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Abstract

The dropper load directly influences the fatigue mechanism of the high-speed catenary sys-
tem. A proper dropper model for a pantograph—catenary system can be used to accurately
and efficiently investigate this phenomenon. In this work, the influence of different dropper
models in pantograph—catenary systems on dropper load simulations is investigated. Based
on the Euler beam element, a finite element model-based pantograph—catenary system is
formulated, and beam, rod, and spring dropper models are considered in this model. After
the validation of the present model, the influence of different dropper models on dropper
loads and pantograph—catenary interaction dynamics is studied. The calculation efficiency
of different dropper models is also analyzed. Based on the investigation results, different
dropper models can accurately simulate the pantograph—catenary interaction dynamics,
but the spring model is not as accurate as the beam and rod models for dropper loads, and
the calculation time of the beam model is much longer than that of other models. Therefore,
the use of a rod dropper model in a pantograph—catenary system is suggested for dropper
dynamic analysis.

Keywords: pantograph—catenary system; dropper; finite element model; dropper models

1. Introduction

The catenary system plays an important role in the high-speed railway system, and it
continuously provides electrical power to the high-speed train through the pantograph.
In the catenary structure, the dropper connects the contact and messenger wires and lifts
the contact wire in the designed shape, which makes it the most important component in
the whole pantograph—catenary system [1]. Under the influence of pantograph—catenary
interactions, the dropper suffers dynamic loads, and long-term dynamic loads can cause
dropper failure (such as dropper fracture) [2-4]. The failed dropper heavily influences
the stiffness of the local catenary structure and worsens the dynamic characteristics of the
pantograph—catenary interaction, which further influences the current collection quality of
the high-speed train. Because dropper failure has been found in many high-speed railway
lines, to avoid dropper failure and maintain the current collection quality, it is necessary to
investigate the dynamic loads of the dropper in a high-speed catenary system.

Many scholars have studied dropper dynamic loads from different perspectives. Liu
et al. [2] investigated the failure mechanism of droppers and optimized the structure of
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the droppers. Liu et al. [3] investigated the fatigue failure laws of droppers under impact
loading. In their studies, the load of the dropper was obtained based on the catenary
vibration, and the dropper crimping process was then simulated based on the dropper
loads. Lee et al. [5] measured the dynamic loads of dropper structures in high-speed
railway systems to investigate the fatigue of dropper structures. Pan et al. [6] developed
a pantograph-catenary interaction model to investigate the dynamic loads of a dropper,
where one dropper is modeled by beam elements and the other droppers are modeled
as bi-linear spring elements. A comparison of the droppers at different locations under
different vehicle velocities is also performed. Cho [7] developed a pantograph—catenary
interaction model with a nonlinear dropper model, and the dynamic responses of the
dropper were analyzed after the validation of the whole pantograph—catenary interaction
model. Cho et al. [8] further investigated the influence of pre-sag on pantograph—catenary
interaction dynamics, where the dropper loads at different locations are considered. Song
et al. [9] developed a nonlinear finite element method (FEM)-based pantograph-catenary
interaction model to investigate the galloping behavior of a catenary system, where the
nonlinear dynamic responses of the dropper are considered.

It can be seen from the above investigation results that the dropper dynamic loads should
be investigated based on a pantograph—catenary interaction model with proper dropper
models, and three traditional dropper models have been developed for different purposes,
including bi-linear spring elements [10-12], rod elements [13], beam elements [14-17], or even
absolute nodal coordinate formulation (ANCF) elements [18-22]. Based on these studies,
bi-linear spring elements are used for general pantograph—catenary interaction dynamic
analysis, and beam and rod element models are used for dropper dynamic behavior studies,
such as crimping process investigations. Note that most of the above pantograph—catenary
interaction models are developed by FEM, and they have been proven to be accurate and
efficient in pantograph—catenary interaction dynamic analysis based on the validation of
EN50318:2018 standard [23,24]. However, while dropper loads are the basis of dropper fatigue
investigations, the way to better model the dropper and investigate the dropper's dynamic
characteristics has not been fully discussed so far. To better simulate the dropper dynamic
responses in the pantograph—catenary interaction system and investigate its dynamics, it
is necessary to find a proper dropper model in the pantograph—catenary interaction model
from these three dropper models.

