A Spatial Coupling Model to Study Dynamic Performance of

Pantograph-catenary with Vehicle-track Excitation

In thehigh-speed railway industry, the pantogragatenary systa is responsible

to provide continuous electric energy for the higieed trainThe pantograph
catenay systensuffers multiple impacts from the complex work environment. The
vehicletrack excitation isone of the normal disturbanceto the pantograph
catenary interaction. Previous studies only consider the vertical effettte of
vehicletrack vibration @ the pantograplcatenary interactianTo address this
deficiency, both of the pantograpltatenary and vehiclgack modelsare
constructed in this papelhe validations of both models are verified by the
experimental test and the world benchmark, respalgtiThe pantograph base
follows the translations and rotations of the 4mdy caused by random rail
irregularities In combination with a spatial contact model between the contact wire
and the pantograph strip, the spatial vibration of thebody can ke fully
consideredin the pantograplatenary interaction. The statistical analysis,
stochastic analysis arfdequencyanalysis are performed to make sense of the
effect of the random track irregularities on the pantogiagibnaryinteraction

The deviatbn of the contact point away from the strip centre caused lmathedy
vibration is also analysed he results show that the reliability of the pantograph
catenary system showagontinuous decreagethe degradation of rail quality. The
carbody vibration may cause the deirement of the pantograph in extreme
conditions. Finally an application example is given to evaluate the dynamic
performance of the pantographtenary system running on the China ksgleed

network with realistic rail irregularities.
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Nomenclature

Attribute Description

e

Element length ofhe ralil

m, A Linear mass androsssection area of the rail

h, b, I Height, width and length of the slab in one track element



W, Polar moment of indial of the rail crossection

m Mass of the slab per unit volume

E Youngd6s Modulus of the rail
| o Momentof inertia around ¥ and Z axis

G, Rigidity modulus of the rail

I Torsion constant for the rail section

E, YoungoO0s Modulus of the sl ab
m Poisson rate ahe slab
kY, k? The lateral and vertical stiffness of the rail pad
e The lateral and vertical stiffness of the CA Mortar
¢!, ¢’ The lateral and vertical damping of the rail pad
¢, ¢, The lateral and vertical damping of the CA Mortar
G Hertzian wheelrail constantoefficient
az,; (t) Thepenetration of contact surface between wheels and rail
Lo dy o 1, Relative distances between two nodes of cable elemgntytandz- axis
ly Unstrainedéngth of cable element
f,, f,, f, Nodal forceon the node | of cable element# y- andz- axis
f,, fs, fs Nodal forceon the node J of cable elemenkiny- andz- axis
E. Youngds Modulus of the cable e
A Crosssection area of the cable element
W, Selfweight of the cable eleme
L loy s g Re_lative distances between two nodes of truss elemegt, iyy- and z5-
axis
|go Unstrained length of truss element
fon fozn fos Nodal forceon the node | of truss elementsd y- andz- axis
foas Toss fys Nodal forceon the node J of truss elemenkiny- andz- axis
E Youngbés Modulus of the dropper

g

A, Crosssection area of theropper



my, m,, m, Mass of pantograph head, upjf@amework and lower framework

kpl’ kp 20 Kig Stiffness of pantograph head, upper framework and lower framewor

Cots Cozs G Damping of pantograph head, upper framework and lower framewor

K. Pantograpfcatenary contact stiffness

aZ.(t) The penetration of contact surface between pantograph and catenal

for Vo By The roll, yaw and pitch afarbody

Yo Zep The traverse motion and bouncecafbody

W, Track irregularity

a., . Track irregularity amplitude and wavelength

AL AL ALA Rougme_s.scoefﬁcients for profile, alignmentgrosslevel and gage re
irregularities

fo fo £, 1, F:ut—off f_rgquencies for profile, alignment, crosslevel and gage
irregularities

S..S. S, S PSDs for profile, alignment, crosslevel and gage rail irregularities

P, Reliability degree of pantogragtatenary system

1. Introduction

In recent yearsheimpressive expansioof thehigh-speed networknileagearound the
world is the significant reflection of théadpal tendency towards the incrememtaimand
of high-speed railway from all thaspects of economy and socigty. The fundamental
researchon the dynamics of coupled systems in kagleedrailway attracts ever
increasing attention fronhe industial andthe acadent communites as they are main
factorsto keepthe safe and reliableperationof high-speed railwayas well agletermine
the maximumspeed of higispeed traif2]. Dueto the complexity of the highpeed
railway system many independent relationshigsist amonghe train[3], the electrical
equipmaet [4], the infrastructurgs] and the environmeipd], whichinteract, depend upon
and estrict each otheiThe most significant examples are the vehkicek interaction

