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A Methodology to Study High-Speed Pantograph-Catenary Interaction

with Realistic Contact Wire Irregularities

In high-speed rail operations, the irregularity of the overhead system is a typical
disturbance that affects the pantograph-catenary interaction performance. The
existing methods, which treat the contact wire irregularities as hard spots,
overestimate the negative effect of the irregularities on the contact force, leading
to conservative results. In this work, a more accurate methodology aiming to
include the effect of contact wire irregularities in the assessment of the pantograph-
catenary dynamic performance is proposed. Measured contact wire irregularity
data, collected from the Chinese high-speed network, is added to the initial
configuration of the catenary model, through a developed Target Configuration
Under Dead-loads (TCUD) method. This approach is used here to investigate the
effect of the contact wire irregularities on the contact forces. The results indicate
that the catenary imperfections have a direct impact on the pantograph-catenary
interaction, leading to an increment of the contact forces amplitude, an increase of
their standard deviation and an expansion of the contact forces range. A frequency
analysis of the results shows that the contact wire irregularity increases the Power
Spectral Density (PSD) peaks of the contact force at specific frequencies relevant
to the span length and to the dropper spacing.

Keywords: High-Speed Railway; Pantograph-Catenary Interaction; Catenary
Irregularities; Shape-Finding; Quality of Current Collection.

1. Introduction

In electrified railway systems, the overhead contact line (also called catenary) is
constructed along the track, being responsible for transmitting the electric current to the
trains via the pantographs installed on the vehicles roof [1]. As illustrated in Figure 1, the
electrical current is continuously transmitted from the overhead system to the locomotive
through the sliding contact between the catenary and the pantograph. The quality of the
current collection is directly determined by the pantograph-catenary interaction
performance.
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Figure 1. Schematic of a pantograph-catenary system



1.1. Problem description

Generally, the catenary is the most vulnerable part of the railway system as it suffers
multiple impacts form the pantographs and is often subjected to unfriendly environmental
conditions. These circumstances, together with long-term service, mounting imprecisions
and inadequate maintenance, result in the geometric distortion of the catenary with
respect to its original design geometry, as shown in Figure 2. As the train speed increases,
the influence of the catenary irregularities is gradually noticeable with implications on
railway operations. In particular, the vertical irregularities of the contact wire have a
direct impact on the dynamic performance of the pantograph collector, which have a
significant effect on the quality of current collection.

Distorted catenary Original catenary

Contact wire irregularities

Figure 2. Geometric distortion of a railway catenary

1.2. Literature review

Recently, the pantograph-catenary interaction has devoted increasing interest from the
scientific community. It is a crucial issue towards enabling faster and more reliable
operation of trains, contributing to minimize the number of incidents that cause traffic
disruptions and to reduce the maintenance costs of the rolling stock and infrastructure [2].
The catenary is comprised of several tensioned cables, which experience significant pre-
stress. In order to describe the initial configuration of catenary, Arias et al. [3] present a
mathematical model of the static pantograph-catenary interaction using linear finite
element methods. To deal with the intrinsic nonlinearity, Lopez-Garcia et al. [4] utilize
the Newton-Raphson method to find the static solution of the analytical catenary
equation. Tur et al. [5] propose a shape-finding method for the initial configuration of
catenary based on the Absolute Nodal Coordinate Formulation (ANCF). Using ANCEF,
Seo. et al. [6] perform a three-large deformation analysis of the multibody pantograph-
catenary system. Xu et al. [7] build a finite element model of catenary interacting with
double pantographs. Antunes et al. present an alternative method for catenary
initialisation based on optimisation methods [8—11]. Song et al. [12—14] introduce a
TCUD method to calculate the target configuration of catenary with realistic constraints
based on the explicit formulas of cable and truss elements. To reproduce the realistic
behaviour of the pantograph, Facchinetti et al. [15] developed a hardware-in-the-loop
hybrid simulation based on a real-time catenary model. In these works, the design data is
generally utilized to create the catenary model, but the existence of differences between
the design and the actual geometry of catenary is acknowledged by Navik and Rouquist
[16]. The realistic contact wire commonly exhibits a significant irregularity along the
track length. However, besides local defects considered by Antunes et al. [11], Song et



al. [17] and Vesali et al. [18], this variability has not been considered in the initialisation
of the catenary.

