
Computational fluid dynamics-multibody system dynamics bidirectional
coupling calculation and flow-induced vibration evaluation of a high-speed

Downloaded from: https://research.chalmers.se, 2025-07-01 19:44 UTC

Citation for the original published paper (version of record):
Li, Z., Chen, C., Song, H. et al (2025). Computational fluid dynamics-multibody system dynamics
bidirectional coupling calculation and
flow-induced vibration evaluation of a high-speed pantograph-catenary system. Engineering
Applications of Computational Fluid Mechanics, 19(1).
http://dx.doi.org/10.1080/19942060.2025.2512954

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Engineering Applications of Computational Fluid
Mechanics

ISSN: 1994-2060 (Print) 1997-003X (Online) Journal homepage: www.tandfonline.com/journals/tcfm20

Computational fluid dynamics-multibody system
dynamics bidirectional coupling calculation and
flow-induced vibration evaluation of a high-speed
pantograph-catenary system

Zhuojun Li, ChunJiang Chen, Huapu Song, Gang Yang, Jun Yang, Huadong
Yao & Jiqiang Niu

To cite this article: Zhuojun Li, ChunJiang Chen, Huapu Song, Gang Yang, Jun Yang, Huadong
Yao & Jiqiang Niu (2025) Computational fluid dynamics-multibody system dynamics
bidirectional coupling calculation and flow-induced vibration evaluation of a high-speed
pantograph-catenary system, Engineering Applications of Computational Fluid Mechanics,
19:1, 2512954, DOI: 10.1080/19942060.2025.2512954

To link to this article:  https://doi.org/10.1080/19942060.2025.2512954

© 2025 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 03 Jun 2025.

Submit your article to this journal 

Article views: 67

View related articles 

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tcfm20

https://www.tandfonline.com/journals/tcfm20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/19942060.2025.2512954
https://doi.org/10.1080/19942060.2025.2512954
https://www.tandfonline.com/action/authorSubmission?journalCode=tcfm20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tcfm20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/19942060.2025.2512954?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/19942060.2025.2512954?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/19942060.2025.2512954&domain=pdf&date_stamp=03%20Jun%202025
http://crossmark.crossref.org/dialog/?doi=10.1080/19942060.2025.2512954&domain=pdf&date_stamp=03%20Jun%202025
https://www.tandfonline.com/action/journalInformation?journalCode=tcfm20


ENGINEERING APPLICATIONS OF COMPUTATIONAL FLUID MECHANICS
2025, VOL. 19, NO. 1, 2512954
https://doi.org/10.1080/19942060.2025.2512954

Computational fluid dynamics-multibody system dynamics bidirectional
coupling calculation and flow-induced vibration evaluation of a high-speed
pantograph-catenary system

Zhuojun Lia, ChunJiang Chena, Huapu Songa, Gang Yanga, Jun Yangb, Huadong Yao c and Jiqiang Niua,b

aSchool of Mechanical Engineering, Southwest Jiaotong University, Chengdu, People’s Republic of China; bTechnical Research Department,
CRRC Industrial Institute (Qingdao) Co., Ltd., Qingdao, People’s Republic of China; cDepartment of Mechanics and Maritime Sciences, Chalmers
University of Technology, Gothenburg, Sweden

ABSTRACT
Increasing the speed of a pantograph deteriorates its aerodynamic performance and aggravates the
problem of flow-induced vibration, which is not conducive to the stability of the pantograph – cate-
nary system (PCS). Currently, commercial high-speed trains operate at speeds exceeding 350 km/h,
with line test speeds exceeding 450 km/h, making the impact of airflow on pantograph dynamics
increasingly significant. Therefore, a simulation study on the bidirectional coupling between panto-
graph aerodynamics and structural dynamics is urgently needed. This study proposes a bidirectional
coupling method for the pantograph based on overset grids. The user-defined functions (UDF) in
Fluent enable real-time data exchange between aerodynamic forces and structural displacements.
The flow field was modelled using the Shear Stress Transport k–ω turbulence model and Reynolds-
averaged Navier – Stokes equations, and the dynamics is computed by Newmark-Beta solving the
differential equations. It was found that the calculation method in this study was reliable and effi-
cient. The motion of the pantograph assembly in the flow field will change the airflow mode, thus
affecting the aerodynamic characteristics of the assembly, and the high-frequency and stochastic
aerodynamic excitation will lead to an increase in vibration of the pantograph assembly, especially
at the contact strip. For example, when the pantograph operated in the knuckle-upstream direction
at 450 km/h, it exhibitedpoor PCS interaction,with amean contact forceof 50N, a standarddeviation
of 36 N, and an overall offline rate of 7%. This study introduced a novel approach to pantograph fluid
– structure coupling, offering valuable insights for predicting high-speed pantograph performance
and evaluating PCS interactions.
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1. Introduction

As the current-receiving component on top of a high-
speed train, a pantograph plays an important role in
obtaining electrical energy, as shown in Figure 1. To
ensure that the train obtains stable electric energy during
operation, the pantograph contact strip should maintain
close contact with the catenary, and the magnitude of
the pantograph – catenary system (PCS) contact force
should be within a suitable range (Z. Liu et al., 2024).
As the speed of the train increases, the flow field around
the pantograph deteriorates, and the pantograph gener-
ates complex dynamic behaviours under the action of the
strong airflow that worsen the quality of the PCS cur-
rent received. The aerodynamic and PCS dynamics prob-
lems involved in pantograph operation at high speeds are
highly correlated, and the flow field near the pantograph
is affected by its attitude, which in turn depends on the
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aerodynamic excitation. Therefore, studying the relation-
ship between the aerodynamic characteristics of a pan-
tograph and the dynamic performance of a PCS during
train operation is of great engineering significance.

