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Abstract 
 

The modal superposition method (MSM) has been proven to be more accurate and 

more efficient than the finite element method in modeling pantograph-catenary 

interaction systems. However, the stitched wire in a stitched catenary system is 

difficult to directly model by the modal superposition method, which limits its 

application in the investigation of pantograph-stitched catenary interaction dynamics. 

In this work, a new modal superposition method-based pantograph–stitched catenary 

interaction model is developed to simulate pantograph–stitched catenary interactions. 

In this model, the stitched wire is simplified into a part of the messenger wire 

supported by two spring-damping elements, and the modal superposition method is 

then used to model the simplified stitched catenary system. The present model is 

validated by the EN 50318:2018 standard. The validation results show that the 

proposed modal superposition method-based model can accurately simulate the 

pantograph-stitched catenary interaction with proper key parameters considered, 

including the distance between every two spring-damper elements and the stiffness of 

the elements. 
 

Keywords: stitched catenary, modal superposition, stitch wire model, pantograph-

catenary interaction, EN50318:2018 standard, calculation efficiency. 
 

1  Introduction 
 

The pantograph–catenary dynamics directly affect the current-collection quality and 

maintenance costs [1] of electrified railways. Poor pantograph–catenary dynamics can 
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cause excessive wear, damage pantograph contact strips and contact wires [2,3], and 

limit operational speed [4,5]. The high-speed train operation speed continues to 

increase in many countries, and the increasing train operation speed makes the 

dynamic characteristics of the pantograph-catenary system more complex. To 

maintain the current-collection quality and increase the operational reliability, it is 

necessary to investigate the dynamic behavior of the high-speed pantograph-catenary 

interaction system. 
 

Many researchers have investigated pantograph–catenary dynamics from different 

perspectives. While simple pantograph–catenary interaction cases have been 

previously studied [6–9], more complicated situations, such as multi pantograph 

operation [10–13] and the influence of various environmental factors on pantograph–

catenary interactions [4,14,15], have been investigated. The finite element method 

(FEM) and modal superposition method (MSM) are widely used in these studies to 

model pantograph-catenary interaction systems. The FEM can model the complex 

structure of a catenary, but its corresponding number of degrees of freedom (DOFs) 

is large, and its calculation efficiency is limited. Yang et al. [10] investigated the wind 

deflection of a catenary under crosswind, where the catenary system is modeled by 

absolute nodal coordinate formulation. Massat et al. [11] developed a pantograph-

catenary interaction model to optimize its dynamic behavior in France, where the 

catenary system is modeled by FEM. Tur et al. [12] developed an absolute nodal 

coordinate FEM-based catenary model to compute its initial configuration. The MSM 

can capture the main dynamic characteristics of the catenary system and can model 

the catenary system with fewer DOFs. Thus, its calculation efficiency is greater than 

that of the FEM. Facchinetti and Bruni [13] developed a real-time catenary model to 

efficiently simulate the pantograph-catenary interaction in the hardware-in-the-loop 

case, where the catenary system is reduced and modeled by MSM. Ronnquist and 

Navik [14] analyzed the frequency characteristics of a catenary system to explore 

higher train velocities. Facchinetti et al. [15] further optimized the real-time catenary 

model to achieve higher calculation efficiency. 
 

It can be seen from the above investigations that the MSM can efficiently and 

accurately investigate the dynamics of the pantograph-catenary system. However, the 

existing MSM-based models only consider simple catenary systems, and stitched 

catenary systems are ignored. This is mainly caused by the fact that the shape function 

of the stitch wire connecting with the messenger wire at the end of every two 

neighboring spans is difficult to express. Because the stitched catenary system is 

widely applied in high-speed railway systems [16], the application of the MSM in 

high-speed pantograph-catenary interaction dynamic studies is limited. 