[7], the pantograpkcatenay interaction[8], the fluidsolid interaction[9] and the



electromechanical coupling0]. Among them, the gntograpkcatenary system is the
only source of power for electric trainds shown inFigurel, the catenary constructed
along the railroad is responsilfiler transmiting the electric energy to the locomotive
through the sliding contact with the pantograph installed on the locomotive. Due to its
complex work environmenfll], the pantograplatenary system suffers multiple
excitations fron the vehicldrack vibration[12], the component defectfl3,14] the
contact wire irregularitie$l5] and thewind load [16], which make the pantograph
catenary tdbe the most venerable part in the traction posystem. According to the
previous stdies, the wind loa@rimarily affectsthe pantograpicatenary intereion only
in extreme conditionfl7]. Thecomponent defeatf the catenarypccurs intermittently
[18]. Only the vehicldrack vibration hag continuous effect on theaptograpkcatenary
interaction.

—_—— VA

—— —— «—— — —— ——

Electric current Z Pantograpt

Train

Track

Figurel. Pantograpitatenaryvehicletrack system

Generally, the quality of current collectidor a highspeed trainis directly
representetly the contacforce between thstrip of the pantograph and the contact wire
of the catenarj19]. An excessive contact force is able to aggravate the wear and fatigue
of thecontact wire and thstrip [20], while an imdequate contact force may increase the
possibility ofthe contact loss between the pantograph bedatenary. Once the contact
loss occurs, the arcing and sparkimgfween the gutact wire and thestrip cause the

sudden increase of the temperatukich may result irthe erosion and liquation of the



contact surfacg1]. Sometimesthe contact loss magvencause thénterruption ofthe
electrica transmission tothe train. In order to ensairstable contact between the
pantograph and the catenary, various pantogcapdnary models are propogednake
sense of the complex coupling dynamicshaf pantograpkcatenary systerf2]. The
catenary modéhg methodologyhas experienced a losigrm evolvement from the
simple lumpeeparameter mode[23] to the increasingly complicated distributed
parameter modeR4]. The pandgraph is normally modelled biyiree or two masses
connected byquivalent springs and dampeas it isan efficient represetation for the
physical characteristicsSome researchers attempt to develop advamnweiti-body
models forpantograph [25/ 27], which have better capabilitiés describe the realistic
behavious. Employing advana® numerical methods, the efficiencied simulation
models are considerabimproved[28i 30]. The accuracie®f the proposeanodels are
verified bycomparisos with experinental data from laboratof1i 33] andfield tests
[34i 36]. Based on the simulation results, some effectivatesgies are proposed to
improve the quality of current collection, such as tuning the contact wire td33ipn
optimising pantograph intervgB8], adjusting the suspension parameters of pantograph
[39] and employing an active pantograph with dam|pé@$ or controllers[41i 44] etc.
As the evetincreasing understandingf dhe pantograplcatenary dynamics more
attentions are pd to optimisethe wave propagatiotehaviour[45] and the elasticity
distribution [46] along the contactvire. Considering the realistic wor&ondtion, the
dynamic interaction betweethe pantograph anthe catenary is always affected by
comgdex external perturbations. In[47,48], the wind field along the oamary is
established to analyse its effectthecontact forceThe @&rodynamics on the pantograph
is quantified hrough the computational fluid dynamie®], the wind tunnel experiment

[50] and the field ted51]. As for the eféct of vehicletrack excitationit is worthwhile



to mentionthe works ofZhai et al [52] and Carnicero et gb3]. I n Zhai 0s
multibody pantograph model is established. Thgbodyacceleration is exerted on the
bottom of the pantograph to simulate the vertical effect of the vetnaztk vibration on

the pantograpfcatenary interactionThe results show thathe largeamplitude rail
irregularities havea nontnegligible efect on the contact force pantograpkcatenary.
Carnicero et al employhe Lagrangemultiplier method to couple the vehieleack and

the pantograplcatenary The contact force of theantogaphcatenary is analysedith
different levels ofandom railirregularities. The results show that the quality of current
collection deterioratesignificantly with the degradation of the track quality.