Many scholars have studied pantographs in high-
speed operations based on aerodynamics and structural
dynamics. Gregori et al. (2017), Amano et al. (2024),
Pappalardo et al. (2015), Massat et al. (2006), Huan
et al. (2014), W. Wang et al. (2019), Song et al. (2024),
Zhou and Zhang (2011), Seo et al. (2005) studied the
dynamic characteristics of a PCS under different working
conditions based on the mutual coupling of the pan-
tograph lumped-mass/multi-rigid body model and the
finite element model of the catenary; however, none of
them involved aerodynamics. Xiao et al. (2020), X. Li
et al. (2018), Wu et al. (2020), Gai et al. (2024), Dai
et al. (2022a, 2022b), Brambilla et al. (2022), Qin et al.
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Figure 1. Schematic diagram of the composition of the PCS for high-speed trains.

(2024), Ouyang et al. (2022), H. Liu et al. (2023), H.
Liu et al. (2022) carried an aerodynamic simulation of
a high-speed pantograph under different working con-
ditions based on different turbulence models but did
not consider the dynamic response caused by aerody-
namic excitation. Mature research in various fields lays
the groundwork for pantograph flow-induced vibration
studies. Carnevale et al. (2015) carried out a computa-
tional fluid dynamics (CFD) numerical simulation of a
pantograph at different speeds based on the Shear Stress
Transport (SST) k–ω model and compared the simula-
tion results with wind tunnel tests, which showed that
the faster the pantograph run, the greater the differ-
ence between the results obtained by pure fluid sim-
ulation and the actual ones, which reflected the influ-
ence of the flow-induced vibration on the aerodynamic
characteristics of the pantograph when running at high
speed.

To make the simulation results more consistent
with real conditions, many scholars have considered
the coupling relationship between the aerodynamics
and dynamics of the pantograph structure. Pantograph
lumped-mass and multi-rigid body models are widely
used because of their high accuracy and low com-
putational resources. Bocciolone et al. (2006) and R.
Li et al. (2016) carried out a CFD numerical simula-
tion of the pantograph based on the k–ε model, and
then investigated the effect of aerodynamic excitation
on the PCS dynamics system by using the pantograph
lumped-mass model. Dai et al (2022) numerically sim-
ulated a high-speed pantograph with baffles based on the
SST k–ω model and applied the computed aerodynamic
excitation to the multi-rigid body dynamics model of

the pantograph. They obtained the optimal baffle angle
under the optimal PCS contact force by analysing the
influence of the baffles on the aerodynamic performance
of the pantograph at different angles. The computational
results obtained based on the flexible PCS model are
more accurate but require huge computational resources.
D. Wang et al. (2024) carried out a numerical simulation
of a train passing through a tunnel based on the realisable
k–ε model and loaded the obtained aerodynamic excita-
tion on the pantograph flexible model. The results show
that the PCS contact force and pantograph displacement
increase significantly after the train enters the tunnel.
Kulkarni et al. (2016) established a finite element model
of a catenary system based on absolute node coordi-
nate formulation (ANCF) beam elements and calculated
the aerodynamic excitation using empirical formulas to
study the effect of 20m/s ambient wind on the PCS con-
tact force. Pombo andAmbrósio (2013) established a PCS
coupling model based onmulti-rigid body dynamics and
the finite element method and loaded the aerodynamic
forces obtained from a 20m/s crosswind wind tunnel test
into the coupling model, which showed that the average
contact force of the PCS increased by 34%under thewind
load compared with that in a windless environment.

Compared with unidirectional coupling, bidirectional
coupling can more accurately model the relationship
between the flow field near the pantograph and its
dynamic behaviour. Ji et al. (2021) carried out a high-
speed pantograph flow-induced vibration simulation
based on amulti-rigid body dynamics model on the joint
Fluent – Matlab/Simulink – Simpack platform and com-
pared it with the test data of the Beijing – Shenyang
Line train. The average deviation of contact force was
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only 0.05%,which verified the correctness of the coupling
method.

In conclusion, conducting an accurate study of flow-
induced vibration in pantographs through real train tests
is challenging due to the long testing time, high costs, and
the complexity of external variables. Unidirectional cou-
pling has a certain reliability in the low-speed operation
stage of the pantograph. However, as the train speeds up,
the vibration of the pantograph intensifies, which makes
it difficult to ensure its authenticity. At this stage, research
on the coupling effect between the aerodynamics and
structural dynamics of high-speed pantographs using
bidirectional coupling is relatively limited, and the exist-
ing bidirectional coupling methods rely on joint simula-
tion between multiple platforms, which is characterised
by low computational efficiency and a long simulation
period. In this paper, we proposed a method of tight cou-
pling of the high-speed pantograph flow-induced vibra-
tion relying on Fluent as the aerodynamic calculation
engine and Fluent user-defined functions (UDF) as the
calculation engine of the PCS structural dynamics and
the data exchange space, and at the same time, consid-
ering the aerodynamic characteristics and dynamic char-
acteristics of the pantograph, an in-depth study of the
coupling effect between the two.