The pantograph-catenary system performance is affected by complex service
conditions resultant from the high-speed airflow, wind loads, temperature variations,
pantograph impact forces and from catenary defects and anomalies [19,20]. The
aerodynamic forces are applied to the pantograph models, and their effects on the contact
force are evaluated by Carnevale et al. [21] and Pombo et al. [22]. The behaviour of the
catenary under stochastic wind field is analysed by Song et al. [23-25], and the
aerodynamic instability of the catenary is investigated by Avila-Sanchez et al. [26]. Based
on historical data, the evolution of the contact wire wear is analysed and its effect on the
pantograph-catenary contact force is studied by Wang et al. [27]. The effect of train
excitations on the pantograph-catenary interaction performance is evaluated by Carnicero
et al. [28], Kulkarni et al. [29] and Pombo et al. [30]. The effects of the track irregularities
and wind loads are both addressed by Pombo et al. [31] and the multiple pantographs
interaction with a high-speed catenary is analysed by the same authors [32-34]. A fully
three-dimensional interaction methodology is also developed based on the finite element
method, for the catenary [35], and multibody dynamics methods, for the pantograph [36—
38], integrated via an efficient co-simulation procedure [39—41]. These studies can be
conducted in tangential or curved tracks [42]. Other authors devote their attention to the
wear of contact wire on the catenary and on the collector strips on the pantograph [43,44].

The study on the effect of the contact wire irregularity is firstly reported by Zhang
et al. [45]. Hyeon et al. [46] acknowledge the important implications of the contact wire
pre-sag on the dynamic performance of the pantograph-catenary system. Vo Van et al.
[47] propose an analytical model to evaluate the contribution of the catenary geometry to
the contact forces variation. In early studies, the irregularities in the contact wire are
usually represented by an ideal sinusoidal function [48,49]. With the development of
sensing systems and detection techniques, realistic field data are collected to study the
impact of the contact wire irregularities on the pantograph-catenary dynamics [50,51].

1.3. Scope and Contribution

In the above-mentioned works that address contact wire irregularities, these imperfections
are treated as additional rigid displacements to calculate the contact force. Such approach
requires improvements in order to add the variation of the contact wire height directly
into the initial configuration of the catenary. Further investigations are, therefore,
necessary in order to assess the effect of contact wire irregularities on the pantograph-
catenary interaction forces.

The main aim of this work is to propose a novel methodology to construct catenary
models with realistic/meadured irregularities and to assess their effect on the pantograph-
catenary dynamic performance. The measurement data of contact wire height and the
corresponding irregularities are collected from the Chinese high-speed network and its
frequency characteristics are analysed. A shape-finding procedure is also implemented
here to find the initial configuration of the catenary with irregularities. Then, in order to
understand the effect of catenary imperfections on the contact forces, several case studies,
at different speeds, are analysed and comparisons with previous methods are performed
in order to demonstrate the benefits of the methodology proposed here.



1.4. Organisation of the Paper

In Section 2, the measurement scheme of contact wire irregularities is detailed and its
frequency characteristics is analysed. In Section 3, the finite element model of catenary
is described, and the shape-finding method with contact wire height variation is
illustrated. In Section 4, the effect of contact wire irregularities on pantograph-catenary
interaction is evaluated at different speeds, and the comparison with the previous method
is performed. The conclusion is drawn in Section 5.

2. Description of Measurement Data

The contact wire irregularity data used in this work are collected from the Chinese high-
speed network through a contactless detection technique. Figure 3 shows the schematic
of a noncontact inspection vehicle running regularly to monitor the static parameters of
the catenary. The contact wire height can be obtained through the time of the laser
transmitting from the emitter to the camera, corrected with the vibration compensation of
the inspection vehicle. The obtained vertical contact wire height on the track is presented
in Figure 4. By removing the nominal height of the contact wire, the contact wire
irregularities in one catenary section is presented in Figure 5, and its PSD analysis is
presented in Figure 6. The PSD peaks appear at the frequencies relevant to the span
length, half-span length and the dropper spacing. The contact wire irregularities
contribute to the perturbations of the contact force with these dominant frequencies. The
spatial frequency components of irregularities higher than the dropper spacing are
seemingly relevant to the wear on the contact wire surface. However, these exceed the
accuracy range of the measurement equipment, according to its specifications. Taking
also into account that the sag of the contact wire between two droppers is purely caused
by the gravity, in this work, these irregularly data at higher frequencies is eliminated
through filtering before the data is employed to construct the catenary model.
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Figure 3. Schematic of a contactless inspection vehicle.
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Figure 4. Measured contact wire height data
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Figure 6. PSD of contact wire irregularities




