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A Response Spectrum Analysis of Wind
Deflection in Railway Overhead Contact Lines
Using Pseudo-Excitation Method
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Abstract—The wind deflection of overhead contact lines (OCLSs)
challenges the stable and safe operation of electrified railways. The
steady wind causes the static deflection of the contact line, while
the fluctuating wind leads to the OCL buffeting. This paper
performs a response spectrum analysis of the wind deflection
caused by the combined effects of steady and fluctuating winds.
Considering the initial configuration of OCL, an absolute nodal
coordinate formulation method is employed to model the OCL. A
spatial wind field including the fluctuating wind in three directions
is constructed and the aerodynamic forces on the OCL are
derived. A nonlinear solution procedure is proposed to include the
geometrical nonlinearity and dropper slackness in the evaluation
of static wind deflection. The pseudo-excitation method is utilised
to evaluate the buffeting response of the OCL with stochastic wind
load. The analysis results indicate that the dropper slackness has
a significant effect on the vertical static deflection. Under an
extreme wind speed of 40 m/s, the contact line is always within the
safe working range of pantograph head when only the steady wind
load is considered. However, the stochastic wind load causes non-
negligible fluctuation of OCL, and the contact line may be outside
of the pantograph working range under the same wind speed.
Sensitivity analyses on the effects of some key parameters to the
OCL buffeting suggest that the increases of damping ratio and the
tension class are effective measures to improve the wind-resistance
capability of OCL.

Index Terms—Electrified Railway, Overhead Contact Line,
Pantograph Working Length, Wind Deflection, Pseudo-Excitation
Method, Buffeting

l. INTRODUCTION

Overhead Contact Line (OCL) constructed along the
electrified railway is the only source of power for the
electric train. The electric current is normally collected by the
locomotive via a pantograph installed on the carbody roof. As
shown in Fig. 1, an OCL is comprised of several tensioned
cables including the messenger line, contact line and droppers.
Due to its long span and large flexibility, the OCL is very
sensitive to the wind load, which may cause strong vibration
and large deflection of the contact line and threaten the safe and
stable operation of the pantograph-OCL system.
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Fig. 1. Schematic of a pantograph-OCL system

A. Problem description

Generally, the environmental wind can be divided into the
steady wind and fluctuating wind. They have different effects
on long-span structures [1], [2]. Usually the former causes the
static deflection of the contact line and the latter results in the
forced-vibration (called buffeting) of the OCL. The overlarge
lateral deflection of the OCL may cause the contact line to
exceed the safety limit of the working range of the pantograph
collector, and even lead to the scraping of the pantograph
collector and damage the pantograph-OCL system. The strong
vertical vibration represents the main source of the incremental
contact force fluctuation and the contact loss (namely, the
separation of pantograph collector and contact line), which
results in frequent arcing and sparking and deteriorates the
interaction performance of pantograph-OCL. With the rapid
expansion of the high-speed railway industry all over the world,
the wind deflection and buffeting of OCL can be frequently
observed in some exiting and newly-built high-speed railways,
such as the Wuhan-Guangzhou passenger special line and the
Beijing-Tianjin inter-city line in China network. The negative
effect of wind load (which causes arcing, sparking and even
scraping of pantographs) has become a serious issue that limits
the trains’ maximum operating speed and challenges the safe
operation. In order to avoid the overlarge wind deflection of the
OCL, the current standard [3] provides a formula to estimate
the wind pressure of OCL in the design phase as follows:
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in which, Gq is the gust response factor. G; is the terrain factor
taking into account the protection of lines, e.g. in cuts, cities or
forest. p is the linear density. V, is the reference wind
velocity at a height of 10 m above ground. It is obvious that
most coefficients in this formula is selected by experience. The
drag and lift coefficients which are essential to determine the
aerodynamics of the conductor are not involved in the formula.
The OCL normally has a certain lateral displacement (called
stagger) to reduce the wear on the pantograph strip. The
complex structure of the OCL is not considered in the
evaluation of wind deflection in the standard. In addition, the
empirical formula does not take the stochastic components of
the wind into account, which definitely leads to overly
conservative results. As shown in [4], the buffeting of OCL has
a significant contribution to the wind deflection, which should
not be neglected when evaluating the dynamic performance of
OCL.