2. Modelling instructions

2.1. Geometric model of pantograph

As shown in Figure 2(a–c), the pantograph is located in
the sinking platform on the top of the train, and con-
sists of the pan-head at the top, upper arm rod, balance
arm, lower arm rod, pull rod, fairing in the middle, and
insulators at the bottom, with outer contour dimensions
of 2.34m× 1.94m× 1.58m. As shown in Figure 2(d),
the pantograph frame is a four-link mechanism with a
spring-damped connection between the pan-head and
contact strip.

2.2. Computational domain

From the perspective of improving the computational
timeliness and focusing on the aerodynamic perfor-
mance of the pantograph and the evolution of the sur-
rounding flowfield, the upper half of the vehicle bodywas
cut off for the construction of the computational domain,
as shown in Figure 3, and the dimension of the computa-
tional domain was 15.5m× 6m× 4m. The pantograph
was located 4m downstream of the inlet boundary of the
computational domain, and the outlet boundary of the
computational domain was situated 10m away from the
pantograph. From the computational domain, the ratio of

the windward surface of the pantograph (the projected
area in the incoming flow direction is 0.592m2) to the
cross-section of the computational domain was approxi-
mately 2.5%, meeting the requirement of the EN 14067
standard (2018) (the blockage ratio is less than 5%).
To simulate the aerodynamic performance of the panto-
graph, the boundary conditions were defined as follows:
the upstream boundary of the computational domain
was defined as a velocity inlet, and the velocity was the
speed of the vehicle (Dai et al., 2022); the downstream
boundary of the computational domain was defined as a
pressure outlet, and the static pressure was 0 Pa; the top,
bottom, left, and right four surfaces of the computational
domainwere defined as slip fixedwalls, and the slip speed
was the speed of the vehicle.

2.3. Grid generation

An overset grid was used to process the computational
domain grid, and six overset regions were set around the
contact strip, panhead, upper frame, lower arm rod, pull
rod, and fairing insulators. Refined grid processing was
used around the pantograph. Two sets of refine boxes
(1 and 2) were set up, whose locations are shown in
Figure 4(a), and the dimensions of regions 1 and 2 were
8.2m× 4m× 2.5 and 3.8m× 2.4m× 2m, respectively.
As shown in Figure 4(b–d), for the pantograph and the
fairing, six layers of gridwere set up in the boundary layer
regions of the near-wall surfaces, with the thickness of the
first layer being 0.3mm to capture the fine flows on their
near-wall surfaces.

2.4. Solutionmethod and settings

Based on the incompressible (H. Liu et al., 2022; Kim
et al., 2023; Zhao et al., 2020) transient mean Reynolds
number N–S equation and the SST k–ω turbulence
model, the time term in the discrete double-step method
with second-order accuracy in the centre-difference for-
mat was used with a time step length of 1.0× 10−3 s, 10
iterations within the step, and the residuals of the equa-
tions in each step were lower than 10−3. A total of 2000
time steps were calculated, of which the first 400 steps
were used to obtain a stable and fully developed panto-
graph flow field, and the second 1600 steps (defining the
airflow through the sinking platform as one cycle, namely
200 steps, for a total of 8 cycles)were used to construct the
pantograph flow field.

2.5. Grid independence analysis

To reduce costs and improve efficiency, and considering
the pantograph’s basic symmetry, a model of the upper
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Figure 2. (a) Side view, (b) front view, (c) 3D view of the pantograph model, and (d) a sketch of the mechanism.

Figure 3. Definition of the main dimensions and boundaries of the computational domain of a full-size pantograph.

pantograph (including the pan-head and part of the
upper framework) was selected for grid independence
verification, as shown in Figure 5(a). The dimensions
of the computational domain were 8m× 6m× 3m,
with boundary conditions matching those outlined in
Section 2.2 of this study. Two grid sets (Cell-1 and Cell-
2) were generated using different surface grid sizes (2
and 1mm), based on the overset grid technique, resulting
in cell numbers of 10.45 and 21.16 million, respectively,
as shown in Figure 4(b). As depicted in Figure 5(c), the
deviations in both drag force and lift between Cell-1

and Cell-2 were less than 2%. Overall, the CFD results
for Cell-1 and Cell-2 were very similar, indicating that
the grid resolution used in this section is sufficient for
simulating the pantograph aerodynamic performance.
However, to improve computational efficiency, the grid
resolution of Cell-1 was chosen for the subsequent calcu-
lations.

As shown in Figure 6, there was no significant dif-
ference in the three-dimensional streamline distribution
around the pantograph when computed using Cell-1 and
Cell-2. The high-speed airflow was obstructed by the
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Figure 4. Pantograph (a) refine box setup, and boundary layer grids for the (b) fairing, (c) lower arm rod, and (d) upper arm rod.

Figure 5. (a)The model used for grid independence analysis, along with the (b) coarse and fine grids, as well as (c) the results of the
calculations under train speed of 350 km/h.

carbon contact strip and the pan head support, creating
a separated vortices. As indicated by the arrows in the
figure, part of the airflow follows the rear surface of the
carbon contact strip towards its ends, disturbing the air-
flow passing through the circular strut at the bottom of
the carbon contact strip. Two pairs of separating vortices
(Vortices 1 and Vortices 2) can be observed downstream
of the carbon contact strip and pan-head support in the
Y = 0 plane. The scale of the separated vortices (xi = yi,
i = 1,2,3), computed using both Cell-1 and Cell-2, were
essentially identical.

