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Abstract 
The paper discusses an important phenomenon in a railway pantograph mechanism, i.e. contribution 

of friction in its overall performance. A pantograph must fulfill many conditions to be allowed 

for operation, one of them is that friction force has to be kept within the specific tolerances. There is yet 

another requirement to improve contact quality between pantograph contact strip and catenary. To 

improve the quality of contact it is desirable to reduce the values of standard deviation and peak-to-peak 

value of the contact force. The paper presents the results of numerical investigation on the influence of 

pantograph on its interaction with a catenary. The analysis was carried out employing the multi-domain 

co-simulation approach previously developed by the authors. The results are presented for various run 

speeds. The study has proven the existence of a significant impact of the friction phenomenon on the 

pantograph interaction with overhead contact lines. 

1 Introduction 

A railway pantograph is a mechanism, which takes part in electric power delivery to a train or electrified 

multiple unit (EMU) in electrified railways. A pantograph strip is in mechanical contact with a contact 

wire of an overhead contact lines system (called also catenary). Basic components of the  

pantograph-catenary system are presented in Figure 1. 
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Figure 1: Pantograph-catenary system 

Proper dynamic interaction between pantograph and catenary is crucial for adequate performance of this 

system. It is desirable to keep pantograph slider and catenary contact wire in continuous contact. During 

a high speed run, the contact force identified between sliders  and contact wire (marked as CF hereunder) 

fluctuates as it was already reported in many papers [1-4]. An exemplary course of CF is presented 

in Figure 2, considering a 600 m long run and magnification for the two central spans are depicted 

accordingly. 
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Figure 2: Exemplary course of the CF Pantograph 

The fluctuations that are exhibited by CF are undesirable, because local minimal values in the CF course 

may lead to detachments of a pantograph slider from a contact wire. On the other hand, high peaks may 

cause an increased wear of both sliders and contact wire. Contact losses are unfavorable because they 

cause arcing phenomenon between pantograph carbon slider and copper contact wire. This condition leads 

to temperature increase in the pantograph-catenary interface area – even up to 1200 °C. Such high 

temperature field may cause destruction of the material in that interface through the ablation 

phenomenon [5]. The arcing is also a source of voltage and electromagnetic disturbances.  

The pantograph mechanism has a number of revolute joints in its structure. The pantograph which 

is described in this paper is the 160 ECT model produced by EC Engineering company. Figure 3 depicts 

kinematic pairs in that mechanism. Linear arrows mean suspension of the pantograph slider, whereas 

circular arrows depict revolute joints with the rotation degree of freedom along the Y direction. 

The Nominal torque is the torque between pantograph frame and lower arm exerted by the pneumatic 

actuator. This torque is  responsible for opening the pantograph mechanism and provide static uplift force 

exerted by the slider on the contact wire of the catenary. 
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Figure 3: 160ECT pantograph mechanism 

The presence of friction in kinematic pairs is inevitable. In this paper, the authors investigate the influence 

of friction on the quality of pantograph-catenary contact. The standard deviation (STD) and  

the peak-to-peak value (Peak-Peak) of CF are utilized as the quality indicators of the pantograph-catenary 

dynamic interaction. It is favorable to keep the values of these parameters as small as possible to provide 
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smooth contact between the system components, therefore a number of numerical simulations were carried 

out to study the influence of friction on the pantograph-catenary dynamic interaction. 

2 Case study 

From the data provided by the pantograph manufacturer (not allowed to be published here), it was 

observed that the values of friction forces for particular pieces of pantographs can vary, even though they 

are within the certification ranges. Therefore, the authors decided to investigate the influence 

of pantograph friction forces on the quality of the dynamic interaction with a catenary employing 

numerical simulations.  

Various train run speeds are analyzed in the range of 110 – 200 km/h, with increment of 5 km/h  

(19 cases). It is well known that aerodynamic forces acting on the pantograph components are crucial 

for general pantograph-catenary dynamic interaction, because they influence the actual slider uplift force. 

