (12)

Therefore, the thermal buoyancy can be expressed as

𝐹ti =

(
ρ0−

P
P0
× 293

273+ t
×ρ0

)
·gπr2

ailai. (13)

(iii) Wind load
During the actual operation of the high-speed train, it has

always been in a strong airflow environment caused by the
train wind. The pantograph-catenary arc generated by the sep-
aration of the contact line and the pantograph slide plate dur-
ing the train operation is affected by the wind load opposite to
the train’s running direction. In the simulation calculation, it
is considered that the magnitude and direction of the airflow
velocity received by the arc column within a calculation time
step remain unchanged. The wind load 𝐹wi on the current ele-
ment i can be expressed as

𝐹wi =
1
2

βzµsµzriliρv2
w ·𝐷wi, (14)

where βz is the wind vibration coefficient, µs is the body shape
coefficient, µz is the wind pressure height variation coefficient,
vw represents the airflow velocity scalar, and 𝐷wi represents

the airflow velocity unit vector, according to which the wind
load can be decomposed into three spatial coordinate axes.

(iv) Air resistance
The pantograph arc is affected by the air resistance oppo-

site to the movement direction in the movement space. The air
resistance 𝐹ai on the current element i can be expressed as

𝐹ai =Crriliρv2
i ·𝐷vi, (15)

where Cr is the air resistance coefficient, vi is the scalar of the
velocity of the current element i, and 𝐷vi is the unit vector
of the velocity of the current element i. Air resistance can be
decomposed into three spatial axes according to this vector.

𝐹bi +𝐹mi +𝐹ti +𝐹wi +𝐹ai = mi ·𝑎i, (16)

where mi and ai are the mass and the acceleration vector of
current element i, respectively. Because the mass of a single
current element is extremely small, in addition, as long as the
simulation time step is small enough, the acceleration is con-
sidered to be 0 in the calculation time step. Therefore, we can
obtain

v2
i =

√
(𝐹mi +𝐹bi +𝐹ti +𝐹wi)

2

Crriliρ
. (17)

From this, the velocity scalar of the current element i can be
achieved. The motion velocity unit vector 𝐷vi of the current
element i is determined by 𝐷m j, 𝐷wi, and 𝐷ti.

4.2. Model validation

To verify the accuracy of the multi-stress coupling model
of the pantograph-catenary arc with low air pressure and
strong airflow, the arc motion image obtained by the numerical
model simulation calculation and the experimental arc motion
image were compared and analyzed, and the comparison re-
sults are shown in Fig. 10. It can be found that the simulated
images of the pantograph-catenary arc are very consistent with
the experimental arc images. This also shows that the multi-
stress coupling model of the pantograph-catenary arc estab-
lished in this paper is real and effective. Based on this model,
the internal multi-stress variation law and action mechanism
of arc motion drifting arc can be explored.

5. Multistress mechanism of arc drift
5.1. Multi-stress variation law of arc under low air pres-

sure and strong airflow

The multistress variation laws of the electromagnetic
force, wind load, thermal buoyancy, etc. are calculated when
the air pressure is 60 kPa and the airflow velocity is 30 m/s,
as shown in Fig. 11. As can be seen from the figure, electro-
magnetic force, wind load, and thermal buoyancy with the arc
burning time show a phase distribution characteristic.
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At the initial stage of arcing, the wind load, thermal buoy-
ancy, and electromagnetic force on the arc are the same, and
the wind load is slightly greater than the electromagnetic force
and thermal buoyancy. Because the tensile effect of wind load
on the arc column is not obvious in this stage, the arc devel-
ops to the right relative to the arc starting position as a whole,
and the motion form presents a random motion state of self-
spiral. It can be seen from the rapid development stage in
the figure that the wind load and thermal buoyancy increase
rapidly, but the acceleration of wind load growth is greater
than that of thermal buoyancy growth. Because the arc length
further increases with the continuous separation between the

copper electrode and the carbon slide plate of the pantograph
catenary arc, the wind load on the arc is proportional to the
arc length, and the wind load on the arc increases rapidly. In
addition, the thermal buoyancy increases with the increase of
arc length, and the arc column begins to appear an obvious
arc floating phenomenon, and it floats to the busbar for de-
velopment at about 750 ms, which happens to be in the rapid
development stage of wind load and thermal buoyancy calcu-
lated by the multi stress model. This also verifies the validity
of the calculation model and the accuracy of the multi-stress
calculation results.