B. Literature review

In most of the previous studies, a numerical model of OCL is
usually used to check the acceptance of the design strategy [5].
In combination with the pantographs’ model, various numerical
tools have been developed to evaluate the performance of
pantograph-OCL interaction system [6]. The contact force
between the contact line of the OCL and the registration strip of
the pantograph is desired to be stable to ensure a good contact
quality [7]. Inadequate contact forces may lead to the contact
loss and increase the occurrence of arcing, sparking and contact
loss [8], while excessive contact forces cause extra wear of the
strip [9] and the contact line [10]. Apart from the contact force,
the vibration of OCL is strictly regulated to avoid extra stress
and interference with other infrastructures [11], which may
cause the failure of OCL components [12]. The accuracy of
numerical simulations can be improved by updating the model
with field test data [13] and laboratory test data [14]. The
previous view of the academic community is that the undesired
performance is mainly caused by the uneven distribution of
contact line elasticity when the train operates at the
conventional speed [15]. However, with the increase of train
speed, the wave propagation in the OCL plays an ever-
increasing role in affecting the contact quality [16]. The best
approach to improve the wave propagation speed is to increase
the tension in the OCL. But this is normally restricted by the
material limitation [17], [18]. In order to improve the wave
propagation property, some parameter optimization methods
for OCLs [19], [20] are developed. Some common disturbances
such as the locomotive excitations [21] and OCL anomalies
[22], [23] are included in the numerical model of OCL to
evaluate its contact performance with a pantograph under
complex working conditions.

For the study of OCL wind deflection, while galloping may
occur under some extreme working conditions [24], [25],
buffeting is the most common wind-induced vibration in daily
operations. The Buffeting of OCL is analysed in [26]. The time-
histories of fluctuating wind velocity in the longitudinal,

vertical and lateral directions are generated using empirical
spectrums. The stochastic wind loads are exerted on the OCL
to evaluate its wind deflection and the wind-induced effects on
the pantograph-OCL interaction through a time-domain
simulation. However, this work generate a single sequence of
the stochastic wind velocity to simulate the wind deflection,
which fail to fully represent the stochastic nature of the wind
loads. To fully characterize the buffeting response of the OCL
under stochastic winds, the Monte Carlos method can be
utilised, which is however extremely time-consuming [27].
Meanwhile, the frequency-domain response spectrum method
is preferred in buffeting analysis due to its improved
computational efficiency [28]. Among various response
spectrum methods, the most popular one is the complete
quadratic combination (CQC) method [29]. But a significant
shortfall of this method is the considerable computational cost.
To cope with this issue, the Pseudo-Excitation Method (PEM)
is therefore developed in [30] and has been widely used in
various industrial backgrounds. This method is adopted in this
paper to analyse the OCL buffeting.

C. Contribution of this paper

The main aim of this paper is to evaluate the wind deflection of
OCL caused by both of the steady and stochastic winds. A well-
recognised OCL model is constructed using a nonlinear finite
element method. A shape-finding method is utilised to
accurately describe the initial configuration of the OCL. The
wind deflection of the OCL is divided in two components. One
is the static deflection caused by the steady wind, and the other
is the buffeting caused by the fluctuating wind. In this way, the
wind deflections of the OCL caused by these two components
are evaluated separately. The nonlinearity of the OCL is taken
into account to calculate the static deflection induced by the
steady wind load. The PEM-based response spectrum analysis
is performed to evaluate the displacement standard deviation of
the OCL due to the fluctuating wind. The effect of damping
ratio and some key structural parameters on the wind deflection
is investigated based on a parametric sensitivity analysis.

D. Organisation

The introduction of the background and the literature review is
presented in Section I. The finite element formulations of OCL
are described in Section Il. The aerodynamic force model of
OCL is derived in Section Ill. The evaluation method of wind
deflection is described in Section IV. The computational results
are presented and analysed in Section V. The effects of some
key parameters on the buffeting response are analysed in VI.
The conclusions are drawn in Section VII.

