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Abstract: The effective vibration area includes most of the catenary vibration caused by pantograph-
catenary interactions and is the basis of the real-time catenary model for hardware-in-the-loop
simulation. However, while the length of the effective vibration area is one of the most important
parameters of the real-time catenary model, it has not been fully studied at present. In this paper,
the length of the effective vibration area is first investigated. A pantograph—catenary interaction
model is developed based on the modal superposition method. After the validation of the model, the
vibration energy distribution of the catenary is used to determine the length of the effective vibration
area based on the converged total energy. The influence of vehicle velocity and contact wire tension
on the vibration energy distribution and length of the effective vibration area is investigated. The
obtained appropriate length of effective vibration area is validated by a real-time catenary model
and online measurement data of the contact force. The investigation results show that the energy
distribution of the catenary can accurately determine the length of effective vibration area, and it
increases with increasing vehicle velocity but decreases with increasing contact wire tension. The
appropriate length of effective vibration area should be at least 160 m (approximately three spans) in
the pantograph—catenary system.

Keywords: pantograph-catenary interaction; effective vibration area; real-time catenary model;
energy distribution

1. Introduction

The pantograph—catenary system is one of the most important subsystems in elec-
trified railways, and its working performance affects the working performance of the
whole railway system. In the pantograph—catenary system, the pantograph—catenary in-
teraction dynamics directly determine its working performance and poor pantograph—
catenary interaction dynamics can cause different failures, including arcing [1] and ab-
normal wear of the contact strip [2]. The increasing train operation speed worsens the
dynamic behavior of the pantograph—catenary interaction and threatens the working per-
formance of the pantograph—catenary system [3,4]. To ensure the operation reliability
of the pantograph—catenary system, it is necessary to investigate the dynamics of the
pantograph—catenary interaction at present.

Many scholars have contributed to the investigation of pantograph—catenary interaction
dynamics from different aspects [5-10]. Poetsch et al. [5] studied the pantograph—catenary
interaction dynamics and its control methods in the early stage. Later, Zhang et al. [6]
studied the influence of pre-sag and contact wire irregularity on pantograph interac-
tion dynamics. Bocciolone et al. [7] further investigated the aerodynamics of the pan-
tograph = catenary system. Gregori et al. [8] developed a finite element method-based
method to efficiently solve the dynamic responses of the pantograph—catenary interac-
tion. The pantograph—catenary interaction benchmark was developed by Bruni et al. [10].
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The EN 50318-2018 standard [11] is also proposed based on existing investigation results
as the standard of pantograph—catenary interaction simulation and experimental models.
Recently, Song et al. [12] even used deep, long-short-term memory neural networks to
efficiently investigate the dynamics of pantograph—catenary interactions. Traditionally,
pantograph-catenary interactions are considered to influence all catenary structures, and
the finite element method (FEM) [13-15] and modal superposition method (MSM) [16-18]
are mainly used to model pantograph—catenary interactions with all catenary structures
considered. However, the increasing train operation speed lets the pantograph continuously
interact with a long catenary structure due to the long travel distance of the vehicle. With a
long catenary model considered, the number of degrees of freedom (DOFs) of the whole
pantograph—catenary interaction model is greatly increased, and its calculation efficiency
is decreased. This is harmful to the investigation of pantograph—catenary long-term dy-
namic behavior and the development of pantograph—catenary hardware-in-loop simulations,
where both calculation accuracy and efficiency are needed.

In 2012, Facchinetti and Bruni [18] found that the pantograph—catenary interaction
does not influence the whole catenary structure and the vibration of the catenary caused
by the pantograph—catenary interaction is mainly concentrated in a small area around the
moving pantograph. This small area is the effective vibration area (EVA), as shown in
Figure 1. Based on the EVA, they developed a real-time catenary model for a hardware-
in-the-loop pantograph—catenary interaction simulation. In the real-time catenary model,
the long catenary is reduced to EVA (3-5 spans) and modeled using the MSM. When the
pantograph moves near the boundary of the real-time catenary model, the whole model
moves forward to let the pantograph located in the center of the model again, and the
initial condition of the model after movement is derived based on the calculation results
of the model before movement. Because only the EVA (3-5 spans) instead of the whole
long catenary (normally 20 spans) needs to be modeled, the number of DOFs of the whole
model is greatly decreased, and its calculation efficiency is improved when calculating the
dynamic responses of the pantograph—catenary interaction with a long catenary considered.
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Figure 1. Schematic of the effective vibration area in the pantograph—catenary interaction.

