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Abstract: High-speed trains rely on pantograph-catenary systems (PCSs) to collect electrical energy from power systems. However,
the dynamic interaction between the pantograph and the catenary system may become mismatched once ice accumulates on the
overhead conductors. More frequent arcing may occur within the PCS during train operation, posing an unpredictable threat to
operational safety. Therefore, it is crucial to evaluate the ability of overhead contact system (OCS) to withstand ice-covered variability
during line desgin. A new strategy is proposed to evaluate the adaptive performance of an OCS under various icing conditions. First, a
dynamic model considering icing conditions is constructed to simulate the interaction within the PCS. Five different OCS structures
with various icing thicknesses are studied. The parameters of the contact force within the PCS and proportion of high-possibility
arcing moments are obtained. The dependence of the contact force on the icing thickness and pantograph displacement has been

illustrated in the form of cloud maps. Finally, the OCS sensitivity coefficient is calculated, and ice-covered environmental adaptability

assessments for the five different OCS structures are compared.

Keywords: Overhead contact system, environmental adaptability, sensitivity coefficient, icing thickness, contact force

1 Introduction

The overhead contact system (OCS) is a key
component of electrified railways. High-speed trains
constantly collect electrical energy through the sliding
friction between the pantograph and the OCS 02 The
current collection process is complex and depends on
electrical relationships, material properties, and
intense mechanical interactions ®™*. As the OCS is an
elastic structure with changing stiffness, during train
operation, the contact wire suffers from lifting,
deformation, and vibration by the pantograph to
varying degrees 5], This can result in fluctuations in

the contact force (CF) within the pantograph-catenary
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system (PCS) (67 which can directly influence the
current collection quality of the train (891,

As high-speed railway networks are rapidly
increasing, OCSs along railway lines will inevitably be
installed in complex geographical conditions and may
suffer extremely harsh weather conditions. In
exceedingly cold and highland regions, the surface of
the OCS can be covered with ice under freezing and

01 For instance, the

humid weather conditions
Moscow-Kazan high-speed railway may experience
winter temperatures as low as —48 °C, causing ice
accumulation of up to 15 mm on the OCS. Similarly,
the Sichuan-Tibet railway in China’s southwest
plateau region can be severely affected by ice
accumulation of up to 20 mm. Therefore, it is
necessary to focus on the ice-covered conditions of the
OCS.

The influence of OCS icing on the
pantograph-catenary interaction and current collection

performance is illustrated in Fig. 1. Fig. la shows a

2096-1529 © 2024 China Machinery Industry Information Institute



Huan Zhang et al.: Ice-covered Environmental Adaptability Assessment for Overhead Contact System in

High-speed Railways

71

photograph of the high-speed train and key
components of the OCS under ice-covered conditions.

These key components include the contact wire,

Messenger wire  Ice layer

.

messenger wire, dropper, and steady arm. The contact
wire fluctuation in the figure is a result of the dynamic
interaction within the PCS.
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(a) Schematic structure of OCS with icing
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(c) Contact loss caused arcing

Fig. 1

Once ice accumulates on overhead conductors, the
dynamic interaction becomes more drastic. The change
in contact force between the PCS over time is
illustrated in Fig. 1b. Evidently, the CF of the
ice-covered OCS fluctuates more dramatically than
that of the ice-free OCS. An obvious difference exists
between the maximum and minimum contact forces.
In addition, the mean contact force increases
significantly. Owing to the increased sag of the line
caused by the ice coating, the stiffness distribution
becomes more uneven. Consequently, the fluctuations
in the contact force within the PCS will be more
drastic. Furthermore, relevant tests and research have

confirmed that the stability of the contact line is
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(d) Contact force variation near the arcing moment

Influence of ice-covered condition on PCS

. . S . 11-12
reduced with an increase in icing thickness 1121

Therefore, when the train enters the ice-covered wire
area, it is difficult to maintain a continuous dynamic
stability between the PCS. Fig. 1c shows that after the
of stable
excessively high CF may result in cracks on the

loss interaction within the PCS, an
pantograph carbon slider, whereas an exceedingly low
CF increases the possibility of an arc and causes
ablation on the pantograph carbon slider. Fig. 1d
shows that the pantograph separates from the contact
line after the train passes the ice-covered OCS, and the
system experiences a longer arcing time (13141 Related
research has also shown that an increase in icing

thickness aggravates damage to the OCS and affects
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the current collection quality of trains 5] In brief, the
ice-covered OCS causes the vibration to become
elusive, and the coupling relationship between the PCS
deteriorates significantly el At present, it is well
accepted that the icing on the OCS has a significant
influence on current collection quality. However, the
performances of different OCS structures under
different icing conditions are still lacking and require a
systematic and detailed investigation.