3. Dynamics model of PCS

3.1. MSDmodel of pantograph

3.1.1. Lumped-massmodel
The lumped-mass and multi-rigid body models were
commonly used in the dynamic analysis of pantographs.
The natural frequency of pantographs typically falls
within the low-frequency range, and to reduce the com-
putational effort of bidirectionally coupled flow-induced
vibration calculations, a lumped-mass model was used to
study their natural frequency. And its effectiveness had
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Figure 6. The three-dimensional streamline distributions of the pantographs, along with the velocity contour and streamlines on the
plane of symmetry, using (a) Cell-1 and (b) Cell-2 as the computational grids, respectively.

Figure 7. Lumped-mass model of pantograph.

been proven in PCS simulations (Song et al., 2020, 2024;
Tur et al., 2015). As shown in Figure 7, the lumpedmasses
m1,m2, andm′

3 of the pantograph rods interact with each
other in the vertical direction through spring damping.
The spring sleeve between the contact strip m4 and the
pan-head was directly simulated by K4 and c4, and k(t)
was the contact stiffness of the PCS.

The Newmark-Beta method is widely used for solv-
ing the dynamical equations of pantographs because of
its excellent accuracy and stability (Ambrósio et al., 2012;
Rong et al., 2019; Song et al., 2020), so this method

was used to solve the following differential equations of
motion for the pantograph lumped-mass:

M
d2[q(t)]
dt2

+ Kq(t) + C
d[q(t)]
dt

= F(t) (1)

q(t) = {
x1(t) x2(t) x3(t) x4(t)

}T (2)

F(t) = {
FL1(t) + Ft FL2(t) FL3(t) FL4(t) − Fc

}T
(3)
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Table 1. Dynamic and geometric parameters of the components
of the pantograph model.

Mass Value/kg Spring Value/(N·m−1) Damping
Value/

(N·s·m−1)

m1 11.413 K1 130 c1 300
m2 5.475 K2 60000 c2 0
m′
3 3.728 K3 8400 c3 48

m4 1.550 K4 8200 c4 200

where q(t) and F(t) are system displacement and load
vectors; FLi(t) (i = 1, 2, 3, 4) is the aerodynamic lift-
ing force on the lower arm rod, upper frame, pan-head,
and contact strip, which is computed using Fluent; Ft is
the static lifting force provided by the pantograph airbag,
which acts on the lower arm rod; Fc is the contact force of
the PCS; andM, K , and C are the system mass, stiffness,
and damping matrices, respectively.

The relevant parameters of the pantograph dynamics
model were shown in Table 1.

3.1.2. Kinematic constraint relationship
Based on the sketch of the pantograph mechanism in
Figure 2(d), the kinematic constraint Equations (4)–(6)
for the pantograph are listed.

The pan-head is constrained to the base of the lower
arm rod as follows:

Φ1 = EF · sinβ + DF · sin(θ − β) + AD · sin δ

+ yA − YE = 0 (4)

Φ2 = EF · cosβ − DF · cos(θ − β) − AD · cos δ
+ xA − XE = 0 (5)

where xA, yA, YE, XE are the coordinates of the articu-
lation point A of the lower arm rod and the coordinates
of the articulation point E of the pan-head and the upper
frame; and δ, β are the angles between the lower arm rod,
the upper frame EF and the horizontal direction. θ is the
angle between the rod DF and EF.

The constraint relationship between the lower arm rod
and pull rod is as follows:

Φ3 = x2 + y2 + AD2 − 2AD ·
√
x2 + y2

· cos
(
β + tan−1 y

x

)
− CD2 − BC2

+ 2BC · CD · cos(α + γ − η) = 0 (6)

where x, y for the lower arm rod articulation point A and
the pull rod articulation point B in the longitudinal and
vertical distance; α and γ are the angles between the pull
rod, the upper frame CF, and the horizontal direction. η
is the angle between the rod CF and the line CD.

3.2. Contact between pantograph and catenary

Current simulations of pantograph flow-induced vibra-
tionsmainly focus on the pantograph itself, with the cate-
nary typically introduced as an external excitation. Due
to the significant difference in characteristic length scales
between the pantograph and the catenary, it remains
challenging to conduct cross-scale flow field simulations.
In the initial state, the contact wire generated a certain
sag in the vertical direction under the action of gravity,
which had a greater influence on the subsequent calcula-
tion of the contact state of the PCS (Zhou&Zhang, 2011).
Therefore, it is necessary to first calculate the initial equi-
librium state of the contact wire, and then perform a
dynamic simulation of the PCS contact. The dropper
point on the contact wire was set as the coordinate origin,
and the static shape of its arbitrary position was obtained
using Equation (7).

yc =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ρCWgx(x − xd1)
2TCW

(x < xd1)

ρCWg(x − xdi)(x − xdi+1)

2TCW

(xdi < x < xdi+1

(i = 1, 2, 3, . . . , n − 1))
ρCWg(x − xdn)(x − Ls)

2TCW
(x < Ls)

(7)

where x, Ls, xdi (i = 1,2,3, . . . ,n), and ρcw are the longi-
tudinal coordinates of the contact wire, the span of the
catenary, the location of the droppers, and the density of
the contact wire, respectively; Tcw is the tension of the
contact wire, and g is the acceleration of gravity.

In order to simplify the catenary model and to make
it meet the requirements of engineering calculations. The
catenary stiffness was calculated using the finite element
method, and the results were fitted to obtain the cate-
nary stiffness and time t relationship (Guo et al., 2005),
as shown in Equation (8).

k(t) = k0
[
1 + k1 cos

2πvt
L

+ k2 cos
2πvt
L1

+ k3cos2
2πvt
L

+ k4cos2
πvt
L

+ k5cos2
2πvt
L1

]

(8)

where k0 denotes the average stiffness coefficient, k1,
k2, . . . , k5 denote the stiffness variation coefficients, L1
is the distance between neighbouring droppers, and
v denotes the vehicle speed. And k0 = 82,300N/m,
L1 = 8m, k1 = 0.467N/m, k2 = 0.083N/m, k3 =
0.260N/m, k4 = −0.280N/m, k5 = −0.336N/m, and
L = 50m.