Later, Bruni [19] and Facchinetti [20] further improved this model to formulate the
hardware-in-the-loop pantograph—catenary interaction test bench. The same theory is also
used in train-track interaction simulation models, such as the moving element model [21,22]
and the reduced beam model [23,24]. These new methods have proved accurate and
efficient in solving pantograph—catenary interaction dynamics with long catenary structures
and can be used in hardware-in-the-loop pantograph—catenary interaction simulation.

It can be seen from these methods that the EVA is the basement of these methods, and
the length of the EVA can directly decide the accuracy and efficiency of these methods. If the
length of EVA is too short, the vibration of the catenary caused by the pantograph-catenary
interaction cannot be fully included in the model, and its calculation accuracy is decreased.
If the length of EVA is too long, the length of the catenary model is also long, and the DOFs
of the model are increased, which further decreases the calculation efficiency of these new
methods. Xu et al. [25] investigated the influence of the length of EVA on the calculation
accuracy of the reduced catenary model and gave the proper length of EVA of a certain
pantograph—catenary interaction case. However, while the length of EVA is considered in
the existing literature, the way to calculate the length of EVA and the influence of different
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key parameters on the length of EVA is not considered so far. This limits the application
of the new efficient pantograph—catenary interaction model based on the EVA. Therefore,
to better understand the basic theory of these new models and apply them in different
pantograph—catenary interaction cases, it is necessary to investigate the length of EVA in
the pantograph—catenary system and decide them before using the new models based on
the EVA.

In this work, the length of EVA in the pantograph—catenary system is investigated.
Based on the existing model developed in [26], a pantograph—catenary interaction model
with a long catenary structure (30 spans) is developed, where the whole model is validated
by the EN50318:2018 standard. Then, a new method is developed based on the energy
distribution to obtain the length of the EVA in the pantograph—catenary interaction system.
Based on this new method, the length of EVA under the influence of different contact wire
tensions and vehicle velocities is investigated. The appropriate length of EVA with respect
to different vehicle velocities and contact wire tensions is obtained. Finally, the real-time
catenary model is used to calculate the dynamic responses of the pantograph—catenary
interaction under different lengths of EVA, and the results are compared with those from
measurement data to validate the obtained appropriate length of EVA. The present re-
search results enhance the theory of the new efficient pantograph—catenary interaction
models based on EVA and can be used as a supplement to these models. The rest of
this paper is organized as follows. The MSM-based pantograph—catenary model and the
new method to obtain the length of the EVA are described in Section 2, and the present
pantograph—catenary model is validated in Section 3. The length of EVA under different
conditions is calculated and validated in Section 4. Some useful conclusions based on the
study are drawn in Section 5.

2. Formulation of the Pantograph—Catenary Interaction System and Length of EVA

Based on the existing MSM-based pantograph—catenary interaction model developed
by Zhang et al. [26], a pantograph—catenary interaction model is formulated, and a method
is developed to calculate the length of EVA, as shown in Figure 2. The stitched catenary is
further considered, and the stitched wire is simplified as two spring-damping elements
attached to the messenger wire at specific locations. The displacements and rotations of the
reduced catenary model are assumed to be small.

Simplified
stitch wire

Catenary suspension

Messenger wire

s =

‘ontact wi
Contact wire My,

Figure 2. Model of the pantograph—catenary interaction system.

2.1. Model of the Catenary System

The catenary system is modeled based on the stitched catenary system, which mainly
consists of messenger wire, contact wire, droppers, catenary suspensions, stitch wires, and
registration arms. First, the contact wire and messenger wire are considered Euler—Bernoulli
beams [26], with their vertical, lateral, and torsional motions considered. Based on the MSM,
the kinematic energy of the contact wire and messenger wire can be expressed as

