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The assessment of wind deflection of the railway overhead contact line (OCL) is of great importance to ensure the safe and reliable
operation of the electrified railway. This paper performs a comparative study of the railway OCL wind deflection based on the
traditional empirical formula and finite element method (FEM). Considering the geometrical nonlinearity, a nonlinear finite
element approach is adopted to model the OCL. The crosswind load is applied to the OCL through an iterative procedure. The
comparative study indicates that the maximum wind deflection estimated by the empirical formula is generally the same as the
FEM result when the turbulence intensity is 10%. However, with more than 10% of the turbulence intensity, the empirical formula
may give a risky result. Then, some coefficients are introduced to modify the empirical formula according to the FEM results. The
numerical examples are presented with different OCL tension classes to verify the validation of the modified empirical formula.

1. Introduction

The OCL is widely used in modern electrified railway sys-
tems and serves as the only source of power for electric trains
[1]. As shown in Figure 1, the OCL is a tensioned cable
structure constructed along the railway track, which
transmits the electric current to the locomotive through the
sliding contact with the pantograph installed on the car-
body’s roof. The quality of the current collection of the
electric train is directly affected by the dynamic performance
of the pantograph-OCL interaction. Typically, the OCL is
the most vulnerable part of the electrified railway system, as
it suffers multiple impacts from the vehicle-track vibration
[2], the temperature variation [3], the irregularities in the
contact line [4], and the crosswind load [5]. Often, the OCL
has a large span length to reduce the construction cost and
also has high flexibility to decrease the unevenness of the
elasticity along the contact line. These features make the
OCL very susceptible to the crosswind. Generally, wind is

comprised of even wind and fluctuating wind. The former is
able to cause deviation of the OCL with respect to its original
configuration. The latter excites a drastic forced vibration of
the OCL, which directly disturbs its contact with panto-
graphs. More precisely, fluctuating winds may increase the
fluctuation of the contact force and the possibility of the
occurrence of contact loss, which creates more wear [6, 7],
vibration [8], fatigue [9], arcing and sparking [10, 11], and
more severe accidents like dewirement and line breakage in
some extreme cases. Recently, the negative effect of the
wind-induced vibration of the OCL has been frequently
reported from Chinese high-speed networks, especially the
scarping of the pantograph head caused by the wind devi-
ation of the contact line.

In general, the contact force between the registration
strip of the pantograph and the contact line of the OCL is a
direct reflection of the quality of the current collection [12].
An excessive contact force can aggravate the wear of the
contact interface. In contrast, an inadequate contact force
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FIGURE 1: Schematic of a pantograph-OCL system with crosswind.

may cause the separation of the pantograph collector from
the OCL. In order to ensure a stable contact force, the
pantograph-OCL system should be appropriately designed.
Many numerical models of the OCL have been developed to
reproduce the realistic behaviour [13-15] and explore the
implications of design parameters on the dynamic perfor-
mance [16-18]. Based on these simulation tools, several
optimisation strategies are proposed to reduce the elasticity
unevenness of OCL [19], decrease the wave propagation
interference [20], and avoid the resonance with pantographs
[21].

The research studies mentioned above seldom consider
the effect of crosswind load. Generally, there are three types
of vibration for long-span structures caused by wind load.
One is galloping [22], which is a kind of instability induced
by negative aerodynamic damping [23]. For the OCL, gal-
loping is rare to be observed in real life [24], except in some
extreme conditions [25]. The second is vortex-induced vi-
bration, which is common in bridge deck [26, 27] and power
transmission line [28]. The vortex-induced vibration of OCL
has not been reported in any existing literature. Apart from
these two types, the buffeting of the OCL caused by fluc-
tuating wind is the most common one, which challenges the
current collection quality and the safe operation. In order to
understand the aerodynamics of the OCL, the CFD model of
contact line cross section was established by Sanchez-
Rebollo et al. [29] with different working conditions. In
order to explore the buffeting behaviour of the OCL, Song
etal. [30] derived the fluctuating forces acting on the contact
line and analysed the wind-induced response of OCL based
on a nonlinear finite element approach. To ensure a good
interaction performance of pantograph-OCL subjected to a
strong wind field, a control strategy was proposed based on
the instantaneous response of the pantograph [31]. Con-
sidering the crosswind acting on the pantograph and the
OCL simultaneously, Pombo et al. [32] conducted a sim-
ulation of the pantograph-OCL interaction with wind load.
Then, the wind load was introduced in the simulation of
multiple pantograph-OCL interactions to study its effect on
the contact forces on both pantograph heads [33].

