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Abstract

This paper presents recent developments undertbitetihe SNCF Innovation & Research Department on
numerical modelling of pantograph catenary inteéoactlt aims at describing an efficient co-simwatiprocess
between Finite Element (FE) and Multibody (MB) mitidg methods. The FE catenary models from the SNCF
software, OSCAR, are coupled with a full flexible MB representatioith pneumatic actuation of pantograph.
These advanced functionalities allow new kind afirdcal analyses such as dynamical improvementdbas a
passive pneumatic suspension or crash risks assessmrailway switches that demonstrate the powerf
capabilities of this computing approach.

1. INTRODUCTION

The railway system performance was historically rowed by inline tests. Considering the constantffitra
increase and the need to cut costs, new assessmtrids have to be found to propose higher expdeiel at
lower prices. Numerical solutions are the most psarg way to achieve this goal particularly witlol® getting
closer from track conditions while cutting down t@mputation time. In railways, the developmenefiicient
simulation approaches becomes mandatory to designcomponents or to optimize maintenance. Thergfore
various modelling strategies can be employed adugttd the need in order to find the best comprenais it can

be illustrated on pantograph catenary dynamic actésn researchés.

OSCAR™ * 4 (Outil de Simulation du CAptage pour la Reconraise des défauts) has been developed by
SNCF company for nearly ten years and certifiedrejazhe EN50318 European Stand@ric 2007. It proposes
efficient pantograph catenary dynamical analysisistdbased on SDTools libraries. It allows to mo&é&
catenaries with a three-dimensional geometry iotarg with lumped mass as well as multibody pardapbr
model€!. Several studies showed a really good agreeméneba OSCAR results and inline measurements for
different catenary designs in Eur&peThis paper presents a new powerful functionalftp SCAR® which allows

to extend the use of this software to other figfistudy through a co-simulation procegish an external solver

for a higher pantograph modelling detail level .l flexible MB methodology with control system lesson MSC
Software computing solutions has been developeatder to take into account realistic pantographngetoy,
large kinematic displacements, pneumatic actuatiawhjoints, non linearities in suspensions and aasp

The multi-disciplinary model of a French high spgedtograph is firstly presented to describe imitkestructural
and pneumatic control components. The overall gaafth system is coupled with a FE catenary for tijmeamic
simulations. It combines the advantages of a FEesgmtation of the catenary and the efficiency &f idethods
for pantograph modelling. The co-simulation prodegten detailed. Results of a numerical validagoe given
through a comparison between a full co-simulatfe ¢atenary / MB pantograph) and a full OSCAdRmulation
using an equivalent three lumped mass model. Twondt applications are proposed in this paperstfFan
optimisation process is presented to demonstraelaige improvements that could be foreseen onentirr
collection quality using an enhanced passive paafig head suspension with innovative pneumatic
functionalities. Second, a strategy is developeds® MB modelling for risky catenary sections sashrailway
switch characterisation and assessment. Thistlady $s focused on consequences of critical pasitip of the
Contact Wire (CW) leading to lateral horns of pamsph straddling.



2. FINITE ELEMENT CATENARY MODELLING

The three dimensional catenary is modeled using ARSCsoftware. It takes into account all non-lineastie
present in the system: bumpstops, friction elemierntse pantograph; non linear droppers in thereatg contact
losses at the interface. It also manages the wapapgation and the coupling of flexible structutte®ugh a load
moving on a FE me$h* ® ° 1% Our simulation cases will be focused on simplifiee-tensioned wires for railway
crossing area analysis and on the French high dpeeldN2 (Paris-Tour) for pneumatic suspensiorirafgation.
The LN2 FE catenary model is shown on Figure 1 #ithdescription of the main compounds.
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Figure 1 - Finite element model for two sectionshef French High Speed catenary

3. MULTIBODY PANTOGRAPH MODELLING

Recent developments undertaken by SNCF InnovatiorRésearch department were led to achieve a
multi-disciplinary model of a French high speedtpgraph including realistic mechanical featureshsag joint
bushing, realistic actuation system with pneumetiotrol or even advanced tools to apply externaltations
such as aerodynamic loads or car body displacements