1 L 5 1 L 9 1 L .2
T =5 [ puniiuds 5 [ puAnzadx+ 5 [ on(ln + Ln)gndx ()
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where the subscripts m and c correspond to the messenger and contact wire, respectively. L
is the length of the catenary model, and y, z, and ¢ are the vertical, lateral, and torsional
motions of the wire cross-section, respectively. p is the density of the beam, and A is the
cross-sectional area of the wire. I, and I, are the second moments of the wire cross-section.
The overdot on y, z, and ¢ means the time derivative of these motions. Similarly, the strain
energies of the messenger and contact wire can be expressed as:

1 " 1 " 1 1"
U = EfoL EunIym (Zm)zdx + EfoL EnlLzm (ym)zdx + EfoL G lIpm (¢m)2dx 3)
1 1
+§fOL Tsm (y;n)de + EfOL Tom (Z;n)de
1.1 2 1.1 2 1.1 iy 2

1 1
+§fOL Tsc(yé)zdx + EfoL TSC(zé)de

where E and G are the Young’s modulus and shear modulus of the wire material, respec-
tively. Ts is the tension of the wire. (-)’ denotes the partial derivative of a variable (-) with
respect to coordinate x.

Based on the Galerkin method, the displacement and rotations of the messenger and
contact wire in Equations (1)—(4) can be further expressed as:

ym(x/ t) - Ym(x)qmy<t)f zm(x, t) = Zm(x)qmz(t)/ ¢m(x/ t) - ‘I’m(x)%mx(t) (5)

Ye(x,£) = Ye(x)qgy (1), 2e(x, 1) = Ze(x)q, (8), Pe(x, 1) = ®c(x)qgey () (6)

where Y, Z, and ® are trial functions, and qy, 9z, and qg are the vectors of the corresponding
generalized coordinates. In the present model, the boundary conditions of the messenger
and contact wire are considered as simply supported, and the expressions of Y, Z, and ®
can be seen in [26]. Based on Equations (5) and (6), in Equations (1)—(4), there are:

ym = Ymélmy' 27” = qumz' ¢m = q)mqmy' yc = chcy' ZC = ZCc'lcz/ 47(: = q)chy (7)

Y = Yoy Zin = ZpGzr O = Prulys Yo = Yeleys Ze = Zqczs P = Pqey ()

Substituting Equations (7) and (8) into Equations (1)-(4) and using Lagrange’s equa-
tion, the dynamic equations of the messenger and contact wire can be expressed as:

Mmqm + Cmqm +Knq,, = Qrm )

McElc + Ccélc +Kcq, = Q. (10)

where M, C, and K are the mass, damping and stiffness matrices of the contact and
messenger wire, respectively. Qp,, is caused by the vertical dropper forces Fj;, catenary
suspension forces and messenger wire gravity. Qp, is caused by the vertical dropper
forces Fy;, registration arms gravity, and contact wire gravity. The static shape of the
catenary is obtained based on its design parameters, such as the sag distance [27], and
the corresponding generalized coordinate vectors q,,, and q,, with respect to the static
shape of the catenary are considered the initial conditions of Equations (9) and (10). The
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derivation process of Qr is the same as that shown in [24]. In Equations (9) and (10),

T T
9y = [qmy, Lo T ‘lemx} ,and q, = [qu/ ez %cx} . The expressions of My, and K, are:

pmAmeL (YZ;,Ym)dx
M,, = omAm [y (ZLZy)dx (11)
o (Lym + L) fy (®@F,®p)dx

[ Enle Ji (YQ;TY;;) dx T
+Tom Jy (Y;,? Y;n) dx

K, = Enly [ (z;’fz;,;) dx (12)
T, [ (2T Z),)dx

Gunlpm fy (@17 @1, )dx ]

Based on the Rayleigh damping theory, C;;, = aM,; + K, where &« = = 0.02.
Similarly, the expressions of M, and K are:

pcAcfy (YIXc)dx
M. = oA i (272 )dx (13)
pc(Iye + Ic) fy (@7 ®@c)dx

[ Eeles fy (YeTYC)dx
L

+Tec fy (YY) dx

K.

Ecley [ (z'g Tgz! ) dx (14)
Ve [y (Z7ZL)dx

Gelpe [y (@7 @) dx]

and C, = aM, + BK..