In this work, the influence of different dropper models in pantograph—catenary models
on dropper dynamic loads is investigated. Based on the existing pantograph—catenary
interaction model [24], the Euler beam element [25] is used to formulate an FEM-based
pantograph—catenary interaction model, where the bilinear spring element model, rod
element model, and beam element model are considered to model the dropper. After
the formulation of the present model, the actual high-speed railway catenary dropper
dynamic loads are measured to validate the present model, and the dropper dynamic
loads and pantograph—catenary interaction dynamics with respect to different dropper
models are calculated and compared. The calculation times of the whole model with
respect to different dropper models are also compared. The proper dropper model in
the FEM-based pantograph—catenary model is finally suggested, which can ensure the
accuracy and efficiency of the existing pantograph—catenary model in the investigation of
dropper dynamics. The remainder of this paper is organized as follows. The FEM-based
pantograph—catenary interaction model and different dropper models are formulated in
Section 2, and the dynamic dropper load measurement process is described in Section 3.
The dropper dynamic loads with respect to different dropper models are compared and
analyzed in Section 4. The conclusion is given in Section 5.



Machines 2025, 13, 874

30f16

2. FEM-Based Pantograph—Catenary Interaction Model with Different
Dropper Models

To investigate the influence of different dropper models on dropper dynamic investi-
gation, an accurate pantograph—catenary interaction model is needed. In this section, based
on an existing pantograph—catenary interaction model [13], an FEM-based pantograph—
catenary interaction model with different dropper models is formulated, as shown in
Figure 1. Details of the formulation process are shown below. The displacement and
rotation of the catenary system are assumed to be small.

20 spans long catenary

-

w  Catenary
S suspension

Messenger wire

Contact wire

L
z mBT w mB'T
Pantograph I
. — Euler beam
X

element

Figure 1. Schematic of the FEM-based pantograph-catenary interaction model.

2.1. Modeling of the FEM-Based Catenary Model
2.1.1. Modeling of the Contact and Messenger Wire, Catenary Suspension, and
Registration Arm

The FEM-based catenary model is formulated first based on an existing pantograph-—
catenary interaction model [13], and the Euler beam element [20] is used to model the
messenger and contact wire in the FEM-based catenary model. A 20-span long catenary is
considered in the present model.

In the Euler beam element, the velocity vector of an arbitrary point P can be expressed as

Vp:ﬁc+‘i'Xt0 (@)

where uc = |uc vc wc} T, Y = {4) ) 9} T, and ty = [O y Z}T. uc, vc, and wc are
the displacements of the beam cross-section central point with P located, and ¢, ¢, and 6
are the rotational angles of the vector t around the three axes of the beam cross-section. y
and z are the material coordinates of P. Based on Equation (1), the kinetic energy of the
beam element is

1 1 .T. T~ T~ o~ .
T=3 / ovhdO = / p<u£uc _2ult¥ - ¥ tOtO‘I’) o) )
O Q

Based on the Euler—Bernoulli beam theory [23], the strain energy of the beam element
can be expressed as

1
u *fQ (Uxxfxx + Oxy€xy + szexz)dQ
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where ¢ = 1/, xy = ¢/, ky = —0', and x, = ¢'. E is the Young’s modulus of the beam
element, and G is the shear modulus of the beam element.