 

In this study, a new MSM-based pantograph–stitched catenary interaction model 

is developed to accurately and efficiently simulate pantograph–stitched catenary 

interactions. In this model, the stitch wire and catenary suspension are simplified into 

a part of the messenger wire supported by a couple of spring-damper elements, where 

the distance of these two spring-damper elements and the stiffness of each spring-

damping element are chosen to ensure that the stiffness of the stitch wire model is 

equal to the original stiffness. Then, the stitched catenary system with a simplified 
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stitch wire model is modeled by MSM. After the formulation of the present model, it 

is validated by the EN 50318-2018 standard, and the influence of different key 

parameters in the stitch wire model on calculation accuracy is investigated. The 

remainder of this paper is organized as follows. The proposed MSM-based 

pantograph–stitched catenary interaction model is formulated in Section 2, and it is 

validated in Section 3. Finally, conclusions based on this study are presented in 

Section 4. 
 

2  Methods 
 

In the stitched catenary system, the stitch wire is designed to optimize the stiffness of 

the catenary structure near the registration arms, which can further optimize the 

dynamic performance of the pantograph-catenary interaction. The stitch wire is 

located above the registration arms and connects to the messenger wire and dropper, 

as shown in Fig. 1(a). Note that the function of the stitch wire is similar to that of the 

messenger wire, which also has tension and carries the contact wire through the 

dropper. The stitch wire is also supported by the messenger wire through the clamp. 

Therefore, the stitch wire can be simplified to a part of the messenger wire at the same 

location to carry the contact wire through the dropper. The catenary suspension is then 

combined with the original messenger wire above the stitch wire and modeled by a 

couple of spring-damping elements to further support this part of the messenger wire, 

as shown in Fig. 1(b). This part of the messenger wire and spring-damping elements 

form the stitch wire model. Because the stitch wire is simplified, the MSM can be 

further extended to the stitched catenary system. The detailed modeling processes are 

shown below. 
 

 

Figure 1: Schematic of the pantograph–stitched catenary interaction system: (a) 

stitched catenary system and (b) present pantograph–stitched catenary interaction 

system. 
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 The stitch wire model is first modeled. As mentioned above, the stitch wire is 

simplified to a part of the messenger wire, and the catenary suspension and the original 

messenger wire are modeled as a couple of spring-damping elements. The distance 

between these two spring-damper elements is dS, and the stiffness and damping of 

these two elements are 
SK   and 

SC , respectively. These values are chosen to ensure 

that the stiffness of the catenary at the stitch wire part is equal to the original stiffness. 

The dynamic force of the spring-damping elements can be calculated by 

 S S S S SF K d C d = +   (1) 

where 
Sd  is the displacement of the messenger wire at the location of the spring-

damping elements. These key values can be determined by the pre-analysis method 

[17]. 
 

 The messenger wire and contact wire are then modeled. Both the contact and 

messenger wires are considered Euler‒Bernoulli beams, and the stitch wire is 

considered as a part of the messenger wire with a couple of spring-damping elements 

supporting this part, which makes the structure of the present stitch catenary model 

familiar to the simple catenary system. Based on the MSM, the dynamic equations of 

the contact and messenger wire are 

 m m m m m m flowm Fm+ + = +M q C q K q Q Q   (2) 

 c c c c c c flowc Fc+ + = +M q C q K q Q Q   (3) 

where Mm, Cm, and Km are the mass, damping, and stiffness matrices of the messenger 

wire, respectively, and Mc, Cc, and Kc are the mass, damping, and stiffness matrices 

of the contact wire, respectively. QF is the generalized force vector generated by the 

force acting on the wire, such as the pantograph-catenary interaction force. The 

expression of these matrices can be found in [17]. 
 

The dropper and registration arm are finally modeled. Based on (), the dropper is 

modeled as bilinear spring elements with only the stretch stiffness considered, and the 

registration arm is modeled as a lumped mass 
Sm  attached to the contact wire. Details 

of these models are shown in [17]. 
  

