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Abstract

In this survey paper, we comprehensively examine the ongoing research concerning
the interaction between pantographs and catenaries, a vital aspect in ensuring
uninterrupted electricity supply to trains. Future perspectives for future studies to
ensure satisfactory performance at 400 km/h and above are preliminarily explored.
Initially, this paper provides an overview of the current design and assessment system.
A systematic survey on the numerical modelling of pantograph-catenary interaction
is conducted. The applicability of current assessment quantities to speeds of 400 km/h
and above is preliminarily investigated with a numerical model. The potential of
optimising parameters for improving interaction performance is also explored at this
speed level. The paper further reviews and preliminarily analyses the effects of
common disturbances, such as geometric deviation on the pantograph-catenary
interaction performance at 400 km/h and above. Overall, this paper offers insights into
the current state of research on pantograph-catenary interaction for high-speed
railways and proposes future directions for improving the system to ensure optimal
performance at speeds of 400 km/h and above.

Keywords: high-speed railway, pantograph-catenary system, 400 km/h and above,
current collection quality, parameter optimisation, numerical modelling.

1 Introduction
Over the past decade, there has been a remarkable expansion of high-speed rail
networks across the world. These networks offer a fast, comfortable, robust and
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environmentally friendly travel option. The modern high-speed railway is defined by
its commercial speed of over 250 km/h, which surpasses the conventional passenger
dedicated lines of 200 km/h. In many high-speed networks today, a commercial speed
of over 300 km/h is common, with maximum speeds in Japan, France, Spain and
Germany reaching 320km/h, 320km/h, 310km/h and 300 km/h, respectively. The
Beijing-Shanghai high-speed railway in China holds the record for the fastest
commercial speed at 350 km/h.

In many countries, the next generation of high-speed railways aiming for even
higher speeds is currently being developed. For instance, the HS2 project in the UK
aims to build a high-speed line with a design speed of 360 km/h [1], while in China,
the Chengdu-Chongging high-speed railway with a design speed of 400 km/h is
currently under construction [2]. The alfa-X Shinkansen in Japan can travel up to 400
km/h and has already begun testing [3], and in Russia, the next generation of a high-
speed train with speeds up to 400 km/h is being developed by Russian Railway and
Sinara [4]. All of these examples demonstrate the importance of accelerating
fundamental studies of high-speed technology, even at the speed class of 400 km/h
and above. Different from the solution of maglev [5], [6], the electric train still replies
on an electric contact to collect current. One of the key technical challenges is to keep
a continuous transmission of power to the high-speed train, which relies heavily on
the interaction performance of the pantograph-catenary [7], [8]. Various studies have
recognised the pantograph-catenary system as the most vulnerable part of the traction
power system [9]. As a result, there has been an ever-increasing focus on the service
performance of the pantograph-catenary system from both the industrial and academic
communities [10].

The public transport industry is forging ahead to meet all the emerging
challenges of developing the economy and society. The speed of 400 km/h is the target
of the next generation of high-speed rail being developed in many countries. However,
operating at 400km/h poses unprecedented challenges to pantograph-catenary
interaction stability and service safety. The sliding speed of the pantograph is close to
the limit of catenary wave speed, and the pantograph-catenary coupling vibration
becomes extremely intense. The contact between them tends to be rigid, and the
tolerance for irregularities in contact surfaces is stricter. All these changes lead to a
more complicated dynamic behaviour of the pantograph-catenary and more stringent
design and assessment standards. Currently, there is no construction or operation
experience or technical standards for high-speed railways at the speed of 400 km/h
and above. Thus, it is necessary to carry out research on the interaction performance
of pantograph-catenary at 400 km/h and above and update the technical standards for
pantograph-catenary system design, equipment manufacturing, and operation &
maintenance at this speed level.

Motivated by the goal of developing the next generation of high-speed rail, it
tends to be essential to comprehensively review the advanced and updated research
outputs in the field of pantograph-catenary interaction. In combination with mature
techniques at a speed of lower than 350 km/h, the preliminary investigation is also
performed in this paper to identify perspectives on the research of pantograph-
catenary at 400 km/h and above. The schematics of this review paper are shown in
Figure 2. The main contribution of this work can be summarised as follows.
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® The first emphasis of this paper is on a systematic survey of the numerical
modelling technique used for the pantograph-catenary system and preliminarily
investigates the application of assessment quantities to the speed of 400 km/h and
above.