In this study, a new strategy is proposed to evaluate
the adaptive performance of an OCS under various
icing conditions. A dynamic model that considers icing
different OCS
structures with various ice thicknesses are studied. The

conditions is constructed. Five
parameters of the contact force within the PCS and
proportion of high-possibility arcing moments were
obtained. The dependence of the contact force on the
icing thickness and pantograph displacement is
illustrated. Finally, the OCS sensitivity coefficient is
calculated, and the adaptability assessments for five
different OCS structures are compared.

2 Establishing dynamic model of PCS

2.1 The coupled model of pantograph-catenary

Adopting the finite element method to define the OCS
components and obtain their geometric models U7 the

Euler-Bernoulli beam is used to model the contact

18 .
], a nonlinear rod

[19

wire, messenger wire, and dropper [
unit is selected for the steady arm 1 and the mass
unit is used to simulate some additional parts, such as
the dropper clip. The mass, damping, and stiffness
matrices of the OCS are obtained after the mesh
division, and a differential equation is established as

follows
Mu'+Cu +K.u, = f(t) (1
In Eq. (1), M., C.,, and K. represent the mass,

of the OCS,
and u. represent the node

damping, and stiffness matrices

respectively; u! , u.
acceleration, velocity, and displacement matrices,
respectively; and f{f) is the expressed point-load
matrix.

The deformation displacement of the messenger and
contact wires under the influence of gravity is

calculated using the separate model method. During

the construction of the OCS, the tension of each
dropper at the connection point can be determined
based on the weight of the wire, position of the
dropper, and pre-sag of the catenary. These tensions
are then applied to the messenger wire to obtain the
initial displacement of the wire and the length of the
dropper that satisfies mechanical equilibrium 0,
Finally, the static equilibrium state of the overhead
contact line is solved. Generally, the pantograph head,
upper frame, and lower frame can be modeled as
mass-stiffness-damping systems 21 The parameter k.
is introduced to simulate the contact stiffness between
the PCS, and CF is calculated using a penalty

function 2. Considering the timeliness of the
simulation calculation, an ice load is applied to the
23-24]

OCS using an equivalent acceleration method [

Fig. 2 illustrates the coupled model of the PCS,
which includes a three-mass model of the pantograph
and a local magnification graph that depicts the
interaction of the PCS. The equation of motion is
expressed by Eq. (2)

Fig. 2 Coupled model of pantograph-catenary system

m i+ (= 3,)+ k(v —y,)=-F()

my, +¢(V, =)+, (1, =y)+ k(v —y)+
ky(y, = y3)=0

myys + 6, (Vs = 1,) + 60 + k(v = v,) + ki yy = F

)

In Eq. (2), m;, ¢;, and k; are the pantograph model
parameters (i =1, 2, 3); »,,¥;, and ¥ represent the
displacement, velocity, and acceleration of the mass
block, respectively; Fo and F(f) represent the static
lifting force and contact force, respectively. The
contact force is calculated as follows

k 17 e 1 c
F(r)={0”(y = 13 3)

In Eq. (3), the vertical displacement of the contact
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line element at the contact point is denoted by y..
2.2 Model verification

Based on the PCS simulation parameters outlined in
the latest EN50318:2018 publication **!, which
provides detailed parameter values for PCS (the
specific parameter values are provided in Tab. 1), a
10-span OCS model was constructed with 200 m
between the two pantographs.

