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Abstract 
 

This paper describes the results of a parametric convergence study on dynamic 

pantograph-catenary interaction simulations performed with the simulation tool 

CaPaSIM 3D. The convergence study has been part of validating the latest version of 

CaPaSIM 3D following EN 50318:2018. The effects of adjusting parameters in the 

simulation setup on the results are shown and how they can be chosen to obtain results 

within the required ranges for all relevant metrics for verifying a new system design. 

However, the convergence study also shows that some of the specified result ranges 

for the simulation of stitched catenary systems conflict with convergence trends for 

the performed simulations. These conflicts are described and discussed. In addition, 

simulation results verifying the dynamic interaction characteristics of the design 

proposal for a new Swedish overhead catenary system for high speeds are shown. 

These results show that the system design is expected to fulfil the requirements of the 

TSI Energy. General conclusions regarding the implications of studying overlap 

sections and multiple pantograph operation are drawn from this example. 

 

Keywords: validation, railway, pantograph, power supply, finite element analysis, 

dynamic interaction. 
 

1  Introduction 
 

The functional interaction between the pantograph and the overhead catenary line 

(OCL) is crucial for the safe and reliable operation of electric railways [1]. This is 

illustrated by the fact that failures in the interaction can lead to damages that are 
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among the most severe and time-consuming to repair on the railway infrastructure. 

Simulation tools have been developed during the past decades and have become 

highly reliable and valuable for creating and verifying OCL system designs [2]. This 

includes the specifications for new system types [3] or to obtain design solutions for 

specific track sections [4]. 

Typically using Finite Elements FE as a computational method, the dynamic 

simulations are highly sensitive to the choice of setup parameters such as mesh layout, 

element choice and boundary conditions. Therefore, a continuous effort has been 

made to find reliable levels of computational resolution [5], [6]. Another crucial aspect 

is the structural damping and how it is considered in the simulations. There are 

recommendations given in the standards, but they are mainly based on conclusions 

from literature studies and common practices for matching measurement results [7]. 

Recent measurements explicitly focus on the structural damping characteristics of the 

OCL components; however, they show that further development should be carried out 

to consider the findings in dynamic simulations [8], [9]. In addition to that, other 

limitations remain, for example, in the validated frequency ranges of the study.  

 The study presented in this paper performs the convergence study on the setup 

parameters for the latest version of CaPaSIM 3D to ensure that the results align with 

the literature. In addition, the effect of boundary conditions, the simulation's 

initialisation procedure, and structural damping coefficients are studied. In a final 

step, these results are applied to another simulation series performed for the system 

design verification of Sweden's new high-speed catenary system according to the TSI 

Energy [10]. 
 

2  Methods 
 

CaPaSIM 3D is a simulation tool for pantograph-catenary interaction developed in 

cooperation between KTH Royal Institute of Technology and Trafikverket. It uses the 

commercial software ANSYS Mechanical APDL to perform the Finite Element (FE) 

simulations that are the central part of the tool. In the latest version, the tool 

automatically processes the input geometry, creating the input scripts for the dynamic 

FE solver based on various parameter choices. A FE representation of the catenary 

structure, represented in the original three-dimensional straight track geometry, is 

used for static and dynamic simulations. This means that the choice of element types 

and the mesh resolution can be adjusted to ensure the required result quality. The 

effects of these adjustments are studied in this paper. The accurate dynamic behaviour 

is also ensured by considering dropper slacking and modelling the steady arm 

explicitly as a moving body in the 3D structure, as shown in Figure 1. The pantograph 

model follows the conventional lumped setup with up to three levels of mass, spring, 

and damper elements. Depending on the parameter set used for the pantograph, bump-

stops and frictional effects can also be considered. Alternatively, the top mass level 

can be modelled by two separately suspended lumped masses or bodies. 

Before dynamic simulation, the catenary geometry is verified and adjusted in a 

series of iterative static simulations. In these iterations, the alignment and tension of 

the stitch wires and the steady arm fixture points are adjusted to ensure the correct 

alignment of the contact wire in the vertical and lateral directions.  
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Figure 1: 3D view of catenary geometry with alignment of finite elements. 