® The second aim is to review the current design and assessment standard
framework. It is fundamental to understand the quantitative representation of the
current collection quality and operation safety of the pantograph-catenary system.

® The third attention is, by preliminarily mining the potential of parameters’
optimisation in improving the interaction performance to identify the challenges
in designing the pantograph-catenary system at 400 km/h.

® The fourth attempt is motivated by practical applications to summarise and
preliminarily investigate the effect of common disturbances (such as the
geometric deviation and aerodynamics) on the pantograph-catenary interaction
performance at 400 km/h and above.

2 Numerical Modelling at 400 km/h

In this subsection, we present a classic numerical model based on ANCF, which has
already been demonstrated to have an acceptable numerical accuracy in describing
structural nonlinearity [11]. The model of catenary with ANCF is described here.
Figure 1 shows an ANCF beam element representing the contact, messenger, and
stitch wires. A similar cable element without bending degrees of freedom is used to
model the dropper and steady arm. Claws and clamps in the connection points are
assumed as lumped masses attached to the wire. Considering an ANCF beam element
with two nodes, | and J, the nodal degree of freedom (DOF) vector that contains the
displacements and the gradients is defined as

Pantograph

Figure 1. Catenary model based on ANCF beam and cable elements. Red lines denote the ANCF beam element, and blue lines
denote the ANCF cable element
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where y is the local coordinate along the beam ranging from 0 to the undeformed
element length lo. The global position vector r can be expressed by

r=Se 2
where S is a classical shape function matrix used in the finite element method [11].
The strain energy is calculated by the summation of the contributions of axial and
bending deformations, which is expressed as

U :%J'OLO(EAg|2+EIK2)d;( (3)

where E is the Elastic modulus, A is the cross-sectional area, | is the moment of
inertia. The axial strain ¢ and the curvature x can be expressed by [12]
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The generalised elastic forces Q can be deflned as
Q= E)U =K.e (6)
oe

Thus, the matrix K, relevant to the absolute coordinate can be obtained. But we prefer

to use the tangent stiffness matrix that can iteratively calculate the incremental nodal
DOF vector Ae and the incremental unstrained length Al, in both the shape-finding

and dynamic simulation procedures. The tangent stiffness matrices K, and K, can
be obtained by the derivative of Eq. (6) with respect to e and lp as

aQ
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Eqg. (7) can be used to calculate the incremental DOF vector and unstrained length.
After obtaining the initial configuration, the equation of motion for the catenary
system can be obtained by introducing a consistent mass matrix m¢ and Raleigh

damping matrix cg.

AF =

M Ug (t)+ CSUg (1) +K¢ () Ug (1) = R (1) (8)
where K¢ is the stiffness matrix of the catenary system, respectively. The damping
coefficients identified from a realistic China high-speed railway catenary [13] are
adopted here to generate the damping matrix cg. The vector U (t) is the global DOF

vector, and FZ(t) on the right hand is the external force vector. In the dynamic

simulation of pantograph-catenary interaction, the iteration is performed in each time
step. The displacements of the pantograph and the catenary are calculated by exerting
the contact force on both the catenary model and pantograph model, respectively.
Through the penetration assumption as reported in [14], the contact force is updated
according to the uplifts of the contact wire and the pantograph head. In the first time
step, the pantograph is lifted to contact with the contact wire, and calculate the static
contact force and the initial displacement. A Newmark integration scheme is adopted
to solve Eq. (8). The stiffness matrix K°(t) is updated according to the catenary



deformation in each time step to fully describe the nonlinearity of messenger/contact
wires and the slackness of droppers.

In order to validate the numerical accuracy of the present model at 400 km/h or
above, the measurement data from field tests conducted by China Railway Group on
the Fuzhou-Xiamen high-speed line in June 2023 (as shown in Figure 2) is obtained.
The pantograph used in this test is a special one newly manufactured by CRRC (China
Railway Rolling Stock Corporation) special for the CRH 450 high-speed train. Taking
the design data and the static measurement data of two tensile sections of the catenary,
the numerical simulation is performed at the same speed as the field test. Taking the
design data of two tensile sections of the catenary, the numerical simulation is
performed at the same speed as the field test. The comparison of contact force
statistics between the simulation and field test is presented in Table 1. Note that the
contact forces are all filtered within the frequency range of interest, 0-20 Hz. It can be
seen that all simulation contact force statistics show a significant agreement with the
measurement data. Particularly, the maximum error of the contact force standard
deviation at 400.7 km/h is only 5.42%.