In Equations (2) and (3), based on finite element theory, there are:
uc(x,t) = N(x)q(t), ¥(x,t) = O(x)q(t) (4)

where N and O are shape function matrices of the Euler beam element, and their expressions
can be found in [26]. q is the generalized coordinate vector of the beam element, and its
expression is

q=[u; o1 w; ¢r @1 O u; vy w; ¢ ¢ O] )

where I and | are the nodes of the beam element on different sides. Based on the FEM
theory [27], in Equation (2), there are:

. AN .. dO .
uc:d—f:Nq,‘I’:Tf:@)q (6)

Substituting Equation (6) in Equation (2) yields
1 . . 17/ NPy 1 NP
1= [ o((Na)" (Na) ) 2 [ o(2(Na) "to(04)) - 5 [ p( (@) Toto(@q)) ()

Based on the Lagrange equation and considering Equations (3) and (7), the dynamic
equations of the Euler beam element can be obtained as

Mq+Kq=0Q (8)
where _ ~ .
M — p/ (N'N-N't0 + ©"tN - 0't0)d0 ©)
Q
4
K=) Qi (10
i=1
In Equation (10), there are
! I ! ' T s ! s T s
Q = EA / N, N'1dx—EA. / N, ©'3dx+EA, / N, @ dx (11)
0 0 0
L L t T
Qu — —EAZ/ o, Nldx+EIZ/ o, ®3dx—E1yz/ 0,70 dx (12)
JO JO 0
I L L
Qus :EAy/ o), Nldx—EIyz/ o), ®3dx+EIy/ 0,70 ydx (13)
0 JO 0
1 ST
Q, = GI, /0 0,7 1dxq (14)

where Ay, and A; are the static moments of the cross-section about the y- and z-axes,
respectively; I, and I, are the second moments of the cross-section about the y- and z-axes,
respectively; and Iy, is the polar moment of inertia of the cross-section. Q is the generalized
force vector caused by the relative motion between the moving beam element and the
static beam material, the external force, and the connected beam elements. The derivation
process of Q can be found in [26].

Based on Equation (8), the contact and messenger wire can be modeled, and their
dynamic equations are

Mcqc + Ccqc +Keqe = Q¢ (15)
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My + Cuay + Kmqy = Qum (16)

where q.- and q,, are the generalized coordinate vectors of the contact and messenger
wire models, respectively, which include all the generalized coordinates of the beam
elements. Mc, C¢, K¢, My, Cpy, and Ky are obtained by assembling beam elements.
Based on [27], the boundary condition of the contact and messenger wire in the catenary
model can be considered simply supported, which is also the boundary condition of the
whole catenary system.

The catenary suspension and registration arm are then modeled. Based on [19], the
catenary suspension is modeled as a bi-linear spring element, and the registration arm is
modeled as a lumped mass. The registration arm model is attached to the nodes at the
location of the registration arm.

2.1.2. Modeling of the Dropper

To study the influence of different dropper models on dropper dynamic loads, the
dropper should be carefully modeled in the FEM-based pantograph—catenary model. Based
on the existing pantograph—catenary model, the beam element, rod element, and bi-linear
spring element are considered, and their corresponding model processes are described
below. Note that the twisted wire model is difficult to include in the catenary model due to
the large number of DOFs and low calculation efficiency; thus, it is not considered in the
present work.

The beam element model is modeled first. To simplify the whole catenary model, each
dropper is modeled by one beam element. Based on the Euler beam element theory [26],
the dynamic equation of the beam element-based dropper can be expressed as

Mpqp +Kpqp = Qp (17)

where Mp and Kp are the mass and stiffness matrices of the dropper modeled by the beam
element, respectively. Qp is the generalized force vector caused by the connected beam
elements, and qp, is the generalized coordinate vector. The expressions of Mp and Kp can
be found in [10,26]. The dropper model is then assembled with the contact and messenger
wire model, and Qp, is neutralized for adjacent elements at the contact and messenger wire.
The node of the dropper model is combined with the node at the contact and messenger
wire at the location of the dropper.