3.1 A highly detailed description of the geometry

The Figure 2 illustrates the particularly high deth pantograph geometry. The main frame of theqmraph,
composed of arms and rods, reproduces large dapkatts. It is actuated by a pneumatic piston thastates and
applies a torque to the lower arm through a cantedatk. The description of the cam shape is sigaiit in model
results because it is designed to ensure a neanktant mean contact load whatever the deployrettie same
way, non-linear dampers on the main frame can tvedaced in the model. The upper part, named bsw, i
centrepiece of the pantograph because its shapeedethe interoperability capability and the aerwipic
sensitivity of the pantograph and its weight essfilgls the dynamic interaction quality with the dwe=d line. As
shown on the Figure 2, the MB bow is made of foictbands (contact strips) and lateral horns. TherviBlel
with a highly detailed description of the geomdirings a real benefit compared to a three lumpessmzodel,
particularly to assess the compatibility with irsraicture.
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Figure 2 - Pantograph key components for multiboadelling



3.2 Structural flexibility and properties adjustment

Mechanical and structural parameters for dynamicagentation and flexible bodies modelling aresditfrom
laboratory measurements and a full experimentalahadalysis. It enables to reproduce pantograplamy
behaviour in three dimensions up to 208HzFlexible elements are introduced in the MB mdutsed on the
Craig-Bampton condensation method that uses statides and modal basis at node's interface. In shalu
frequency band of interest defined between 0 ardzZ0r general pantograph catenary analysis, theststral
flexibility of the upper frame combined with flexéobow elements appears to be essential to repeatieqroper

dynamical behaviour of the mechanical system. Threet first vertical modes calculated in this freaqme
bandwidth are illustrated on the Figure 3.

1th vertical mode: Main frame and 2nd vertical mode: Main frame and 3rd vertical mode: Upper arm
bow moving in phase bow moving in phase opposition flexion and phase opposition between
the main frame and the bow

Figure 3 - Three first vertical modes of the pamégh in the [0,20HZ]

The Figure 4 shows the impact of flexibilities @mrns of dynamic impedance. The comparison is dhetween a
fully rigid, a partially flexible and a full flexile pantograph. Comparing the full rigid model witte partially
flexible one, we can observe the necessity to $aidbflity into the upper arm and rod as well as thow to
reproduce the third vertical mode and to adjusst#mnd vertical mode amplitude. Moreover, takirig account
bushing between friction bands and head suspersgiems to reduce pantograph second and third reseman
response for a same load as underlined by the taengurves. To finish, one can see the need é&thakwholes
pantograph component flexibilities into accountlearly draw the third vertical mode.
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Figure 4 - Dynamic impedance comparison as a fomatif pantograph flexible elements in the [0,20kua]jge.
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3.3 Control system for pneumatic actuation

The pantograph is equipped by a pneumatic actuahich delivers a tabulated pressure establishecron
electronic card and usually related to train spBedides, the device is connected to the trairbajlair network
and delivers compressed air using a pneumaticatgalsystem. Therefore, the pressure applied®adtuator's
piston results from an open loop for the pressuwstction and a closed loop system to adjust titieud pressure.
The numerical model is achieved to reproduce theupratic functionalities and convert pressure sigimato
mechanical load properties. The mechanical pistgplatements is sent by the MB model to the corstystem



that returns the pneumatic load applied on pistofase. The electronic card is reproduced and waegsspeed
information given in real time during numerical@alhtion to adjust the pressure instruction. Moezpthe closed
loop for pressure regulation is modeled by a Plbawotrol pressure fluctuations as illustrated cguié 5.
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Figure 5 - Pneumatic control system block diagramd aommunication process with multibody pantograpti
OSCAR

4. CO-SIMULATION PROCESS AND NUMERICAL VALIDATION

4.1 Co-simulation process

The key concept of pantograph catenary co-simulaifocess is to connect two software using compréedom
Access Memory to perform a real time simulatioa fiked time step. Communication entities are miedelithin
the MB software and correspond to short piecesWif Contact properties are defined between frictiands and
communication entities to allow contact load cadtioin. After communication entities creation, theemary
static state is obtained to send the initial positf the CW pieces. An optional pantograph stadijzistment is
then implemented and the iterative co-simulatioscpss is launched for a given time step define@SZAFR.
The contact load computed by the MB software idiagwn the FE catenary; OSCARerforms the FE catenary
calculation and returns CW displacements to theddBer at the updated pantograph position alongdtenary.
This position depends on train speed. The fulliomsfation process is shown on Figure 6.
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Figure 6 - Co-simulation process between OSCAR®d&Enary modelling) and the MB software (MB
pantographe modelling)
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The contact load is calculated by the MB softwéres. defined as a Hertz contact with Coulomb fantwith the
following properties.