The droppers, catenary suspension, stitch wire, and registration arm are then modeled.
The droppers are modeled as a bilinear spring element with zero stiffness in compression,
and the dropper forces are calculated as:

(dci - dmi)kid/ dci - dmi >0
F; = , 15
di { 0, dci — dmi <0 ( )

where kj; is the ith dropper stiffness and d.; and d,,; are the displacements of the contact
wire and messenger wire at the dropper-connected locations based on the static shape of
the catenary. The static force of every dropper should also be considered in the calculation
process. The suspension of the catenary is modeled as spring-damper elements with
stiffness K and damping C/. The registration arm is modeled as a lumped mass mpr
attached to the contact wire.

As mentioned above, the stitch wire is simplified as two spring-damping elements
attached to the messenger wire at the stitch wire location. The stiffness and damping
of these two spring-damping elements should be calculated based on the stiffness and
damping of the catenary suspension and dropper.

2.2. Pantograph Model

The pantograph is then modeled as a lumped mass model [27], as shown in Figure 2.
These lumped masses are connected with each other through spring-damper elements. The
mass, stiffness, and damping of these lumped mass and spring-damper elements should
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M,
M,

be chosen to let the frequency of the model be equal to those of different real pantographs.
The dynamic equation of the pantograph is:

Mpqp + Cpqp + Kpqp = Qp (16)

where Mp, Cp, and Kp are the spring, damping and stiffness matrices of the pantograph
system, respectively. qp is the generalized coordinate vector of the pantograph system. Qp
is the generalized force vector generated according to the pantograph gravity, uplift forces,
and pantograph—catenary contact forces. The uplift force is applied on the third lumped
mass m3, and the aerodynamic force is applied on the first lumped mass m1 (pantograph
head). The aerodynamic force is calculated by [28]:

F,y = 0.0097V? (17)

and the uplift force has a constant value of 70 N. Details of these matrices’ expressions can
be seen in [27].

2.3. Pantograph—Catenary Interaction Model

Based on the dynamic equations of the catenary and pantograph, the dynamic equa-
tions of the whole pantograph-catenary interaction model can be expressed as:

An|  [Cm D] [Kon An|  [Qem
qc + C. 9qc + K. qQ | = Qr, (18)
Mp] [qp Cpr] Lap Kp]| [9p Qp

In Equation (17), the pantograph—catenary contact force is calculated based on the
following equation:

 [kndy, dy >0

FC_{ 0,d <0 (19)

where k;, is the contact stiffness and d, is the relative distance between the contact wire
and contact strip of the pantograph at the contact point. The position of the contact
point changes with the movement of the pantograph. The value of k,, can be chosen as
50,000 N/m [27]. The present model is achieved in the commercial software MATLAB
2022a, and Equation (17) is solved by a variable-step, variable-order (VSVO) solver (MAT-
LAB function odelbs).

2.4. Calculation Method of the Length of EVA

After the formulation of the pantograph—catenary interaction model, the EVA of the
pantograph—catenary interaction system is determined. Note that the vibration of the
catenary consists of vertical, lateral, and torsional vibrations of the contact and messenger
wire, and it is difficult to present all of these results in one paper. However, the propagation
of vibration can be considered as the propagation of energy, and the energy distribution
of the catenary directly presents the vibration distribution situations, which is helpful in
determining the EVA with most of the vibration included. Therefore, the energy distribution
of the catenary is concentrated and calculated. Based on Equations (1)—(4), the vibration
energy at an arbitrary location of the catenary can be calculated as:

. . -2 . . .2
Ex= %PmAm (yix + Zix) +Pm(lym + Izm)qux + %PcAc (ygx + sz) +Pc(lyc + IZC)¢cx
3w (L () Fon () ) + Gl () + § o (v302)” + (2 )?) (20)
3Ee (Iye (26)* + Le(¥ex) ) + Gelpe (92)” + 3 Toe((va)” + (212

where Vyx, Zmy, and ¢,y are the vertical, lateral, and torsional motions of the messenger
wire at arbitrary location X, respectively. ycy, zcx, and ¢.r are the vertical, lateral, and
torsional motions of the contact wire at arbitrary location x, respectively.
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Based on the energy distribution of the catenary, the length of the EVA can be further
decided. As mentioned above, the EVA is determined to include most of the vibration
caused by the pantograph—catenary interaction. Thus, if the total energy of the EVA
converges, the length of the EVA is long enough to include most of the vibration caused by
the pantograph—catenary interaction. The total energy of the EVA can be calculated by:

Xpt+sde
E— / 2 Euix @1)
X P Ede
where x; is the location of the pantograph, and d, is the length of the EVA. The convergence
of total energy is defined as the difference between two neighboring values within a
tolerable error of 0.01 J.