The contact between the catenary and contact strip
of the pantograph was modelled using the penalty func-
tion method (Mei et al., 2022; Song et al., 2017, 2024).
The PCS contact was divided into two states: contact
(yh ≥ yc) and offline (yh < yc). The contact force Fc can
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Figure 8. Calculation flow of flow-structure bidirectional coupling of PCS.

be calculated using Equation (9) when the pantograph
and catenary are in contact.

Fc =
{
k(t)(yh − yc) (yh ≥ yc)
0 (yh < yc)

(9)

where yh and yc are the contact strip and wire displace-
ments, respectively.

4. Solutionmethods and verification

4.1. Bidirectional couplingmethods

As shown in Figure 8, under the same time step, Fluent
and C programming were used to realise the pantograph
aerodynamic performance simulation and dynamics cal-
culation, respectively, and the real-time interaction of the
aerodynamic and dynamic data was realised through the
UDF function. The basic process is as follows: obtain
the aerodynamic forces of each component of the panto-
graph in the current attitude based on Fluent, extract the
aerodynamic forces of each component through the UDF
function, use the dynamic code to obtain the dynamic
parameters of the pantograph under the current aerody-
namic load, calculate the attitude of each component of
the pantograph based on the motion of the pantograph
mechanism and the pantograph-catenary relationship,
and finally update the grids around the pantograph using
the overset grid technique to complete the cycle in one
time step.

4.2. Verification

4.2.1. Flow around a square cylinder
The Reynolds number of the wind tunnel test is approx-
imately 3.1× 105, which is close to the Reynolds num-
ber of the pantograph aerodynamic simulation in this
paper, and the cross-sectional size of the wind tunnel test
section is 0.3m× 0.4m. The test speed was 0.56Ma. The
cross section of the square column used for this test was
25mm× 25mm, and its length was 300mm. Based on
the parameters of the wind tunnel working condition and
the test conditions, the computational domain of the sim-
ulation was established, the grid was generated, and the
boundaries were defined, as shown in Figure 9(a,b).

Based on the SST k–ω turbulence model, a double-
step control time advancement in second-order accuracy
central difference scheme was used, with a physical step
length of 1.5× 10−5 s, 20 iterations within a step, and
residuals of each equation lower than 10−3; a total of 8000
time steps were computed, with the first 4000 steps being
used to obtain the stable and fully developed flow field of
the square column, and the last 4000 steps being used for
time-averaged data sampling. The windward surface of
the square column (25mm× 300mm) and a wind speed
of 185m/s (0.56Ma)were selected as the reference values,
and the results of the aerodynamic drag and pressure cal-
culations of the square column were dimensionless. As
shown in Figure 9(c), the calculated values of the sur-
face pressure coefficient of the square column distributed
along its circumferential direction are consistent with the
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Figure 9. (a) Computational domain, (b) cross-sectional dimensions of the square column model (wind speed 0.56 Ma) used for verifi-
cation; and (c) comparison of the experimental and computational results for the distribution of surface pressure coefficients along the
circumference of a square column.

experimental values (Layukallo & Nakamura, 2003), and
the difference between the two was larger at individual
positions, with an overall difference below 10.5%. For the
aerodynamic drag coefficient of the square column, the
difference between the calculated (2.35) and test (2.26)
results was less than 4.0%. This indicates that the adopted
calculation method and parameter settings satisfied the
requirements for simulating the pantograph flow field.

4.2.2. Vortex-induced vibrations of a circular cylinder
Based on a cylindrical flow-induced vibration test in the
literature (Chang, 2010), a Reynolds number of 9.7× 104
and an incoming flow velocity of 1.242m/s were selected
for the verification, in which the diameter of the cylinder
D was 0.0889m, its mass mosc was 9.78 kg, the stiffness
and damping of the oscillating system were 775N/m and
3Ns/m, respectively, and the natural frequency in water
fn,water was 1.12Hz. A two-dimensional equivalentmodel
was used in the calculation; the dynamic model is shown
in Figure 10(a).

As shown in Figure 10(b), the computational domain
consists of a background grid (50D× 50D) and an over-
set grid (6.7D× 6.7D). The cylinder was at a distance of
25D downstream from the inlet boundary of the compu-
tational domain, where the inlet and outlet boundaries
of the computational domain were defined as velocity
inlet and pressure outlet, respectively (the static pressure
is 0 Pa), and the boundaries of both sides of the cylin-
der were set as fixed walls. The grid around the cylinder
was refined to accurately minimise the flow. To simu-
late the flow field in the near-wall region of the cylinder

more accurately, six layers of the boundary grid were set
up with a growth factor of 1.01, and the first layer was
2× 10−5 m to satisfy y+ < 1.

The pressure-based solver was selected to carry out
the cylindrical flow-induced vibration simulation using
the unsteady Navier–Stokes (N–S) equation and the SST
k–ω two-equation turbulencemodel, and the overset grid
was updated after each time step, with a computational
time step 0.01 s, and a total computation time of 20 s.
In the calculation results, the amplitude ratio and fre-
quency ratio (0.604, 1.340) of the flow-induced vibra-
tion of the square column differ from the experimental
amplitude and frequency ratio (0.650, 1.256) by 7.1% and
6.7%, respectively, and the average error was less than 7%,
which proves the feasibility of the method for calculating
the flow-induced vibration in this study.