Il. FINITE ELEMENT MODELLING OF OCL

A nonlinear finite element approach, called the absolute nodal
coordinate formulation (ANCF), is adopted to model the OCL.
As illustrated in Fig. 2, the ANCF beam is used to model the
messenger and contact lines and the steady arm. The dropper
wire is modelled by the ANCF cable element without bending
degree of freedom (DOF). The claws on clamps of droppers and
steady arms are assumed as lumped masses. Here the derivation
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Fig. 2. OCL model based on ANCF beam and cable elements
of the stiffness matrix of ANCF beam element is given as

follows. The DOF vector that contains the displacements and
the gradients for a beam element is defined by

ox oy, o ox; oy, oz,

€=1X Y § — = < X i i A A A
oy Oy Oy oy Oy Oy
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where, y is the local coordinate in the undeformed configuration
ranging from 0 to the element length Lo. The position vector in
the deformed configuration r is interpolated by the shape
function matrix S as

r=_Se ?3)
in which, S can be expressed by
S, S, S, S,
S= S, S, S, S,
S, S, S, S,

S,(£)=1-3&2+2¢°
S,(£)=1,(&+&°-287)
S,(&)=3¢"-2¢°
S.(¢)=h(s'-¢)

(4)
The strain energy U obtained from the contribution of axial and
bending deformation can be expressed by

U =%J.OL°(EA3,2+EIK2)d;5 )

in which, E is Young’s modulus, A is the section area, | is the
moment inertial of the wire, ¢ is the longitudinal strain and x

is the curvature. The generalised elastic forces are calculated by
ou

Q=()" =K. (6)
oe

Through Eq. (6), the element stiffness matrix K, can be
obtained. In the shape-finding procedure, the tangent stiffness
matrix is typically used to calculate the incremental nodal DOF
vector Ae and the incremental unstrained length AL, . The

Vertical [m]

1000

Lateral [m] Longitudinal [m]

Fig. 3. OCL model based on ANCF beam and cable elements

corresponding tangent stiffness matrices K; and K, with
respect to Ae and AL, are derived as follows:

oe

Similarly, the tangent stiffness matrices of the ANCF cable
element can also be obtained without bending DOFs. It is noted
that the ANCF cable element used to model dropper can only
withstand tension but not compression. Assembling the element
matrices yields the global incremental equilibrium equation for
the whole OCL as follows:

AF=@AE+%ALO =K ;Ae+ K AL, (7)

T AF® =K$AU, +KPAL, (8)

where AF® is the global unbalanced force vector. K$ and
K¢ are the global stiffness matrices related to the incremental
displacement vector AU, and the
length vector AL, |,

nodal incremental

unstrained respectively. However,

[K$ Kf] is not a square matrix. The number of unknowns

exceeds the number of equations, which leads to indeterministic
solutions. Therefore, additional constraint conditions are
provided to restrict undesired movements, according to the
design specifications of the OCL.
e The vertical DOFs of dropper points in the contact line
are restricted to describe the pre-sag.
e The longitudinal direction of each node is restricted to
suppress the undesired movement.
e The tensions are applied to the endpoints of messenger
and contact lines.

Introducing the above three types of constraints in Eq. (8),
the strained and unstrained lengths of all the elements can be
calculated.

Using the reference model in the benchmark [31], a ten-span
OCL model is constructed. The initial configuration calculated
using the above procedure is presented in Fig. 3. After obtaining

the initial configuration of OCL, the global stiffness matrix K¢
can be obtained at the equilibrium state of the OCL. In
combination with a consistent mass matrix MS and damping
matrix CS, the equation of motion for the OCL excited by
external force vector F7 (t) can be written by

MSU (0+C0 (O+KS (U () =FE (1) @)
In the traditional time-domain analysis, Eg. (9) can be solved

by a time integration method [32] to obtain the dynamic
response of the OCL at each time instant t.
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Table 1. Expressions of empirical spectrum in three directions

Directions Expressions of empirical spectrum
200 fu? nz
Along-wind Sy(N)=—————; f=—
’ ) n(1+50f)" v,
13 fu? nz
Cross-wind Sw (n) =— . f=—
n(1+20.16f) v,
6 fu? nz
Vertical-wind S,(N)=——F—: f=—
n(1+4f) v,

I1l. AERODYNAMIC FORCES AND SPECTRA

Assuming that the OCL is only subjected to the wind load, the
external force vector Ff (t) contains all the aerodynamic
forces on each node. Applying Fourier transform to Eq. (9)
yields

[~@™M? +ieCF +K? (@) ]U, (@) = FF (o) (10)

in which, @ is the angular frequency. U (o) is the OCL

response under the stochastic wind load. In this section, the
aerodynamic force vector Ff(w) on the right hand is

constructed based on the idea of PEM.