The rod element model is then modeled, where only the axial force is considered. The
dropper is also modeled by one rod element. Based on the rod element theory [26], the
dynamic equation of the rod element-based dropper can be expressed as

Mpqp +Kpqp = Qp (18)

where M and Kp/ are the mass and stiffness matrices of the dropper modeled by the rod
element, respectively. Qpy is the generalized force vector caused by the connected beam
elements, and qy is the generalized coordinate vector. The expressions of M and Kpy
can be found in [26]. The dropper model is also assembled with the contact and messenger
wire model.
Finally, the bi-linear spring element model is modeled. Based on [13], the stiffness of
this bi-linear spring element is decided by
K, — {kid, dei = dyi > 0 19)
0,d;—du <0
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where kj; is the stiffness of the ith dropper, d,; is the vertical displacement of the contact
wire at the dropper location, and d,,; is the vertical displacement of the messenger wire at
the dropper location. Based on Equation (20), the dropper dynamic force can be calculated
as Fiy = Kjj(d.; — d ;). In the spring model, the stiffness of the dropper is mainly decided
by the Young’s modulus of the dropper material, the cross-sectional area of the dropper,
and the static length of the dropper.

2.2. Modeling of the Pantograph and Pantograph—Catenary Interaction

The pantograph system and its interaction with the catenary are subsequently repre-
sented. Following the modeling approach referenced in [24], the pantograph is considered
as a symmetric multi-body structure consisting of three discrete masses. These masses are
interconnected via spring components. The governing dynamics of the pantograph can be
described by the following equation

Mpqp + Cpqp + Kpqp = Qp (20)

where Mp, Cp, and Kp denotes the mass, damping, and stiffness matrices of the pantograph,
respectively. Qp represents the generalized forces resulting from the pantograph—catenary
contact interaction, gravitational effects, the uplift force, and aerodynamic influences. A
comprehensive derivation of the pantograph’s dynamic equation is provided in reference [24].

The pantograph—catenary interaction is caused by pantograph—catenary contact, and
the pantograph—catenary contact force is calculated by

kyd;, d, >0
Fe = 21
¢ {o,d,<o 1)

where d, is the gap between the contact wire and contact strip of the pantograph at the
contact point of the pantograph—catenary system, and k;, = 50,000 N/m [13]

2.3. The FEM-Based Pantograph—Catenary Interaction Model

After the modeling of the contact and messenger wire, catenary suspension, registra-
tion arm, different dropper models, pantograph, and pantograph—catenary interaction, the
pantograph—catenary interaction system can be finally modeled as

Mca dca dca| _ |Qca 22)
Mp| | qp

dp Qp
where M4, Cca, and Kcy4 are the mass, damping, and stiffness matrices of the whole

Kca
Kp

Cca dca

qp

+ +

Cp

catenary model, which are obtained by assembling Equations (15)-(18). The static shape of
the catenary is obtained by the design parameters of the catenary and shape finding, and
the corresponding generalized coordinate vectors are considered as the initial condition of
Equation (22). The commercial software MATLAB R2025a is used to achieve Equation (22),
and it is solved by the MATLAB function odel5s. Note that different dropper models have
different dynamic equations, and they should be solved separately.

3. Validation

After the formulation of the FEM-based pantograph—catenary interaction model with
different dropper models, it is further validated to ensure its accuracy. Note that the present
pantograph—catenary interaction model is similar to that in [13] with the rod beam dropper
model that has been validated through the EN50318:2018 standard in [13]. In addition,
while the dropper dynamic loads are considered in the present work, the EN50318:2018
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standard does not validate the dropper loads. Therefore, the EN50318:2018 standard is not
considered, and the dropper models are validated by measurement data. Details of the
validation process are shown below.