 

The contact between the pantograph and the contact wire is modelled with the 

penalty method, using a contact stiffness kc of 50 N/mm to calculate the contact force 

Fc based on the intersection depth δc between the contact wire and collector elements.  
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For time integration, the performance of the Newmark and the generalised HHT-α 

method [11] were compared in the dynamic simulations. The variation of the 2nd-

order numerical integration coefficients is considered for the numerical convergence. 

Structural damping is applied following the system specifications in the standard. 

Another studied variation is the applied boundary conditions for model initialisation. 

The first approach locks the ends of the contact wire in the vertical direction and lets 

the pantograph start from the nominal contact wire height. In contrast, the second 

approach does not lock the contact wire ends vertically and instead initialises all 

pantographs in a statically balanced uplift position before starting the transient 

dynamic simulation. 

The simulation results are evaluated by calculating the dynamic contact force Fd 

between the pantograph and catenary, performing aerodynamic inertial correction 

equivalent to measurement processing described in EN 50317 [12]. All the evaluated 

force and displacement signals are low pass filtered using a Butterworth filter of order 

10 and a cut-off frequency of 20 Hz. The contact force standard deviation in the 

specific frequency ranges of 0-5 and 5-20 Hz are evaluated using the Fast Fourier 

Transform (FFT) of the unfiltered force signal. 
 

3  Results 
 

As a first validation step, a section of 18 identical ideal spans of the reference model 

AC stitched specified in EN 50318 [7] is modelled.  The four spans at each end are 

excluded from the evaluation to obtain the specified analysis section of 10 spans. The 

convergence study is performed after ensuring the correct static representation of the 
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catenary structure. Based on that, a parameter setup is presented, producing simulation 

results within the acceptable range specified in the standard [7]. 
 

 

 

3.1 Static comparison to the reference model 
 

An overview of the modelled catenary structure’s static characteristics and its 

comparison to the nominal values is shown in Figure 2. This level of agreement is 

achieved by using the iterative correction loop and is independent of the parameter 

choices described in the following chapter. Therefore, it is mainly the dynamic 

behaviour that is of interest for further studies. 

 

 
 

 
Figure 2: Comparison of static catenary model characteristics to reference values. 

 

 

 
 

3.2  Convergence study 
 

The convergence study considers the effects of boundary conditions, changed element 

types, increased mesh resolution, reduced time step, and change in integration 

coefficients. The results presented below are limited to the case with a higher speed v 

of 320 km/h, as they are more sensitive to the changes in the setup. 

Before changing the mesh setup, the effect of changing the element types is studied, 

as shown in Figure 3. An initial study using the original boundary conditions with 

vertically fixed wire ends shows that the dynamic variations of the contact forces for 

the trailing pantograph decrease when the link elements in messenger and stitch wire 

are replaced by Euler-Bernoulli beams. However, the variations increase again when 

the Euler-Bernoulli beams used in the contact wire are replaced by Timoshenko 

beams. The increase is even larger when the same is done with the beams of messenger 

and stitch wires. 
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Figure 3: Effect of the used element types on the simulation results for the trailing 

pantograph at v = 320 km/h. The first letter indicates the contact wire elements, the 

second messenger and stitch wire [E – Euler-Bernoulli beam, L – Link, T – 

Timoshenko beam]. 

For the study of the influence of element length and time step, a maximal element 

length is set, and the mesh resolution of each individual part in the structure is doubled 

until no element remains above the length limit. The same limit is applied to all wires 

in the structure. When the boundary conditions and initialisation procedure described 

in section 3 are changed from the vertically locked to the free and initially balanced 

contact setup, a drastic reduction of the contact force variations is observed. The 

convergence patterns are, however, similar and especially pronounced in the contact 

force standard deviation σ. Figure 4shows the convergence pattern for the original and 

updated boundary conditions, respectively. The common pattern is that the results 

stabilise at a maximal element length of 0.5 m and a time step of 1 ms. Some of the 

results remain, however, consistently outside the ranges given in the standard. 
 