Fy=k.g¥+ Cm-@ g Bodies’ interpenetration
q dt  \inh  k  Contact stiffness
Fy d—? =0 Ex  Normal force exponent applied on interpenetratialue

Further constraints are moreover applied to ensysenetrability, gap between bodies, contact lazsitjvity and
energy conservation.



4.2 Numerical validation

The co-simulation process needs to be numericaliglated to evaluate deviations. The procedure osen by
three main steps described on Figure 7 is appbgdamic impedance is obtained on three positionistiin
bands, upper arm, and knee) by imposed displacesnehe full flexible MB pantograph {tep). The simplified
three lumped mass model is identified with a Noads¥nt Optimisation (NGO) method by fitting the qmured
Frequency Response Function&’(@ep). Finally, the co-simulation over 400m of #rench LN2 catenary is

performed and compared with a pure OSEARNulation (3 step).
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Figure 7 - Co-simulation numerical validation pratee in three steps. First, dynamic impedance datmn.
Second, equivalent three lumped mass model idetidn. Third, temporal contact load comparisonvietn a
full OSCAR/MB software co-simulation (in red) and a pure @$€ simulation using an equivalent three

lumped mass model (in blue)

Statistical results confirm these observationsesiless than 5% matching error is found on the otritad

standard deviation. As a conclusion, the co-sinugbrocess does not introduce any significantatems.

5. HEAD SUSPENSION OPTIMISATION BASED ON PNEUMATIC SYSTEMS

Head suspensions usually mounted on pantographfullyemechanical systems. They ensure the dynamic
uncoupling between the contact strips and the gaapt main frame, particularly above 10 Hz. Theg ar
composed of a spring box, an empty rod and baltibgs The schematic view is given on the left gifiEigure 8.

5.1 Limits of usual mechanical head suspension

These head suspensions are designed to provide déinear stiffness profil, but in operating condiis the
working spring position is associated with a lineahaviour as illustrated on the right side of Fég8 (the k
stiffness value). However, it has been shown i @t decreasing working suspension stiffnessadedd to
substantial improvements of pantograph catenaryamhjcal interaction. But limits arise from mechahica
suspensions since decreasing the stiffness valgeires an increased spring length because of mtreloa

adjustments. Thus, it has been proposed to takefibénom air supply network available on pantodrap

5.2 Passive pneumatic head suspension

The proposed innovative solution developed by SKt s assessed using the multidisciplinary softwaitee
design constraints are to keep the same size asithent system and use only pneumatic energy.sybsem is
made of a passive double effect pneumatic actatthh two chambers supplied by the same source)tand
compression springs without pre-stress, as showheleft side of Figure 9. The mean contact lcathérefore
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driven by the section ratio between the empty pistrl and piston head. Pneumatic damping can bteatied
both by an excess flow valve and the designedmpistx clearance. The resulting stiffness behavieillustrated
on the right side of Figure 9. One can see an isissiem with a nearly ON/m stiffness in working itios.
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Figure 9 - Theory of the pneumatic device conclefft) @nd its associated non linear stiffness (tf)gh

The pneumatic solution gives the opportunity toigles non linear stiffness with a maximum decouplin
operating conditions. The length,..nmay lead to instabilities and thus is reduced i@mum.

Four distinct slopes can be defined by designkesfitst corresponds to the lower spring stiffnéiss,middle one
to the operating aera, the third one to the upiiffmesss and the last one to the upper pneumatiasar hard stop.
The pneumatic control developed with multi-disaipliy software reproduces the expected behavialessibed

on Figure 10. This detailed model highlights a bgestis phenomenon described by red continued tirféigure
10.
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5.3 Parametric analysis based on multi-disciplinary models

A parametric analysis is achieved with this co-datian process using firstly a simplified MB thrieenped mass
model with two friction bands and mechanical or ymatic head suspensions. Several simulation cases a
performed then with the full MB pantograph. Theetadry is the French LN2 section presented on pafit@is
paper. The post-processing simulation distanc@@s Comparisons presented hereafter are basesdtatistical
contact load analysis. The mean contact load i®gag at 169N for the three lumped mass and 157 théofull
pantograph model. It is carefully checked that pmatic piston displacements remain in the operatianea
avoiding hard stop contact. Stiffness of springseatito pneumatic device are 10 times lower thanimaimones.
The Table 1 describes the parametric comparispmef@imatic systems to the reference mechanicalmy$ase
1). The pneumatic system with nominal stiffnesssgC2) has a very slight impact on the head suspensi
dynamical behaviour (<1%). However, dividing spratigfness by 10 (Case 3) leads to 18% decreasstdadard
deviation values and 21% for maximum contact |@attling 2cm clearance {neum See Figure 9) doesn't improve
standard deviation and increases maximum valuds.pBinameter seems to lead to unstable behavibarelore,
the stiffness is the main driving parameter regayaiontact load criteria.