The measurement data of the dropper dynamic loads are used to validate the present
models. The dropper load measurement system, which consists of cameras (MOKOSE
UC?70), camera support, a data acquisition card (DAC) (NI USB-6211), and a control and data
processing system, was developed to measure the dropper loads, as shown in Figure 2. The
cameras can obtain the image of the target dropper every 0.1 s, and the DAC receives the
image data and translates it to the control and data processing system, which is installed
on a computer. The control and data processing system is developed based on the image
recognition algorithm [28], and the dropper loads can be calculated based on the displacement
of the dropper at the dropper ends. The measurement accuracy of the present system can
reach 0.2 mm, which results in a high-accuracy dropper dynamic load measurement. In 2022,
the present system was used in the Guangzhou-Shenzhen high-speed railway system at the
Guangzhou-Humen section to measure the dropper dynamic loads, and the results are used
here for validation purposes. In the present measurement process, five identical cameras are
used, and each camera measures one dropper at the same time. The five droppers are located
in the same span, and every span has the same dropper locations and parameters.

(a)

Messenger wire —m
Dropper
Contact wire —

Control and data
processing system

Camera and
support

Figure 2. The dropper dynamic force measurement system: (a) schematic of the system, (b) image
recognition system, and (c) data processing system.
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The present FEM-based pantograph—catenary interaction model with different drop-
per models is also formulated based on the Guangzhou-Shenzhen high-speed railway
system. Based on the condition of the above-mentioned measurement data, the train op-
eration speed is considered to be 350 km/h. The length of the catenary system is 900 m,
and 1910 Euler beam elements are used to model the contact and messenger wire. The
parameters of the pantograph—catenary interaction system at the Guangzhou-Shenzhen
high-speed railway system can be found in [29,30]. The FEM model of the 20-span catenary
is shown in Figure 3. The stiffness and damping of the spring model are calculated based
on the cross-sectional area and material parameters of each dropper, and the beam and rod
model is formulated directly based on the parameters of the dropper. The middle dropper
in the third span is chosen for validation.

] T T T T T T T T
sk | /\ - .
o |
=
04t
02t
0 l 1 | 1 1 1 1 |
0 100 200 300 400 500 600 700 800 900
X (m)

Figure 3. The FEM model of the Guangzhou-Shenzhen high-speed railway 20 spans catenary.

Based on the present FEM-based pantograph—catenary interaction model, the time
histories of the dropper load with respect to different dropper models are shown in Figure 4,
where the simulation results are compared with those from the measurement data. The
mean and maximum dropper loads from the simulation results and measurement data
are also shown in Figure 5 for validation purposes. It can be seen from Figures 4 and 5
that the results from the measurement data are similar to those from the simulation results
with respect to the beam and rod dropper models, but they show some differences in the
bilinear spring model. When considering the beam and rod model, the time history results
from the simulation results are close to those of the measurement data, and the relative
difference in the mean and maximum dropper loads between these two results is no more
than 3.6%. But when considering the bilinear spring model, the time history results from
the simulation results show a clear difference from the measurement data, and the relative
difference in the mean and maximum dropper loads between these two results reaches
9.2%. Therefore, the bilinear spring element model is not as accurate as the beam and rod
element model when analyzing the dropper dynamics.

While different dropper models have different accuracies in calculating the dropper
dynamic loads, their influence on the whole pantograph—catenary interaction dynamics
may be limited. To further validate the present model and investigate the difference
between the dropper models in pantograph—catenary interaction dynamic analysis, based
on the above-mentioned Guangzhou-Shenzhen high-speed railway case, the pantograph—
catenary contact force with respect to different vehicle velocities and dropper models is
calculated and compared. Time histories of the pantograph—catenary contact forces with
respect to different vehicle velocities and dropper models are shown in Figure 6, where
four vehicle velocities, 250 km /h, 300 km /h, 350 km/h, and 400 km/h, are chosen. It can
be seen from Figure 6 that while the bilinear spring model is not as accurate as those of the
beam and rod elements in dropper load analysis, it has little influence on the calculation of
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the pantograph-catenary interaction dynamics. The results from the bilinear spring, beam,
and rod element dropper models at different vehicle velocities are in good agreement with
each other, and their maximum relative difference is no more than 1.5%. In addition, since
the pantograph—catenary contact force with respect to different dropper modes is in good
agreement with each other, the accuracy of the present pantograph—catenary interaction
model can be further validated. The reason why the dropper model has little influence
on pantograph—catenary interaction is that the parameters of the catenary with respect
to different dropper models are the same, like the length, stiffness, and nonlinearity of