Therefore, for a particular run speed, appropriate forces acting of the pantograph components are also 

considered in the simulations. Moreover, each piece of a pantograph has to be certified and, among 

the others, the friction force in the pantograph mechanism has to be evaluated separately. A single piece 

of a pantograph was tested using dedicated test stand and the difference between pantograph uplift forces 

was identified, when going both upward and downward. This value is also known as the double friction 

force (DFF), and has to be kept within the specific limits declared by the European Standard [6]. The DFF 

is directly related to the friction in the kinematic pairs in the mechanism. Therefore, the friction coefficient 

in the pantograph numerical model was identified adequately to produce the same DFF as the measured 

value in the test stand. The results of numerical model validation are presented in Figure 4.  

 

Figure 4: Uplift force variation caused by friction 

When the nominal friction coefficient in kinematic pairs was identified, 10 deviations from that value 

were taken into consideration (within the range of ±25%  with respect to the nominal value with 

an increment of 5%). It was assumed that the friction force deviations may originate from  the assembly 

quality, materials’ properties and other uncertainties. In total, 19 various speeds and 11 values of friction 

coefficients were studied, producing 209 cases to be computed. Each simulation takes about 45 minutes 

using a standard computer workstation. 
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3 Multi-domain co-simulation setup 

The investigation presented in this paper was conducted employing the multi-domain co-simulation 

algorithm for pantograph-catenary dynamic simulation. This computational environment was recently 

presented by the authors [2]. The procedure includes the most important phenomena which are necessary 

for a reliable pantograph-catenary simulation. The catenary is modeled with the Finite Element Method 

(FEM) which allows to determine the initial static equilibrium of a catenary under gravity and tensioning 

forces in contact and messenger wires and to consider nonlinearities in its structure (nonlinear properties 

of droppers, relatively large displacements and the contact with the pantograph slider). Realistic 

Multibody (MB) pantograph-rail vehicle model allows to take into account a vibration field caused by the 

track irregularities. Moreover, electromagnetic and aerodynamic forces acting on the pantograph 

components as well as friction in kinematic pairs are also considered in the simulation setup. More details 

on these contributing partial models can be found in the papers recently published by the authors [2-4,  7]. 

The diagram of the dynamic simulation of pantograph-catenary interaction is presented in Figure 5. 

 

Figure 5: Co-simulation algorithm utilized in the analysis 

The main procedure of the algorithm can be summarized as follows: 

■ The catenary model is built employing the FEM. Iterative static simulations are then 

run to determine proper lengths of droppers, that allow to have proper pre-sag in the middle 

of a single catenary span considering gravity and tensioning forces in the catenary wires. 

■ In parallel, aerodynamic forces acting on the pantograph are computed employing the Fluid 

Structure Interaction (FSI) approach. As a result, drag, cross and lift forces acting on the pantograph 

components are calculated. Electromagnetic forces are also computed considering adopted power 

supply scenario and employing the Biot-Savart law. 

■ Subsequently, the pantograph-rail vehicle MB model is created and the forces described in the 

previous step are passed into the MB model. The pantograph-rail vehicle model also includes track 

profiles designed according to the adopted Power Spectral Density function. 
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■ When the FE catenary and the MB pantograph-rail vehicle models are created, the dynamic 

simulation is initiated. The MB code is run first and an actual pantograph slider position 

is transferred into the FEM code. Then, the dynamic step of the FEM catenary model is computed 

and the resulting contact force is passed back into the MB code. The MB code is computed again 

considering the actual contact force received from the FEM code and the new position resulting 

from chosen run speed. This procedure is repeated in the loop to cover the entire simulation period 

t with given time step dt. 

■ As a result, the CF course is computed. Then the statistical analysis is performed after filtration 

using the low-pass filter with cut-off frequency 20 Hz and after limiting the CF course to the two 

central spans according to the European Norm 50318 [8]. 

4 Aerodynamics 

The aerodynamic forces acting on the pantograph components are crucial for proper total uplift force 

computation, especially at high  speed runs. They were computed employing the FSI model and 

the following air flow speeds were investigated: 120, 140, 160 and 180 km/h. The numerical model was 

validated based on the experimental data and the results from FSI analysis are considered to be correct. 