4.2.3. Comparisonwith data in literature and EN
standard
4.2.3.1. Comparison of PCS coupling model based on
literature data. Based on the PCS coupling dynamics
model in Chapter 3, and using 0.00097v2 + 70 as the
average contact force formula, the PCS dynamics simu-
lation was carried out under different pan-head masses
at a speed of 300 km/h, and the simulation results were
compared with those in the literature (Pombo & Ambró-
sio, 2012). The dynamics parameters of the PCS coupling
model were as follows: catenary span Ls = 54m, contact
wire density ρcw = 1.33 kgm−1, contact wire tension
Tcw = 20 kN, and spacing between neighbouring drop-
pers L1 = 6.75m. The lumped-mass of each pantograph
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Figure 10. Computational modelling of flow around a circular cylinder. (a) dynamical model, (b) CFD computational domain.

Table 2. Comparison of simulation results with literature for various evaluation indexes of contact force at 300 km/h with different pan-
head mass.

Pan-head mass (kg)

6.5 7.5 8.5 9.5

Item Sim. Lit. Sim. Lit. Sim. Lit. Sim. Lit. Deviation

Maximum (Fmax) 280.15 267.59 277.08 285.46 274.50 301.84 273.20 300.85 6.47%
Minimum (Fmin) 74.17 78.94 75.56 74.47 75.19 64.04 74.63 67.52 8.86%
Amplitude (Fmax – Fmin) 205.97 189.15 201.52 210.99 199.31 238.30 198.57 233.83 11.21%
Mean (Favg) 162.20 157.38 162.20 157.87 162.19 157.38 162.17 157.38 2.98%
Standard Deviation (σ ) 50.09 38.72 48.92 42.20 48.53 44.68 47.56 47.66 13.53%
Deviation 10.41% 5.51% 10.90% 7.61% 8.61%

component m1 and m2 were 4.80 and 4.63 kg, respec-
tively, the equivalent stiffnesses K1, K2, and K3 were
1, 5400, and 6045N/m, respectively, and the equivalent
damping valuesC1,C2, andC3 were 32, 5, and 10Nsm−1,
respectively. As presented in Table 2, in terms of the con-
tact force evaluation indices, the standard deviation of the
simulation results exhibited the largest difference from
the literature (13.53%), whereas the mean value exhib-
ited the smallest difference (2.98%). In terms of pan-head
mass, the largest difference (10.90%) was found when
the pan-head mass was 8.5 kg and the smallest difference
(5.51%)was foundwhen themass was 7.5 kg. Overall, the
overall deviation of the simulation from the literature was
8.61%, and the PCS couplingmodel used in this studywas
reliable.

4.2.3.2. Comparison of flow-induced vibration data
based on EN standard. Based on EN50367 (2020),
EN50317 (2012), and EN50119 (2020), the reliability
evaluation standard of the pantograph fluid – structure
coupling calculation was determined. The EN standard
stipulates that 0.00097v2 + 70 be used as the formula for
the average contact force, where v is the train travelling
speed, which was used as the initial value to verify the

feasibility of the pantograph model. The evaluation cri-
teria of the PCS coupling model involved in this study
were as follows: the standard deviation of the contact
force is less than 0.3 times× the average contact force, the
maximum contact force is less than 350 N, and the ver-
tical maximum amplitude of the pantograph is less than
80mm. The correctness of the model used in this study
was verified based on the above criteria.

Based on the CFD modelling method described in
Section 2, an aerodynamicmodel of the pantographwith-
out fairing in the knuckle-upstream direction was estab-
lished at a speed of 250 km/h. Based on the 4.1 fluid –
structure coupling calculationmethod, the dynamics and
geometric parameters in Table 1 were used to perform
the dynamic simulation of the PCS. In Figure 11(a), the
black box represents an enlarged diagram of the aerody-
namic lifting force from 1.5–3.5 s. The pantograph lifting
force is in a downward pressure state and fluctuates sig-
nificantly, which is not conducive to stable contact of
the PCS. From Figure 11(b), it can be observed that the
random, strongly pulsating high-frequency excitation of
the pantograph aerodynamic lifting force exacerbates the
vibration of the PCS, and the standard deviation of the
contact force obtained from the fluid – structure coupling
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Figure 11. Time-history curves of (a) Aerodynamic lifting force of pantograph, (b) PCS contact force and (c) vertical displacement of PCS
contact point under the speed of 250 km/h, with pantograph in the knuckle-upstream direction and without fairing.

calculation (18.51N) exceeds (by approximately 28%) the
requirement of the EN standard (14.484N). This was due
to the fact that this study was based on the real panto-
graph model and obtained the true aerodynamic force
by Fluent computation, which had significant differences
with the EN standard because the calculation formula
was different.

As shown in Figure 11(c), the calculation results of
spans 2–7 were taken and analysed, and the maximum
amplitude in the vertical direction of the PCS contact
point was 5.8mm with the centre of mass of the con-
tact strip as the reference point. The calculation results
show that themaximumamplitude of the pantographwas
within the permissible value of 80mmspecified in the EN
standard.