In the current industry [34], the wind deflection of the
contact line is evaluated using empirical formulas, which
only gives an empirical result in the design phase of the OCL.
Some dynamic effects caused by the fluctuating wind, es-
pecially with high turbulence intensity, cannot be considered
in the empirical equation. The work in [35] has indicated the
difference in the results between the empirical equation and
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the response spectrum analysis. In this paper, a nonlinear
finite element method is used to model the OCL. The
crosswind load acting on the OCL is derived according to the
fluid-induced vibration theory. The results of wind deflec-
tion evaluated by both the FEM and empirical formula are
compared to indicate the shortfall of the empirical formula.
Then, some modifications are suggested to improve the
empirical equation.

The background and current research state are intro-
duced in Section 1. In Section 2, the empirical formula to
estimate the wind deflection is derived. In Section 3, a
nonlinear finite element of the OCL is built based on FEM.
In Section 4, the crosswind field along the OCL is con-
structed. The aerodynamic forces acting on the OCL are
derived in Section 5. In Section 6, a preliminary comparative
study is presented. The modification is recommended in
Section 7. Some discussions and conclusions are drawn in
Section 8.

2. Estimation of Wind Deviation Using
Empirical Formula

This section presents the derivation procedure to obtain the
empirical formula [34]. For the contact line, the wind load p
acting on the per-unit contact line can be estimated by

p=0.625V B,y d, (1)

in which V? is the design wind speed at the height of 10m
above ground, f3, is the wind pressure non-uniformity co-
efficient, y, is the wind load profile coefficient, y, is the wind
speed height variation coefficient, and d is the diameter of
the contact line.

Considering a contact line subjected to the crosswind, as
shown in Figure 2, the wind deflection y,, (x) of the contact
line can be estimated by

x(l—x
yulo = O, @
in which x is the distance of the reference point with respect
to the left steady arm, [ is the span length, and T is the
contact line tension. If no wind load is applied, the lateral
displacement of the contact line with respect to the track
centre can be obtained by
yJ@:ELJE%Q;Q+%p 3)
in which s; is the stagger value of the left steady arm and s;,,
is the stagger value of the right one. Therefore, the total
deviation under crosswind can be obtained by

e=y,(x)+y,(x)

_ px(l—x) . (si—s41) (I —x) fsn
2T I

(4)

The position of the maximum wind deflection can be
estimated from equation (4) by solving the following
equation:
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FIGURE 2: Derivation of contact line deflection subjected to the
crosswind.

Oe
o (5)

The explicit formula of the position of maximum wind
deflection can be obtained as

Xy = = — — L (6)

Therefore, the maximum wind deflection can be ob-
tained by substituting equation (6) into equation (4), which
can be written as follows:

2
_ P_l2+ T(si—si1)”  SitSia

= 7
Cmax = ‘g 27 5 (7)

In most cases, s; =s;,; = s. Thus, equation (7) can be
simplified to

p12 2Ts*

= 8
€max ST + plz ( )

3. Finite Element Model of OCL

In order to describe the geometrical nonlinearity in large
deformation of the OCL caused by the crosswind, a non-
linear finite element approach is adopted to model the OCL.
The ANCF (absolute nodal coordinate formulation) is a
commonly used nonlinear finite element method to deal
with large deformations in various engineering backgrounds
[36]. As shown in Figure 3, the ANCF beam is utilised to
model the contact and messenger lines. The ANCF cable is
employed to model the dropper and the steady arm. The
claws and clamps on the dropper and steady arm are as-
sumed as lumped masses. As for an ANCF beam element,
the nodal degree of freedom (DOF) vector can be expressed
by