the dropper.
(a) (b)
400 T T T T T 400 T T . :
——Rod —— Measurement data —Beam Measurement data
Z.300 1 Z300
=3 =
E Addas g fikns
— 200 LA 1 =200 Y
v L
=% [=9
=% =y
< c
5 100 i & 100
0 : - . 0 :
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Time (s) Time (s)
(©
400 T : .
— Spring Measurement data

5]

<

<
T

Dropper load (N)
§ .

0 1 2 3 4 5 6 7
Time (s)

Figure 4. Time histories of the dropper loads with respect to different dropper models: (a) rod model;
(b) beam model, and (c) spring model.

(a) (b)
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2
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o
g
3
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E!
E
= 50
0

Spring Rod Beam

Spring Rod Beam
Dropper models

Dropper models

Figure 5. Statistical results of the dropper loads, the percentage means the relative difference: (a) mean
dropper loads and (b) maximum dropper loads.
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Figure 6. Time histories of the pantograph—catenary contact forces with respect to different vehicle
velocities and dropper models: (a) V = 250 km/h; (b) V = 300 km/h; (c¢) V = 350 km/h, and
(d) V=400 km/h.

4. Study on the Influence of Different Dropper Models on Dropper
Dynamic Loads

4.1. Influence of Different Dropper Models on Dropper Dynamic Loads at Different Droppers

It can be seen from the above results that the dropper dynamic loads from the beam and
rod models are in good agreement with each other, and the results from the spring model
show a difference between the other two models and the measurement data. However,
there are many droppers in each span of the catenary, and different droppers have different
dynamic loads. The beam, rod, and bilinear spring models can also have different dropper
load results for different droppers. Therefore, the influence of different dropper models on
dropper dynamic loads at different droppers should be investigated to determine the most
suitable dropper models.

Based on the above Guangzhou—Shenzhen high-speed railway system, the five drop-
pers in the third span, starting from left, are chosen, and their dynamic loads with respect
to different dropper models are calculated. The dropper location is shown in Figure 7a, and
the time histories of the dropper loads at these droppers with respect to different dropper
models are shown in Figure 7b—f. The vehicle velocity is chosen as 350 km/h. It can be
seen from Figure 7 that the results from the spring, rod, and beam models are similar to
each other for droppers 3 and 5, but they show a great difference in droppers 1, 2, and
5. When considering droppers 1 and 5, the results from the bilinear spring elements are
totally different from those of the beam and rod elements, and they fail to present the
dynamic characteristics of the dropper. This is because the nonlinearity of the dropper
system is concentrated near the end of each span, and the spring model cannot represent
this nonlinearity.
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Figure 7. Time histories of the dropper models with respect to different dropper models: (a) the
dropper location; (b) dropper 1; (c) dropper 2; (d) dropper 3; (e) dropper 4; (f) dropper 5.

4.2. Influence of the Stiffness and Operation Speed on the Dropper Models” Accuracy

As shown above, the beam and rod model can accurately simulate the dynamic loads
of the dropper, and the bilinear spring model is not as accurate as these two models.
However, in the bilinear spring model, the stiffness k;; is a key parameter and can heavily
influence the dynamic characteristics of the model. In addition, the vehicle operation
velocity may also influence the dynamic responses of different dropper models at different
droppers. To better understand the dynamic characteristics of these dropper models, it
is necessary to further investigate the influence of stiffness and vehicle velocity on the
accuracy of dropper models.