5. Results and discussion

5.1. Aerodynamic characteristics

5.1.1. Aerodynamic force
When the train was running at high speed, the aerody-
namic lifting force of the pantograph had a significant
influence on the PCS contact state and the PCS flow
stability. The mean value and standard deviation were
used to analyse the influence of the CFD calculation and
bidirectional coupling calculation method on the aero-
dynamic lifting force of the pantograph in the knuckle-
upstream direction at a speed of 450 km/h. As shown
in Figure 12(a), the two calculation methods yielded a

significant difference in the aerodynamic lifting force of
the pantograph; from themean value of the aerodynamic
lifting force, the lifting force of the pantograph obtained
by the CFD calculation is in a slightly lifted state, whereas
the lifting force of the pantograph obtained by the bidi-
rectional coupling calculation was in a downward pres-
sure state, with the former being 0.01 N and the latter
being−18.67 N. From the view of the standard deviation
of the lifting force, the former was 20.57 N, and the latter
was 12.18 N.

At the end of the pantograph mechanism, the pan-
head contact strip was in direct contact with the contact
wire, and its aerodynamic performance affects the PCS.
As shown in Figure 12(b), the lifting force of the contact
strip obtained by the two calculation methods were both
in the state of downward pressure, which was 181.15 N
in the CFD method and 209.85 N in the latter method;
in terms of standard deviation, it is 10.60 N in the for-
mermethod and 6.10 N in the latter method. Themotion
of the pantograph component had a significant influence
on the aerodynamic lift force of the pantograph and con-
tact strip, which increases the downward pressure of the
pantograph and reduces force fluctuation.

5.1.2. Flow field
The pantograph flow field was analysed in order to study
the variation of the flowfield under the coupling effect. As
shown in Figure 13, the airflowwas blocked at the contact
strip, and a low-velocity region was formed downstream
of it owing to the separation and reflux of the airflow
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Figure 12. Time-history curves of (a) pantograph aerodynamic lifting force and (b) contact strip lifting force time course curves obtained
based on CFD/bidirectional coupling method at 450 km/h, knuckle-upstream condition.

at the upper and lower sides of the contact strip and
the formation of a separated vortex. As shown in the
black box in the figure, the separated vortex structures
obtained by the CFD method and the bidirectional cou-
pling method were quite different; the former forms a
pair of internal vortices at the downstream of the contact
strip, whereas the latter formed only one separated vor-
tex, but the separation vortex scale of the latter was larger
than that of the former (�X1 < �X2). This is because,
under the action of airflow, the coupled condition pan-
tograph frame was lifted up as a whole, but the contact
strip cannot be lifted with the frame under the action of
aerodynamic downforce and the contact force of the PCS.
Further, the spacing between the contact strip and the
pan-head support becomes narrower (�Z1 > �Z2), the
airflow through the bottom surface of the contact strip
was reduced, and the blocking effect by the pan-head sup-
port was strengthened, which results in the change of the
structure of the separated vortex. As indicated by the red
arrows in the blue box in the figure, under the influence
of the vortex structure, the turbulence of the contact strip
backwash was larger in the CFDmethod than in the cou-
pling method, and the airflow was oscillating and more
turbulent. This was one of the possible reasons for the
larger standard deviation of the lift force of the contact
strip in the CFD method calculation results.

As shown in Figure 14, for the pantograph in knuckle-
upstream direction, vortex shedding primarily occurs
downstream of the fairing, at the articulation between
the lower arm rod and the upper frame, and around the
pan-head and carbon contact strip. In region 1 of the
figure, compared with the coupled condition, the vortex
downstream of the carbon contact strip in the uncoupled
condition was more turbulent, and the amount of vortex
sheddingwas larger. This observationwas consistentwith
the streamline distribution pattern shown in Figure 13
and was one of the main reasons why the lift amplitude
of the carbon contact strip in the uncoupled condition
was significantly larger than in the coupled condition. In

region 2 of the figure, compared with the uncoupled con-
dition, the amount of vortex shedding in the upper frame
curved rod andmiddle section of the pan-head increased
significantly under the coupled condition. This occurred
because, under the uncoupled condition, the tail flow
formed at the upper frame curved rod was blocked by the
middle section of the pan-head and cannot fully develop.
In contrast, under the coupled condition, the upper frame
lifted up, causing a vertical displacement between the
upper frame curved rod and the pan-head. As a result, the
vortex at the tail of the upper frame curved rod hadmore
space to develop, leading to an increase in vortex shed-
ding. The changes in vortex shedding in region 3 were
also related to themotion of the pantograph components.

5.2. Transient dynamic response

Under aerodynamic excitation, the pantograph exhib-
ited a complex structural response. As shown in
Figure 15(a,b), the amplitude of the lower arm rod tilt
angle was small during train operation, and the main fre-
quency of the vibration response of the lower arm rod
was concentrated in the interval of 0–5Hz, the ampli-
tude of the response is small, which was a low-frequency
response, with a fundamental frequency of 1.248Hz con-
nected to its multiple frequencies through the folding
line. The red and orange lines in the figure represent
the theoretical values of the frequency of the pantograph
passing through the registration arm and the dropper,
respectively. The figure showed that the fundamental fre-
quency of the vibration of the lower arm rod and its
multiple frequencies was mainly distributed near the red
line, which indicates that the main factor affecting the
dynamic response of the lower arm rod was the dynamic
behaviour of the pantograph at the registration arm.
As can be observed from Figure 155(c), the position
change of the contact point had an obvious periodical
pattern compared to the lower arm rod tilt angle, and the
period was the time required to pass through one span
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Figure 13. Streamlines at the pan-head calculated based on (a) CFD and (b) bidirectional couplingmethod under the speed of 450 km/h
and pantograph in knuckle-upstream direction.