3. Validation

After the modeling of the pantograph—catenary interaction system, the present model
is validated by the EN50318:2018 standard [11], where the stitched catenary and its corre-
sponding double pantograph are considered, and the pantograph distance is 200 m. The
total length of the catenary is 1800 m (30 spans), and the number of modes used in the
calculation is n = 1200. Two vehicle operation velocities, V = 275 km/h and 320 km/h, are
considered for simulation. The time histories of the pantograph-catenary contact force
with respect to different pantographs and vehicle velocities are shown in Figure 3, and
their corresponding statistical results are shown in Table 1, which are compared with those
from the EN50318:2018 standard. It can be seen from Figure 3 that the calculation results
from the present model are reasonable, and their corresponding statistical results show
good agreement with those listed in the EN 50318-2018 standard, which means that the
present model can accurately simulate the dynamic responses of the pantograph—catenary
interaction in a stitched catenary system.

A
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Figure 3. Time histories of pantograph-catenary contact forces with respect to different pantographs
and velocities: (a) V =275 km/h and (b) V =320 km/h.

Table 1. Statistical results of the pantograph—catenary interaction with respect to different pan-
tographs at V = 275 and 320 km/h and comparison with the values in EN50318:2018 (in parentheses).

Speed [km/h] 275 320

Pantograph Leading Trailing Leading Trailing

Fp [N] 143.5 (143-144) 143.5 (142-144) 169 (169) 169 (169)

o [N] 23.8(20.2-14.7) 28.2 (24.4-36.2) 22.8(20.5-24.7) 34.9 (30.4-38.3)
o (0 Hz-5 Hz) [N] 14.2 (11.7-15.2) 17.4 (17.0-18.2) 12.8 (11.8-13.3) 22.4(20.4-24.2)
o (5 Hz-20 Hz) [N] 18.3 (16.5-19) 24.9 (16.4-27.4) 18.1 (15.2-20.9) 27.8 (21.5-29.8)
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Table 1. Cont.

Actual maximum of

contact force [N] 197.6 (185-199) 224.1 (203-252) 227.6 (210-232) 246.1 (239-255)

Actual minimum of

contact force [N] 97.1(92-102) 85.2 (56-88) 122.3 (105-128) 75.2 (43-78)

Range of vertical
position of the point ~ 23.1 (18-25) 33.5 (26-36) 20.9 (13-23) 59.1 (38-63)
of contact [mm]

Maximum uplift at

support [mm] 67.8 (55-79) 73.1 (51-79) 89.2 (74-95) 90.2 (69-95)

Percentage of loss of

contact [%] 0(0) 0(0) 0(0) 0(0)

4. Study on the Length of EVA in the Pantograph—Catenary System
4.1. Influence of Different Vehicle Velocity and Contact Wire Tension on the Length of EVA

In the catenary system, the wave velocity is determined by the vehicle velocity and
contact wire tension [29], and the wave velocity also influences the propagation of vibration
and energy distribution. Besides, the temperature change can also influence the contact
wire tension. Therefore, the influence of vehicle velocity and contact wire tension on the
energy distribution of the catenary is investigated. The Sweden stitched catenary system
SYT7.0/9.8 interacting with a high-speed pantograph is formulated based on the present
model, and their key parameters are obtained from [27]. The energy distribution of the
catenary under the influence of different vehicle velocities V is firstly calculated based
on Equation (20) and shown in Figure 4, where V is chosen from 150 km/h, 222 km/h,
and 250 km/h. Figure 4 shows that V has an obvious influence on the energy distribution.
As V increases from 150 km/h to 222 km/h, the maximum energy increases from 0.31 ]
to 0.78 ], and other peaks also increase. Most importantly, the energy of those places far
from the pantograph also increases. For example, the energy of the catenary at x = 18 m
increases from 0.001 J to 0.24 ], which means that the vibration propagated to this place at
V =250 kim/h, and the EVA should also increase to include these vibrations.

