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Abstract — During the operation of high-speed trains, the
pantograph will inevitably have occasional and instanta-
neous separations from the power supply line, resulting
in the pantograph catenary arc (PCA). The diverse states
of PCA generated in different sections of the power sup-
ply line will lead to various electromagnetic interference
(EMI). To study the transient characteristics of PCA,
firstly, the voltage and the dissipative power of PCA at
the common and neutral sections of the power supply
line are analyzed and calculated respectively. Secondly,
two PCA models that describe the different PCA states
are established based on the improved Habedank arc
model. Finally, the high-frequency transient voltage and
current of the PCA when high-speed trains pass through
the common and neutral sections at different speeds are
obtained by simulation. In this paper, we comprehen-
sively study the model and the transient characteristics
of PCA, which provides a theoretical basis and relevant
data for further study of its EMI.

Index Terms — arc model, dissipative power of arc, elec-
tromagnetic interference, pantograph-catenary arc.

L. INTRODUCTION

The electromagnetic interference (EMI) produced
by the pantograph catenary arc (PCA) of high-speed
trains not only affects the surrounding electromagnetic
signal, such as communication and navigation signals
of airports [1H3] but also impacts the electronic equip-
ment of high-speed trains, such as speed sensors [4-H0].
Therefore, it is significant to study the characteristics of
PCA. However, the existing research on the model and
the characteristics of PCA is not comprehensive.
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Some researchers proposed an aerial catenary
nonuniform transmission line model to predict the longi-
tudinal propagation characteristic of PCA [[7]. The char-
acteristics of the instantaneous voltage and current of
PCA were studied based on the improved Habedank
arc model in Ref. [8, 9. The electromagnetic radiation
(EMR) from the PCA of the subway has been measured
and analyzed in [10]]. Scholars further analyzed the rela-
tionship between the EMI of PCA and train speed [11]].
Furthermore, S. Barmada and his research team have
conducted in-depth research on arc detection in real-time
Railway applications. They proposed an arc detection
method based on a support vector machine, which can
detect and locate the arc with great accuracy and obtain
useful information on the pantograph/catenary state [[12-
14]). Their research results can provide a reference for
further study on the characteristics of PCA. However,
in the existing research, many studies did not take into
account the different locations and states of PCA.

As an extension of previous works, firstly, the dif-
ferent states of PCA generated at two typical positions
of the power supply line—-common and neutral sections
are analyzed. Secondly, the voltages and the dissipa-
tive powers of PCA in two different states are calcu-
lated respectively, which are used to modify the Habe-
dank arc model. Thirdly, the PCA models at the common
and neutral sections are established respectively based on
the improved Habedank arc model. Finally, the transient
voltage and current of the two kinds of PCA are obtained
by simulation, and their transient characteristics are ana-
lyzed. The research results of this paper can provide a
theoretical basis for the comprehensive study of the EMI
and EMR caused by PCA.
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I1. ANALYSIS OF THE STATES OF PCA

A. Formation process of the PCA

High-speed trains get electric power by connect-
ing their pantograph to the power supply line. It can
be seen from Fig. [I] that the pantograph has occasional
and instantaneous separations from the power supply
line during the running of a high-speed train. The high
voltage between them is enough to spark the air in the
gap, resulting in discharge. Besides, the arc root of the
PCA moves forward with the train on the power supply
line, which will lengthen the PCA, reduce its radius and
increase its resistance. As the train continues to move
forward, the length of PCA becomes longer. When the
energy absorbed by the PCA cannot meet the energy con-
sumed, the arc will be extinguished.
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Fig. 1. Simplified process of the PCA formation.

B. States of the PCA at the common and neutral
sections

The reason for generating the PCA at the common
sections is that there are some fixed hard points on the
power supply line and the vibration of the pantograph.
At this time, the separation distance between the panto-
graph and the power supply line is short. Therefore, it
can be assumed that the PCA generated here is perpen-
dicular to the horizontal plane of the train roof. Namely,
the arc length of PCA at the common section (L) is
approximately equal to the separation distance (dy), as
shown in Fig.
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Fig. 2. Diagram of the PCA generated at the common
section.