The influence of the stiffness on the accuracy of the bilinear spring model is investi-
gated first. Droppers 2 and 3 in the above case are further chosen here, and their dropper
dynamic loads under different stiffnesses k;; are calculated and compared with those from
the rod model. The time histories of the dropper loads and their maximum relative dif-
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ferences compared to those from the rod model with respect to different k;; are shown
in Figure 8. It can be seen from Figure 8 that the stiffness of the spring dropper model
greatly influences its calculation accuracy on dropper dynamic loads, and the appropriate
value is hard to decide for different droppers. In dropper 3, the results of the dropper load
have comparatively small changes with the change in kid. In addition, the original value
(obtained from the parameters of the dropper structure) of kid = 2100 kN/m can actually
obtain the accurate results, where the maximum relative difference between the results
from the spring and rod model is 4.78%. When k;; leaves this value and changes within
1000 kN /m, the relative difference remains smaller than 10%. However, when considering
dropper 2, the dropper dynamic loads obviously change with the change in the kid, and
the original value can not obtain accurate results. When k;; = 1500 kN /m, the maximum
relative difference reaches 45%, and it decreases to 7.2% when k;; = 3000 kN /m, but this
value is far different from the original value. Because the value of the kid is hard to decide,
and it even needs to be different from the original value at different droppers. It is not
suggested to use the bilinear spring model to investigate the dynamic characteristics of
the dropper.

(a) (b)
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Figure 8. Time histories and maximum relative difference in the dropper loads under different spring
model stiffnesses kid for different droppers: (a) time histories of the dropper loads at dropper 3;
(b) maximum relative difference compared to the rod model results at dropper 3; (c) time histories of
the dropper loads at dropper 2; (d) maximum relative difference compared to the rod model results
at dropper 2.

The influence of vehicle velocity on different dropper models” accuracy is further
studied. Four vehicle velocities of 250, 300, 350, and 400 km/h are chosen, and their
corresponding dropper loads under different dropper models for droppers 3 and 4
are calculated. The time histories of the dropper loads under the different vehicle
velocities in the different dropper models at dropper 3 and dropper 4 are shown in
Figures 9 and 10, respectively. The maximum relative differences between the results
from the spring and rod models at the different vehicle velocities and droppers are shown
in Figure 11. Figures 9 and 10 further show that the vehicle velocity has a small influence
on the beam and rod model accuracy, but it can further influence the accuracy of the spring
model. When the vehicle velocity increases from 250 km/h to 400 km/h, the results from
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the rod and beam models are in good agreement with each other, and their maximum
relative difference remains smaller than 2.1% for droppers 3 and 4. But the maximum
relative difference between the results from the spring and rod model increases from 3.2%
t0 9.7%, and the results from the spring model even become unstable at dropper 3 when

V =400 km/h. Therefore, to obtain accurate dropper dynamic loads, the rod and beam
dropper models are needed.

T 400 v T

—Rod ----Beam ---=Spring

=250 km/h

"= 300 km/h

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Time (s) Time (s)
(©

(%)

Dropper load (N)
o

V=350 kim/h }'= 400 km/h

3 4 5 6 7 0 1 2 3 4 5 6 7
Time (s) Time (s)

Figure 9. Time histories of the dropper loads at different vehicle velocities at dropper 3:

(a) V = 250 km/h; (b) V = 300 km/h; (c) V = 350 km/h, and (d) V = 400 km /h.
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Figure 10. Time histories of the dropper loads at different vehicle velocities at dropper 4:

(a) V=250 km/h; (b) V =300 km/h; (c) V=350 km/h, and (d) V = 400 km/h.



Machines 2025, 13, 874

14 of 16

glo T .

8 —2— Dropper 3 Q
5 Dropper 4

5 8 :
o

k=

Z 6f 1
=

o

E 4 :
=]

E %

é 2 1 1

= 250 300 350 400

Vehicle velocity (km/h)
Figure 11. Maximum relative difference between the spring and rod models at different vehicle velocities.

