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Modelling and simulation of catenary-pantograph
interaction

LARS DRUGGE, TOBIAS LARSSON and ANNIKA STENSSONI:I

SUMMARY

Modelling and simulation of the dynamic behaviour of catenary-pantograph interaction is an important
part when assessing the capability of a current collection system for railway traffic. The large variation
in infrastructure characteristics in different countries and railway companies, different types of traffic,
designs of pantographs etc. makes it almost impossible to develop a final simulation model of such a
system. Instead, it would be favourable to have a tool that has the ability to set up models of such
systems, choose relevant detail of the models, run simulations and finally visualise the results. To
make the tool useful for engineers, design experts as well as simulation experts, the functionality of the
tool must be worked out. Aspects on computer simulation such as developed models, simulation
methods and computer tools are presented. The aim is to develop a scenario that considers different
designs, models, solution methods and user levels. The scenario focuses on how to structure the use of
simulation of dynamics in catenary-pantograph development. A scenario is sketched built on different
user levels, a modular structure and a structure for information management.

1. INTRODUCTION

The capability of a current collection system depends on an interaction between
locomotive, pantograph and catenary system, see Figure 1. When developing such
systems, it is important to have the ability to predict the dynamic performance of
the system.
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Fig. 1. A train with its catenary-pantograph system.

These types of systems have been analysed by several engineers during the last
decades. Depending on factors such as the actual configuration of the systems,
available information, desired accuracy of simulation results, simulation methods
etc. different types of models are applicable.
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The large variation in infrastructure characteristics in different countries and
railway companies, different designs of pantographs, different types of traffic
(types of vehicles, running speed etc), makes it almost impossible to develop a
final simulation model of the system. It is also difficult to recommend models for
specific cases, since the relevant model depend on access to information, wanted
accuracy of the results, accessible resources etc. Instead, it would be favourable to
have a tool that has the ability to set up models of the system, choose relevant
detail of the models, perform simulations and finally visualise the results. Then
the user can validate the created model for the specific application.

To make the developed tool useful for engineers, design experts as well as
simulation experts, the functionality of the computer tool must be worked out. For
example, it would be favourable if the engineer does not need to have specific
knowledge about the details in the different models and solution methods.

The work focuses on how to structure the use of simulation of dynamics in
catenary-pantograph development. The aims are to give a basis for the
development of such a tool and to be a ground for further discussions. The use of
simulation of catenary-pantograph systems, aspects on computer simulation such
as developed models, simulation methods and existing computer tools are
presented. Prerequisites that could be put on a simulation tool with the described
functionality are considered. A scenario is sketched built on different user levels, a
modular structure and a structure for the information management.

2. SIMULATION OF CATENARY-PANTOGRAPH DYNAMICS

With respect to the dynamic behaviour, the catenary and pantograph are vital
components in current collection systems for trains. The pantograph mechanism is
mounted on the roof of the train and often consists of a head assembly and a
variable height frame assembly. The frame assembly raises the head assembly into
forced contact with the catenary system. A simple catenary system, for example,
consists of a contact wire suspended from a catenary wire via an arrangement of
droppers, see Figure 1. The catenary wire is linked directly to the supporting
structure, while the contact wire is linked to the support via steady arms.

During the life cycle of a product the same questions occur repeatedly, see
Figure 2. For example, upper arrows could be the question “will there be any risk
for failure?” and lower arrows could be the question “do contact loss occur?”’. To
answer the questions it is advantageous to use mathematical simulation models.

Simutation processes in product development
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Fig. 2. Questions and corresponding simulation activities occur repeatedly during the product
development process.
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In the early stages fast modelling and comparative analyses are crucial in order to
evaluate different design concepts. The accessible information is often insufficient
and unstructured and the time frame for decisions limited. At later stages, the
product is defined with higher level of detail, and accurate analysis is increasingly
important. In these phases, better information is often available in terms of
experimental data from prototype testing. This makes it possible to verify the
developed simulation models. After verification, the simulation model can be used
to estimate effects of changes in the system.

To make well-founded decisions early in the product development process
simulation is advantageous. It also gives the designer a possibility to test more
ideas in shorter time. With a computer model of the system, it is easy to make
changes that would be very time consuming to do with physical prototypes.

There are also financial incitements to continuously improve the performance
of for example catenary systems, which have a long life length. The issue is to use
existing designs as far as possible as well as having well motivated arguments for
making changes.