The reason for generating the PCA at the neutral
sections is that the pantograph needs to be separated

TANG, LI, ZHOU, WANG, ZHU: RESEARCH ON THE MODEL AND TRANSIENT CHARACTERISTICS OF THE PANTOGRAPH-CATENARY ARC

from the original power supply line and entered into the
neutral line to realize the voltage phase conversion, as
shown in Fig.
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Fig. 3. Diagram of the train passing through the neutral
section.

At this time, the ds is long and the angle between the
PCA and the horizontal plane of the train roof cannot be
ignored, as shown in Fig. [4]
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Fig. 4. Diagram of the PCA generated at the neutral
section.

III. CALCULATION OF THE ELECTRICAL
PARAMETERS OF PCA

The characteristics of an arc are related to the length,
diameter, voltage, current, and dissipative power of the
arc. Among them, dissipative power includes three parts:
conducted power, convective power, and radiated power.
Because the PCA is affected by transverse or longitu-
dinal arc blowing, it carries out convective heat dis-
sipation. Therefore, the conducted power can be com-
pletely ignored. Besides, the convective power generally
accounts for more than 80% of the dissipative power,
which is the main way of PCA heat dissipation [15]].

The convective power can be obtained by:

Pr = Per + pre, ()
where P, is the convective power, Pt and Fp are the
convective power generated by the transverse arc blow-
ing and the longitudinal arc blowing respectively.

Because the states of PCA generated at the common
and neutral sections are different, the P will be different
at those two sections. Therefore, it needs to be studied
separately.
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A. Electrical parameters of the PCA at the common
section

The PCA at the common section is almost vertical,
as shown in Fig. [2] Therefore, only convective power
generated by transverse arc blowing exists. Refs. [[16]
and [[17]] give the calculation methods of the convective
power per unit length generated by a transverse blowing
arc (Pyp) and the diameter of arc (d). To facilitate the
subsequent comparison with the measured data, the unit
of speed is converted from m/s to km/h. So the P and
d can be derived by:

Bt =0.1464d(v+36)", )

iarc
d =1.5369 3
\ 5136 3

where v is the moving speed of the arc, which unit is
km/h; i, is the current of PCA.

The P can be calculated by Egs. (2) and (3):

Per’ = 0.225V/igre (v+36). )

The separation distance between the pantograph and
the power supply line can be got by [8]:

dy =4.571 x 1075v2 +0.238v — 1.411, (5)
where ds is the separation distance, and which unit is
mm.

As shown in Fig. 2] the arc length of PCA at the
common section and ds are equal. According to Egs. (1),
(4), (5), the convective power of PCA at the common
sections (Pk(com)) can be obtained by :

P com) = Viare <1.028 % 107553 400532 (6)

+1.61v—11.429) .

Based on Eq. (6), it can be deduced that the dissi-
pative power of PCA at the common section (Pyg(com))
is:

Pk [« n _
Pross(com) = % = Vi (1285 % 10753 (7)

+0.066v +2.013v — 14.286).

According to [8], when PCA is in a stable state, there
is a 15 times relationship between its voltage and length.
Thus, based on Eq. (5), the voltage of PCA at the com-
mon section can be expressed as:

Earcl = lSLcom ~ 15ds (8)
=6.857 x 10712 +3.57v —21.165 ,

where E,,. and L., are the voltage and length of PCA
at the common section respectively.

B. Electrical parameters of the PCA at the neutral
section

As for the PCA at the neutral section, ds is longer
and not equal to L, of the PCA at the neutral section
(Lyew)- Thus, both P,y and Py exist because the PCA has
an angle with the horizontal plane as shown in Fig.
At this time, the L, will be elongated because of the
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multiple external forces, and its stress diagram is shown
in Fig. 5] Where F, ;4 is the wind load force, and the
direction is opposite to the running direction of the train;
Ffioar 1s the thermal buoyancy force, and the direction is
vertical and upward; F,, is the magnetic force, and the
direction is related to the direction of the magnetic field.

A
F

float

q I:wind >

Running direction of the

train v
Fm

Fig. 5. Force diagram of the PCA under the multiple
external forces.

It is assumed that the PCA moves at a uniform speed
in a short time, and the mass density of the PCA is very
small at high temperatures. So its mass can be ignored.
Therefore, the resultant force on the PCA is:

Fina +Fflout +F, =0, )
where:

Fwind =0.04 (,UZIJS’Vwind ) * Pair Vwind 2. TTarc larc

Float = (pair — Parc ) *8Trarc 2larc )

Fy = la.rc (Iarc X B)

(10)
where Iy, I, and B are the length, current vector, and
magnetic induction intensity of the arc microelement.