Figure 14. Iso-surface of Q-criterion (2× 105 s−1) for (a) uncoupling and (b) coupling conditions.

of the catenary. However, as shown by the blue boxes
in Figure 15(a,c), both appear to fluctuate similarly to
the shape of the catenary within one span. As shown by
the blue boxes in Figure 15(b,d), unlike the lower arm
rod, the fundamental frequency of the vibration response
at the contact point was located in the high-frequency
interval of 5–20Hz, with a fundamental frequency of
14.992Hz, and it connected its multiple frequencies by
a folded line. From the figure, it can be observed that the
folded-line crest frequency was more consistent with the
orange line because the contact point vibrationwas inten-
sified under aerodynamic excitation but constrained by
the natural frequency of the system. The fundamental
frequency of the contact point vibration was transferred
from the low-frequency vibration of the pantograph pass-
ing through the registration arm to the high-frequency
vibration passing through the dropper.

As shown in Figure 16, the acceleration distribution of
each component of the pantograph during the contacting
process of the PCS is contact strip > pan-head > upper

frame > lower arm rod, in which the contact strip
vibrates the most fiercely. The maximal accelerations
during the rising and falling process are 69.82 and
−90.14m/s2, respectively, and the acceleration of the
upper frame and lower arm rod changes more gently.
This was because the contact strip was at the end of the
pantograph mechanism and directly interacts with the
contact wire. The complex dynamic behaviours of the
pantograph and contact network converge, which made
it vibrate violently, and the falling acceleration of the
contact strip was always larger than its rising accelera-
tion under the downward pressure of the aerodynamic
force. The red box in the figure showed that the falling
process of the contact strip drives the motion of the
pan-head; however, owing to the characteristics of the
spring oscillator system, the motion of the pan-head has
a certain hysteresis. It can be observed that the order
of acceleration transfer in the pantograph mechanism
was contact strip, pan-head, upper frame, and lower
arm rod; therefore, the high-frequency vibration of the
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Figure 15. Time-domain and frequency-domain plots of the pantograph in the knuckle-upstream direction, (a,b) lower arm rod tilt
angle and (c,d) contact point displacement under the speed of 450 km/h.

Figure 16. Time-history curves of acceleration of each component of the pantograph at 450 km/h, knuckle-upstream condition.

pantograph operation is mainly concentrated in the con-
tact strip, and the pantograph frame composed of the
lower arm rod, upper frame, and pull rod was dominated
by the low-frequency vibration with a small amplitude,
which was in line with the frequency domain analysis in
Figure 12.

5.3. Interaction between pantograph and catenary

As shown in Figure 17(a), during train operation, the
mean and standard deviation of the contact force of the
PCS are 49.7 and 36.3 N. Under the action of aerody-
namic excitation, the contact strip had a large vertical
acceleration in downward direction at the highest point
of the motion path, which led to a number of offline
places of the PCS as shown by the red box in the figure.
The longest offline time was 7ms, with an offline rate

of 3.3%. As shown in Figure 17(b), similar to the con-
tact point, the fundamental frequency of the contact force
vibration is 14.981Hz, and the two multiple-frequency
folding line trends were similar. However, the main fre-
quency of the contact force vibration was concentrated at
15–50Hz, which wasmuch larger than that of the contact
point vibration.

6. Conclusions

In this study, a newmethod for the bidirectional coupling
of aerodynamics and pantograph multi-body dynamics
was proposed and validated to assess the coupling effect
between the flow field around the pantograph and the
dynamic behaviour of the pantograph. The main conclu-
sions were as follows:
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Figure 17. (a) Time-domainand (b) frequency-domainplots of the contact forcebetween thepantograph in knuckle-upstreamdirection
and the catenary under the speed of 450 km/h.

1. The accuracy of the model used for the panto-
graph flow field and dynamic simulations was veri-
fied at multiple levels. The constructed coupled flow
– structuremodel can correctly characterise the cou-
pling effect between the flow structures of the panto-
graph. Comparedwith the EN standard, it can obtain
the real aerodynamic characteristics of the panto-
graph to realise real-time correction of the contact
force of the PCS,which ismore in linewith the actual
situation.

2. At the level of the aerodynamic characteristics of the
pantograph, the amplitude and standard deviation
of the aerodynamic lift force calculated by the bidi-
rectional coupling method were smaller than those
obtained using the CFD method. The motion of the
pantograph components led to a larger difference
between the separated vortex structure downstream
of the contact strip calculated by the bidirectional
coupling/CFD method and the backwash. This may
be one of the reasons for the difference in standard
deviation of the lift force of the contact strip between
the two methods.

3. At the level of dynamic response of the PCS, when
the pantograph in the knuckle-upstream direction
was running at 450 km/h, under the action of aero-
dynamic downforce, the vibration of the contact
strip was more violent, and the average value of the
contact force of the PCS was at a lower level and
fluctuates significantly, which was not conducive to
the stable contact of the PCS. In addition, in the
process of contact of the PCS, a number of offlines
occurred, with the longest time offline being 7ms,
and the overall rate of offline being 3.3%.

The flow-induced vibration bidirectional coupling
method proposed in this study updates the pantograph
attitude based on overset grids, which can adapt to com-
plex flow variations and provide high mesh resolution.
However, the use of overset grids limits the selection of

turbulence models. In the future, a more accurate turbu-
lence model can be selected based on the dynamic mesh
technique to study the flow-induced vibration coupling
effect of pantographs.
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