 
 

Figure 4: Effect of the decreasing element length and time step length before the 

update of the boundary conditions for the trailing pantograph at v = 320 km/h. The 

first two data points in each box use links for messenger and stitch wire. 
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Figure 5: Effect of decreasing element length and time step length after the update of 

the boundary conditions for the trailing pantograph at v = 320 km/h. The blue data 

points are obtained using Timoshenko beams for the contact wire. 

 The comparison of Euler-Bernoulli and Timoshenko beams for the contact wire is 

repeated with the updated boundary conditions. As shown in Figure 5, the differences 

in the results are small to non-existent. Therefore, the substantially higher 

computation cost of using the higher-order Timoshenko beams cannot be motivated. 

The comparison of the integration methods shows that the generalised HHT-α method 

is slightly more computationally efficient than the Newmark method for the given 

problem. The results from both methods show, however, a high sensitivity to the 

choice of integration parameters. They affect the contact force dynamics, especially 

in the higher frequency range towards 20 Hz, to a greater extent than the changed 

beam type in the contact wire or the final changes to element length and time step. 

However, as they should only be increased to ensure a stable numerical solution, the 

approach chosen for this study is to calculate the coefficients from a numerical 

damping coefficient γ = 0.05. The final setup and its results are described in the next 

section. 
 

 

3.3 Dynamic comparison to the reference model 
 

A setup with Euler-Bernoulli beams for all wires, a maximum element length of 0.5 

m, free contact wire ends, and the statically stable initialisation are used for the 

dynamic validation. Simulations are performed using the generalised HHT-α method 

with a time step of 1 ms and 2nd-order transient integration coefficients calculated 

from a numerical damping coefficient γ = 0.05. Figure 6 and Figure 7 show that the 

results are within the ranges of 5 comparison metrics for all evaluated cases. These 

are the mean contact force Fmean, the standard deviation of the contact force σ, the 
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pantograph vertical working range, the maximum uplift of the contact wire at the 

steady arm, and the contact loss ratio. 
 

a)  

b)  

Figure 6: Comparison of the dynamic results to the acceptable ranges for the leading 

pantograph (a) and the trailing pantograph (b) at v = 275 km/h. 

Deviations from the ranges given by the standard occur for the trailing pantographs 

in the contact force standard deviation in the specific frequency range of 0-5 Hz. 

Figures 5b) and 6b) show that σ0-5 considerably exceeds the acceptable range for these 

cases. At 275 km/h, σ5-20 is above the acceptable range for the leading pantograph 

instead. However, these deviations do not affect the reliability of the simulation tool 

for verifying the new system design according to the TSI norm because σ is there to 

be evaluated for the entire frequency range of 0-20 Hz. The results for σ in the whole 

frequency range are accurate.  
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a)  

b)  

Figure 7: Comparison of the dynamic results to the acceptable ranges for the leading 

pantograph (a) and the trailing pantograph (b) at v = 320 km/h. 

In addition, the maximum actual contact force Fmax slightly exceeds the acceptable 

range for the leading pantograph at 275 km/h. Such an overestimate would make the 

simulation results somewhat conservative. In contrast, the dynamic variations on the 

trailing pantograph at 320 km/h are much lower in terms of Fmax and Fmin than the 

values given by the standard. Such a pattern is more problematic, as it can provide too 

optimistic expectations of dynamic interaction behaviour. The convergence patterns, 

however, indicate that the result is numerically correct, given the system parameters. 

This makes it highly relevant to compare these results to a broader set of validation 

data based on measurements. This comparison will be added in a later stage of the 

study. 
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3.4 Verification of the proposed system design 
 

Simulations are performed for the verification of the proposed system design, which 

is a Swedish adaptation of the stitched AC system in [7]. The speed range is 220 to 

360 km/h, which exceeds the design speed of 320 km/h, to find the margins in the 

expected interaction characteristics. For the pantograph models, validated parameter 

sets for the DSA 200.56 and DSA 380D type pantographs were provided by the 

manufacturer. The effect of structural damping reduction and the implications of 

modelling overlap sections on multiple operation are studied during this simulation 

process.  