4.3. Influence of Dropper Models on Calculation Efficiency

It can be seen from the above investigation results that the beam and rod element
dropper model can be used to accurately investigate the dynamic loads of the dropper
in a pantograph-catenary interaction system. However, the calculation efficiency is also
an important case in the simulation process, especially when considering the large-scale
pantograph—catenary model and multi-condition simulation (like variable speed and ten-
sion). Therefore, the calculation efficiency of different droppers is further investigated.

Based on the above Guangzhou-Shenzhen high-speed railway case, the beam and
rod element dropper models are further considered in the present FEM-based pantograph—
catenary interaction case. The train runs along the catenary in 8 s with a constant velocity
of 350 km/h, based on the present pantograph—catenary interaction model, and the CPU
time of the whole simulation process with respect to different dropper models is recorded
and compared with each other. The corresponding CPU times are shown in Table 1. Table 1
shows that the CPU times of the pantograph—catenary interaction model with the rod model
are shorter than those of the beam model at different vehicle speeds. When V =250 km/h,
the CPU times of the present pantograph—catenary interaction model with the rod and
beam model are 1434 s and 2533 s, respectively, and they become 1467 s and 2724 s when
V =400 km/h. Based on these results, the rod dropper model can result in a more efficient
pantograph—catenary interaction model, and its calculation accuracy is maintained. To
accurately and efficiently simulate the dropper dynamic loads without additional work, it
is suggested to use a rod model in the FEM-based pantograph-catenary interaction system.

Table 1. CPU times of the FEM-based pantograph—catenary interaction model with different dropper
models at different vehicle velocities.

Dropper Models
Rod Beam
o~ V =250 km/h 1434 2533
2R3 V =300 km/h 1452 2538
g O g V =350 km/h 1444 2545
= V =400 km/h 1467 2724

5. Conclusions

In the pantograph—catenary interaction system, different dropper models are devel-
oped for different kinds of investigations. However, which one is more suitable for the
dropper dynamic load analysis has not been studied so far. In this work, the influence of
different dropper models in the pantograph—catenary interaction system on dropper load
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simulation is analyzed to choose an accurate and efficient dropper model. Based on the
existing pantograph—catenary interaction model and Euler beam element, a FEM-based
pantograph—catenary interaction system is formulated, and rod, beam, and bi-linear spring
element models are considered to model the dropper. After the validation of the models,
the influence of different dropper models on the dropper dynamic loads and pantograph—
catenary interaction dynamics is analyzed, and the influence of the stiffness and vehicle
velocity on the dropper models” accuracy is investigated. Finally, the influence of dropper
models on the pantograph—catenary system calculation efficiency is studied.
Based on the investigation results, the following conclusions can be drawn:

1. The bilinear spring model can only be used for generalized pantograph—catenary
interaction dynamic analysis. While the pantograph—catenary interaction model with
the bilinear spring dropper model can obtain accurate pantograph—catenary contact
force results, the dropper dynamic loads from the bilinear spring model are different
from those from the measurement data, and their maximum relative difference can
reach 8.7%. When considering different droppers in one span, this maximum relative
difference can even reach 45% compared to the rod element model. In addition, the
original stiffness of the bilinear spring model can also result in inaccurate results.
Therefore, the bilinear spring model can not be used for dropper dynamic analysis.

2. Both the beam and rod dropper models can accurately simulate the dropper loads in
the present FEM-based pantograph—catenary system for different droppers, and their
maximum relative difference compared to the measurement data is no more than 3.6% in
different models. But the calculation efficiency of the pantograph—catenary system with
the rod element model is higher than that of the beam element model, where its CPU
time is only half that of the beam element model. Therefore, to accurately and efficiently
present the dropper dynamic loads of the catenary system under pantograph—catenary
interactions, it is suggested to use the rod model in the pantograph—catenary system.
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