() G
Figure 2. CRH 450 field test: (a) test field; (b) maximum test speed; (c) Inspection train

Table 1. Comparison of contact force statistics between simulation and field test

Maximum [N] Minimum [N] Mean [N] Standard deviation [N]
Meas. Sim. Meas. Sim. Meas. Sim.
Speed [km/h
peed [km/h] Meas. Sim. Error (%)
351.3 271 266.93 114 77.082 185.5 185.30 28.1 27.27 -2.95
400.7 353 354.94 134 128.03 219.2 221.23 323 34.05 5.42
413.6 356 336.10 136 139.82 232.6 233.27 33.1 32.64 -1.38

In terms of the contact force statistics filtered within 0-20 Hz, the current
numerical technique can generally satisfy the numerical accuracy at the speed of 400
km/h and above. However, with the increase of speed, the high-frequency behaviours
are more critical to reflect the current collection quality and operational safety. The
contact model between the pantograph and contact wire used in previous research is
oversimplified to reflect the high-frequency behaviours. Particularly, an advanced
contact model integrated with the friction between two contact surfaces can describe
some abnormal behaviours that may happen at super high speed. As reported in [15],
the friction-induced, self-excited vibration of a pantograph-catenary may be triggered
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at a given speed and cause the instability of the pantograph. The lumped pantograph
model used in previous studies is too simple to describe high-order modes of the
pantograph, which are related to the contact loss and arcing happening at high
frequencies [16]. A fully finite element model is preferred to exhibit the geometry and
flexibility of key components of the pantograph, as illustrated in Figure 7. However,
a detailed model arouses the issue of tremendous computational cost, which relies on
the upgrade of the numerical integration scheme. One of the potential solutions is the
combination of multibody and finite element integration methods, as reported in [17].
The semi-implicit coupling technique is presented in this work to reduce the
computational effort by using Jacobian information only with respect to the coupling
variables, which can achieve a very time-efficient integration for the complex
dynamics system. Other solutions rely on the development of neural network-based
integration algorithms, as reported in [18], which train a surrogate model to calculate
the results at a given time instant using the information from previous time steps.

3 Design and Assessment System of Pantograph-Catenary

In this section, the interaction performance at the speed of 400 km/h is preliminarily
analysed with the abovementioned pantograph-catenary model. As specified in En
50367 [19], the frequency of interest of 0-20 Hz is adopted in the analysis. Figure 3
presents the contact force statistics, including the standard deviation and maximum
and minimum values at the speeds of 320 km/h, 360 km/h and 400 km/h. A sharp
increase in all the contact force statistics can be observed when the speed increases
from 360 km/h to 400 km/h. Particularly, the contact force standard deviation
increases by 34.86%, which indicates a significant deterioration of the current
collection quality. It is normally assumed that the contact force follows the Gaussian
distribution [20], and the three-sigma rule that corresponds to a 95% confidence level
is widely used to evaluate the fluctuation margin of the contact force. Figure 4 presents
the contact force margin with a 95% confidence level at the speeds of 320 km/h, 360
km/h and 400 km/h. The current standard requires the maximum contact force to be
lower than 350 N, and the minimum contact force should be positive to avoid potential
contact loss. It is observed from Figure 4 that even though the speed reaches up to 400
km/h, the contact force margin is still within the acceptance range, which indicates
the feasibility of the speed upgrades in existing high-speed lines for trains with a single
pantograph. The spectrum of the contact force at three speeds is presented in Figure
5. It is seen that the previous frequency of interest covers almost all the primary
frequency components at the speed of 320 km/h. However, some frequency
components are outside of 0-20Hz when the speed reaches 360 km/h and 400 km/h.
The previous frequency range of interest is desired to be improved to reflect the
necessary dynamic behaviours at a higher speed. But this improvement should also
take the limitation and economy of measurement accuracy into account. Here, to fulfil
the subsequent analysis, we update the frequency range of interest to 0-25 Hz to cover
the significant frequency components at 360 km/h and 400 km/h. It should be noted
that the frequency range of interest for 400 km/h should be further analysed with more
strict research in the future. The suggested frequency range, 0-25 Hz, is only to
facilitate the preliminary analysis in this review paper.

