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1. Introduction
The pantograph mechanism is used for receiving electrical power 

from a catenary. It is used in trams, freight locomotives, and high-
speed passenger trains. A typical 160ECT [10] pantograph is present-
ed in Figure 1. When interacting with a catenary, a collector head 
with carbon strips is in a sliding contact with a catenary contact wire. 
The electrical power is transferred through the pantograph structural 
elements (arms, links and frame), and then to the electrical system of 
the rail vehicle. 

Increases in trains speeds are observed for years and require im-
provements to the various components of the whole system, covering 
both vehicles and the entire infrastructure. Due to the proportional 
relationship between the train speed and the current consumed from 
the traction system, the mechanisms for collecting power from the 
catenary is one of the factors limiting the maximum speed of trains. 
Figure 2A presents the main components of the catenary system. 

When a railway pantograph interacts with a catenary during the movement of a rail vehicle, 
several physical phenomena, both mechanical and electrical, occur in the system. These phe-
nomena affect the quality of power supply of a train from traction devices. The unfavourable 
arcing occurring when there are disturbances of contact between the pantograph’s slider and 
the catenary contact wire. In turn, it results in energy loss and increased wear of the com-
ponents of the system. When designing new solutions, computational models are helpful 
to predict the quality of interaction between the components of the pantograph-contact line 
system already at the virtual prototyping stage. In this paper, the authors comprehensively 
present a multi-domain (multiphysics) model, which takes into account necessary condi-
tions for interaction between pantograph elements and a catenary. Finally, the impact of the 
individual physical domains are analysed and the ones which have a significant impact on 
the simulation of the operation results are identified.
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Fig. 1. Pantograph mechanism on a test stand
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The catenary is a flexible, periodic structure which consists of a 
contact wire and a messenger wire. The messenger wire is suspended 
to the poles with supporting arms, while the contact wire is suspended 
to a messenger wire using droppers and steady arms. On straight track 
sections, the catenary is staggered as shown in Figure 2B. This makes 
the pantograph slider wear evenly when travelling over long straight 
sections, because the contact point keeps moving from side to side of 
slider. Contact and messenger wires are subjected to tension, which 
reduces the unevenness of the stiffness of the catenary. Railway power 
supply systems are considered to be critical in terms of reliability, 
it is also postulated that they should be treated as critical for safety 
[24]. At high speeds, fluctuations in contact force (CF) are observed. 
They may lead to a loss of contact between the pantograph head and 
the contact wire. Even small disturbances in contact, lasting a few 
milliseconds, may cause arcing in the contact area. This results in the 
increased wear on the components, that remain in contact, due to heat-
ing and melting the materials. Thermal wear is one of the important 
factors limiting the lifetime of the pantograph slider and reliability of 
the system [9]. Increased wear of contact strips increase the risk of 
fatal failure in pantograph-catenary interaction. In the recent paper 
[17] authors emphasize that very strict monitoring of contact strips is 
extremely important, because its timely replacement guarantees trou-
ble-free operation and no need for costly and long-lasting repairs. The 
authors proposed an evaluation method of preventive renewal strate-
gies of railway vehicles selected parts, which has been demonstrated 
for contact strips case study . The research on thermal and mechanical 
wear of the contact wire and pantograph head strip [3, 5, 23] shows 
that the increased uplift force between the pantograph and the traction 
reduces arcing, but at the same time, increased sliding friction force 
increases mechanical wear. Pombo et al. [27] concludes that the use 
of two pantographs on a single rail vehicle significantly influences 
fluctuations in CF. However, with appropriately adjusted pantograph 
spacing, such a configuration may improve dynamic interaction with 
the catenary[18]. The latest studies also indicate the significant impact 
of the rail vehicle on the resulting quality of the interaction between 
the pantograph and the catenary. The research conducted by Song et 
al. [30] shows that poor track quality reduces the quality of the panto-
graph’s interaction with the catenary.

The numerical models of dynamic interaction between the catenary 
and pantograph are commonly used for designing the system com-
ponents. Moreover, the Technical Specifications for Interoperability 
(TSIs) issued by the European Commission require the presentation 
of numerical results for positive certification process of the panto-
graphs and overhead contact lines components. Those documents de-
fine the technical and operational standards which must be met by 
the pantograph-catenary system components in order to meet require-
ments and ensure the interoperability of the railway systems. 