It is worth noting that in the frequent oscillation stage,
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the electromagnetic force is significantly lower than that in the
rapid development stage. In this stage, the arc length is close
to the maximum arc length that can be maintained by the volt-
age and current, the arc stability becomes worse, the identity
of each current element in the moving space becomes worse,
and the electromagnetic forces received by each current ele-
ment partially offset each other, so the electromagnetic force
becomes smaller on the whole.

5.2. Multistress variation of arc under different air pres-
sure and its influence mechanism

Figure 12 shows the variation law of electromagnetic
force for the air pressures of 60 kPa and 80 kPa. It is found
that there is little difference between the two groups of elec-
tromagnetic force in terms of amplitude or distribution trend in
time scale under different air pressure, that is, it fluctuates in a
small amplitude range at the beginning and end of arcing. In
the middle stage of arcing process, the electromagnetic force
reaches the maximum value, and the maximum amplitude is
about 24 µN. The specific analysis is stated in the following.
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Fig. 12. Variation law of electromagnetic force at different air pressures:
(a) P = 60 kPa, (b) P = 80 kPa.

In the initial stage of arcing, the arc column is short. Even
though the identity of each current element in the moving
space is high, the electromagnetic force on the arc as a whole
still fluctuates in a small amplitude range. In the rapid devel-
opment stage of arcing, the arc length increases rapidly, and
the movement direction of each current element of the arc is
highly identical. Therefore, the overall electromagnetic force
on the arc is the largest in the whole arcing process. In the end
stage of arcing, although the arc length is further increased,
the arc stability is the worst, the identity of the movement di-
rection between the current elements of the arc is the lowest,
and the arc electromagnetic force is significantly reduced.

The air pressure class has little effect on the electromag-
netic force of the arc. The possible reason is that there is a
competitive relationship between arc current and arc length
under different pressure. At lower pressure, the vertical arc
height and arc length are higher, which promotes the increase
of electromagnetic force amplitude at low air pressure. At the
same time, the arc current is smaller at lower pressure, which
weakens the increase of electromagnetic force amplitude at
lower pressure. Therefore, under the combined action of the
arc height and arc length, the electromagnetic force amplitude
and variation trend of the arc are the same under different pres-
sure levels.

The variation law of arc thermal buoyancy under different
air pressures is calculated, as shown in Fig. 13(a). The ther-
mal buoyancy at 60 kPa is greater than that at 80 kPa in the
whole arcing stage, and the growth rate of thermal buoyancy is
higher at the low air pressure and reaches the maximum value
at about 800 ms of arcing time, the maximum value is about
56 µN. When the air pressure is 80 kPa, the time lag to reach
the maximum value is about 200 ms, and the maximum value
is about 44 µN.
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Fig. 13. Variation law of thermal buoyancy and wind load at different air
pressures: (a) thermal buoyancy, (b) wind load.

The possible reasons for the high thermal buoyancy of
the arc under low air pressure are as follows: The arc ther-
mal buoyancy is mainly determined by the arc radius and arc
length. When the air velocity is constant, the arc length at dif-
ferent pressures has little difference, but the arc radius is larger
at the low air pressure, so the thermal buoyancy is greater.

Figure 13(b) shows the variation law of wind load under
different air pressures. In the initial stage of the arc, there is
no obvious horizontal stretching and vertical drift of the arc at
this time. The arc length has little difference under different
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pressure levels. Therefore, the wind load at 60 kPa is equiva-
lent to that at 80 kPa. In the rapid development stage of arcing,
because the arc column diameter is large and the arc develops
slowly under low air pressure, the arc wind load is small when
the pressure is 60 kPa, and its rapid growth stage lags about
150 ms. At the end of the arc, the arc develops to the busbar,
and the arc length is similar under different air pressure levels.
Therefore, there is little difference in the amplitude of wind
load on the arc at this stage.