A. Stochastic wind spectrums

The stochastic wind is normally decomposed in three
components in along-wind, cross-wind and vertical-wind
directions. In this section, the Kaimal [33], Panofsky [34] and
Tieleman [35] spectrums are adopted to describe the stochastics
of fluctuating wind speed in three directions, as shown in Table
1. V, is the steady wind speed. z is the vertical coordinate. n is

the frequency. u. is the friction speed and can be evaluated by

. o z
u =«v,/In (—j
ZO

where the Kama constant x can be considered to be
universal x=0.4. z, is the roughness length dependant on the
roughness of the terrain surface. Mostly the railway is
constructed in open areas and a very small value of z, =10*m
is adopted in this analysis [36].

As the OCL is a long-span structure, the wind speeds at
different spatial positions are different. The spatial correlation
should be taken into account to generate a spatial wind field.
Assuming that the OCL is discretized in N segments, the
spectral density function matrix of the fluctuating wind speed
in each direction is expressed as follow:

(11)

S5 () S5, (n) i) |
S.(n)=| S5, () S¢,(n) () (12)
S5, () SHNG) S (M ]

in which, k = 1,2...N; I = 1,2,...,N; t can be u, w and v to
denotes three stochastic wind directions; When k =1, S, (n) is

Global reference system for OCL Local reference system for element

Coordinate transfor
AL
z I

Py Loty x
[ — >
< Y- /\7} Vy

. A

Contact line cross section

Fig. 4. Schematic of spatial wind field for OCL

Global reference system  — Aerodynamic forces
X-Y-Z Vs VV VU VW applied on OCL
—x N
v, v, A 0
{vy} :T(e){vwi ﬂ/sy =T(e)|V,
v v, v/ 0
Zl f v v S
Local reference system
X-Y-Z Vs 'V Vy F R
Fp = Fo cos(B)-F,sin(B) | F.=F,sin(8)+F,cos(p)
—
Relative wind-axis system F F
Xr-Vr-Zr Lr Dr
Fig. 5. Relationship among three reference coordinates
the auto-spectrum and S,/"(n)=S,,, (n) . When k # I,

S¢1(n) is the cross-spectrum which can be expressed by

SI?:IW (n) = \} Su,v,w (n) Su,v,w (n)

|| \/Cfisz +ClAy? +CLAZ?

v,

(13)

exp-< -

where, C_, C

XT

. and C, are the exponential decay

coefficients of the three directions [37].

B. Aerodynamic forces on contact line

Fig. 4 presents the schematic of the spatial wind field for OCL.
Apart from the global reference system, another two main
reference systems are defined here to facilitate the derivation.
The element local reference system x-y-z is defined by the
positions of element node. The relative wind-axis reference
system x"-y'-z" is obtained by rotating the x-y-z reference system
along the x-axisby g . Here, g is caused by the movement of

the contact line subjected to the wind load. The relationship
among them is described in Fig. 5. It is seen that the final goal
is to obtain the aerodynamic forces applied in the global
reference system. Assuming that the OCL is subjected to a
crosswind, the steady wind V; is along the Y-axis of the global

reference system. The corresponding fluctuating wind
components vy, vy and vy are along the Y, X and Z-axis
respectively. Due to the existence of stagger, V. is not

S
perpendicular to the cross-section of contact and messenger
lines. Therefore, the following coordinate transformation is
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performed to transform the wind components to the local
reference system for each element.