0x; 0y; 0z;

I R R T
(9)

in which y is the local longitudinal coordinate in the un-
deformed configuration from 0 to the element length L,. The
position vector in the deformed configuration r can be
interpolated using the shape function matrix S as

T
0x; 0y; 0z;

r = Se. (10)

According to [37], S is defined using a classic form of
shape function for beam element as follows:

N S, S; S,
S=| s, S, S, S, |
N S, S Sy
S, (8) =1-38+28,
S, (&) =1y(£+& -28),
8;(§) =38 - 28,
$,1(5) =1,(8 - &).
(11)

The strain energy of the beam element can be calculated
by the summation of the energies in axial and bending
deformation as

1 (ho 2 2
U=~ J (EAgf + EI*)dy, (12)
2 Jo
in which E is the elastic modulus, A is the section area, I is the
inertial moment of the beam, ¢ is the longitudinal strain,
and « is the curvature. Differentiating equation (12) with
respect to the element DOF vector e yields the generalised
elastic force vector Q as

T
Q- (B_U) Ke (13)
de

The secant stiffness matrix K, for the given element can
be determined according to equation (13). In an integration
algorithm, the tangent stiffness matrix K is mostly used to
calculate the incremental nodal DOF vector Ae. Notably, in
the shape-finding procedure, the tangent stiffness matrix K.
related to the incremental unstrained length AL is necessary
to determine the unstrained size of each element. Thus, the
tangent stiffness matrices Ky and K are obtained by dif-
ferentiating both sides of equation (13).

AF = %—SAe + g—gALO = K;Ae + K AL, (14)

The stiffness matrix of the ANCF cable element can be
obtained through a similar derivation procedure. It should
be noted that the cable element used to describe the non-
linear behaviour of droppers cannot withstand compression.
The axial stiffness is set to zero when the dropper works in
compression. Assembling the element matrices by the FEM
yields the global incremental equilibrium equation for the
whole OCL as follows:

AF® = KSAU. + KV AL, (15)

where AF is the global unbalanced force vector and K¢ and
K{ are the global stiffness matrices related to the incremental
nodal displacement vector AU, and the incremental un-
strained length vector AL, respectively. Additional constraint



Shock and Vibration

Messenger wire

FiGure 3: Finite element model of the OCL. (a) ANCF cable. (b) ANCF beam.

conditions for the design specification can be provided to
reduce the number of unknowns in equation (15) and ensure
a unique solution. Then, the Newton-Raphson iteration can
be used to solve the equilibrium state of the OCL with the
gravity and tensions [38]. Including a consistent mass matrix
M¢ and a Rayleigh damping matrix C, the equation of
motion for the OCL is written by

MEU () + CEUG (1) + K& (U () = Fa (1), (16)

in which Kg (t) is the global stiffness matrix of the OCL and
FC (t) is the external force vector applied on the OCL. Table 1
presents the main parameters of a conventional-speed
railway OCL. The initial configuration of the OCL can be
calculated according to the above approach, of which the
central two spans are taken as the analysis object in the
following analysis.

4. Crosswind Field of OCL

Generally, the natural wind can be divided into even wind
and fluctuating wind. For a given spatial point M, the wind
speed at this point can be expressed by

V(M,t)=V (M, t)+V' (M,1), (17)

in which V (M, t) is the even wind speed and V' (M, t) is the
fluctuating wind speed. They can be expressed by the fol-

lowing two vectors:

VM) =[um) o o], 08
VI (M,t) =[u(M,t) w(M,t) v(M,1)]",

in which U (M) is the steady wind speed in the longitudinal
direction and u(M,t), w(M,t), and v(M,t) denote the
fluctuating wind speed in the longitudinal, lateral, and
vertical directions, respectively. In this section, the spatial
wind field is constructed for the OCL.