6



N
(=3
(=}

300 B

—%—— Maximum contact force
200 —&— Minimum contact force 1
—O©— Standard deviation

L R —
100 — N
¢

© O
320 360 400
Speed [km/h]

Figure 3. Contact force statistics at 320 km/h, 360 km/h and 400 km/h
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Figure 4. Contact force margins with 95% confidence level at 320 km/h, 360 km/h and 400 km/h
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Figure 5. PSDs of contact force at 320 km/h, 360 km/h and 400 km/h

It is a common strategy to equip the high-speed train with double pantographs to
enhance the transport capacity [21]. It is challenging to maintain a good current
collection quality for the trailing pantograph, as it is disturbed by the mechanical
wave and contact wire vibration caused by the leading pantograph [22]. The basic
understanding of the deterioration of the trailing pantograph’s current collection
quality is the resonance caused by the match between the pantograph’s interval and
the catenary mode [23]. Here, the simulations of the double pantographs-catenary
interaction are performed at the speed level of 400 km/h. The contact force margins
of leading and trailing pantographs filtered within 0-20 Hz at 320 km/h, 360 km/h
and 400 km/h are presented in Figure 6. It can be seen that the trailing pantograph’s
performance is much worse than the leading one’s. When the speed reaches 400
km/h, the contact force margin will be larger than the contact force maximum limit,
350 N. The lowest boundary is almost outside of the minimum limit of O N. Taking



the suggested frequency range of interest, 0-25 Hz, the contact force margins of
leading and trailing pantographs with 95% confidence level at 320 km/h, 360 km/h
and 400 km/h are presented in Figure 7. It is obvious that the contact force margin
is outside of both the maximum and minimum limits of the acceptance range at 400
km/h.
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Figure 6. Contact force margins of leading and trailing pantographs filtered within 0-20 Hz with 95% confidence level at 320

km/h, 360 km/h and 400 km/h

Trailing contact force Mean trailing contact force

400 - Leading contact force Mean leanding contact force b

(o8]
(=3
o
T
1

383
(=3
(=}
T
1

-

Contact force [N]

—_
(=3
o
T
1

! L 1

320 360 400
Train speed [km/h]

Figure 7. Contact force margins of leading and trailing pantographs filtered within 0-25 Hz with 95% confidence level at 320
km/h, 360 km/h and 400 km/h

The above analysis results indicate that the biggest challenge of developing the
pantograph-catenary at 400 km/h is to ensure the trailing pantograph’s interaction
performance. The literature review and preliminary analysis have pointed out that the
current modelling technique is sufficient for the pantograph-catenary system at the
speed level of 380 km/h with acceptable numerical accuracy of reproducing the
interaction behaviours within 0-20 Hz. More experimental data should be provided to
validate the numerical model with more details, such as the overlap section and high-
frequency behaviours at higher speeds. The necessity of including more details related
to the high-frequency behaviours, such as the pantograph flexibility, short-wavelength
wavelength, wear on the strip and contact wire and variability of parameters, should
be further investigated.

The current assessment standard specifies the frequency range of interest for the
contact force to be 0-20 Hz. The main frequency components will be outside of this
specific frequency range with the increase of train speed up to 400 km/h and above.
The increase of this frequency range requires the improvement of both the numerical
and field test techniques. Combined with the maintenance demand, an appropriate
frequency range of interest should be updated with the speed upgrade. The suggested
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frequency range, 0-25 Hz in this preliminary analysis should be further assessed to
check if it is sufficient to reflect the current collection quality.

4 Parameters’ Selection of Catenary For 400 km/h

Wave propagation plays an important role in affecting the system’s stability with
various backgrounds [24], [25]. Generally, the effects of waves on contact quality of
pantograph-catenary can be seen from two sources. One is the limitation to the
maximum speed. The wave speed [26], as described in Eq. (9), is the maximum limit
of the train speed.