Tab.1 Key parameter values for pantograph-catenary system

Pantograph-catenary

Parameter
system

Tension=22 kN; Density=1.35 kg/m;
Contact line Young’s modulus=100 kN/mm?; Cross
section=150 mm>

Tension=16 kN; Density=1.08 kg/m;

Messenger Young’s modulus=97 kN/mm?;
Cross section=120 mm”
Structural Clamp on contact wire=0.195 kg; Clamp on
parameters messenger wire=0.165 kg;
of overhead Dropper Number of droppers per span=9;
contact The position of droppers within each span(m):
system 4.5;10.25; 16.0; 21.75; 27.50; 33.25; 39.00;
44.75; 50.50
Number of steady arms per support=1;
Steam arm Length=1.2 m;
Density=0.73 kg/m; Mass of clamp=0 kg
Others Encumbrance=1.2 m; Stagger value=0.2 m;
Length of span=55 m
Pantograph
Structural m=7.5 kg; ¢;=45 Ns/m; k=7 000 N/m
head
parameters
: Upper frame m,=9.0 kg; ¢,=0.1 Ns/m; k=15 500 N/m
o
Lower
pantograph m3=6.0 kg; ¢3=100 Ns/m; k=160 N/m
frame

The CF of the simulation result was calculated at
speeds of 275 km/h and 320 km/h and then compared

with the standard range after filtering. A comparison of

32m 6.72 m

#5

the results is presented in Tabs. 2 and 3, thereby
confirming the accuracy of the modeling method and
the effectiveness of the dynamic model.

Tab.2 Speed=275 km/h

Parameter Standard range Simulation result
Pantograph 1 2 1 2
FyN 141.5-146.5 142.8 144.1
o/N 31.9-34.8 50.0-54.5 335 52.4
a(0-5 Hz) 26.4-28.9 41.2-45.4 28.2 42.0
a(5-20 Hz) 16.2-22.4 25.2-34.7 21.1 32.6
Fa/N 219-244 241-290 239.9 283.0
Frin/N 71-86 14-50 71.8 39.9
Tab.3 Speed=320 km/h
Parameter Standard range Simulation result
Pantograph 1 2 1 2
F/N 166.5-171.5 166.5 167.0
/N 49.5-62.9 30.2-43.8 55.3 42.8
0(0-5 Hz) 38.7-44.4 14.3-23.3 40.4 222
a(5-20 Hz) 29.0-46.2 26.7-38.2 29.2 37.0
Froax/N 295-343 252-317 326.9 264.2
Fri/N 55-82 21-86 66.5 27.3

3 Sensitivity evaluate for diverse OCS in
iced environment

3.1 Influence of ice-covered on varying OCS

The variation in the overall structure of the OCS leads
to differences in the PCS coupling. Thus, it is
necessary to explore the changes in the contact force
between PCS at various icing thicknesses.

To this end, the model established in Section 2 of
this study was used to calculate the CF of the PCS
with different icing thicknesses in the five OCS
models. Fig. 3 displays the span length, dropper

T,=19 kN

——3111:9.() kg;c=0.1 Ns/m; &=15 500 N/m

! m=6.0 kg; =100 Ns/m; &=160 N/m |

Fig. 3 Five structures of OCS model and pantograph parameters
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position, clue tension, and structural height of the five
OCS models, labeled #1 to #5. In Fig. 3, T, and T,
represent the tensions of the messenger and contact
wires, respectively. Additionally, a pantograph
equivalent model is presented, along with its mass,
stiffness, and damping parameters.

As shown in Fig. 3, structure #1 with 11 spans was
established, and the CF of the PCS operation was
calculated under 0-20 mm icing thickness. To avoid
boundary effects, the CF data within 3-9 spans were
used to draw the cloud map, and the results are
shown in Fig. 4. The color variation represents the
different values of CF; the support area has a large
CF, and the middle of the span exists in the
high-possibility arc area caused by an exceedingly
low CF between the PCS. It can be visually seen that
the diagram shows a periodic color alternation,
which indicates that the CF of the same OCS
changes under  different

periodically icing

thicknesses. This is owing to the periodic
arrangement of the support installations and droppers

within the span during train operation.

RT\“—’T‘VH\F‘—’TW\T—KFT?\\WWWWFV_’T{[-

Contact force/N

.

Fig.4 Contact force vs. pantograph displacement at

different icing thicknesses

Considering the CF data within the span when the
train’s pantograph passes through 300-360 m, the CF

data within the span show large values on both sides
and small values in the middle, which is consistent
with the OCS stiffness distribution. As the OCS
stiffness in the middle of the span is too small, the
contact line wvertical displacement is too large;
therefore, the possibility of an arc is higher. The local
maximum of the CF is consistent with the location of
the supports and droppers circled in the figure, where
the rate of change in the stiffness is the greatest [26]

From a vertical perspective, as the thickness of ice
increases, the contrast between the light and dark
colors becomes more pronounced. This results in a
more intense fluctuation in the CF and an increase in
the local value of the CF at the supports and droppers.
In addition, the possibility of an arc increases.