3. Catenary Model with Contact Wire Irregularities

The catenary modelling techniques have been developed in the past decade, which are
summarized in [52]. Due to the intrinsic nonlinearity, the finite element method is the
most preferred approach to model the catenary, which is used to represent the catenary
model in this work. Flexible cable and truss elements are used to model its structural
components. The TCUD method is employed to find the initial configuration of the
catenary, including when geometric irregularities are considered in the model. This
method has been verified against EN 50318 [53], the world benchmark [52], as well as
measurement data [12,54].

3.1. Cable and Truss Elements

The catenary is generally comprised of four types of components: the contact wire, the
messenger wire, the dropper and the steady arm, as depicted in Figure 7. The contact wire
is responsible for carrying the electrical current to be collected by the pantograph. The
messenger wire and droppers support the contact wire, keeping it at its correct height
which may include a specific pre-sag. To adequately describe the nonlinearities of the
catenary, including the dropper slacking and the geometrical nonlinearity of the
contact/messenger wires, the flexible cable element is adopted to model the
contact/messenger wire, and the truss element is used to model the dropper and steady
arm. The claws on clamps placed in the droppers and steady arms are modelled as lumped

masses. In the following, the cable and truss elements used in the catenary model are
described.

Truss element

Figure 7. Catenary model with cable and truss elements



3.1.1. Flexible Cable Element

Consider a cable element with two nodes, as presented in Figure 7. The relative distances
between the two nodes can be expressed by the nodal forces as [55]:
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in which, / , [ , and /, are the relative distances along the local x, y and z axes,

y b
respectively, w is the self-weight and /, is the undeformed length, £ is the Young’s
modulus, 4 is the cross-sectional area, and f, ~ f; and f, ~ f, are the nodal forces at
node I and J. The force equilibrium of the cable element can be expressed by:
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Newton-Raphson method. Substituting Eq. (2) into Eq. (1), partial differentiation of both
sides of Eq. (1) yields the following incremental relationships between the relative nodal

distances and nodal forces.

and /, are given, f, ~ f, can be obtained by solving Eq. (1-2) through the
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Taking the inverse of the flexibility matrix in Eq. (3), yields the incremental equation of
the cable element.



AF. =K AU, +K, Al @)

in which, AF. is the incremental nodal force vector, K. is the stiffness matrix related

to the nodal displacements, AU.. is the incremental displacement vector and K, is the

3 by 1 stiffness matrix related to the undeformed length of the cable.
The tension is applied on the endpoint of the messenger/contact wire. Considering

a cable element with a constant tension 7, an additional constraint condition is given as:

L=\NA+f+ )

3.1.2. Truss Element

The equilibrium equation of the truss element, represented in Figure 7, is written as [56]:
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in which f, ~ f, are the nodal forces atnode I, / , /,,

and [/, are the relative distances
between two nodes along the local x,, y, and z, axes, /,, is the undeformed length, E,
is the Young’s modulus and A4, is the cross-sectional area. Considering a nonlinear
dropper behaviour, E 4, changes to zero when the dropper works in compression. The

stiffness matrix of the truss element can be obtained through differentiating both sides of
Eq. (6) as follows.

AF, =K, AU, +K, Al (7)

where AF; is the incremental nodal force vector, K is the stiffness matrix related to the

nodal displacements, AU, is the incremental displacement vector and K, is the
stiffness matrix related to the undeformed length of the truss.