More details on the FSI model validation can be found in the authors previous works [2-3, 7]. 

An exemplary results from the FSI simulation are presented in Figure 6, where the velocity magnitude 

in the train run direction is presented for the air flow at the speed of 160 km/h. 

 

Figure 6: FSI analysis results (velocity magnitude in the train run direction) 

Aerodynamic forces computation for a single air flow speed, using the proposed numerical model  

is time-consuming. It takes about 15 hours utilizing a workstation. Therefore, it is assumed that 

the aerodynamic forces for all other run speeds are approximated applying the last-square fitting method 

with second order polynomial. The results of the forces fitting are presented in Figure 7. It can 

be observed that it is possible to get an acceptable fitting of the approximating curve to the experimental 

data, thanks to which the force values for intermediate flow speeds can be easily obtained. 

RAILWAY DYNAMICS AND GROUND VIBRATIONS 3287



 

Figure 7: Results of aerodynamic lift forces fitting for pantograph components 

5 Electromagnetic force 

In normal operational conditions, high current flows through the catenary wires to meet the power demand 

of a train. According to the electromagnetic induction rule, magnetic field is generated around a conductor 

with current. The pantograph slider (which also conducts electricity) is located in that magnetic field, 

therefore the generated electromagnetic force is acting on it. The multi-domain co-simulation algorithm 

utilized in this paper takes into consideration the above-mentioned electromagnetic force. The sub-model 

for electromagnetic force computation was previously introduced by the authors in recent paper [2], 

but main assumptions of the carried out calculations are also presented below for clarity of the reported 

study. A general scheme of the utilized pantograph-catenary system is presented in Figure 8. The polyline 

|𝐷𝐸𝐹𝐺| corresponds to the catenary contact wire whereas the section |𝐴𝐵| represents the pantograph’s 

contact strip.   

In the adopted energy supply case, we assume two rail vehicles travelling one after the other, and they 

are powered from a single traction substation (3 kV system). Both of the trains have the same power 

demand of 10.5 MW. The following data regarding the electric currents has been taken in the calculations: 

𝑖𝑇𝑅𝐴𝐼𝑁1 = 𝑖𝑇𝑅𝐴𝐼𝑁2 = 3500 A 
 𝑖𝑇𝑅𝐴𝐼𝑁1+2 = 7000 A 

 𝑖𝑃𝐴𝑁𝑇𝑂_𝐴𝐶 =
𝑖𝑇𝑅𝐴𝐼𝑁1 

2
[𝐴] (1) 

 𝑖𝑃𝐴𝑁𝑇𝑂_𝐵𝐶 =
𝑖𝑇𝑅𝐴𝐼𝑁1 

2
[𝐴] 
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Figure 8: The pantograph-catenary electromagnetic interface 

The distance between pantograph slider contact strip and catenary contact wire is considered  

to be |𝐶𝐶"|̅̅ ̅̅ ̅̅ ̅ = 0.1 𝑚𝑚. The length of each catenary span equals 60 m, which means that three sections are 

taken into consideration, the catenary lateral stagger is ±0.2 m, while the length of the contact strip |𝐴𝐵|̅̅ ̅̅ ̅̅ =
1.2𝑚. The magnetic induction is computed at finite number of points on the contact strip (which is divided 

into 12000 segments) using the Biot-Savart’s law. The total magnetic induction at a particular point is 

calculated as a sum of magnetic induction contributions from all analyzed wires exhibiting the assumed 

current flow (|𝐷𝐸|̅̅ ̅̅ ̅̅ , |𝐸𝐶"|̅̅ ̅̅ ̅̅ ̅, |𝐶"𝐹|̅̅ ̅̅ ̅̅ ̅, |𝐹𝐺|̅̅ ̅̅ ̅̅ . So, for example if we consider the point B (Figure 8) at the slider, 

the total magnetic induction is as follows 

 𝐵𝑇𝑜𝑡𝑎𝑙_𝑎𝑡_𝐵
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ =  𝐵𝐷𝐸_𝑎𝑡_𝐵

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + 𝐵𝐸𝐶"_𝑎𝑡_𝐵
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ +  𝐵𝐶"𝐹_𝑎𝑡_𝐵