When differences exist in the OCS structure, the
fluctuation of the PCS CF during the train operation
varies. Fig. 5 illustrates the CF figure under the #1-#5
OCS for icing thicknesses ranging from 0-20 mm. The
CF curve is plotted using data from icing thicknesses
of 5 mm, 10 mm, and 20 mm.

Intuitively, the range in which the #1-#5 CF color
scales are located continuously decreases. The
absolute maximum that occurs near the supports with
the most significant stiffness changes are as follows:
597.6 N, 538.6 N, 435.1 N, 375.8 N, and 368.7 N.

In the figure on the left, when observing the
structures from #1 to #5, the color change of the
contact force becomes smoother as the displacement
increases, and the CF value of the corresponding curve
on the right continues to converge toward the middle,
indicating that the degree of CF fluctuation diminishes.
With a slight 5 mm ice-covered condition, the
respective values for #1 to #5 F, are 154.4 N, 154.9 N,
155.4 N, 156.6 N, and 156.1 N. For the severe 20 mm
ice-covered condition, the Fp, values are 187.6 N,
180.9 N, 1751 N, 169.0 N, and 166.8 N. The
proportion of dark areas gradually decreases, and the
high possibility arc area per hundred meters on the
right three curves is 14.6 m, 12.7 m, 10.1 m, 8.6 m,
7.5 m, it means that the probability of arc is reduced.

A comparison of the above indicators is presented in
Tab. 4.
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Icing thickness/mm

180 240 300 360 420 480

Icing thickness/m

330 385
Pantograph displacement/m

Icing thickness/mm

300 350
Pantograph displacement/m

Icing thickness/mm

225 270 315

Pantograph displacement/m

Icing thickness/mm

120 160 200 240 280 320
Pantograph displacement/m
Fig. 5 CF of #1-#5 OCS with varying icing thicknesses
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Tab.4 Comparison of detailed indicators under different overhead contact system

Indicators #1 result #2 result #3 result #4 result #5 result
Frax/N 353.6 3253 304.3 308 320.2
F/N 154.4 154.9 155.4 156.6 156.1
Icing thickness 5 mm High possibility arc
area per hundred 2.2 1.2 0 0 0
meters/m
Froax/N 597.6 538.6 435.1 375.8 368.7
F/N 187.6 180.9 175.1 169 166.8
Icing thickness 20 mm High possibility arc
area per hundred 9.8 8.6 7.8 7.1 6.8
meters/m

However, the above indicators are insufficient to
reflect the adaptability of OCS to the environment, and
further analysis of CF data is required.

3.2 Sensitive coefficient of OCS

To better evaluate the adaptability of different OCS to
the environment, an evaluation method is required to

quantitatively judge the adaptability of a structure to
the environment in terms of the numerical magnitude.
Accordingly, Fin, Fimax, Fmin and o are used to judge the
PCS coupling condition from the perspective of CF 21
However, while these statistical values can indicate the
coupling status of OCS in a specific environment, they

do not quantitatively reflect the anti-interference
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capacity. Moreover, these values do not facilitate a
quantitative comparison and analysis of the sensitivity
levels of various OCS.

Consequently, drawing inspiration from the
engineering practices used to evaluate the sensitivity
of the system output to changes in parameters or
surrounding conditions, we propose the introduction of
a sensitivity coefficient for the OCS. This sensitivity
coefficient enables the assessment of the degree to
which the OCS responds to alterations in external
conditions or system parameters. This enhancement in
the assessment process contributes significantly to a
clearer understanding of OCS adaptability and
susceptibility to external influences. The sensitivity
coefficient of OCS is defined as follows

Sensitivity Coefficient of OCS=
Output Relative Change Rate

Environmental Factors Relative Change Rate )

In this paper, Eq. (4) can be expressed as Eq. (5),
where S represents the sensitivity coefficient of OCS,
AF and Ad represent the amount of change in CF and
icing thickness, F' and d represent the initial CF and
icing thickness when the environment remains as the
same conditions.