INPUTS OUTPUTS ‘
Suspension SIEIITISZS S| Clearance Bow mass Frean[N] o [N] Finax [N]

1| Mechanical | Nominal - Nominal 168.7 Ref | 62.8 | Ref | 426.9 Ref
| 2| Nominal oem 168.7 <1% | 62.1 @ -1% | 4159 -3%

3 Nominal 1689 <1%| 51.2° -18% 336.4 -21%
z Pneumatic 0.1xNom 2cm 169.5! <1% | 52.9 | -16% | 383.1: -10%
| 5] oem 1.1xNom 168.7 <1%| 52.7 -16% 340.7 -20M%

6 15xNom | 168.6: <1% | 58.6 @ -7% | 363.0 -15%

Table 1 - Contact load statistical results of a gawetric analysis on pneumatic head suspension eesing a
three lumped mass model

Further calculations (Case 5 & 6) show the robisstra# this system to additive mass of the bow.dasing the
bow mass by 50% reduces the standard deviatioroweprent to 7%.

This study is also done using a full flexible miutdy pantograph. Results show that a large impreveiof 14%

is reached for standard deviation of the contaaxt land 17% for the maximum contact load value (sd®e 2).
The deviation between this full 3D MB model and #iraplified three lumped mass model can be exptane
accuracy differences between models, particuladgva 20 Hz frequency. However, in both cases, this
preliminary study is therefore very promising fature advanced design optimisation analysis.

Suspension S;'{TEZS S Frnean[N] o [N] Finax[N]

Mechanical Nominal 155 63.2 413
Pneumatic 0.1xNom 150 54.7 341
Relative difference [%] -3% -14% -17%

Table 2 - Statistical results for a comparison kedw mechanical and pneumatic actuator mounted lbfikible
MB pantograph

6. REPRODUCING RAILWAY SWITCH

6.1 Pantograph and railway switch definition

Risky area modelling aims at identifying pantograjaitenary adjustment that could lead to systemkiagss
especially when a CW coming from pantograph sideaicts the lateral horn with a critical inclinatidrhis study
is based on a French High Speed pantograph compdded independent contact strips (see Figureidihe
case of a railway switch passing.
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Figure 11 - Full multibody pantograph bow descriptiwith two independent contact strips

The railway switch is characterised by a “main kfabat encounters a “secondary track” at a “cnoggpoint”.
The “main track” is the current train running lirhe secondary track comes from pantograph sidérapdcts
the bow at the “landing point” as detailed on tiguFe 12. The height and the lateral position eflanding point
on the pantograph horns is particularly criticaddogse it can occur below the horn according tddrezontal and
vertical CW incident angle. Those parameters afinel® by national maintenance rules. Usually, nashbr
happens because lateral horns are designed to d@iMdeon friction bands. However, some particular
configurations allow crash situations illustratedtbe Figure 12.

Crossing Landing Secondary track T

point point

Main track T,

Straddling case

Figure 12 - Description of the railway switch atiet pantograph bow straddling phenomenon

6.2 Multibody modelling and co-simulation process

The methodology described hereafter aims at stgdyfre critical railway switch configurations whagev
considered train line. The CW of the main tracklesma vertical load on the bow leading to a sligitination of
the friction bands and, as a result, a slight dispinent of the primary horn extremity. Moreovee thow
suspension preload is considered to verticallytimwsthe two friction bands. According to the sedlicatenary,
limit inclination angles for the CW of the secongé&mack in XY and XZ plans can be defined.