The simplest computational models for simulating the interaction 
between the pantograph and the catenary with the lumped parameters 
date back to the 1970s [13, 14]. Models with one [31, 32] or more 
[26, 28] degrees of freedom (DOFs) are based on a variable stiffness 
representing the catenary system. A small number of DOFs results in 
high computational performance for these models. Above mentioned 
elementary models provide an overall understanding of the interac-
tion between the pantograph and the catenary, but they still exhibit 
several imperfections. The most important ones are the mechanical 
wave propagation in the overhead contact line being overlooked, 
followed by significant oversimplification of the pantograph model. 
These drawbacks result in a failure to properly validate these models 
according to the applicable EN 50318 standard [11]. Application of 
the Finite Element Method (FEM) in the catenary model allows one to 
account for propagation and reflection of the mechanical wave [15] on 
the overhead contact line and the nonlinear characteristics of the drop-
pers. Such improvements allowed one to obtain a positive validation 
results against the EN 50318, as published by Carnicero et al. [4]. 

Simplified pantograph models with lumped parameters are being 
replaced by the Multibody Dynamics (MBD) models, as demonstrat-
ed, by Ambrosio et al.[2], Pappalardo et al. [25], and Song et al. [29]. 
In these models, rigid pantograph components, described by geom-
etry, material, and inertial properties, are interconnected using rotat-
ing and sliding kinematic pairs. To enable simulations using the FEM 
model of the overhead contact line and the advanced MBD panto-
graph model, it is necessary to use the co-simulation procedure as 
shown in work by Massat et al. [20] and Ambrosio et  al.  [1]. This 
algorithm relies on exchanging data between the pantograph and cat-
enary models during the simulation. This approach allows to simul-
taneously take advantage of the FEM model of the catenary and the 
MBD model of the pantograph. Simulations based on co-simulation 
procedure are currently the most advanced method for numerically 
testing the pantograph-catenary system. 

Despite the computational models used being highly sophisticated, 
it should be highlighted that there is still a need to improve them. The 
model that would simultaneously take into account the effects of all 
relevant forces and torques which are affecting pantograph-catenary 
interaction is needed. The authors’ review showed that the models 
reported in the literature usually ignore such phenomena as the ef-
fects of aerodynamic forces, electromagnetic forces, or rail vehicle 
dynamics. Moreover, it is not clearly defined which phenomena are 
necessary in modelling and which can be ignored due to the small 
influence on the obtained results of numerical simulations. In re-
sponse to the imperfections of existing models, in this paper, we use 
a multi-domain approach for analysing the interaction of the panto-
graph and catenary. The purpose of the works presented herein is to 
build a multi-domain numerical model describing the behaviour of the 

Fig. 2. Description of the catenary system: (A) components of the catenary system  and (B) catenary staggering – photographs taken by Pawel Zdziebko
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overhead contact line and pantograph system including all potentially 
important factors. Another goal is to investigate effect of their omis-
sion in the multi-domain simulation model and propose guidelines for 
pantograph-catenary modelling process in this field.

This paper consists of the following parts: In Section 2, we present 
the proposed multi-domain model of the catenary-pantograph system. 
Section 3 describes the details of the FEM model of the catenary, in-
cluding the shape-finding methodology and validation results for this 
model. Next, Section 4 presents the details of the MBD pantograph 
and rail vehicle model. Section 5 presents the simulation results for 
the tested 160ECT pantograph. This Section also investigates the in-
fluence of individual phenomena omission on the results of the multi-
domain model simulation. Finally, conclusions are presented in Sec-
tion 6.

2. Multi-domain simulation of a pantograph-catenary 
system

As already mentioned in the literature review in Section 1, there 
is still a need to develop computer modelling and simulation tech-
niques for the pantograph-catenary system. Such a model should be 
considered as multi-domain system, because the resulting interaction 
between the pantograph with the catenary is affected by various phe-
nomena. In the paper, we present the methodology for conducting 
computer simulations for a multi-domain model of pantograph and 
catenary. The system under consideration has been presented sche-
matically in Figure 3. 

Figure 3 shows schematically 
important phenomena that can 
have a key impact on the quali-
ty of the interaction between the 
pantograph and the overhead 
contact line. In the proposed 
numerical model, the following 
are taken into account:

Three-dimensional panto-•	
graph model, which reflects 
a kinematic chain of the 
mechanism, with friction 
model in kinematic joints.
Model of the rail vehicle •	
together with track irregu-
larities which causes vibra-
tion of the vehicle body, and 
then, vibration of the panto-
graph frame.
Aerodynamic and electro-•	
magnetic forces, which acts 
on the pantograph com-
ponents and influence the 
pantograph uplift force.