5= AF/F 5)
Ad/d

To ensure that the outcome of the S calculation in
Eq. (5) is not infinitesimal, implying that the icing
thickness is not considered as 0 mm, and the OCS
sensitivity coefficients of the five OCS at 5 mm,
10 mm, 15 mm, and 20 mm ice cover thicknesses are
calculated by choosing the 1 mm case as the basis. The

results of these calculations are shown in Fig. 6.

0.010
0.008
< 0.006
=
0.004

0.002

(@) Spm

(b) S5

0.06

0.05

S Fmax
(=]
[l
foe}

0.02

(C) SFmax

(d) Sy

Fig. 6 Sensitivity coefficients of five OCS for different

icing thicknesses

The XOY plane in the three-dimensional (3D)
column diagram indicates the number of OCS
structures and icing thickness, and the column height
represents the magnitude of the sensitivity coefficient.
In Figs. 6a, 6b, and 6¢, Spm, Ss and Srmax represent the
sensitivity coefficients of the CF statistical value. For
the system with stronger environmental adaptability,
the sensitivity coefficients regarding each statistical
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value of CF under environmental perturbation should
be smaller; therefore, the Sy obtained by summing Sgm,
Ss and Srmax 1S considered the final sensitivity
coefficient of OCS.

The lower the column, the smaller the sensitivity
coefficient,  indicating  greater = environmental
adaptability of the OCS. From the data presented in
Fig. 6d, it is evident that structure #3, with a 5 mm ice
cover, exhibits higher adaptability, as indicated by
Sy#3=0.024. This value is 59.32% lower than that of
the less adaptable structure #4 under the same
conditions, with Sy%=0.059. Similarly, structure #5,
under a 10 mm ice cover, displays improved
adaptability with Ssx5=0.040, which is lower compared
to Sz11=0.062 by 35.48%. Under a 15 mm ice cover,
structure  #5 to demonstrate higher
adaptability with Ssxs=0.069, which is 48.12% lower

compared to Ss4=0.133. Moreover, structure #5,

continues

covered by 20 mm of ice, maintains greater
adaptability with Sxys=0.115, which is 35.39% lower
compared to Sxx=0.178.

Fig. 7 illustrates the proportion of high-possibility

arc times within the four distinct ice environments.

<} 7.

B @ #1

Fig. 7 Proportion of high-possibility arc time (%)

Overall, the adaptability of the different structures
to ice-covered environments varied. Structure #1 has
the worst adaptability to the ice-covered environment,
its Sy and the proportion of high possibility arc time
are higher. On the other hand, under the slightly
ice-covered condition with an icing thickness of 5 mm,
structure #3 has the lowest sensitivity coefficient of
Ss#=0.024, and the proportion of high possibility arc
time is 0%, which has the strongest ice-resistance
performance under the low ice-covered condition.
However, as the icing thickness increases, its Sy and
the proportion of high possibility arc time are larger

than #5. When the icing thickness is more than 5 mm
until 20 mm, structure #5 reflects its superior
anti-icing performance, and it has strong adaptability
in each different degree of iced environment, with
lower values of Ss, and the high possibility arc time.

4 Conclusions

Ice-covered conditions may result in a serious
mismatch between the pantograph-catenary system,
threatening the current collection safety of high-speed
railways. Focusing on this problem, we constructed a
dynamic model capable of considering icing
conditions to explore the interactions within the
pantograph-catenary system. Five types of OCS
structures were considered and their performances
under different icing thickness conditions were
compared. We also introduced an OCS sensitivity
coefficient to quantitatively assess the environmental
contact

adaptability of an overhead

Calculation results indicated that the Sy of #3 at 5 mm,

system.

10 mm, 15 mm, and 20 mm icing thickness are 0.02,
0.06, 0.10, and 0.14; the proportion of high possibility
arc time is 0%, 2.28%, 2.67%, and 7.80%. Structure
#5 at Smm, 10mm, 15mm, and 20 mm icing
were 0.04, 0.04, 0.07, and 0.12,
respectively; the proportions of high possibility arc
time were 0%, 0.67%, 1.67%, and 6.81%, respectively.
Overall, under the slightly ice-covered condition with

thicknesses

an icing thickness of 5 mm, structure #3 exhibits better
environmental adaptability. However, under more
severe ice-covered conditions, particularly at higher
icing thicknesses, structure #5 exhibits superior

environmental adaptability.
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