04 T T T T T T
= Pantograph location: V=150 km/h
02} : 1
D
=
[aa)
0
V=222 km/h

Energy (J)
<
=) [

Energy (J)
<
n

0 30 60 90 120 150 180 210 240
Distance (m)

Figure 4. The energy distribution of the catenary at different vehicle velocities.
The energy distribution of the catenary under the influence of different contact wire

tensions is then shown in Figure 5, where the contact wire tension changes from 9.8 kNN
to 15.8 kN. It can be seen from Figure 5 that the contact wire tension T also influences



Appl. Sci. 2024, 14, 6822 90f 13

the energy distribution, but its influence is smaller than that of the vehicle velocity. The
maximum energy of the catenary decreases from 0.51 J to 0.23 ] as the T increases from
9.8 kN to 15.8 kN, and the other peaks also decrease. However, the general shape of the
energy distribution has no obvious changes, and the vibration propagation distance is
reduced shortly. When Ts = 9.8 kN, the closest location with energy smaller than 0.01 J is
x = 21.2 m, but it only changes to x = 25.7 m as T’s increases to 15.8 k.

1 T

T T

T, =9.8 kN

Energy (J)

Energy (I)

T, =158 kN

Energy (I)
< ;
8]

0 30 60 90 120 150 180 210 240
Distance (m)

Figure 5. The energy distribution of the catenary at different contact wire tensions.

The total energy of the EVA with respect to the length of the EVA under the influence
of different V and T is then calculated based on Equation (21), as shown in Figure 6. It
can be seen from Figure 6 that the total energy of the EVA converged to different values at
different V and T values, and its corresponding length also changes. When V =150 km/h,
the total energy of the EVA converged to 46.2 ] with d, = 185.2 m, and it further increased to
118.4 ] with d, = 257.8 m and V = 250 km/h. When TS increases from 9.8 kN to 15.8 kN, the
converged total energy of the EVA decreases from 105.1 ] to 52.1 ] as d, changes from 215.3 m
to 186.4 m. Based on this, the appropriate length of the EVA can be clearly determined by
its energy distribution.

(a) (b)
150 w T w T T T T 150
11847

a il 2578m 105,10 = 105.1J
1001 i 100t D153m ]
a6 A ! — =150 km/h 26 | _
2 S 2153m) L oo =222 km/h 2 2032m Lol TR
_0 ,,x-":” T F'=250 km/h __D P L | 52171
£ s0p : 16201 £ 50} T , ]
= o T ! = CooT864m) | — L=98kN

/ 1852 m! i - o --- T=12.8kN

) i | = N — 1= 158 kKN

0 — 0 R U
0 60 120 180 240 300 360 420 480 0 60 120 180 240 300 360 420 480
Length of EVA (m) Length of EVA (m)

Figure 6. The total energy of the EVA with respect to different lengths under the influence of different
vehicle velocities and contact wire tensions: (a) different vehicle velocities and (b) different contact
wire tensions.

The appropriate length of EVA with respect to different key parameters is finally
analyzed. Based on the present model, the appropriate length of EVA with respect to
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different V and T; is shown in Figure 7. Figure 7 shows that the appropriate length of
EVA increases with increasing vehicle velocity but decreases with increasing contact wire
tension. When V =150 km/h and Ts = 9.8 kN, the appropriate length of EVA should be
215.2 m, and it can decrease to 186.4 m with T = 15.8 kN. Furthermore, when the vehicle
velocity is smaller than 100 km/h and the contact wire tension is larger than 18.8 kNN, the
appropriate length of EVA converges to a value larger than 160 m. This means that the
appropriate length of EVA should be no less than 160 m under different situations in the
present pantograph—catenary interaction system.
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Figure 7. Appropriate length of EVA with respect to different key parameters: (a) vehicle velocity
and (b) contact wire tension.