 
 

a) b)  
 

Figure 8: Comparison of standard deviation ratio (a) and pantograph vertical 

working range (b) for two different pantographs in single operation. 

 

The results in Figure 8 show that reducing the structural damping coefficient from 2 

% to the 0.1 % recommended in the standard does not drastically change the standard 

deviation σ, which remains far below 30 % of the mean contact force Fm. However, 

the effects on the working range are more noticeable, and local maxima due to 

resonance effects become more pronounced. Therefore, the reduction of structural 

damping can be expected to have more substantial implications for the simulation of 

operation with two or more pantographs and the consideration of critical sections. 

 The implications of operation with two pantographs are studied by comparing the 

dynamic results of running on an ideal section to results from two or three sections 

with section overlaps. For the latter cases, the studied interaction distance was cut by 

half a section at each end to obtain a representative proportion between the overlap 

and ideal spans. The DSA 380D pantograph model is used for all simulations. The 

results of the overall dynamic variations in the contact force, most prominently the 

standard deviation σ, are almost identical for the two studied cases, as shown in Figure 

9. The most noticeable differences are found in the maximal uplift at the steady arm 

ΔyStA, the maximal uplift at the span mid Δymid and the vertical working range Δypanto. 

Figure 10 and Figure 11 show that all values are considerably higher when the overlap 

section is considered.  
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a) b)  
 

Figure 9: The ratio of 𝜎/𝐹𝑚 for the leading (a) and the trailing (b) pantograph in 

multiple operation at a distance of 165 m. 

 

a) b)  
 

Figure 10: Δypanto for the leading (a) and the trailing (b) pantograph in multiple 

operation at a distance of 165 m. 

 

 

a) b)  
 

Figure 11: ΔyStA and Δymid (dashed) for the leading (a) and the trailing (b) pantograph 

in multiple operation at a distance of 165 m. 
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4  Conclusions and Contributions 
 

This study shows that the results obtained from the dynamic simulations are 

noticeably affected by the chosen setup parameters. The most noticeable difference is 

obtained by changing the messenger and stitch wire's element type, initialising the 

pantographs in a balanced uplift position, and using free contact wire ends. The 

convergence study performed for the reference system AC stitched shows that 

reducing the element length below 0.5 m and the time step below 1 ms does not 

noticeably change the results in the studied frequency range up to 20 Hz. By applying 

the most suitable simulation settings from the convergence study, most of the required 

ranges of the resulting contact force dynamics set by the validation standard can be 

fulfilled. Exceptions are the standard deviation σ in the separate frequency ranges of 

0-5 and 5-20 Hz. Especially in the 0-5 Hz range, σ consistently exceeds the required 

values for the trailing pantographs. The most noticeable difference is, however, the 

range of contact force between Fmin and Fmax on the trailing pantograph at 320 km/h. 

This shows that further investigations on the model setup relating to the methods 

described in the standard are recommended. This could be facilitated in a future 

benchmark study. The verification simulations for the new Swedish high-speed 

catenary system show that the system fulfils the requirements set by the TSI Energy 

with good margins. The comparison between the results for the ideal section and two 

sections with overlap shows that the latter is crucial for correctly understanding the 

uplift and vertical working range of the pantograph operating on the catenary. The 

surprisingly low difference in contact force standard deviation between the two cases 

should be confirmed by further investigations. Particular focus will be placed on 

accurately representing the catenary structure around the section overlap and 

modelling the operation with more than two pantographs. As these cases prove to be 

especially sensitive to the applied structural damping levels, further variational studies 

should also be performed on that aspect. There are plans to conduct field 

measurements on a test section of the new system in multiple operation, which will 

be used to calibrate the structural damping levels and confirm the overall behaviour. 
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