It should be noted that the terms related to A/, and A/, in Egs. (4) and (7) are

used in the TCUD method to calculate the initial shape of the catenary. To solve the
catenary equations of motion, built from the assemblage of all the cable and truss
elements evaluated in each time step, the Newmark integration method is used. To
account for the dropper slacking and the geometrical nonlinearity of the
messenger/contact wire, the assembled equations are re-evaluated in each time step within
a Newton-Raphson iteration procedure that assures the solution convergence. To couple
the pantograph and catenary, the penalty function method is adopted to calculate the
contact force using the penetration of the contact surfaces. To reduce the CPU time in the
simulations, a moving mesh approach is implemented in each time step to re-mesh the
contact wire according to the position of the contact point [57].

3.2. TCUD Method

The principle of the TCUD method proposed by Kim and Lee [58] is to set the
undeformed length as unknown parameters, as seen in Egs. (4) and (7), and formulate the
stiffness matrix with nodal forces and undeformed length for each element. In this
manner, more constraint conditions are required to eliminate the undesirable
deformations of the catenary. Assembling Eqgs. (4) and (7), the global incremental
equilibrium equation for the catenary is obtained as:

AU
AF =K AU+K, AL =[Kg KL]LJ (8)

where AF is the unbalanced force vector, K, and K, are the global stiffness matrices

related to the incremental nodal displacement vector AL and the incremental
undeformed length vector AU, respectively. Assume that the total number of degrees of

freedom is n, and that the number of elements is m. So, [K; K] is a nx(m+n)
matrix. Since the total number of unknowns (m+n) in Eq. (8) exceeds the total number

of equations 7, Eq. (8) has infinite solutions. Hence, additional constraint conditions are
required to control the solution of Eq. (8). They are set according to the design
specification and the static measurement data. In this article, the following additional
constraint conditions are defined:

e The vertical position of dropper point in the contact wire is restricted according
to the reserved pre-sag and the contact wire irregularities;

e The longitudinal direction of each node is restricted to suppress the longitudinal
movement;

e The Eq. (5) is applied to the endpoints of messenger and contact wires to impose
traction in the two wires.

These constraint conditions supply the additional m equations that reduce the
numbers of unknowns in Eq. (8). The equality between the numbers of equations and
unknowns ensures a unique solution for the target configuration of the catenary. Finally,
the nodal coordinates and undeformed lengths can be determined by solving Eq. (8)
iteratively.



3.3. Shape-Finding of Catenary with Contact Wire Irregularities

In order to build the catenary model with measured irregularities, such as the one
presented in Figure 2, a three-step procedure is used where the TCUD is of fundamental
importance to initialise the catenary model. The parameters of the catenary are detailed
in Table 1, according to its design specification. The three steps to calculate the exact
configuration are described as follows.

Table 1. General properties of catenary

Catenary Type Simple

Contact Wire / Tension RiM 120 / 27kN
Messenger Wire / Tension Bz 11 120/ 21kN
Stitch Wire / Tension / Length None

Dropper Bz 11 10
Dropper Spacing at Support / Field 2m - 5m / max. 10m
Span Length 42m - 55m
Encumbrance 1.6m

Stagger +0.3m

Contact Wire Height 5.3m

Steady Arm Length / Mass 1.2m/ 0.85kg

In Step 1, the measured irregularly data is pre-processed such that a filter is
applied within the spatial frequency range from 0 to 0.13m™. This is to eliminate
measurement errors, as presented in Figure 8 in comparison with Figure 5.
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Figure 8. Filtered data of contact wire irregularities

The second step consists of determining the dropper and steady arm positions at
the contact wire. Here its corresponding vertical irregularly is extracted from the filtered
data and added to its nominal position. Figure 9 presents the vertical irregularities found
at each of these key points.
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Figure 9. Extracted dropper and steady arm points

Step 3 concerns the catenary shape-finding procedure where the established key
point positions are taken as the constraint conditions to compute the catenary
configuration by TCUD method described in Section 3.2.

The resulting contact wire height is shown in Figure 10 (a). In comparison with
Figure 8, it can be noticed that a good consistency with the measurement data is achieved.
The difference between the nominal contact wire height along the track and the actual
height when considering irregularities can also be observed. Figure 10 (b) presents the
full geometry of the catenary with the superposition of the two effects. This model is used
in the following dynamic simulations, and the analysis range is chosen from 350 m to
1148 m.
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Figure 10. Results of catenary geometry: (a) Contact wire height; (b) Full geometry

4. Effect of contact wire irregularities on pantograph-catenary interaction

The Faiveley CX pantograph is widely used in the Chinese railway network. Its lumped
mass model representation, as presented in Figure 11 and in Table 2, is adopted here to
study the interaction with the catenary. The aerodynamic forces acting on the pantograph
are assumed as two vertical forces applied on both masses. They are evaluated by the
products of the train speed and the acrodynamic coefficients k,, and k,. The interaction

between the pantograph collector and the contact wire is realised using a penalty
formulation.