Nonlinearities of the catenary system, resulting from the non-•	
linear stiffness of droppers and relatively large displacements of 
cables.
The p•	 henomenon of mechanical wave propagation in the over-
head lines during the passage of the pantograph and rail vehicle.

For the studies presented in this paper, we assumed a straight-line 
section of a track and catenary. The pantograph mechanism is located 
on the roof of the rail vehicle. Due to the specificity of the modelled 
system, it is necessary to describe interactions between its compo-
nents with significantly different stiffness properties. Therefore, we 
used the MBD approach for modelling the pantograph and the rail 
vehicle. The rail vehicle travels on tracks described using the verti-
cal irregularities profile for each rail independently. The pantograph’s 
kinematic joints are modelled with dry sliding friction. The proposed 
pantograph model also takes into account the impact of aerodynamic 
forces. They have a significant effect on the CF when travelling at 
high speed. The electromagnetic force, induced by the current con-
ducted through the catenary and the pantograph head, has also been 
taken into account. We modelled the flexible catenary system using 
the FEM and took into account propagation and reflection of the me-
chanical wave in its structure. The catenary model accounts for the 
non-linear nature of the droppers which are made of a steel cable that 
remains stiff under tensile stress but is elastic in compression.

Figure 4 presents a diagram with computer simulations proposed 
herein. The proposed approach to simulating pantograph interaction 
with traction is based on integrated FEM-MBD model, and thus the 
model shall be treated as coupled. The data exchange between these 
partial models is carried out using the co-simulation procedure. First, 
sub-models are formulated to determine the pre-configuration of the 
catenary and calculate the electromagnetic and aerodynamic forces 
acting on the pantograph components. These models are later de-
scribed in the paper. At the same time, other relevant parameters of 
the rail vehicle and pantograph model are defined, such as the speed 
of the rail vehicle, the profile of the vertical track irregularities, the 
coefficient of friction in the pantograph kinematic pairs, the nomi-
nal uplift torque of the pantograph (responsible for the static uplift 
force of the pantograph slider), and the suspension parameters of the 
pantograph slider. Next, the dynamic interaction between pantograph 
and catenary using co-simulation is lunched. The procedure is based 
on data exchange in subsequent calculation steps between FEM (cat-
enary) and MBD (pantograph-rail vehicle assembly) models. In order 
to ensure high quality of the FEM and MBD models, validation of 

Fig. 3. Physical phenomena in the pantograph-catenary interface

Fig. 4. The proposed multi-domain approach for pantograph-catenary simulation
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selected sub-models is needed to be carried out (to the extent available 
to conduct). The catenary model is validated against the EN 50318, 
while the MBD pantograph model is formulated based on the techni-
cal data provided by the manufacturer, and therefore is assumed to be 
realistic. Collector head suspension properties, friction in kinematic 
joints and aerodynamic properties were identified experimentally, 
and thus reflects real working conditions.  Rail vehicle and track ir-
regularities model was not validated, but taken from the literature – as 
described later in text. 

The proposed procedure for calculating the dynamic multi-domain 
co-simulation is as follows:
Step 1:

For the current input parameters and the adopted computa-
tional step, the MBD model of the pantograph and rail vehicle 
is solved. The equations of motion are solved using the Hilber 
-Hughes-Taylor integration scheme [21]. The calculations yield 
the current position of the pantograph slider head, which is then 
transferred to the FEM model of the catenary.

Step 2:
Then, for the same computational step, the FEM model of the 
catenary is solved by taking into account the current position of 
the pantograph slider head, as determined in the MBD model. 
The integration procedure used in the FE model is the Single-
Step Houbolt scheme, which is unconditionally stable [21]. 
Next, number of iterations with frozen time are being computed 
to allow the two models (MBD and FEM) to agree on both force 
and displacement. Usually less than 10 iterations are needed for 
convergence. These calculations yield instantaneous CF acting 
on the contact wire of the catenary and the pantograph head.

Step 3:
The instantaneous value of the CF is then transmitted to the 
MBD model, which is solved for the next computational step, 
thus taking into consideration the subsequent positions of the 
rail vehicle and the pantograph resulting from the assumed vehi-
cle speed and the size of the computational step. 

Step 4:
Return to Step 2.

The steps for solving model equations described in points 2 and 3 
are repeated in a loop for all the computational steps in the time inter-
val used for analysis. In all the considerations presented in this work, 
the assumed simulation time corresponds to the travel of a rail vehicle 
along the 10 catenary spans (600 m), and the computational step is 
0.001 s, similarly as proposed by Cho et al. [6]. 