The PCA can be regarded as a chain model con-
nected by many cylindrical current elements. Therefore,
F,, can be refined into the magnetic field force on each
current element. The model of the cylindrical current ele-
ment is shown in Fig. [f]

o PiRoBoza) 1. P(RoD,m)

Fig. 6. Magnetic field calculation model of cylinder cur-
rent element.



Based on the Biot-Savart Law, the magnetic
induction intensity generated by current J in the current
element at P is:

_ Ho 0y /.2
dB = (J x1°) /. (11)

According to the arc chain model and Eq. (11), it can
be deduced that the magnetic induction intensity gener-
ated by the cylindrical current element at P is:

Sy e

o Ho ”/R (sinoy; —sinog) cosy
“ = J(p)pdpde.

The sum integral of the magnetic field generated by
the current loop flowing through the arc is calculated
by Eq. (12). Then, the comprehensive magnetic field at
the gravity center of each arc current element can be
obtained by coordinate transformation [[18].

The values of other relevant parameters in Eq. (10)
are shown in Table [Tl

Table 1: Relevant parameters of the force calculation of
arc microelement [[19]

Name Value Name Value
U Coefficient of 1.17 | parc | Air density in 1.295
wind pressure high temperature | kg/m3
height variation of arc area
Uy Coefficient of 0.76 Yare Arc radius 0.0013

wind load shape mm
Ywind Coefficient of 0.67 | Vwind wind speed Equal to
uneven wind the train
pressure speed
Pair Air density 0.022 g Gravitational  |9.8 m/s?
kg/m? acceleration

Assuming that ds is 5 mm, the initial length of PCA
is equal to ds. The length change of PCA caused by the
external force can be obtained by simulation, as shown

in Fig.
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Fig. 7. Diagram of the L,,, change caused by the external
force.
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The simulation results show that the length of PCA
increases with the arcing time, and the maximum of L,
is about 8.4 mm. Therefore, L,,, is about 1.68 times that
of d;. The L, can be derived by Eq. (5):

Lyeuw ~ 1.68d, =7.679 x 107v* +0.4v —2.37.  (13)

The Py, per unit length of the PCA (PIQL) can be
expressed as [16]]:

Tc

CdT, (14)
Ty

where B, is produced by heating air from temperature
Ty to the average temperature of the arc T¢. Ty and T¢ are
4000 K and 9500 K respectively. C is the heat capacity
coefficient of air, and C is [20]:

P, =0.2182d%y

0.41
Cr~—. 15
T (15)

The PliL can be derived by Eqgs. (3), (14), and (15):

Pl =0.18igc—— +36 (16)

The convective power of the PCA at neutral sections
(Pi(neu)) can be obtained by Egs. (1), (4), (13), and (16):

Penen) = {0225\/1‘“0(\/—&—36)—1—0181“, 36} (17)

: (7.679 % 10752 +0.4y — 2.37) .

It is similar to the above, the dissipative power
(Pross(new)) and the arc voltage (Eqrc2) of the PCA at the
neutral section is:

Pk
Ploss(neu) = 8((1)157:) )
) . V
= {0.281 Viare (v+36) +0.2250, v+3’6}
-(7.679 x 10*5v2+0.4v—2.37), (18)
and:

Egc2 = 1.152 x 1073v% + 6v — 35.55. (19)

IV. MODELING AND SIMULATION OF THE
PCA
A. Establishment of the PCA model
The Habedank model is the classical arc model, and
its equation is:

dgc _ L farc

dr (EZAC gC

dem _ 1 e 20
dt — 1y ( ) gM) ’ ( )
1,1

8 8c + &M

where gc/7c and gy /Ty are the arc conductance/time
constant of the Cassie and Mayr arc model respectively.
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Besides, Eg and Py are the voltage and the dissipative
power of the arc, and they are assumed to be constants in
this model.

Howeyver, it can be seen from the above research that
E,c and Py, are not constants in practice. Therefore, it
is necessary to modify the Habedank arc model to make
it conform to the actual situation of PCA. Besides, it also
needs to distinguish the different states of PCA at the
common and neutral sections.