Simulation is a necessity to test unrealistic or dangerous situations as for
example when increasing speed of trains. The risk of product failure and hereby
following consequences such as person injuries, material damages, delay in traffic
etc. makes it very expensive to test new ideas. Simulation should be used in order
to make a reasonable judgement of the product performance in advance.

In full-scale field experiments many parameters vary at the same time, for
example wind loads, temperatures, air humidity, and the state of vehicles and
infrastructure. By developing models and study effects of changes in different
parameters during controlled conditions, one can locate resources where they are
most beneficial.

This leads to different demands on the solution methods and level of detail of
the model. A more detailed model is often related to a less flexible solution
method, while parameter data for a model that resemble the physical design might
be easier to determine. Motives for chosen simulation model and solution method
are for example the access to information, wanted accuracy of the results, allowed
simplifications as well as accessible resources in terms of time, money and
personnel. Knowledge and skill of personnel is important, both when choosing
simulation tool and the level of detail of the model. When developing models it is
also important to keep track on the actual size and variation of system parameters
since a model never is better than its input.

Traditionally, large companies with special technical analysis departments
have used simulation. Since the simulation techniques are becoming mature, the
technique is available for use by others. Simulation is a necessary and effective
tool for the company to use in order to make cost effective and secure decisions.
The current status is that simulations are often carried out after the product is
developed, in order to explain suddenly upcoming phenomena. At this point, a lot
of time and money has been spent on developing the product and changes, such as
switching to another concept, are very expensive.

Simulation involves the use of a methodology, see Figure 3. The methodology
is similar independent of the level of detail of the model and the chosen simulation
method. This makes it easier to reuse earlier work and easier to document the
performed work. The products are often complex and include many degrees of
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freedom as well as non-linear characteristics. This implies that it only occasionally
is possible to find analytical solutions to the equations of motion. Often, one must
use numerical experiments where the motion of the developed models is
calculated for different situations. It is often suitable to connect the definition of
the dynamic system to a CAD-tool, where it is easy to define geometry, calculate
mass and inertia, position of joints and loads etc. Three-dimensional CAD models
are also suitable for visualisation of the design, for investigation of aerodynamic
forces, animation of the dynamic behaviour etc.

Simadotion processes in product deslsprent
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Fig. 3. Simulation methodology in different phases of the development process.

3. MODELLING

The variety of designs of current collection systems is large. Depending on
country, railway company and type of traffic different designs of pantographs and
catenary systems are used. There are both low voltage DC and high voltage AC
powered systems. Many different pantograph designs have evolved, such as
single-stage or dual-stage pantographs based on a symmetric or asymmetric
configuration, new concepts of telescopic type as well as proposals for active
control concepts [1-4]. There are also different designs of catenary systems to
consider [3-6]. Three common catenary types are the simple catenary, the stitched
catenary and the compound catenary. For each catenary type, a variety of designs
of components like droppers, steady arms etc. exists.

Research has been made to understand and improve the performance of the
catenary-pantograph system by mathematical modelling for many years.
Simplified analytical models of the system have been used in order to determine
critical speeds and to study the influence of principal system parameters [7]. The
system is modelled as a single degree-of-freedom system for studying the
response to parametric excitation by the variable stiffness of the catenary.

Often the pantograph dynamic behaviour is linearised around some
operational height resulting in a few degree-of-freedom mass-spring-damper
model representation [8-11]. Geometrically nonlinear two-dimensional models
have also been developed. Some models study the motion of the system from a
side view [12-14] while others are defined in a plane transverse to the motion of
the train [15]. Lately, three-dimensional pantograph models are used [16-19]. To
evaluate proposals of new active pantograph concepts, simple few degrees of
freedom models of the pantograph are often used [10,20-22].
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The catenary has been modelled using different approaches. One degree-of-
freedom mass-spring-damper system models with varying stiffness and mass [23],
and string models with elastic foundation [24] have been used. Models with two-
and three-dimensional representation of the catenary are most common [8-10,18-
19,25]. Important characteristics of the system are, for example, nonlinear
droppers, longitudinal motion of the wire due to the sag, zigzag effects, damping
of the system, and at high speed the bending stiffness of the wire.

Solution methods such as the finite difference method [8], finite element
method [10,18-19], modal analysis [11,14,21] and multibody dynamics [16-17]
have been used.