Based on the dynamic equations of the messenger and contact wires, the stitch wire 

model, and the model of the dropper and registration arm, the stitched catenary model 

is finally formulated as 

 
flowm Fmm m m m m m

flowc Fcc c c c c c

+            
+ + =              +             

Q QM q C q K q

Q QM q C q K q
.  (4) 

In Eq. (5), 
FmQ  is caused by the dropper force, dynamic force 

SF  in the stitch wire 

model, and messenger wire gravity. 
FcQ  is caused by the dropper force, registration 

arm gravity, stagger forces, contact wire gravity, and pantograph-catenary contact 

force. Stagger forces are applied on every registration arm acting point to form the 

stagger of the catenary. 
  

The pantograph is modeled as a lumped mass system model, which consists of a 

contact strip, panhead, frame, and spring-damper elements. Based on [18], the contact 
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strip, panhead, and frame are simplified as lumped masses, and the contact strip and 

panhead are combined and connected with the frame through spring-damper elements, 

as shown in Fig. 1 (b). The contact strip, panhead, and frame mass of the pantograph 

are m3, m2, and m1, respectively. The stiffness and damping of the spring-damper 

elements between the panhead and frame are K2 and C2, respectively, and those of the 

spring-damper elements between the frame and car body are K1 and C1, respectively. 

The dynamic equation of the pantograph is expressed as 

 
P P P P P P cP P+ + = +M q C q K q Q Q , (5) 

where 
PM , 

PC , and 
PK  denote the spring, damping, and stiffness matrices of the 

pantograph, respectively. 
Pq  is the generalized coordinate vector, 

cPQ  is the 

generalized force vector caused by the pantograph-catenary interaction, and 
PQ  is 

the generalized force vector generated by the pantograph itself, which includes 

gravity, uplift forces, and aerodynamics. The details of these matrices are shown in 

[18]. 
 

Based on the present stitched catenary model and pantograph model, the MSM-

based pantograph–stitched catenary interaction model can be formulated, and its 

dynamic equations are 

 

m m m m

c c c c

P P P P

m m flowm Fm

c c flowc Fc

P P cP P

       
       

+
       
              

+     
     

+ = +
     
     +     

M q C q

M q C q

M q C q

K q Q Q

K q Q Q

K q Q Q

.  (6) 

In Eq. (6), 
PcQ  denotes the generalized force vector of the contact wire caused by 

cF . 

The pantograph–catenary dynamic force is calculated through 

 
, 0

0, 0

n r r

c

r

k d d
F

d


= 


,  (7) 

where 
nk  is the contact stiffness and 

rd  is the gap between the contact wire and contact 

strip. The 
nk  in the present model is 50000 N/m [18]. 

 

3  Results 
 

The present MSM-based pantograph–stitched catenary interaction model is validated 

based on the EN50318-2018 standard [16], which is a European standard for 

pantograph–catenary interaction simulation validation of an AC stitched catenary and 

its corresponding pantograph. The double pantograph is considered, and the length of 

the catenary model is 1200 m. In the stitch wire model, the dS is 19 m, and 
SK   is 

57 10  N/m. These two values are determined by the pre-analysis method. The number 

of modes considered in the modeling is n = 360. The time histories of the pantograph-

catenary contact forces based on the EN50318:2018 standard are shown in Fig. 2. The 

corresponding statistical results are shown in Table 1. As shown in Fig. 2 and Table 

1, the results from the present model are reasonable, and its corresponding statistical 
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results meet the demand of Table A.7 in EN50318-2018. Based on these results, the 

accuracy of the present MSM-based pantograph–stitched catenary interaction model 

can be validated, and the present stitch wire model can accurately present the dynamic 

behavior of the stitch wire parts. 

 

Figure 2: Time histories of the pantograph-catenary contact forces at different 

velocities and pantographs: (a) V = 275 km/h and (b) V = 320 km/h. 
 