4.2. Influence of the EVA Length on the Real-Time Catenary Model Calculation Accuracy

In this section, the existing real-time catenary model [18] is further considered to study
the influence of the EVA length on its calculation accuracy and validate the appropriate
length of EVA. The abovementioned pantograph—catenary system is further considered,
and the corresponding pantograph-catenary contact force is calculated. The measurement
data of the contact force obtained from [27] are used for validation purposes. Both the
calculation results and measurement data are filtered in a 0-20 Hz span. Based on the test
parameters, the train velocity is chosen as 222 km/h. Four different EVA lengths are chosen,
which are 60 m, 120 m, 240 m, and an appropriate length of 215 m, and the EVA length is
equal to the length of the real-time catenary model. The time histories of the contact force
of the pantograph—catenary system are shown in Figure 8. It can be seen from Figure 8
that the length of the EVA has a great influence on the pantograph—catenary interaction
dynamics. When d, = 60 m and 120 m, the results from the real-time catenary model show
a large difference between the measurement data. However, when the appropriate length
of 215 m is chosen, the results from the real-time catenary model show good agreement
with the measurement data. This means that the real-time catenary model can obtain
accurate results with an appropriate length of EVA, and the appropriate length of EVA
can be obtained based on the energy distribution of the catenary. In addition, it can be
seen from Figure 8d that an EVA length longer than its appropriate value can also obtain
accurate results.

The mean contact force and standard deviation of the pantograph—catenary contact
force with respect to different lengths of EVA are further calculated to validate the appro-
priate length of EVA, as shown in Figure 9, where the results are compared with those
from the test results. Note that the minimum contact force of the test results cannot be
fully consistent with those from the real-time catenary model; thus, it is not considered for
validation. Figure 9 shows that the results from the real-time catenary model become closer
to those from the test results with increasing EVA length. When the length of EVA becomes
210 m and higher, the mean contact force converges to 85.8 N, and the standard deviation
converges to 18.9 N. Because these two values of the test results are 85.1 N and 18.2 N,
the maximum relative difference between these results is not more than 1%. Based on
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this, the appropriate length of EVA can allow accurate results to be obtained in a real-time
catenary model.
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Figure 8. Time histories of the pantograph—catenary contact force at V = 222 km/h with respect to
different lengths of EVA d,: (a) d, = 60 m; (b) de = 120 m; (c) de = 215 m and (d) de = 240 m.
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Figure 9. Mean contact force and standard deviation of the pantograph—catenary contact force with
respect to different lengths of EVA: (a) Mean contact force and (b) standard deviation.

5. Conclusions

The effective vibration area (EVA) includes most of the catenary vibration caused
by pantograph—catenary interactions and is the basis of the real-time catenary model for
hardware-in-loop simulation. However, while the length of EVA can directly influence the
calculation accuracy and efficiency of the real-time catenary model, the way to calculate
the length of EVA and the influence of different key parameters on the length of EVA is
not considered so far. In this work, the length of EVA in the pantograph—catenary system
is investigated. Based on a pantograph—catenary interaction system, a new method is
developed based on the energy distribution to obtain the length of the effective vibration
area (EVA) of the catenary in the pantograph—catenary interaction system. Then, the length
of EVA under the influence of different contact wire tensions and vehicle velocities is
investigated. The appropriate length of EVA with respect to different vehicle velocities
and contact wire tensions is obtained. The real-time catenary model is used to calculate
the dynamic responses of the pantograph—catenary interaction under different lengths
of EVA, and the results are compared with those from measurement data to validate the
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obtained appropriate length of EVA. The present research results enhance the theory of the
new efficient pantograph—catenary interaction models based on EVA and can be used as a
supplement to these models.

Based on the investigation results, the following conclusions are drawn:

(1) The present methods can obtain the appropriate length of EVA in the pantograph-
catenary system. The length of the EVA corresponding to the converged total energy
obtains accurate results in the real-time catenary model. Therefore, it is suggested to
use the present method to obtain an appropriate length of EVA before using the real-
time catenary model and other similar methods with different kinds of pantograph—
catenary interaction systems considered.

(2) The length of the EVA is greatly influenced by the vehicle velocity and contact wire
tension. The appropriate length of EVA increases with increasing vehicle velocity and
decreases with increasing contact wire tension. Based on the calculation results, the
appropriate length of EVA should be no less than 160 m under different situations.
This value can be used as a reference for the real-time catenary model and other
similar methods based on the EVA.

In the present work, a specific experiment to validate and investigate the length of
EVA in the pantograph—catenary system under different conditions is not considered due to
the limitation of time and funds. In the next work, a new experiment will be conducted to
investigate the length of EVA in the pantograph catenary system under different conditions,
especially the influence of wind and ice.
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