The railway switch is modelled using both MB and@R® software. A rigid CW is positioned over the franti
bands to model the main track within the MB softsvdt applies a static load on friction bands adoay to
pressure value defined in pneumatic actuator. lteranalysis, the static load is adjusted to 80l the train is
running at 30km/h. The CW of the secondary trachdslelled within OSCAR and composed by a simple FE
pre-tensioned wire. The incident angles of this @ parameterized as well as the landing pointipasiThree
communication entities are modelled in the MB saftsvfor co-simulation process and the displacemarmgs
controlled by OSCAR. The contact with friction bands and lateral hisrmanaged by the MB software. The
modelling result is graphically shown on Figure 13.
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Figure 13 - Railway switcmodelling through ico-simulation processased on full MB pantograph and OSC°®
FE catenary Left: Inciden angle on XY plan - Right: Incideahgle on the XZ pl¢

6.3 Simulation results and discussion

The firstmodelling case corresponds to a vertical 2° an@zbotal 7.5° inclinatior of the secondary C. These
values are considered to be representativrailway switch incident angles. The malWw is static, rigid and
positioned at a distance @f.31m fromthe friction band center. For a completely rigishfgayraph as well as fa
partially flexible onethe secondary CW is guided by flateral hornantil the top of the friction bars.

In a second time, the inclination angles are adguuntil limit valuescorresponding to the minimum incide
angles that could allow horn straddling considethigspecificpantograph catenary configurati The results of
those two cases are shown onFigurel14. On the left is displayed the case pbatially flexible model where the
secondary CW is normally guideOne can see thgeformation of the upper arm and rod as well addteral
horn.On the right, the same modelused with critical incident anglesh& impact pushes down the crossing
and, as a consequence, incredlseslearance between the bottom point of primaiy land the contact point «
the secondary horn reaching a maximum veclosely to the straddling tim&he lateral wire is slightly slidin
below the primary horn and then comes below thaidm band. It would have lead system breakai in a real
case on trackSeveral other parameterould be considered to complete thislgsis. Head suspeion preloads,
car body inclinatiorand vertical movemer, pantograph catenary dynamimduced by thamain CW and its
lateral positioning etc. Thesalditiona parametersould be taken into account to perform a parametnalysis
and lead to a precise definition pdtentially critical situationdinked with pantograph catenary defe and find
failure causes.

Figure 14 - Left: Secondary CWgsiided by the lateral hori over the friction bandsRight: Secondary CW is
goingto impact the bottom part of the primary front hdeading to straddling effe

7. CONCLUSION

This paper presenteecent developments undertaken in the frameworkSNECF Innovation & Researc
Department projects on pantograph catenary interacnodelling based on advanced multibody afinite

element simulation tool3.his powerful approach that combirmulti-physiccomputing strategieis an answer to
growing needs for detailed pantograph catenaryyses reproducing realistiphysical behaviour and giving
access to a large range of parameters hardlyurable on track or test bench.

The numerical toolare firstly describe and are composed by a finite element catemargelling usin¢the SNCF
OSCAF software and a multisciplinary pantograplmodelling based omn advance multibody software
including finite elemendéind control system methodologies. Tta completdlexible multibodymodel of a French
high speed line pantograph franrthree dimensioniCAD geometry is presentedh& main phy:cal properties of



the mechanical system are reproduced such as bdidibility for structural modal deformation using
Craig-Bampton reduction method, pneumatic contml fpantograph base actuation system and kinematic
definition for large displacements and mechanical-linearities.

The two software are coupled through a co-simutgimcedure giving the opportunity to perform vagdkinds

of pantograph catenary operational cases sincetheology developed includes specific pantogratjhsament
capabilities and data exchange options to easengftia studies achievement and post-processing.gidizl
co-simulation process is described from the creadffccommunication entities to the time dynamicaédtion. A
focus is made on the iterative fixed time step pdare with a computer memory based data excharge. T
method is assessed and demonstrates a high agrtesithea pure OSCARsimulation using an equivalent three
lumped mass model.

The application fields allowed by this numericapegach are extended to new and more complex kifids o
engineering studies involving the pantograph systeevery detailed level. A design optimisatiooqass firstly
illustrates the possible improvements that candoesken using an innovative pneumatic head sugpensie
parametric study describes gains obtained from ar@chl and pneumatic aspects separately and dédifiniesin
terms of acceptable mass on board. Secondly, naibmétches are studied to define critical catergegign and
pantograph adjustment parameters that could lesgstem breakage according to body flexibility andpension
preload of the pantograph. Results show that tiiensional structural consideration is crucialtfus kind of
expertise.

Those first results demonstrate the power of tlee¢mnced finite element and multibody co-simulatmoi that
could be used to produce large scale optimisati@sed on experimental design that will represemteaious
support for future pantograph catenary developments
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