Some models developed for simulation of catenary-pantograph dynamics are
illustrated in Figure 4.

Cotenary-Fantagroph System Simulotion Models
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Fig. 4. Examples of models for catenary-pantograph system simulation [26].

Historically, people needing to determine the dynamic behaviour of catenary-
pantograph systems developed their own computer codes to solve their specific
problems [8-11,13-14]. Some of these codes have been further developed into
suites of programs for simulation of different designs and a large variety of
conditions.

The last decades rapid development and implementation of computer based
tools have had great impact on the product development processes. To facilitate
the use of modelling of catenary-pantograph dynamics in these tools pre- and
postprocessors have been developed. Reinbold et al. [19] have developed a
simulation tool, FAMOS, for the static and dynamic simulation of the catenary-
pantograph system. The tool is based on the finite element program ABAQUS. A
toolbox for pantograph testing and design, PANDA, is presented in Balestrino et
al. [27]. The PANDA program was developed using MATLAB. The pantograph
structure in the program is built out of predefined library models. Veitl et al. [16]
have developed simulation models for the design of new pantograph systems
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using solid models, created in ProEngineer, with interface to the multibody system
program SIMPACK. The catenary is modelled in the specialised catenary tool
PrOSA. The two programs are coupled via co-simulation. In order to enable the
use of simulation of catenary-pantograph dynamics in the design process at the
Swedish National Rail Administration, a simulation tool has been developed [26].
The tool is primarily designed to be an aid for the development of catenary
equipment.

4. COMPUTER TOOL PREREQUISITES

The prerequisites on a computer tool for simulation of catenary-pantograph
dynamics can be derived from the presented modelling and simulation aspects,
and be divided into three categories; modelling prerequisites, simulation
prerequisites and usability prerequisites. Below are examples from these
categories listed.

4.1 Modelling prerequisites
General prerequisites:
v" Consistent method for set up of simulation models
v' Techniques to set up models of combinations of substructures
v" Consistent method for model reduction
v" Database structure of simulation models

For every line:

Type of catenary system

Number of sections

Number of spans

Type of and distance between pantographs
Velocity of train

ANANENENEN

For every span:

Span length

System height

Stagger

Wire height

Data of wires and clamps
Position of droppers

Curve radius and direction
Superelevation of track
Type of supporting structure
Discrete features such as section insulators, section overlaps etc.
External loading

N N N N NN

For every pantograph:
v' Kinematics
v/ Mass and inertia properties
v Characteristics for springs, dampers, bump stops etc.
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v’ Friction properties
v’ Static, aerodynamic and control forces

4.2 Simulation prerequisites

Variety of simulation situations

Different solution methods

Models with different level of detail

Type of wanted results

Automated parameter variations

Optimisation

Co-simulation possibilities

Possibilities to connect to hardware-in-the-loop (HIL)

ASANENENENENENEN

4.3 Usability prerequisites

Presentation of results

Possibilities for visualisation

Libraries with common designs

Re-use of models

Platform for continuous improvement
Information exchange through neutral format
Trace-ability and documentation
User-friendly environment

AN NN NN

5. SCENARIO

Based on the presented aspects on computer simulation, modelling and computer
tool prerequisites, a scenario is sketched. The aim of the scenario is to be a ground
for further discussions and to give a basis for a development of such a tool. The
scenario is based on different user levels, a modular structure of simulation
models and a structure for information management.

To make the tool useful for engineers, design experts and simulation experts,
an approach with different user levels with enhanced functionality is suggested. In
Figure 5, a proposed functionality of the different user levels is presented. Briefly,
the engineer wants to analyse existing designs in different situations, the design
expert want to modify or develop new designs whereas the simulation expert want
to modify or develop new simulation models and solution methods. As an
example, the simulation expert develops a parameterised simulation model of a
pantograph suspension that the suspension design expert can use. Then the design
expert can combine his domain specific knowledge with simulation of the
dynamic behaviour and hereby develop a better product. The different user levels
have access to different functionality within the tool. The same person can also
choose between the different user levels depending on the task that is to be solved.
To illustrate the different needs of functionality of the user levels, examples from
different process levels are presented.
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Fig. 5. Illustration of the user structure in the scenario.