The empirical spectrum is a standard way to describe the
stochastics of the fluctuating wind speed. In this work, the von
Karman spectrums [39] in longitudinal, lateral, and vertical
directions are adopted to generate the wind speed time

TasLE 1: OCL property parameters.

Span length 60 m
Contact line tension 13kN
Messenger line tension 13kN
Contact line area 120 mm*
Messenger line area 120 mm*
Contact line linear density 1.07 kg/m
Messenger line linear density 1.06 kg/m

histories. For two arbitrary spatial points M and P, the power
spectral density matrix for this point can be expressed by

sMs” 0  coh’/sMs”
Sy (w) = 0 sMsP 0 ,
coh™ P4 [sMgP g sMsP
(19)

in which coh” represents the correlation function between

two points M and Pin e and 1 (¢, 7 = u, w, v) directions. The
power spectral density matrix for one point M can be
expressed by

sMgM

M MM
S 0 coh,, LSy

u

Sy (w) = 0 sM 0 . (20)
cohﬁi’M\/Si\/ISJuVI 0 Sf,w

After determining an appropriate spatial grid, the global
power spectral density matrix Sy, (w) can be obtained by
assembling equations (19) and (20). The spatial grid depicted
in Figure 4 is adopted. It is seen that the spatial grid has two
layers in the vertical direction. The top one is for the mes-
senger/upper half of the dropper line. The second one is for
the contact/lower half of the dropper line. The spatial interval
of the grid in the X direction is 10m. After obtaining the
spectrum matrix, the time history of fluctuating wind speed
can be obtained through the inverse Fourier transform.
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FIGURE 4: Spatial grid for the OCL.

5. Aerodynamic Forces

After obtaining the fluctuating wind speed, the aerodynamic
forces are derived in this section. As shown in Figure 5, the
aerodynamic forces acting on the contact line are derived as
follows. The aerodynamic forces on the messenger line,
dropper, and steady arm can be obtained through a similar
derivation procedure. The contact line has a certain dis-
placement in the lateral direction, and the contact line is not
always perpendicular to U. Therefore, the wind speed vectors
should be converted to the local reference system for each
element. For each element, the even wind U* and fluctuating
wind components u¢, v°, and w® in the element local ref-
erence system can be obtained by the spatial coordinate
transformation [40]. The contact line cross section subjected
to U¢, u®, and w* is shown in Figure 5. As U¢ is parallel to the
y-axis, “y-0-z” is called an absolute wind-axis reference
system. The drag F¢, and lift F§ are the aerodynamic forces
acting on the contact line section caused by the wind load. A
dynamic wind angle 8 is induced by the movement of the
contact line subjected to the wind load, which can change the
angle of attack. 8 can be estimated by

e -
w' -2
=arctan| ———— |, 21

p =t 557 o
in which z{, and y¢, are the vertical and lateral velocities of
the contact line in the reference system (called relative wind-
axis reference system) defined by the dynamic angle b, lift
F{,, and drag F5,.. z_, and y¢, can be ob.tained k?y trans-
ferring the vertical and lateral velocities z{ and y¢ in the
absolute wind-axis reference system to relative wind-axis
reference system. F¢, and F{, can be expressed by

1
Fir = EpairUiLeDCL (ﬁ)’

(22)
e 1 €
FDr = EpairUrLeDCD (ﬂ)’
in which p,;. is the air density, D is the diameter of the
contact line cross section, C; (f) and Cp, () are the lift and

drag coefficients at the angle of attack 3, and U? is the ef-
fective wind velocity, which can be expressed by

U= (' - 250 + (U +v —55)h (23)

According to the geometrical relationship, the drag Ff,
and lift F{ in the absolute wind-axis coordinate system can
be obtained by

FIGURE 5: Derivation of aerodynamic forces acting on the contact
line cross section.

{FDzFDrCOS(ﬁ)_FLrSin(ﬁ)’ (24)

F} = F}, sin(p) + F7, cos ().

The spatial coordinate transformation is performed
again to transfer F$, and F{ to the global reference system,
which can be directly exerted on the finite element model.