However, in these two works, lgnthe vertical effect of the vehiclerack
excitation on the pantograpbatenary interactions consideredIn reality, the rail
irregularities crosswind [54] and flexibility [55] cause the motion of the ebody with
six degrees of freedom (DOFs). Excépt the verticaltranslation the pitch and roll of
the carbodydefinitely caus¢hevertical movemendf thepantographoottom[56], which
thus brings more disturbance tthe contact force of the pantograpdienary.
Furthermore, the lateral translatjgraw and rollof the carbodymaycause the variance
of the contact point positioon the pantograph strip, which deserveshier analysigo
avoid the pantograph deiring from the contact wireln this paper the shortfalk in
previous studies are addressedspfatial model to couple the pantogragdtenary and
thevehicletrackis proposedAs themass and stiffness of tharmtograph are sonweders
of magnitude smaller than the dawdy and the suspensions in the vehicle, the effect of
the pantograplcatenary on the vehicle dynamics is totally negligible. Based isn th
assumption,a methodology is proposed to makee pantogaph base followthe
movementof the carbody In combinationwith a spatial contact moddletween the

contact wire and the pantogragkrip, the spatial vibrationf the vehiclecan be fully

wWor



consideredin the pantograpkcatenaryinteraction The statistical analysisstochastic
armalysis, and frequency analysise performed to make sensdlud effect ofthe random
track irregularities on thpantographcatenary interactiariThe deviation of the contact
point away from the strip centre caused hg ¢arbodyvibration is also analysedhe
full paper is organized by seveections. The introduction dfie background and the
literature review are in SectionThe spatialvehicletrackmodel isdescibed in Section
[I. The pantograpitatenary modelsi described irSectionlll. The coupling method of
two models ispresent in Section IVThe stochastic analysiwith randon track
irregularities is performed in Section Section Vireports arapplication examplesing
realistic parameters frorthe China high-speed networkThe conclusions and futel

works are drawn in SectionlV

2. Vehicletrack formulation s
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Figure2. Vehicletrack coupled dynamics model (elevation view)



In this paper, a classic threimensional vehicktrack model is established to simulate
the spatial motion of the cdnody. Figure 2 and Figure 3 show the schematics of the
vehicletrack model from the elevation and end views, respectivehe lumped
parameters in Figures2are adopted frofb7], which presents widely usedeference

modelfor the academic community
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Figure3. Vehicletrack coupled dynamics model (end view)

2.1. Vehicle model

The vehicle model is comiged of a cdvody, two bogiesfour traction transmission
systems (traction motor and gear bobgur wheelsets ahtwo stage suspensions. All

these components are modelled by multi Hgadlies connected by springs and dampers.
Besides, the nonlinear elements, such as the lateral damper, lateral stopper and yaw
dampers, are also consider@gart from the traction transmission systems, ed¢hem

has 5 DOFs, including traverse motignbouncezZ, roll f, yaw ) and pitch b, with



respect to its mass centroid. Thus, the vehicle has td@lhgid bodies witlb3 DOFs
as shown irFigure3. Based on the multibody dynamjdbe equation ofmotion for the

vehicle can be written by

MVUV+CVUV+KVUV:FV (1)

where,M,,, C, and K,, are the mass, damping and stiffness matrices of the vehicle

respectively.UV, U, and U, are the acceleration, velocity and displacement vectors of

the vehicle respectivelyg, is the external force vector.

2.2. Track model

The track modetonsists of rails and slabs. The two rails are modelled by-Beleroulli
beams supprted by slabs. The thr@Bmensional slabs are described as thin plate
elements on viscoelastic foundatiorsccording to the finite element method, the

equation of motiotior the track can be writtelmy

MU,+C.U,+K U =F, @)

in which, UT , UT and U, are the global acceleration, velocity atisplacement vectors

of the track respectively; is the external force vector applied on the track. The mass
matrix M, the damping matriXC; and the stiffness matrik ; can beassembled by
theelement matrixM ¢, C;, andK?, of then track segmenas follows

M:=aM:,.C,=a C,. K;=aKg, )

tn? t,n?