v, v, A 0
Yy =T v | | W |=T(e)| W (14)
v, v, v/ 0

in which, T(e) is the transformation matrix from global to the
local reference system, which is determined by the position of
each element. As v, and V" are in the longitudinal direction of
the element, they have no contribution to the wind deflection.
For the fluctuating winds, only v, and v, have an effective
contribution to the buffeting. For the steady wind, Vv ~0 if a

crosswind is considered. Looking at the contact line cross-
section in Fig. 4, the lift F_ and drag F, are respectively along

the z and y-axis in element local reference system. In the
reference system defined by g, F,, and F,, can be expressed

by

F, =05p,V,L,DC, () (15a)

For =0.50,,V.L,DC, (B) (15h)
in which, p,, is the air density; L, is the length of the contact
line element. D is the diameter of the contact line cross-section.
C_(B) and C, () are the lift and drag coefficients at the
angle of attack g . V. is the effective wind velocity. So the
dynamic wind angle B and the effective wind velocity V. can
be expressed by

S =arctan % (16a)
V) v, -y
2 _ Lr\2
V, = \/(vz —20) +(W +v, - yi)
According to the geometrical relationship, the drag F; and lift
F_ can be obtained as follows:

Fo = Fy, cos(B)—F,sin(B) (17a)
F. = F, sin(B)+F, cos(B) (17b)
where 2. and Y, are the velocities of the contact line cross-

section in the vertical-wind and along-wind directions, which
can be calculated by

Ve =Y, COSB+12,sinp
2, =%,cos -y, sin B
in which y, and z, are the lateral and vertical velocities of

contact line cross-section in element local coordinate system.
As g is very small, the following assumption can be made:

(16b)

(18)

S =arctan (_YV;Z;J ~ \_/—Zy (19a)
AR A A

sin(B)~ p; cos(B)=1-p%12 (19b)

C.(A)=C.(0)+C (0)p (19¢c)

Co(B) =Cp(0)+C, (0)3 (19d)

in which, C_(0) and C,(0) denote the lift and drag
coefficients at the attack angle of 0°. By substituting Eq. (19)
and Eq. (15) into Eq. (17) and neglecting high order terms, F,
and F_ can be obtained as

F,=F+F; (20a)
F=F"+F (20b)
in which,

v, . vy

bf _ Y2 — v iz
F, =0.5p,,V) LeD{CD e +Cp VSJ (21a)
I:D$ = 05 pair\_/syz DLeCD (21b)

_ 2v . v,

B = O.SpairvsyzLeD{CL- vyy +(C +Cp )'vy } (21c)
F* =05 p,,V."*DL,C_ (21d)

From Eq. (20), it is seen that the aerodynamic forces on the
contact line can be considered as the sum of the static force
caused by the steady wind and the buffeting force caused by the
fluctuating wind. By transferring Eq. (20) to global reference
system, the aerodynamic forces can be applied in the equation
of motion for OCL to evaluate the wind deflection. The
aerodynamic forces on the messenger line and droppers can also
be obtained similarly.

IV. EVALUATION OF WIND DEFLECTION

The wind deflection can be assumed to be the summation of the
static wind deflection and the buffeting response. Therefore, the
calculation of wind deflection is divided into two parts to
evaluate the static wind deflection and the OCL buffeting
separately.

A. Static wind deflection

The calculation of static wind deflection is a classic static
solution procedure. The static wind load vector F_. can be

static

generated by assembling Eq. (21b) and (21d). If the OCL
nonlinearity (including the geometrical nonlinearity of contact
and messenger lines and the slackness of droppers) is not

considered, the static wind deflection AU, with respect to the
initial configuration can be simply evaluated by

AUstatic =|:K$ :|_1 Fstatic (22)

If the geometrical nonlinearity is considered, Egs. (7-8) should
be adopted and an iteration must be performed to eliminate the
unbalanced force. It should be noted that the incremental

unstrained length vector . AL, . should be set to zero. In each

iterative step, Eq. (7) is used to calculate the unbalanced force.
Eq. (8) is adopted to calculate the incremental displacement.

The tangent stiffness matrix K¢ is updated in each iteration
step according to the displacement of OCL.

B. Pseudo-Excitation Method

The PEM simplifies the classical stochastic vibration problem
to the solution of structural random response with a series of
harmonic loads [38]. This sub-section describes the application
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of PEM to the wind deflection evaluation of OCL with
stochastic wind loads.