Speed [km/h] 275 320 

Pantograph Leading Trailing Leading Trailing 

Fm [N] 143.1(143-144) 143.7(142-144) 169(169) 169(169) 

σ [N] 24.1(20.2-24.7) 28.9(24.4-36.2) 23.2(20.5-24.7) 36.9(30.4-38.3) 

σ (0 Hz-5 Hz) [N] 14.8(11.7-15.2) 17.9(17.0-18.2) 13.0(11.8-13.3) 22.9(20.4-24.2) 

σ (5 Hz-20 Hz) [N] 18.5(16.5-19) 25.5(16.4-27.4) 19.1(15.2-20.9) 28.8(21.5-29.8) 

Actual maximum of 

contact force [N] 

198.5(185-199) 225.2(203-252) 229.2(210-232) 242.3(239-255) 

Actual minimum of 

contact force [N] 

95.6(92-102) 86.2(56-88) 121.4(105-128) 74.4(43-78) 

Range of vertical 

position of the point 

of contact [mm] 

22.4(18-25) 32.5(26-36) 21.6(13-23) 59.8(38-63) 

Maximum uplift at 

support [mm] 

68.2(55-79) 71.3(51-79) 88.6(74-95) 91.1(69-95) 

Percentage of loss of 

contact [%] 

0(0) 0(0) 0(0) 0(0) 

Table 1: Statistical results of the pantograph-catenary interaction with respect to 

different pantographs and speeds. 
 

The influence of the distance between every two spring-damping elements dS and 

spring-damping element stiffness 
SK   in the stitch wire model on the calculation 

accuracy are then discussed, which are the key parameters of the present stitched wire 

model. Based on the present validation case, the mean contact force and standard 

deviation of the contact force at the lead pantograph with respect to different values 

of dS and
SK   are calculated and shown in Fig. 3 and Fig. 4. Figure 3 shows that both 

the mean contact force and standard deviation converge to standard values at dS = 19 

m, and they quickly increase with increasing and decreasing dS. Figure 4 shows that 

both the mean contact force and standard deviation of the contact force decrease with 
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increasing 
SK   and converge to the standard value when 

SK   is greater than 57 10  

N/m, which means that 
SK   should be no less than 57 10  N/m to maintain the 

accuracy of the present model. Note that the original length of the stitch wire is 18 m 

in the EN50318-2018 standard, which means that the dS should be slightly longer than 

the original stitch wire to ensure the accuracy of the present model. In addition, unlike 

the original MSM-based simple catenary model, the parameters of the stitch wire 

model in the present stitched catenary model further influence the calculation 

accuracy, which means that the stitch wire influences the dynamic responses of the 

whole catenary, and the stitch wire should be carefully modeled with proper 

parameters. 
 

 

Fig. 3 Mean contact force and standard deviation of the contact force in the leading 

pantograph with respect to different dS: (a) mean contact force and (b) standard 

deviation. 

 

Fig. 4 Mean contact force and standard deviation of the contact force in the leading 

pantograph with respect to different 
SK   values: (a) mean contact force and (b) 

standard deviation. 

 

4  Conclusions and Contributions 
 

In this study, an MSM-based pantograph–stitched catenary interaction model is 

developed to accurately and efficiently investigate the dynamic characteristics of 

pantograph–stitched catenary interactions. In the present model, a new stitched wire 
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model is developed, where the stitch wire and catenary suspension are simplified into 

a part of the messenger wire supported by a couple of spring-damper elements. The 

distance of these two spring-damper elements and the stiffness and damping of each 

spring-damping element are chosen to ensure that the stiffness of the stitch wire model 

is equal to the original stiffness. Then, the stitched catenary system with a simplified 

stitch wire model is modeled by MSM. The present model is validated with the EN 

50318 standard, and the influence of different key parameters in the stitch wire model 

on the calculation accuracy is investigated. 
 

Based on the obtained calculation results, the proposed MSM-based pantograph–

stitched catenary interaction model can accurately investigate the dynamic behavior 

of pantograph–stitched catenary interactions. In the stitch wire model, the distance 

between every two spring-damping elements dS and spring-damping element stiffness 

SK   can strongly influence the calculation accuracy, which should be decided by pre-

analysis method in different cases. 
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