3. Catenary FEM model
A very important phenomenon described in the literature, which 

influences the contact between the pantograph slider and the contact 
wire, is the propagation of the mechanical wave in the wires and its 
reflection from the rigid traction components. Therefore, the FEM is 
used for catenary model. The overhead contact line model used in the 
analysis corresponds to the model described in the EN 50318 [11]. 
The catenary has one contact wire and one messenger wire, nine drop-
pers per span, and a single span length of 60 m. The height of the cat-
enary is 1.2 m and the zig-zag stagger is ±0.2 m. The catenary model 
under consideration has been schematically represented in Figure 5.

The boundary conditions in the model reflect actual operating con-
strains that are present in real centenaries. The effect of gravity on 
traction components, the tensioning forces in the traction lines are 
considered as well. The wires in the catenary structure exhibit tensions 
of 16 kN (contact wire) and 20 kN (messenger wire). The linear den-
sity of cables is 1.07 kg/m and 1.35 kg/m respectively for the contact 
wire and the messenger wire. Due to the occurrence of staggering in 
zig-zag shape, the structure of the overhead contact line is modelled in 

three dimensions. According to the reference model description in the 
Standard, the catenary model does not take into account damping. 

The diameter of wires is considerably smaller than their length, 
so the traction model uses 1D finite elements. These are type 98 ele-
ments (MSC.Marc solver) that take into account shear forces [22]. 
The model includes 100 elements per span for both the contact wire 
and the messenger wire. The assumed average length of the beam ele-
ments is 0.6 m. Such a size is considered small enough [28] and also 
allows to perform simulations efficiently. 

The droppers exhibit nonlinear behaviour and they transmit ten-
sile loads while remaining very loose during compression. To account 
for such bi-linear stiffness, elastic elements with nonlinear stiffness 
characteristics were used: 0 N/mm for compression and 100 N/mm 
for tension.

As shown in Figure 5, the rail vehicle and the pantograph move 
in a direction (-X). The position of the pantograph head, which is 
determined based on the MBD model, is related to the position of 
the dummy slider beam element modelled with the FEM model. This 
component is in contact with the contact wire. The contact algorithm 
used is the beam-to-beam contact which is available in MSC.Marc 
solver [21]. Contact is detected when the smallest distance between 
the dummy slider beam element and the contact wire is less than the 
assumed threshold value, i.e. 0.1 mm. The algorithm then automati-
cally introduces a multipoint constraint equation to ensure that the ele-
ments do not interpenetrate. During the subsequent integration steps, 
the point of contact between the elements may change as the elements 
move relative to each other and stay in contact. In such a case, the 
multipoint constraint equation is automatically updated. 

3.1.	 An initial configuration (pre-sag) of catenary
The pre-sag is an important parameter of the catenary which in-

fluences the dynamic interaction between the traction and the panto-
graph [7]. According to the adopted model of the catenary, the pre-sag 
is set to 0 mm. It is therefore necessary to adjust the length of the 
subsequent droppers to obtain zero pre-sag at the centre of the span 
under gravity and tension. The established procedure for determining 
the initial configuration of the catenary model has been schematically 
presented in Figure 6.

For the initially defined model (Initial configuration, step 1), we 
determine the difference between the required sag (0 mm) and the cal-
culated sag value at the point of attaching droppers to the contact wire. 
Then, the model is reconfigured and the dropper lengths are corrected 
for the difference determined in the previous step (initial configura-
tion, step 2). The procedure for static calculations and correction of 
droppers length is repeated until the sag value meets the requirements. 
To determine pre-sag, it was necessary to run nine iterations to ad-
just the droppers length, which were found as: 995.5; 813.8; 657.0; 
563.0; 531.7 mm respectively for droppers counting from the end to 
the centre of a single span. Additionally, position of a fixed end of 
steady arms were found as translated from span ends by [0; 257.3; 
(+/-) 966.3] on X, Y and Z components respectively. Sign ‘+/-‘ for Z 

Fig. 5.	 The FEM model of a simple catenary system modelled as 3-D struc-
ture
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translation corresponds to zig-zag shape for subsequent spans. 
Resulting pre-sag error for designed model of the catenary is 
less or equal 0.13 mm.