5.3. Multi-stress coupled modeling

The physical mechanism of the pantograph-catenary arc
easily drifts to the rigid busbar in low air pressure and a strong

airflow environment is further revealed, as shown in Fig. 14.
The physical mechanism of arc drifting arc is analyzed as fol-
lows:

(i) In the initial stage of arcing (0–400 ms), there is no
obvious horizontal stretching and vertical drift of the arc at
this time. The arc voltage waveform is shown in inset A of
Fig. 14, the arc voltage increases slowly, and the arc voltage
is maintained at about 90 V. In addition, the electromagnetic
force, wind load, and thermal buoyancy of the arc are rela-
tively small, the arc length is approximately the distance be-
tween the carbon–copper electrodes, and the growth rate of
the floating arc height is approximately equal to the cathode
descending speed.
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Fig. 14. Physical mechanism of pantograph-catenary arc drift to the rigid busbar.

(ii) In the rapid development stage (400 ms–800 ms), the
wind load and thermal buoyancy increase rapidly, but the ac-
celeration of wind load growth is greater than that of thermal
buoyancy. In addition, the thermal buoyancy of the arc column
increases with the increase of the arc length, the arc column
begins to vertically drift significantly. Combining the arc im-
ages and voltage waveforms, it can be found that it drifts to
the busbar at about 750 ms and develops, which is exactly at
the stage of rapid development of the wind load and thermal
buoyancy calculated by the multi-stress model. On the other
hand, the validity of the calculation model and the accuracy of
the multi-stress calculation results are verified.

(iii) The wind load at this stage oscillates with the in-
crease and decrease of the arc length. The overall change of
thermal buoyancy is stable, and there is no obvious increasing
trend. Compared with the rapid development stage, the elec-
tromagnetic force is significantly reduced. This is not because

the arc current has changed significantly, but mainly because
the arc column frequently swings laterally from side to side at
this stage, and the uniformity of the motion direction of each
current element becomes worse. The electromagnetic force
received by each current element cancels each other, so the
electromagnetic force as a whole becomes smaller.

6. Conclusion and perspectives

(i) The characteristics of pantograph-catenary arc drifting
under low air pressure and strong airflow have been explored,
the vertical drift height-time curve under different air pressures
and airflow velocities is established, and the stage distribution
characteristics of pantograph-catenary arc vertical drifting are
analyzed. It is found that the air pressure is inversely propor-
tional to the arc vertical drift height, and the airflow velocity
is proportional to the arc vertical drift height. The fundamen-
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tal reason why the arc is more likely to develop to the busbar
under low air pressure and strong airflow is theoretically ana-
lyzed.

(ii) The physical process of the arc column drift to the
busbar is summarized and analyzed. The arc floating to the
busbar goes through three stages under low air pressure: arc
column heating busbar-new arc root formation-original arc
root extinction. It is found that the promotion of heat emis-
sion and the reduction of air breakdown voltage under low air
pressure are the main reasons why new arc roots are easily
formed on the busbar under low air pressure.

(iii) The arc development process and the jumping char-
acteristics of the arc root on the busbar are explored. The arc
movement on the busbar is mainly completed in the form of
arc root jumping. It is revealed that the arc root has a polarity
effect, which leads to the rapid development of the anode arc
root on the busbar.

(iv) Considering the coupling effect of multi-
physics comprehensively, a multi-stress coupling model of
pantograph-catenary arc in low air pressure and strong airflow
is established, and the accuracy of the simulation model is
verified by comparison with experiments. The multi-stress
variation law during the arc motion is quantitatively calcu-
lated, and the influence mechanism of air pressure on the arc
comprehensive stress is clarified. The physical mechanism
of pantograph-catenary arc drift in the low air pressure and
strong airflow environment is comprehensively analyzed from
the aspects of the voltage waveform, vertical drift height-time
curve, and multi-field stress changes.
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