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝐵𝐹𝐺_𝑎𝑡_𝐵
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   (2)  

and the individual magnetic induction contributions are calculated according to the formula shown for 

an example section |𝐸𝐶"|̅̅ ̅̅ ̅̅ ̅ 

 𝐵𝐸𝐶"_𝑎𝑡_𝐵
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ =  

𝜇0𝜇

4𝜋
∫

𝑖𝑇𝑅𝐴𝐼𝑁1+2 𝑑𝑠⃗⃗ ⃗⃗ ×𝑟   

𝑟3  (3) 

where: 

𝐵𝐸𝐶"_𝑎𝑡_𝐵"
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ −  𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑡𝑖𝑛𝑔 𝑓𝑟𝑜𝑚 𝑤𝑖𝑟𝑒 |𝐸𝐶"| 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 𝐵   

𝜇0, 𝜇 − 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑣𝑎𝑐𝑢𝑢𝑚 𝑎𝑛𝑑 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑎𝑖𝑟, 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦  

𝑑𝑠⃗⃗⃗⃗ −    𝑤𝑖𝑟𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑡ℎ𝑒 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑓𝑙𝑜𝑤 
𝑟 −  𝑣𝑒𝑐𝑡𝑜𝑟 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑤𝑖𝑟𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑡𝑜 𝑡ℎ𝑒 𝑝𝑜𝑖𝑛𝑡 𝑎𝑡 𝑤ℎ𝑖𝑐ℎ 𝑡ℎ𝑒 𝑓𝑖𝑒𝑙𝑑 𝑖𝑠 𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑 

After the magnetic induction calculations, the electromagnetic force acting on the pantograph slider 

is  computed separately for its all parts. Based on that the total force is calculated by summing. 

For the analyzed scenario, the following components of electromagnetic force were computed 

 𝐹𝑇𝑂𝑇𝐴𝐿_𝑋 =  31.6𝑁, 𝐹𝑇𝑂𝑇𝐴𝐿_𝑌 =  0𝑁, 𝐹𝑇𝑂𝑇𝐴𝐿_𝑍 = −0.013𝑁 (4) 
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Although the highest component is acting in the direction of pantograph travel, the static uplift force 

of the pantograph is influenced by the electromagnetic force due to the mechanical properties of the 

pantograph’s kinematic chain, i.e. the interactions existing between its elements. The MB pantograph 

model was utilized to investigate the uplift force with and without electromagnetic force. The results are 

presented in Figure 9. 

 

Figure 9: Uplift force with and without electromagnetic force 

It can be observed, that the highest influence of the contact force is registered when the pantograph 

is working in the operational height of 1.5 – 1.8 m. In this range, the electromagnetic force causes 

a change of the nominal uplift force up to 2 N. 

6 Results 

At first, the analysis was performed for a single run speed 160 km/h. The nominal case (the friction 

change at the 0% level) takes into account the friction experimentally identified for the tested pantograph. 

Ten deviations from the nominal case were investigated, i.e. friction change by -25%, -20%, -15%, -10%, 

-5%, 5%, 10%, 15%, 20%, 25%, accordingly. It is assumed, that the friction deviations may result from 

an assembly or manufacturing uncertainties. The results are presented in Figure 10. The STD of CF 

was chosen as a reliable quality indicator of the mechanical contact in the pantograph-catenary interface. 

 

Figure 10: An influence of friction in pantograph joints on the STD of CF at run speed 160 km/h 
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Considering the outcomes of the simulations, it can be concluded, that the friction variation has  

a non-negligible impact on the STD of the CF for run speed 160 km/h, especially at the highest friction 

change taken into account, i.e. at the +/-25% level. Small friction changes (i.e. within the -5% up to 5% 

change range) almost do not affect the STD of CF. The friction decrease in the range  

(-25% – -10%) causes a deterioration of the interaction between the pantograph strip and contact line (the 

STD of CF increases by 4.4%). The friction increase has a positive influence on the contact quality, 

because more energy is dissipated in the entire system, and the STD of CF can be decreased by 4.6% 

comparing to the nominal case.  