The aerodynamic coefficients Cp and Cp usually are
dependant on the cross-sectional profile and the Reynolds
number. In this section, the wind tunnel test results obtained
in the authors’ previous work [41] are adopted in the fol-
lowing simulations.

6. Comparative Analysis

According to the technical specification, the design wind
speed for the railway OCL is 30 m/s, which is defined in the
following analyses. The numerical simulations of wind de-
flection with different turbulence intensities from 9% to 25%
are performed. Taking the positions where the maximum
wind deflection occurs as an analysis object, Figure 6 shows
maximum wind deflection with different turbulence in-
tensities. The red dash line denotes the result given by
equation (8). The blue dash line represents the maximum
allowed deflection specified in the standard [42]. It is seen
that the increase of the turbulence intensity significantly
increases the maximum wind deflection. However, the
variation of the wind deflection versus the turbulence in-
tensity cannot be considered in the empirical formula. The
result given by the empirical formula is generally the same as
the FEM result with 10% turbulence intensity. For the
turbulence intensity smaller than 10%, the empirical
equation only gives conservative results. In contrast, when
the turbulence intensity is bigger than 10%, the empirical
formula may give dangerous results. Mainly, when the
turbulence intensity is over 15%, the maximum wind de-
flection is over the safety threshold, which may result in fatal
accidents. Figures 7 and 8 present the time history of the
contact line wind deflection in the position where the
maximum wind deflection occurs with the 9% and 11%
turbulence intensities, respectively. It is seen that all the
displacements with 9% turbulence intensity are smaller than
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FiGure 8: Lateral wind deflection with 11% turbulence intensity.

the value given by the empirical formula. Some outliers can
be seen when the turbulence intensity moves up to 11%.

Assuming that the contact line wind deflection follows
the normal distribution, the probability density functions
(PDFs) of contact line displacement at the maximum de-
flection position are presented in Figure 9. It is seen that the
contact line displacement has a 0% possibility to exceed the
empirical value with 9% turbulence intensity. However, this
possibility increases to 0.19%, 0.88%, 2.15%, and 3.31% with
the turbulence intensities of 11%, 13%, 15%, and 17%. With
25% turbulence intensity, the contact line displacement has a
9.65% possibility to exceed the empirical value, which will
definitely give risky results.

7. Modification of Empirical Formula

In this section, a modified empirical formula is proposed to
make it consider the change of the turbulence intensity. The
modified form of the empirical formula is given by

introducing the modification coefficients «,, a,, a5, and a, as
follows:

2Ts*

I
e :p_(oc1]3+062]2+0c31+0c4)+7, (25)

max 8T

in which I represents the turbulence intensity x 100. Using
the simulation results in Figure 6, the modified coeflicients
@, &y, a3, and a, can be obtained by the curve fitting, which
is indicated in Figure 10. The fitted coeflicients «,, a,, a5, and
a, are presented in Table 2.

In order to validate the proposed modified empirical
formula, several simulations with different OCL systems are
performed with 15% turbulence intensity. In these simu-
lations, the main parameter of the OCL, tension, is changed
to be 0.8-2 times the original value. The resulting maximum
wind deflections evaluated by the FEM, traditional empirical
formula, and modified empirical formula are presented in
Figure 11. It is seen that the accuracy of the empirical
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TaBLE 2: Fitted coeflicients in the modified empirical formula.
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F1GURE 11: Maximum wind deflection with different tension classes
calculated by the FEM and modified and traditional empirical
formulas.

In this paper, a comparative study of the railway OCL wind
deflection is performed based on the traditional empirical
formula and FEM. A nonlinear finite element approach is
presented to model the OCL. The aerodynamic forces acting
on the OCL caused by the crosswind load are derived. The
simulation results indicate that the empirical formula result
can only be effective when the turbulence intensity is 10%.
Risky results may be given by the empirical formula with a
turbulence intensity of more than 10%. The empirical for-
mula is modified by introducing some modification coef-
ficients. According to the FEM results, a modified empirical
formula is obtained. Some numerical examples are presented
with different tension classes to verify the validation of the
present modified empirical formula.
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