3.2.	 Catenary model validation
The subsequent step of the work included validation of the 

numerical model. The standard solution consists of perform-
ing experiments and comparing the results obtained for the CF 
course and the contact wire uplift with the numerical model. 
This can only be done by measuring CF indirectly, and is ex-
pensive and difficult. During our work, we validated the nu-
merical model based on basic validation procedure described 
in the EN 50318. The process of validation of the numerical 
model consists of comparing statistical parameters describ-
ing the course of CF and contact wire lift with the tolerances 
given in this standard for precisely described catenary model. 
The standard utilizes basic pantograph model with lumped 
parameters and two degrees of freedom. Detailed information 
on the pantograph model can be found in the previously refer-
enced standard. The validation procedure requires the statisti-
cal parameters of CF and contact wire uplift to be determined. 
The results are then compared with the allowable limits given by that 
standard. Simulation were performed for passage speed 250 km/h and 
300 km/h. Please note that the computed statistical parameters are 
determined for a limited amount of data, i.e., for the two central spans 
of the catenary. Such an approach aims to exclude the impact of the 
boundary conditions on the results obtained. In case of CF results, 
they are filtered using a low-pass filter with a cut-off frequency of 20 
Hz. Figure 7 presents results obtained in computer simulations for 250 
km/h passage speed, but similar results were obtained also for passage 
speed 300 km/h. Results of uplift of contact wire at steady arms’ loca-
tion are presented in Figure 7A, while Figure 7B depict simulated CF 
in pantograph-catenary interface. Vertical lines in both figures depict 
section of two central spans of catenary. The integration time steps in 
both cases (250 and 300 km/h) were the same and set to 0.001 s.

Statistical parameters of the CF and wire uplift courses are com-
puted next. The results are provided in Table 1. It can be noted that 
all parameters are within the acceptance ranges for both analysed pas-
sage speeds. Therefore, the obtained results successfully validated the 
numerical model according to the adopted methodology described in 
the Standard. It can be concluded that the formulated catenary model 
reflects the real dynamic behaviour of the catenary with deviations 
accepted by the standard. 

4. Pantograph and rail vehicle model
The validity of the pantograph model is very important for the rep-

resentation of the realistic interaction with catenary. Important factors 
affecting how the pantograph cooperates with the catenary, which are 
taken into account in the model developed here, include the vibrations 
of the railway vehicle that are transmitted to the pantograph frame, 
the influence of electromagnetic and aerodynamic forces on the pan-

tograph components, energy dissipation through friction in the kin-
ematic joints of the pantograph, and the actual spatial structure of the 
pantograph kinematic chain.

The model of the pantograph mechanism was formulated using the 
MBD method. With this method the number of degrees of freedom 
can be reduced compared to the FEM model, making the MBD model 
computationally efficient. At the same time, this modelling method 
allows for the implementation of forces resulting from all the relevant 
phenomena that affect the pantograph components. The model was 
formulated using the MSC.Adams package. For the formulation of 
the MBD model, it is necessary to define spatial configuration of the 
pantograph components and joints between them. The developed pan-
tograph model is shown in Figure 8. 

All the modelled pantograph components are marked in the 
scheme. Their mass and moment of inertia parameters are taken from 
the manufacturer’s technical documentation. There are rotational kin-
ematic pairs between the components marked with circular arrows. In 
addition, in the place where the revolute joint is found between the 
pantograph frame and lower arm components torque forcing applies 
from the pantograph pneumatic drive (Nominal torque). Linear ar-
rows show the locations of the pantograph head suspension springs in 
the model. The stiffness and damping parameters of the slider suspen-
sion are fundamental in determining the quality of cooperating with 
the catenary. Thus, experimental testing was necessary to identify 
the characteristics of the slider suspension for the utilized 160ECT 
pantograph. The results of performed experiments are presented in 
our recent paper [34]. Experimentally determined stiffness and damp-

Fig. 7.	 Results of computed contact wire uplift (A) and CF (B) in case of 250 km/h train 
speed

B)

A)

Fig. 6. Iterative procedure for determining catenary state under initial loads

Fig. 8. Scheme of pantograph MBD model
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ing properties of slider suspension are implemented next in the nu-
merical model as lumped parameters elements (K=3.93 N/mm and  
C=0.0005 Ns/mm).

The pantograph system dissipates some amount of energy thanks 
to the friction torque that is present in kinematic pairs. Our recently 
presented study [35] made it possible to fine-tune the dry friction 
coefficients in the revolute joints to reflect the experimentally deter-
mined characteristics of energy dissipation by friction in joints of the 
pantograph.

The dynamics of the rail vehicle is also an important factor influ-
encing the interaction of the pantograph with the catenary. A rail vehi-
cle with two-level suspension with two bogies and eight wheels was 
taken into account in our model.  The scheme of the model has been 
presented in Figure 9. 