Suppose an engineer wants to investigate the system performance of a new line or
the influence of new running conditions on an existing line. He uses the tool on a
regular basis and has not specific knowledge of mathematical modelling. Different
designs of catenary systems and pantographs are defined and can be chosen from
a library. Studied situations could for example be effects of changing number of
and distances between pantographs, train speed, static uplift force, running on
straight or curved track. Depending on the desired accuracy of the results different
accuracy levels can be chosen. The accuracy levels are connected to the level of
detail of the simulation model, the studied situation and the solution method.
Model reduction techniques are used to transform actual system data into suitable
model format. While running a predefined solution method, parameters to be
varied in the solve process level could be the desired simulation time and requests
of results.

A design expert might want to develop a new design of current collection
system. He could start from an existing design and modify it, or create a design
from scratch. Variables could for example be design of droppers, tension in wires,
wire characteristics, design of registration arms, wire gradients, section overlaps
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and section insulators. The characteristics of the pantograph can be defined from
either a library of different pantograph types or by a user defined design.
Variables could be kinematics, mass distribution, spring and damping
characteristics, bump stops etc. The design expert implements new designs into
the tool and makes them accessible to the other user levels.

The simulation expert develops and verifies simulation models of different
parts in the current collection system. He could either start with modifying an
existing model or create a new one. The specific geometric design is chosen from
the library of existing designs. New models are implemented into the tool by the
simulation expert and he makes them accessible to the other user levels.

The people that use the tool do not necessary have to be in the same
organisation or at the same place. The design and simulation experts could be
persons located on a company that develops pantographs. They can export their
designs and models to be implemented into the tool. Hereby, an engineer at, for
example, the Swedish National Rail Administration can simulate the behaviour of
the total system by choosing the desired catenary and pantograph designs. The
models could be available as black boxes without insight, because structures or
parameters of the model might be company sensitive. They can also be grey boxes
where parameter variation is permitted according to model developer, or models
with full insight.

By choosing desired accuracy level, the system will choose a relevant model
and related solution method based on defined relations and rules. Predefined types
of results could for example be plots of contact force and pantograph trajectory,
statistics such as maximum and minimum contact force, standard deviation,
percentage of contact loss and animations etc. The user-defined type of results
could for example be plots of detection of impacts, phase plane plots of main
suspensions and tension in a certain dropper. Possibilities to import for example
experimental data to compare with simulated results should be included.

To structure the tool a modular approach is suggested. The modular approach
gives the opportunity to reduce time in the product development process and will
make it easier to develop new generations of products [28,29]. By building the full
system simulation model out of a library of subsystems, many combinations
would be possible. When developing the simulation models it is important to
define the interfaces, or boundaries, of the model. The advantage of this approach
is that it is possible to replace an old module with a newly developed one without
changing the individual specification of the other modules. If the different
developed subsystems are integrated into a common simulation environment it is
possible for the subsystem designer to see the impact of his development to the
total system behaviour without having the knowledge to build and simulate the
total system. This approach makes parallel development of subsystem models, or
simulation modules, possible and creates the opportunity to test different design
solutions with as little effort as possible. A catenary-pantograph simulation
module structure could look like Figures 6-7.
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Fig. 6. Module structure for a catenary-pantograph system.

To be able to organise the information in an effective way, an information
management structure based on a database [30] and a neutral format, such as
STEP, is suggested. A neutral data format makes it possible to let the model data
be available to different types of software for the calculation of the dynamics such
as FEA, MBS, CFD, CACE etc. This also makes the system less sensitive to
chosen software suppliers and makes it possible to choose the best software for
the specific application. In addition, the information from CAD-programs or
special purpose programs can be transferred via the neutral format to the system
information database. This in order to minimise the risk for information loss and

regeneration of information.
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Fig. 7. lllustration of simulation module structures for a pantograph.
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6. CONCLUSIONS

This work concerns computer simulation of dynamics in catenary-pantograph
development. Aspects on computer simulations such as developed models,
simulation methods and computer tools are presented. A scenario that considers
different designs, models, solution methods and user levels has been proposed. A
modular structure of the tool and a structure for information management are
advised.

The proposed tool is considered to consist of two parts. A computer tool for
handling of the modelling and simulation, and a methodology for how to use the
tool in the catenary-pantograph product development process. The modular
approach makes it possible to implement company specific models as well as
simulation models from subcontractors. The tool is to be seen as a platform for
continuos development. A platform that will make the catenary-pantograph
development more effective.
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