Then, the scope of the analysis was extended to address various run speeds, in the range 110 – 200 km/h 

specifically. An influence of the friction in the pantograph mechanism is expressed in the paper 

as the change of the STD of CF with reference to the nominal case, i.e. characterizing the nominal friction 

ratio for a particular run speed. The results are presented in Figure 11. 

 

Figure 11: An influence of friction in pantograph joints on the STD of CF for various run speeds 

It can be observed that for almost all of the analyzed cases, the STD of CF increases when the friction 

is reduced and the STD decreases while friction increases. Intensity of this phenomenon depends 

on a particular run speed, but it is visible at  most for the case of 130 km/h. Similar monotonicity 

is observed for other run speeds, and this can be caused by the fact that more energy is dissipated 

in the case when friction in pantograph mechanism in increased. In the range of 170 – 190 km/h this trend 

is disturbed and some local minima and maxima appear. It is also visible in Figure 12, where the results 

of STD of CF (already shown in Figure 11) are presented with different perspective. 
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Figure 12: An influence of friction in pantograph joints on the STD of CF for various run speeds, second 

view highlighting disturbed monotonicity of the relationships between friction, run speeds and STD of CF 

 

Figure 13: An influence of friction in pantograph joints on the mean CF for various run speeds 

The values of the mean CF for various run speeds and friction forces are presented in Figure 13. Slightly 

different nature of the changes has been registered for the mean value of the CF comparing to the STD 

of CF. It can be noticed that these changes are not that significant as in case of the STD of CF. 

Monotonicity was also identified for the most extreme run speeds that were analyzed, 

i.e. 110 and 200 km/h. For the case of 110 km/h the mean CF increases with the increase of the friction in 

the pantograph structure. For the case of 200 km/h, in turn, the studied characteristics decreases while 

increasing friction. Between the above mentioned extreme speeds, character of volatility of the mean value 
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of CF cannot be clearly defined. However, the mean CF varies within the range of +/-1% of its nominal 

value for the investigated input parameter domain. Hence, it might be concluded that the mean value 

of the CF is not significantly affected by the friction change in the discussed domain. 

7 Conclusions 

Based on the obtained results of the co-simulation algorithm the following final remarks were drawn 

to summarize the paper: 

1. The multi-domain co-simulation approach can be successfully utilized to simulate the entire 

pantograph-catenary system. The co-simulation method considering the interactions between FEM 

catenary model and Multibody pantograph-rail vehicle model was performed. The adopted approach 

concerns the most important phenomena which are present in the system, i.e. nonlinearity of catenary 

droppers, wave propagation and reflections in a catenary structure and real kinematic chain of a three 

dimensional pantograph Multibody model. Moreover, aerodynamic, electromagnetic and friction forces 

acting on the pantograph components are considered. 

2. The friction coefficient for the pantograph joints was identified and effectively implemented 

in the numerical model. 10 deviations from the nominal friction coefficient were investigated within 

the range of ±25% of the nominal friction, to study the influence of the friction deviation 

on the pantograph-catenary contact quality for various run speeds in the range 110 – 200 km/h. 

3. The study has shown, that the STD of the CF increases while decreasing the friction coefficient 

in the pantograph components and the mentioned property decreases when the friction coefficient 

increases. This behavior is observed for run speeds in the range 110 - 170 km/h and 190 – 200 km/h. 

In the range of run speeds 170 – 190 km/h some disturbances of this monotonicity are observed. This 

is probably caused by resonances of the catenary structure.  – but this supposition has to be investigated 

more deeply in the future. The mean value of the CF is not significantly affected by the friction coefficient 

in the analyzed cases - the identified influence is less than 1% for the most extreme cases. 
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