Normally the frequency of OCL buffeting cannot be very
high. Thus, only the first several modes contribute significantly
to the buffeting response. Based on this idea, the mode analysis
is performed to Eqg. (9) to obtain the first ¢ mode shapes and
natural frequencies. Therefore the mode function matrix

®=[¢.4,-4,| and the natural frequency matrix
Q* =diag| o, ], @ | are obtained.

KS® = M DQ? (23)
in which, ¢, and o, are the j™ mode and natural frequency of
the OCL, respectively. Eq. (9) can be rewritten as

[_a)2|\7|$ +iwCS + K$:|L~Jc (0)=Ff (@) (24)
in which,

MS¢ =@'MS®, CS=0'Clo

K¢ =0'Kéd, U, (w)=®"U0,(w) (25)

FS (0)=@'Ff (o)
InEq. (24), MS, CS and K are all diagonal matrices. So the

equation can be decomposed into g independent equations and
solved separately.

The aerodynamic excitation on the right hand of Eq. (10) can
be generated by

Fr (o) =Rp(o) (26)
inwhich p(®) is the random excitation vector in the frequency

domain. R is the matrix describing the distribution of
excitation. For the buffeting problem, the spectral excitation

matrix S (@) of p(@) can be derived by
sFF ((0) = QSu,v‘w (a))QT (27)
where Q is the transformation matrix from fluctuating wind
velocities to aerodynamic forces, which can be generated
according to the derivation in Section Ill. To facilitate the
generation of the pseudo-excitation vector in PEM, the
Cholesky decomposition is applied to S.-(w) and yields
Se(w)=Ld L (28)
where L is a lower triangular matrix with unity as its diagonal
elements. d is a diagonal matrix with d; as its rth diagonal
element. Physically, ,/d, L, can be taken as the harmonic

generalised pseudo-excitation for Eq. (10), in which L, is the
rth column of L . Looking at the jth mode, the equation of

motion can be written as
. _ #TRJd L e
Ty + 20,800, | + o)1, | :# (29)
j

inwhich &; isthe damping ratio of OCL. m; is the jth diagonal

element in the matrix M? . 1,.; isthe rth harmonic generalised

pseudo-displacement response excited by the rth harmonic
generalised pseudo-wind excitation. According to the principle
of PEM, the steady-state response can be calculated by

¢ H, ()¢ R, L e
U, =, =— 1 (@)¢) (30)
m.
]
in which,
1

H (0)=
! (@) a)J2 -’ +2i&0,0

(31)

The spectral matrix S}, of OCL response at jth mode can be
expressed by

NY
Sl]Ju =Zlur,ju-rr,j (32)

inwhich N, isthe column number of the matrix L . In this way,
the variance of the OCL response can be estimated by the
summation of S/, of each mode.

V. ANALYSIS OF RESULTING WIND DEFLECTION

In this section, a ten-span OCL constructed using the
parameters of the reference model in the benchmark [31] is
taken as the analysis objective. The contact line aerodynamic
coefficients C, and C, are obtained through the wind tunnel

experiment in [39]. The cross-sections of messenger line and
droppers are assumed as a circular section, of which the drag
coefficient is close to 1 and the lift can be neglected. The steady
wind speeds are chosen as 10 m/s, 20 m/s, 30 m/s and 40 m/s in
the following analysis. The wind speed of 40 m/s is a bit higher
than the normal maximum wind speed according to [40].

A. Static wind deflection analysis

Considering an extreme condition, when the wind speed is 40
m/s, the resulting configuration of the OCL is presented in
Fig .6 (a). It is seen that the strong wind causes a significant
deflection of the OCL relative to its original configuration. The

(a) Nonlinear solution
Linear solution
Original configuration

. . I I )
0 100 200 300 400 500 600
X [m]

’/,,,\\\// fa\ »//,/ \ Va \/ N\

0- 100 2(;0 3(;0 4(;0 5[;0 6[‘}0

X [m]
Fig. 6. Configuration of OCL with 40 m/s wind speed: (a) golabl view; (b) side
view of contact line; (c) top view of contact line
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Fig. 7. Two types of cantilever: (a) Push-off cantilever; (b) pull-off cantilever
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Fig. 8. Static contact line deflection at different wind speed: (a) side view;