According to Egs. (7), (8), and (18-20), the arc mod-
els of PCA generated by the high-speed train passing
through common and neutral sections are:

dgC 1 larc 2
= =— —-gc
dt 1 | (6.857 x 10~4v2 +3.57v —21.165)% g¢
dgy 1
dt o ™
b
y 0.8iarc 2
Viare (1.028 X 10553 1005302 + 1.61v — 11.429) M

111
8 8c &M

2D

and:

dge _ _1_ igee ——ge
i 08 | (1.152x10-31246v-35.55) e

dgy 1

di T ng®

0.8i2,.
[0.225V/face (v+36)+0.18iacc 3755 |- (7679 x 10~5v2+0.4v—-2.37)

—8M
1_ 1,1

¢ % Tam 22)

B. Transient characteristics of the PCA

The transient voltage and current of PCA can be
simulated and calculated by Eqgs. (21) and (22).

Because the distance from the traction substation to
the nearest neutral section is 25 km, it can be assumed
that the PCA occurs in the middle of them. Namely, the
distance between PCA and the traction substation is 12.5
km. The characteristic curves of the transient voltage and
current of PCA when the train passes through this posi-
tion at 80 km/h, 150 km/h, and 250 km/h are calculated
by simulation, as shown in Fig.[g]

Similarly, the characteristic curves of the transient
voltage and current of PCA when the train passes
through the neutral section at 80 km/h, 150 km/h, and
250km/h are shown in Fig.

As shown in Figs. [§] and [9] the EMI radiated by
the PCA will produce strong voltage and current pulses.
At the common section, the maximum transient voltage
pulse is about 19000 V (v=250 km/h), and the maxi-
mum transient current pulse is nearly 170 A. At the neu-
tral section, they are approximately 29000 V and 350 A
respectively (v=250 km/h).

0.0190
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Fig. 8. Transient characteristic curve of the PCA at the
common section.
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(b) Curve of transient current varying with train speed at
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Fig. 9. Transient characteristic curve of the PCA at the
neutral section.



C. Experimental validation

The PCA Test System is used to measure the elec-
trical characteristics of PCA. It is composed of a PCA
generator and test system, as shown in Fig. [I0] Where
the variable frequency motor is used to drive the wheel
to rotate to simulate the mutual movement of the power
supply line and the pantograph, and the arrow direction
indicates the moving direction. Besides, the servo motor
and roller screw drive are used to simulate the movement
of the pantograph [21].

Electric Source Wheel

Power Supply Line

]
\_/

High Speed Camera
Load

Current Sensor )
Voltage Sensor
Industrial Personal Computer

(b) Physical drawing of the PCA Test System

Fig. 10. The PCA Test System.

The voltage and current of PCA are measured by
using the PCA Test System (v=250 km/h). Therefore, the
wheel speed is set to 250 km/h, and the voltage and cur-
rent of PCA are shown in Fig. [T}

The test results show that the maximum voltage is
about 19.5 kV and the maximum current is nearly 185
A at the common section. While they are approximately
29.6 kV and 355 A respectively at the neutral section.
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(a) Current and voltage of PCA at the common section
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(b) Current and voltage of PCA at the neutral section

Fig. 11. Test results of electrical characteristics of PCA.

The test results are consistent with the simulation results,
so the above PCA models are correct.

V. CONCLUSION
The models and transient characteristics of PCA
at the common and neutral sections are studied in this
paper. The conclusions are as follows:

1) The PCA at common and neutral sections have dif-
ferent models because of their different states.

2) The EMI of PCA at the neutral section is more
serious than that at the common section, which is
reflected in the obvious increase of the peak value
and high-frequency component of the transient volt-
age and current.

3) The peak and high-frequency component of the
transient voltage and current will increase signifi-
cantly with the train speed, which will increase the
radiation intensity of PCA. Therefore, the faster the
train speed, the more serious the EMI of PCA.

4) The main reason why the train speed affects the
characteristics of PCA is that the speed will cause
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the change of arc length, and then affect the voltage
and the dissipative power of PCA.

To summarize, the EMI intensity of PCA will vary

with the change of arc position and train speed, which
can provide a research basis for the protection of the EMI
of high-speed trains.
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