To understand the effect of contact wire irregularities on the pantograph-catenary
dynamic performance, a set of simulations are run considering catenary models with and
without irregularities. In addition, different train speeds are considered, starting from
300km/h, which is the nominal operational speed of the Chinese high-speed network. The
contact force results are also compared with the previous method, which takes the
irregularities as additional rigid displacement on the contact wire.
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Figure 11. Lumped mass model of the Faiveley CX pantograph



Table 2. Parameters of Faiveley CX pantograph

mi [kg] my [kg] k1 [N/m] k> [N/m] Jup [N]
5 18.98 6000 0.5 70
cm [N s/m] cd [N s/m] kp1 [N s*/m2] ky> [N s*/m?)
5 350 0.006 0.006

4.1. Analysis with Normal Speed

The pantograph-catenary interaction results at 300 km/h are presented in Figure 12. It is
noticeable the increase of the contact force amplitude caused by the presence of contact
wire irregularities. Local peaks also increase significantly when catenary irregularities
are present.

To facilitate the analysis of the range and the distribution characteristics of contact
forces, the boxplots of the contact force are presented in Figure 13 (a). The boxplot is a
standardized way to display the distribution of data based on a summary of five numbers,

which are the minimal value Q_. , the first quartile Q,, the median Q,, the third quartile

in °

0, , and the maximal value Q

max

. Usually the maximal and minimal can be calculated by

the following two equations respectively.

0 .. =0, +1.5xI0R (12a)

Opin =0, —1.5xIOR (12b)

in which, IQR is the range from the 25" to 75™ percentile. Without the contact wire
irregularity, the boxplot of contact forces depicted in Figure 13 (a) is nearly symmetric
with respect to the median value (J,, which means that the contact force approximately

obeys normal distribution. When the contact wire irregularity is presented, the range of
contact forces increases, and the contact force data presents higher dispersion. The normal
distribution of the contact forces is skewed by the contact wire irregularities.

Some statistic parameters, namely statistical maximum and minimum, standard
deviation and mean value, of the contact forces are depicted in Figure 13 (b). It is
observed that the presence of the contact wire irregularities does not change the mean
contact force but increases the standard deviation by 3.74%, which causes the increase of
the statistical maximum and the decrease of the statistical minimum.

Through the spectral estimation of the contact force, the PSD of the contact force
versus spatial frequency is presented in Figure 14. It can be observed that the contact wire
irregularities cause a significant increase of PSD peaks at the spatial frequencies related
to the span length and dropper spacing. These are consistent with the dominant
frequencies of the contact wire irregularity shown in Figure 6.
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4.2. Effect of Contact Wire Irregularities with Speed Upgrade

In order to understand the effect of catenary irregularities at higher speeds, 300 to 380
km/h, a summary of the evaluated contact force standard deviation and mean values are
presented in Figure 15 and Figure 16, respectively. At each speed, the mean contact force
is tuned to follow the formula of the mean contact force dependent on the train speed