(b) top view

side view of the contact line is presented in Fig. 6 (b). Due to
the existence of stagger, the steady arm shows opposite
deflections in adjacent two spans. The maximum uplift occurs
at around the steady arm point, which reaches about 28 mm.
The contact line has a positive peak at around odd steady arms
but has a negative peak at around even steady arms. This
phenomenon can be explained by the structures of two types of
cantilever as shown in Fig. 7. For the analysis object, the OCL
has a push-off cantilever at the odd supports while it has a pull-
off cantilever at the even supports. When the push-off
cantilever is subjected to a crosswind, an uplift of the contact
line at the end of the steady arm can be caused. For the pull-off
cantilever, as shown in Fig. 7 (b), a decline of the contact line
at the end of the steady arm can be caused. It is also seen that
the linear solution results in significant errors when evaluating
the vertical uplift. The errors can be ascribed to the non-smooth
nonlinearity of droppers, which plays an important role in
affecting the vertical behaviour of OCL. In contrast, the linear
and nonlinear solutions present a small difference in evaluating
the lateral deflection, as shown in Fig. 6 (c). The nonlinearity
of the lateral OCL vibration is only caused by the geometrical
nonlinearity of the messenger and contact lines, which is
insignificant compared with the non-smooth nonlinearity of
droppers. The nonlinear solutions for the static contact line
deflections at different speeds are presented in Fig. 8. In Fig. 8
(@), it is seen that the increase of steady wind causes a
significant increase of the uplift at the support, but does not
largely affect the displacement in the middle span. The contact
line at the support has lower elasticity than the middle span,
which is more sensitive to the wind load. When the wind speed
is over 30 m/s, the maximum lateral deflection is outside of the
stagger (#0.2 m). Normally the lateral safe working range is =
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Fig. 11. Standard deviations of contact line displacement with different wind
speeds: (a) Lateral vibration; (b) Vertical vibration

0.6 m for the widely-used pantograph in the world [3]. The
lateral static wind deflection of the contact line is still within
the safety range even at 40 m/s steady wind speed.

B. Buffeting analysis

The previous research on OCL damping [41] indicates that the
OCL is a lightly damped system and its damping ratio is
normally within 0.0005-0.002. The damping ratio is setas 0.001
in this analysis to investigate the buffeting behaviour.
According to Eq. (23), the response of OCL buffeting can be
seen as the summation of the contribution of first ¢ modes. The
mode number g must be determined firstly. When the wind
speed is 40 m/s, the PSDs of the contact line displacement along
the longitudinal direction are presented in Fig. 9. The first 20
modes have the dominant contribution to the buffeting of OCL.
Normally the OCL is fixed at the endpoints. The boundary
conditions of the end spans are different from that of the central
spans. That is why the shapes in end spans are a bit different
from the central spans, especially at 20" mode. The first 60
orders of OCL natural frequency are presented in Fig. 10. It is
seen that the first group contains the first 20 natural frequencies
of the OCL. In combination with the analysis of Fig. 8, the OCL
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buffeting is dominated by the first group of modes and the
contribution of higher modes can be neglected. To be cautious,
the first and second groups (namely first 30 modes) are selected
to calculate the OCL buffeting response in this analysis.

As the OCL is a periodical structure, only the two central
spans are selected as the analysis object. The standard
deviations of contact line displacement at different wind speeds
are presented in Fig. 11. It is seen that the increase of wind
speed causes a sharp increase in the fluctuation of contact line
vibration. Particularly, when the wind speed is 40 m/s, the
standard deviation of lateral contact line displacement at mid-
span point reaches 0.45 m, which is 38.3 times larger than the
value at 10 m/s wind speed. The results highly suggest that the
lateral displacement of the contact line should be assessed in the
design stage to guarantee that the contact line is always within
the safe range of the pantograph head. Taking the effect of both
steady and fluctuating winds, the lateral wind deflections with
a confidence interval of 95% at different wind speeds are
presented in Fig. 12. Considering a typical pantograph with 1.2
m working length [3], the risk of dewirement at each wind speed

can be evaluated. When only the steady wind is considered, the
contact line is always within the working range of the
pantograph. However, when the fluctuating wind is also
included, the contact line is outside the pantograph working
range at 40 m/s wind speed. The maximum deflection occurs at
around the mid-span point, which may lead to a risk of
dewirement and damage the pantograph. This analysis suggests
that the allowed maximum wind speed for the given
pantograph-OCL system should be lower than 30 m/s.
Otherwise, an optimisation is needed to improve the wind-
resistance capability of OCL. However, it should be noted that
the pantograph position can be moved by the wind load in real
life. The analysis of Fig. 12 only provides conservative results.
In the next section, the effect of some key parameters on the
buffeting is discussed to facilitate the optimisation of OCL
subjected to strong wind loads.