The parameters of the rail vehicle model are taken from the work 
by Zboiński et al. [33]. The rail vehicle moves in the negative direc-

tion relative to the global X direction at a pre-defined speed. During 
the run, the vehicle wheels are subjected to vertical track irregulari-
ties. With a model formulated in this way, it is possible to take into 
account vibrations of the rail vehicle body. In turn, those vibrations 
affect the pantograph frame, and therefore influence the current col-
lection quality. 

In reality, there are also lateral track’s profile irregularities, but in 
this study we consider only vertical ones, since they are of the great-
est importance when driving on straight-line sections of tracks (and 
such a section is simulated). The track vertical irregularities profile 
has been generated based on the methodology published in the work 
by Karttunen et al. [16]. The authors presented formula that allows to 
describe irregularities as a random data characterized by the following 
expression for the power spectral density (PSD) in spatial form:
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where  0.82cΩ =  rad/m, 0.02rΩ =  rad/m are pre-set cut-off frequen-
cies and λ  is the wavelength in [m], wavelengths are taken in 
range of 3-150 m, and a number of 500 waveforms were used 
to generate realistic profiles. The parameter AA  [m·rad] corre-
sponds to the amplitude of irregularities and the utilized value of 

74.1·10−  represents a medium quality track. To obtain the track 
irregularities profile in sense of a distance function, the PSD for-
mula is retransformed using the inverse Fourier transform with 
random phases. Importantly, the courses obtained are character-
ized by randomness, while their statistical parameters meet the 
criteria for the middle class of track quality. 

In the considerations presented in this work, we have com-
puted the individual track profiles for the right and left rails sep-
arately. The vertical irregularities generated using above men-
tioned procedure and implemented in the multi-domain model 
are shown in Figure 10. 

4.1.  Aerodynamic and electromagnetic induction forces
Aerodynamic forces are one of the external forces loading 

pantograph components. Especially at high speeds they influ-
ence the dynamic interaction between pantograph and catenary. 

The current standard for railway applications describes acceptable 
average CF ranges for different train speeds, including the aerody-
namic effects on pantograph [12]. Dai et al. [8] in their recent research 
investigated the influence of additional baffles application in the pan-
tograph head. The goal was to tune the aerodynamic lift force on the 
pantograph components, which influences the CF mean value. Thanks 
to the great influence of aerodynamic forces, the multi-domain model 

Fig. 9. Scheme for a rail vehicle model

Table 1. Catenary model validation results

Parameters Simulation results Accepted ranges Simulation results Accepted ranges

Speed [km/h] 250 250 300 300
Mean CF [N] FM 117.7 110-120 117.9 110-120

Standard deviation of CF [N] σ 28.17 26-31 36.3 32-40

Statistical maximum of CF: FM +3σ 202.21 190-210 226.8 210-230

Statistical minimum of CF:  
FM –3σ 33.19 20-40 9 (–5)-20

Actual maximum of CF [N] 182.5 175-210 205.5 190-225

Actual minimum of CF [N] 56.63 50-75 33.6 30-55

Maximum uplift at 
supports [mm]

Support 1 52.4
51

48.4
48-55

57.2
60.1
60.7

55-65Support 2
Support 3

Percentage contact loss [%] 0 0 0 0
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utilised in this paper has to include this phenomenon. Aerody-
namic properties for the adopted pantograph model were inves-
tigated in our recent paper [36]. In general, the numerical model 
which employs the Fluid-Structure-Interaction method has been 
formulated first. Individual aerodynamic forces which load all 
components of the pantograph were computed then using Altair 
AcuSolve solver. Next, forces were implemented into the MBD 
pantograph model, and then the resulting uplift force exerted 
by the pantograph head on the contact wire was computed. Ex-
perimental tests were performed in the wind tunnel as well, for 
numerical model validation. The key results of this research are 
presented in Table 2.

The results obtained for the numerical model and in the ex-
periment showed a high agreement (relative error up to 2%), 

which prove positive numerical model validation. It should be noted 
that, in fact, the pantograph moves at a certain speed and thus makes 
the surrounding air to flow around it. In the conducted numerical anal-
yses and tests in the wind tunnel, the opposite situation was assumed: 
the stationary pantograph interacted with a forced stream of air at a 
given velocity. Such a simplification is used in practice, such as in ref. 
[8], in order to limit the number of factors influencing the uplift force. 
Indeed, the aim of the research was to determine only the influence 
of aerodynamics - with omission of other factors, which is impossible 
during the actual journey of the vehicle. In order to best reflect the 
operating conditions of the pantograph, the experimental tests were 
carried out in a wind tunnel with an open measurement space. Thanks 
to it the impact of disturbed flow in the boundary layer of wind tunnel 
was minimized. In the numerical analysis, care was taken to ensure 
that the model reflects the pantograph on the wind tunnel test stand as 
accurately as possible.