oy = o (©)
pCW

in which T, is the contact wire tension and p,, is the linear density of the contact

wire. It can be seen that the wave speed is a quantity used for determining the contact
wire tension. Using the above-mentioned pantograph-catenary model, the effect of the
wave speed on the current collection quality is analysed. The contact wire tension is
increased from 30 kN to 36 kN with an interval of 2 KN. Figure 8 presents the contact
force margins of leading and trailing pantographs filtered within 0-25 Hz with a 95%
confidence level at different contact wire levels. The corresponding wave speed
increases from 538.25 km/h to 589.63 km/h with the increase of T, from 30 kN to 36

kN. It is seen that the increase of T, significantly reduces the contact force fluctuation

range. Particularly, the lower boundary of the contact force margin becomes positive
when T, increases more than 32 kN. Thus, the increase of tension is always the
effective measure to increase the current collection quality, even at 400 km/h. But the
tension cannot be infinitely improved as it is restricted by the material yield limit.
Thus, the improvement of the interaction performance at a given T,, class is necessary

to enable a faster train.
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Figure 8. Contact force margins of leading and trailing pantographs filtered within 0-25 Hz with 95% confidence level at the
contact wire tension levels of 30-36 kN

The other effect of the wave motion is the disturbance from the reflection wave to
the pantograph. Particularly, when the wave comes across a dropper, the reflected
wave by the lumped stiffness or mass may have a negative effect on the pantograph-
catenary interaction. The intensity of the reflection wave can be quantified by the
reflection coefficient C;, which can be expressed by [27]
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in which T, is the messenger wire tension, and p,, is the linear density of the

messenger wire. Due to the Doppler effect, the wave is compressed in front of the
fast-moving pantograph, and the wavelength becomes shorter. The Doppler
coefficient o used for quantifying the Doppler effect can be written by [28]

=" (11)

The Doppler effect can amplify the negative effect of reflection waves on the
pantograph’s contact quality. Normally, the amplification coefficient y calculated by
the ratio between the reflection and Doppler coefficients is used to evaluate this
amplification effect

=< (12)

The reflection and amplification coefficients should be lowered to reduce the effect
of reflection waves on the interaction performance. According to industrial experience
[29], the reflection coefficient should be around 0.4, and the amplification coefficient
should be within 0.2-0.4 to ensure acceptable performance. The amplification and
reflection coefficients are used to determine the messenger wire tension. Taking the
catenary system analysed above as an example, the reflection and amplification
coefficients versus the messenger wire tension are shown in Figure 9. Considering the
current messenger wire tension is 21 kN, both coefficients are around 0.4, which are
acceptable according to the current specification. Using the numerical model, Tmw
changes from 15 kN to 29 kN with an interval of 2 kKN to perform the numerical
simulation. Figure 10 presents the resulting contact force margins of leading and
trailing pantographs filtered within 0-25 Hz with a 95% confidence level at Tmw of 15-
29 kN. The decrease of Tmw does not reduce the contact force fluctuation as expected.
Particularly, the contact force of the leading pantograph slightly decreases as the
increase of Tmw. Only the performance of Tmw = 27 kN is better than that of Tmw = 29
kN. For the trailing pantograph, it is difficult to observe any patterns on how the
change of Tmw affects the contact force. The preliminary analysis results indicate that
the performance no longer shows a significant increase with the decline of the
reflection or amplification coefficients at 400 km/h. Therefore, the design of catenary
parameters does not have to strictly follow the previous design criterion. Maybe the
optimisation procedure is preferred to obtain the optimal design strategy of the
catenary system at 400 km/h.
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Due to the complexity of the pantograph-catenary system, the parametric
optimisation is preferred to achieve optimal interaction performance with certain
constraints regardless of the design criterion. The sensitivity analysis of the main
parameters of the contact quality has been reported in [30], [31]. The analysis results
generally indicate the potential of further parametric optimisation in improving the
current collection quality at a specific range of Tew. Implementing the optimisation
approach does not require the revelation of the complex dynamic behaviours and the
wave propagation property. The optimisation algorithm can automatically find the
best parameter setting to minimise contact force fluctuation [32]. In [33], a genetic
geometric optimisation approach is implemented to reduce the contact force standard
deviation by updating the geometric parameters. The optimisation of a pantograph can
be found in [34]. The objective of the optimisation is also to reduce the contact force
standard deviation. A similar work is presented in [35] to optimise the pantograph at
different train speeds. Considering both the pantograph and catenary systems, a neural
network-based optimisation approach is implemented to improve the current
collection quality of the high-speed pantograph catenary system [36]. The results
indicate that an over 30% reduction in contact force standard deviation can be
achieved at a given tension class.