defined in EN 50367 [59]. When the catenary irregularities are presented, the standard
deviation always increases. Particularly, at 340km/h the presence of the contact wire
irregularities causes the increase of the contact force standard deviation by 9.64%. The
evaluated contact forces along the track at 320km/h, 340km/h, 360km/h and 380km/h are
presented in Figure 17 (a-d), respectively. In general, the contact force amplitude is
increased by the presence of the contact wire irregularity at each speed, which is
manifested by the increase of local peaks. The boxplots of the evaluated contact forces at
320km/h, 340km/h, 360km/h and 380km/h are presented in Figure 18 (a-d), respectively.
At each speed, when the contact wire irregularities are presented, the range of contact
forces significantly increases and the contact force data presents higher dispersion. In
general, the presence of the catenary irregularities disrupts the symmetry of the boxplot
with respect to the median value and skews the normal distribution of the contact forces.
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Figure 15. Contact force standard deviation at different speeds
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Figure 17. Contact forces at (a) 320 km/h; (b) 340 km/h; (c¢) 360 km/h and (d) 380 km/h
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In order to see the effect of contact wire irregularities on the operational safety of
the catenary, the maximum contact forces are presented in Figure 19. It is observed that
the catenary irregularities cause an increment in the maximum contact force at each speed.
Particularly, at the speeds of 300km/h and 340km/h, the contact wire irregularity causes
the increase of the maximum contact force above 10N. The maximum allowed contact
force for the catenary is 350N. It is noticeable that the maximum contact force is out of
the safety limits at 380km/h, which is very close to the critical speed of the catenary here
considered 378.3km/h, i.e., 70% of the catenary wave propagation speed. It is, therefore,
evident that the contact wire irregularities have a negative effect on the pantograph-
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Figure 18. Boxplots of contact forces at (a) 320 km/h; (b) 340 km/h; (c) 360 km/h and

catenary dynamics, inducing more damage on the components of both systems.

Max contact force [N]

350

300

250

200

1. 85%

T T T T T T T I =

L 2.18% =

- Without irregularities 04%’ Out fe [fy
|:| With irregularities 1.03%

- 3.64% i

o
| 530% 0.28% i
300 310 320 330 340 350 360 370 380 -
Speed [km/h]

Figure 19. Maximum contact forces at different speeds

scope



4.3. Comparison with Previous Method

In previous studies [45,48,49], the contact wire irregularities are normally treated as
additional rigid displacements to calculate the contact force. Using the penalty function

method, the contact force f, can be evaluated by:

Kz -z -z if z 2z +z
ﬁ: S( p C l') p C r (14)

0 if z,<z,+z,

where K is the contact stiffness, z, is the uplift of pantograph head, z, is the contact
wire uplift at the contact point, and z, is the additional rigid displacement caused by the

contact wire irregularity. In the present method, z_ vanishes in the equation as the contact

wire irregularities have been added in the initialisation of the catenary. In order to
understand the difference between the previous method and the present methodology, the
contact force results calculated by the two methods, at different speeds, are compared.
The comparison of the contact force standard deviations and mean values are presented
in Figure 20 and Figure 21, respectively. At each speed, the mean contact force is tuned
to follow the formula of the mean contact force as function on the train speed defined in
EN 50367 [59]. Generally, the contact force standard deviation obtained by the previous
method is higher than the values obtained with the formulation proposed here.
Particularly at 300km/h, the difference in percentage between the two methods reaches
9.07%. Figure 22 presents the contact forces distribution at 300km/h and 350km/h. It is
observed that the interaction forces calculated by the two methods have similar patterns
at each speed, but the previous method causes the bigger amplitude of the contact forces.
The previous method treats the contact wire irregularities as a series of hard spots on the
contact wire, which overestimates the negative effect of contact wire irregularities.
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Figure 20. Comparison of contact force standard deviations calculated by two methods
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5. Conclusions and Future Works

Contact wire irregularities represent a realistic and common disturbance to the stable
operation of the pantograph-catenary system. In this article, a novel methodology is
proposed to build realistic catenary models using measured contact wire irregularities. By
employing the TCUD method, the vertical position of the droppers and steady-arms can
be correctly placed according to measured irregularity data.

The effect of contact wire irregularities on the pantograph-catenary dynamics is
studied in several operation scenarios. The results indicate that the catenary irregularities
are responsible for a higher amplitude of the contact force. Also, an increment in the
contact force standard deviation is observed. The frequency analysis shows that the
contact wire irregularities increase the PSD peaks of contact force at specific frequencies
relevant to the span length and dropper spacing. This effect is equally noticeable at higher
operating speeds.



When comparing with the previous method, which treats the contact wire
irregularities as a series of hard spots, it is found that the former method exaggerates the
negative effect of the contact wire irregularities, presenting more conservative results.

The measured contact wire irregularity levels considered in this work are small,
and its effect is limited. In the future, more severe defects, local and singularities will be
modelled and analysed in order to analyse their influence on train service.
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