VI. EFFECT OF KEY PARAMETERS ON BUFFETING

Understanding the effect of key parameters on OCL buffeting
is essential for the design and optimisation of OCL in strong
wind field. In this section, the sensitivities of the damping ratio,
the tension and the stagger to the buffeting is analysed.

A. Effect of damping ratio

The field test results show that the damping ratio of OCL
associated with the first group of natural frequency is around
0.001-0.0015 [41]. The current standard specifies that the
damping ratio of OCL can be chosen from the range of 0.0005-
0.002 [42]. In this analysis, the damping ratio range is defined
as 0.001-0.003. Considering a 40 m/s wind speed, the standard
deviation of contact line displacement versus the damping ratio
is presented in Fig. 13. It is seen that the increase of damping
ratio can effectively reduce the fluctuation of contact line
buffeting. For both of the vertical and lateral vibrations, the
maximum standard deviation of contact line displacement
decreases by 66.67% when the damping ratio increases from
0.001 to 0.003. Considering a 95% confidence interval, the
OCL contact line is within the working range of the pantograph
head when the damping ratio is over 0.002. It is suggested that
some damping components should be added to suppress the
OCL wind deflection in strong wind field.

B. Effect of tension

The tension class directly determines the design speed a OCL.
In this sub-section, the tensions on both messenger and contact
lines are changed to 0.9, 0.95, 1.05 and 1.1 times of the original
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tension to evaluate the OCL wind deflection with different
tension classes. The standard deviation of the contact line
displacement versus the tension is presented in Fig. 14. It is seen
that the increase of the tension has some positive effect on the
reduction of the buffeting. The maximum standard deviation of
contact line displacement decreases by 33.22% when the
tension increases from 0.9 to 1.1 times of the original value.

C. Effect of stagger

The stagger of OCL is set to reduce the wear on the pantograph
strip. In this sub-section, the OCL stagger is set from 0.1 to 0.4
to calculate the OCL wind deflection. The standard deviation of
the contact line displacement versus the stagger is presented in
Fig. 15. It is seen that the increase of stagger can reduce the
vertical vibration fluctuation caused by the stochastic wind, but
has no significant effect on the lateral vibration. This finding is
consistent with the time-domain analysis reported in [26]. For a
good current collection quality, a larger stagger is desired to
reduce the negative effect of the stochastic wind on the contact
force. But a large stagger has no contribution to the lateral
vibration, in contrast, it may increase the risk of dewirement.

VII. CONCLUSIONS

This paper presents a response spectrum analysis of OCL wind
deflection caused by both of the steady and fluctuating winds.
The main conclusions can be summarised as follows:

1) The dropper slackness has a significant effect on the OCL
vertical deflection caused by a steady wind. A nonlinear
procedure is desired to calculate the vertical wind deflection of
OCL.

2) The OCL buffeting is dominated by the first group of OCL
modes while the contribution of higher modes can be neglected.

3) The contact line is always within the safe working range
of the pantograph head when only the steady wind load is
considered. However, the stochastic wind load causes non-
negligible fluctuation of OCL. The contact line may be outside
of the pantograph working range in a strong stochastic wind
field.

4) The OCL buffeting can be effectively suppressed by the
increase of the damping ratio and the OCL tension. The increase
of stagger has a positive effect on vertical vibration but has no
significant contribution to suppressing the lateral vibration.

One shortcoming of the response spectrum analysis method
is that the vertical dropper slackness and the interaction with
pantographs cannot be considered. The Monte Carlo method
will be implemented to evaluate the dispersion and distribution
of contact forces of pantograph-OCL in the future.
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