The electromagnetic force is another potentially important phe-
nomenon taken into account in the multi-domain model of the dy-
namic interaction between the pantograph and the catenary.  Accord-
ing to Liu et al. [19] inclusion of electromagnetic force is one of the 
directions of the pantograph-catenary models development. In fact the 
pantograph head through which electric current flows, is located in 
the magnetic field inducted around the contact wire, as shown sche-
matically in Figure 11. 

Considering the above presented assumptions, the pantograph head 
is affected by the electromagnetic force. The computational model 
proposed was presented in the work by Zdziebko et al. [37]. For the 
assumed current load scenario of the contact wire |PRC”ST| the com-
putation rule is as follows. Using Biot-Savart law, the magnetic induc-
tion vector is determined at the subsequent points of the pantograph 
slider head |AB| from individual contact wire pieces |PR|, |RC”|, |C”S|, 
and |ST|. Then, for the assumed current flow distribution in slider head 
segments |AC| and |CB|, the electromagnetic force acting on each of 

its segments, with an assumed finite length, is 
calculated. The resultant electromagnetic force 
acting on is calculated as the sum of the forces 
acting on all segments in each direction. Based 
on the simulations conducted, we demonstrated 
that, depending on the working height of the 
pantograph, electromagnetic force influence 
may results in an increase of the static uplift 
force by 2N (Figure 12). 

Fig. 12.	 Influence of electromagnetic force on uplift force for various panto-
graph working heights

The received results show, that the influence of electromagnetic 
force on uplift force depends on working height of the pantograph, but 
is significantly lower than influence of aerodynamic forces.

5. Results of multi-domain simulations
Hereafter we present the results of numerical simulations employ-

ing the multi-domain model described in Sections 2 to 4. The compu-
tation time for simulating the interaction between the pantograph and 
the catenary over a 600 m-long section is about 70 minutes. Simula-
tions were performed using an available workstation with the follow-
ing configuration: CPU Intel R CoreTM i7-2600K 3.4GHz x64, 32GB 
RAM, 1TB HDD.

Results of computed CF for driving speed of 160 km/h is shown 
in Figure 13A. The analysis of statistical parameters describing vari-
ations in the course of the CF was limited to two central spans and 
was filtered as described in Section 3.2 (Figure 13B). The 160ECT 
pantograph is certified to a maximum speed of 160 km/h, but for test-
ing purposes, numerical simulations were performed in an extended 
speed range of 120–200 km/h. The statistical parameters usually em-

Fig. 11. Scheme of electricity flow in adopted scenario (axis units in [m])

Fig. 10. Utilized vertical tracks’ profile

Table 2. Uplift force under aerodynamic forces

Uplift force
Air flow speed [km/h]

120 140 160

Experiment [N] 124.2 129.4 135.4

Numerical model [N] 122.2 128.9 135.4

Relative error 2% 0.4% 0.4%
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ployed to determine the pantograph-catenary interaction quality are 
shown in Table 3.

The results obtained show that for a train speed of 120 km/h the 
mean uplift force is much lower than the corresponding value ob-
tained for the higher driving speeds. This is due to aerodynamic forces 
being significantly reduced when driving at low speed. For higher 
speeds, the CF exhibits more varied behaviour expressed by relatively 
higher STD and peak-to-peak CF parameters. At a speed of 200 km/h, 
detachments of contact strip from the contact wire were observed. In 
the originally computed CF time history, the value of 0N was recorded 
while detachments. Nevertheless, the course of CF after filtration was 
statistically analysed (Table 3), therefore the presented value of Min. 
of CF is below zero - it is caused by the effect of low-pass filtration. 

At a subsequent stage of our work, we investigated the CF in the 
pantograph-catenary system as well as its change resulting from the 
choice on the analysed physical phenomena distorting the force inter-
action in the mentioned system. The analysis consisted of observing 
selected statistical parameters of the CF in different computational 
cases where the presence of individual sub-models related to a given 
physical phenomenon was either ignored or taken into account. The 
results are presented in Figure 14. The case in which all phenomena 
described earlier and the corresponding computational models were 
taken into account was considered as a reference – this case is marked 
with ‘X’. The calculation for the full model resulted in the CF course 
described by the following statistical parameters: Mean CF of 131.7 N 
and CF STD of 38.6 N. The analysis was limited only to these statisti-
cal parameters and to a single-speed value of 160 km/h.