The maximum speed considered in the above optimisation analysis is no more than
360 km/h. Considering the increasing complexity of the pantograph-catenary
dynamics, it may be difficult to obtain an acceptable performance using the previous
design criterion. The attempt in the previous section points out the difficulty in
determining the messenger wire tension by simply reducing the
reflection/amplification coefficient. Therefore, this section implements a neural
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network-based optimisation approach to preliminarily investigate the potential of
optimising the catenary parameters at the speed class of 400 km/h. Similar to the work
in [36], the optimisation algorithm uses an artificial neural network coupled with a
genetic algorithm [37] towards minimising the sum of squares of a vector-valued
objective function. The training function for updating the weight and bias values of
the neural network is the Bayesian Regularisation backpropagation [38]. In the
training procedure of the neural network, the neural network is used as a virtual
internal objective function equivalent to the objective function to reduce the contact
force standard deviation of both leading and trailing pantographs. The genetic
algorithm is used for minimising the output of the neural network.

Integrating the neural network-based optimisation algorithm into the finite element
model of the pantograph-catenary system, the optimisation is performed to minimise
the contact force standard deviation of the leading and trailing pantographs. The
contact wire tension Tcw, messenger wire tension Tmw and stitch wire tension Tsw are
taken as the optimised variables. The constraints are set as follows

28.5kN < T, <31.5kN;
15kN < T, <31.5kN; (13)
1kN <T,, <6kN

To ensure the same tension class, Tew is only allowed to change +5% with respect to

the original value. A larger range is given for Tmwand Tsw to find the optimum solution
for the interaction performance. As this is only a preliminary investigation, the
geometric parameters of the catenary, like the dropper distribution and span length,
are not included in the optimisation approach. Thus, the optimisation problem reads
as follows:

Objective: min & (T, Tows Tor) (14)

A normal Back-Propagation Neural Network (BPNN) is employed, which is a
multi-layer feed-forward network consisting of multiple neurons . The BPNN
algorithm minimizes the error between the network’s output and the expected output,
updating the weights and thresholds accordingly. The selection of the number of
neurons in the hidden layer depends on the complexity of the problem. Insufficient
hidden layer nodes may result in inadequate fitting ability for complex problems,
while an excessive number of nodes can lead to overfitting. In this case, we have
chosen to employ 200 BP neurons in the hidden layer. The neural network is used as
a virtual internal objective function equivalent to the objective function as defined in
Eqg. (13), and the genetic algorithm is used for minimising the output of the neural
network. The optimum solution of the neural network given by the genetic algorithm
will be the optimum solution of Eq. (13) since the neural network and the objective
function are equivalent. The optimised results of the contact force filtered within 0-25
Hz at 400 km/h are presented in Figure 11. It is seen that the optimisation approach
can slightly reduce the contact force fluctuation of the leading pantograph while the
performance of the trailing pantograph shows a significant improvement. The
optimised variables are shown as follows:
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Original Optimised

T,, =30kN T, =29.582kN
T, =21kN T, =27.685 kN
T, =35 kN T, = 4.396 kN

After the optimisation, Tew is slightly decreased, but Tmw and Tsw are significantly
increased. Obviously, the optimisation results do not follow the previous design
criteria, namely increasing Tcw and reducing Tmw, as the pantograph-catenary
dynamics is very complicated and dependent on many coupling factors [39]. The
comparison of contact force statistics between the original and optimised results is
presented in Figure 12. It is seen that the optimisation approach is able to improve the
interaction performance of both leading and trailing pantographs. The most significant
improvement is manifested in the reduction of standard deviation by 19.72% and the
increase of minimum value by 47.25 N of the trailing pantograph. A bigger
improvement is expected when more variables, such as the catenary geometry and the
pantograph parameters, are included in the optimisation.
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Figure 11. The optimised results of the contact force filtered within 0-25 Hz at 400 km/h: (a) Leading pantograph; (b) Trailing
pantograph