The simulation results show that the inclusion of aerodynamic forc-
es has the greatest impact on the change in mean CF. The aerodynamic 
forces exclusion causes the mean CF to decrease approximately by 
25 N. On the other hand, small effects of the presence of electromag-
netic force on the results obtained have also been noticed. Its omission 
does not significantly change the results obtained (change in CF STD 
of 0.6 N and change in mean CF of 1.9 N). If the multi-domain model 
ignores phenomena associated with the non-linear behaviour of the 

droppers or friction in kinematic pairs, the STD of CF increases 
by 7.5 N and 8.4 N respectively. In addition, excluding the  track 
irregularities from the model results in lowering the STD of CF 
by 4 N compared to the comprehensive multi-domain model, 
while the mean CF remains at a similar level. Our analysis 
shows that aerodynamic forces must be included in the model of 
dynamic interaction between the pantograph and the catenary. 
Moreover, it is recommended to include a model of non-linear 
droppers, friction in the pantograph joints, and the dynamics of 
the rail vehicle and track irregularities. These factors have a sig-
nificant effect on the change in CF STD, but their impact on the 
mean CF is negligible. However, electrodynamic forces may be 
omitted from modelling as they only negligibly affect the results 
obtained. This applies to the mean CF and CF STD alike.

6. Summary and concluding remarks
The development of computer simulation techniques dedicated to 

the pantograph-catenary system is still open to discussion. This sys-
tem is subjected to several physical phenomena which significantly 
affect the resulting interaction of the pantograph with the catenary. 
Computer-aided numerical tools are very helpful when designing new 
system components and it is necessary to develop them to reflect as 
accurately as possible the actual operating conditions of the system 
under analysis. The computational methodology presented in this 
work allows for the formulation of a multi-domain model, which in 
turn allows for the analysis of the effects of these phenomena on the 
dynamics of the pantograph-overhead contact line system. From the 
literature review presented in the introduction, it can be concluded 
that such a comprehensive multi-domain model for simulating the dy-
namic interaction between the pantograph and the catenary has not 
yet been published. The numerical model proposed hereby states a 
comprehensive methodology for pantograph-catenary simulations. 
Together with the inclusion of such phenomena as vibrations from the 
rail vehicle, the effects of electromagnetic and aerodynamic forces, 
the propagation of the mechanical wave in the catenary, the actual 
kinematic chain of the pantograph, together with the friction model in 
joints and the suspension model of the pantograph (3D) makes the ap-
proach to be innovative. The model accounts for strong non-linearity: 
the contact of the slider and the catenary and the non-linear character-
istics of droppers.

The analysis of physical phenomena accounted for in the multi-
domain model shows that the model of aerodynamic influence is very 
significant as it greatly affects the change in the mean CF and CF 
STD compared to the nominal case. It is also recommended to take 
into account the model of non-linear droppers, friction in the panto-

Table 3. 	 The results of pantograph-catenary dynamic interaction com-
puted with complex multi-domain model, after low-pass filtration

Rail vehicle speed [km/h]: 120 160 200

Mean CF [N]: 118.4 131.7 132.9

STD of CF [N]: 17.3 38.6 59.6

Min. of CF[N] 82.3 37.2 -3.7 (0N)

Max. of CF[N] 173.2 260.3 290.9

Peak-to-Peak of CF [N]: 90.9 223.1 294.5

Fig. 13.	 CF time history computed for 600 m distance (A) and close-up view for the two 
central spans (B) – vertical lines depict two central spans

B)

A)

Fig. 14.	 Influence of physical phenomena exclusion in model on the obtained 
CF results
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graph joints, the dynamics of the rail vehicle, and track irregularities. 
Omission of these factors cause the CF STD to change  significantly, 
but no significant change in the mean CF is observed. The impact of 
electromagnetic force has negligible effect on the results of panto-
graph-catenary dynamic interaction and thus may be omitted in the 
modelling process. 

Further directions of work are related to development of the com-
putational model with the friction between the slider and the contact 
wire of the catenary. So far it has not been included in the model and it 
is potentially an important factor, which may influence the interaction 
of the pantograph with the catenary. Moreover, development of other 
traction system (DC/AC) models might be an interesting challenge for 
multi-system pantographs simulations. 
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