The preliminary investigation in this section shows that the current collection
quality exhibits a significant deterioration with the train speed approaching the wave
propagation speed. The traditional specifications used for determining pantograph-
catenary parameters do not work well for the speed of up to 400 km/h. Mainly, when
the trailing pantograph is included, the simple reduction of the reflection wave
coefficient cannot ensure a good current collection quality. It has been agreed by a
number of scholars that the structural parameters have a very complicated effect on
the high-speed performance, which cannot be accurately described in a simple
equation. Even though some efforts can be made to make sense of the complex
mechanism of structural parameters' effect, an optimisation approach is recommended
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on the basis of a reliable numerical model to obtain the acceptable parameters’ setting.
This preliminary investigation indicates the possibility of achieving a significant
improvement by adjusting some critical parameters. In the future, it is suggested that
more parameters, or even the variability of span length, the unequal distribution of
droppers among spans, the geometry in overlap sections, and the parameters of
pantographs, can be included in the optimisation approach to achieve optimal global
results. Collaboration with the rail operator is also essential to test the optimised
results via field tests, which requires further investment and solid fundamental
research output. The computational effort is also an important issue that should be
optimised, and the potential of using surrogate models can be explored with the
advancement of artificial intelligence technology.
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In this preliminary investigation, the PSD of the contact wire irregularities
summarised in [40] is used to generate a series of contact wire irregularities. The
initialisation of the catenary model is implemented to add the contact wire
irregularities to the catenary configuration via the shape-finding method reported in
[41]. The comparison of the resulting contact force standard deviation between the
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original and distorted geometries is shown in Figure 13. It is obvious that the distorted
geometry leads to a more significant increase in the contact force standard deviation
with increasing speed. For the leading pantograph, the increment in the standard
deviation increases from 1.98% at 320 km/h to 6.3% at 400 km/h. A more distinct
effect can be seen on the trailing pantograph. The increment in the standard deviation
increases from 0.23% at 320 km/h to 16.16% at 400 km/h.

The preliminary investigation points out a significant increase in the impact of
geometry deviation on the interaction performance with the speed upgrade. It is
expected the impact should be more sensitive if shorter-wavelength contact wire
irregularities are considered. At 400 km/h and above, the detrimental wavelengths that
cause serious deterioration of the current collection quality should be further identified.
The improvement of the construction and maintenance standards for the railway
catenary at 400 km/h and above are also necessary, and a more strict tolerance of
contact wire distortion is allowed at this speed level.

5 Conclusions

Under the context of developing the next generation of high-speed railways for
speeds of 400 km/h and above, this paper reviews the current research on pantograph-
catenary interaction and proposes the perspectives for future studies to improve the
performance of pantograph-catenary at the speed level of 400 km/h. The perspectives
are summarised in the following aspects.

1) Numerical model: The current modelling technique is sufficient for modelling
the pantograph-catenary system at the speed level of 380 km/h with acceptable
numerical accuracy of reproducing the interaction behaviours within 0-20 Hz. More
experimental data should be provided to validate the numerical model with more
details, such as the overlap section and high-frequency behaviours at higher speeds.
The necessity of including more details relevant to the high-frequency behaviours,
such as the pantograph flexibility, short-wavelength wavelength, wear on the strip and
contact wire and variability of parameters, should be further investigated.

2) Assessment specification: The current assessment standard specifies the
frequency of interest for the contact force to be 0-20 Hz. The main frequency
components will be outside of this specific frequency range with the increase of train
speed up to 400 km/h and above. The increase of this frequency range requires the
improvement of both the numerical and field test techniques. Combining with the
maintenance demand, an appropriate frequency range of interest should be updated
with the speed upgrade.

3) Design specification: The preliminary analysis indicates a distinct deterioration
in the current collection quality with speed approaching the wave speed. The
traditional measures of simply reducing the wave reflection coefficient used for
determining catenary parameters do not work well for the speed of up to 400 km/h
and above. The complexity of structural parameters’ effect on high-speed
performance that cannot be accurately described by a simple formula deserves further
revelation. The optimisation approach is a feasible solution based on a reliable
numerical model to obtain the acceptable parameters’ setting. The computational
effort is an important issue that deserves further attention.
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4) Geometry Deviation’s Effect: A tremendous increase in the geometry
deviation’s impact on the interaction performance can be observed with speed
approaching the wave speed. At 400 km/h and above, the detrimental wavelengths
that cause serious deterioration of the current collection quality should be further
identified. The improvement of the construction and maintenance standards for the
railway catenary at 400 km/h and above is also necessary, and a stricter tolerance of
contact wire distortion deserves a deep discussion.
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