Considering a consistent mass mathk;, can becalculatecby

Min =M, M, @

in which, M7 andM¢, denote the mass matrices of the rail and the stsipectively,

which are expressduy [54]



e _ M Nlﬁ rTy r |e rTy r le r r N
MP =a mANNidx +m /{,Ndx m N g
Nlﬁ r r
+%v\/r 7y NG dx (5)
2 I

MS =mhpy Ny +mbh NS Sd x
in which, N}, N{, N, and N;, are the shape functions of the Bernoulli beam along the
X-, Y- and Z- axis and around thX- axis, respectivelyN; and N} are the shape
functions of the thin plate element along theadd Y- axis.

Similarly, the elemenstiffness matrixK ;,, can be written by

Kin:Kfn K;fnJK °c K ¢ (6)

r-sh s-dn

in which, K7, and K¢, arethe stiffness matrices of the rail and the slab, respectively.
KT, describeshe interactions between the rail and the track slab through the rail pads.

K4, describes the interactiortsetween the slab and the subgrade. These stiffness

matrices can be expressed by
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in which, G}, and G, are the transform vectors depicting the relative lateral and

vertical motions between the rail atieé slab, respectively.



The damping elemental matri¥;,, can be written by

C?,n =C?-s,n -Cg-dn (8)

in which, C¢

r-s,n

andCZ,, are expressed by

Co=a(c. &' g ck %L6%)G
R Y- S VT S ey o e s 9)
Cs—dn = a (CSdr]oS/Z 4SE]N zTN dedy +C‘s/d 0 N yﬁ' yd%

2.3. Wheelralil interaction

The wheelrail interaction igealised byhe nonlinear Hezian elastic contact thearyhe

contact forceF,, (t) is calculated by58]

ée1 K]
R (t)=166 f

1o if dZ,;(t)¢0
The SherHedrick-Elkins nodelis used to calculate the tangential whesell contact

az,. (t) if @, (t)>0

ayp

forces, which is an expansiontbeK a | klmearocreep theorfp9].

2.4. Verification of Vehicletrack model

In order to verify the validation of the present vehitheck modelthe field experimental
tests are carried ounh ithe China highspeed networf60]. The configurations of the
accelerometers on tlwarbodyare shown irFigure4. The same work conditions are set
in the numerical simulatiorkigure5 presents the lateral and vertical accelerations of the
carbodyin time and frequency domaini can be seen that the amplitude and the
dominant frequencyf the simulationsshow good consistey with the experimerat
tests. The peaks appearing at 0.9 Hz and 2.8 HA@geto the natural frequencies of the
carbodypitch and rol] respectively. Hence, it indicates that the presefiicletrack
cowled dynamics modetan adequatly describe tk physicalcharacteristics of the

vehicletrack system



Figure4. Configurationsof sensors on carbody: the higheed train (a), the motor

bogie (b) and the monitoring point (c).
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acceleration ofarbodyin thetime domain (a) andrequency domaiiib).



3. Pantograph-catenary formulations

3.1. Catenary model

As shown inFigure 6, the contact wire is responsible for providingatteal energy

through a pantograph to the higheed train. The messenger wire and droppers support
the contact wire to keejs level or having a certain amount of ggag. In order to
properly describe the nonlinearitiestbé catenary (including thensmooth nonlinearity

of droppers, and the geometrical nonlinearity of the contact/messenger wire), the flexible
cable element adopted to model the contact andssenger wigg and the truss element

is used to model the dropper and steady arm. The dawlsoppers and steady arms are
considered as lumped masses. Following describes the cable and truss elements used in

the catenary model.

Ko

1 Cp3

Pantograph

(b) Truss element

Figure6. Finite element model of catenary with a lumped masseiaf pantograph



3.1.1. Nonlinear cable element

Considemng a cable element with two nodes as showRigure6, the relative distances

between the two nodes can be expresseitie nodal forces 461]

L= (HIEA) H{n((TT TF e 1)+
|n(,/f12 V2 H2 fg)} Iw,

l, = ),/ (EA) #Z{Ing\/ff % (wt, f)*

ax
rwl, -] m(a/fl2 fF f2+ f3)}-/wc
= )/ EA) WI)/(REA) +
g\/félz-l_ f52 -FI:G2 V/flz f:f f32+ ﬁ\NC
The force equilibrium of the cable element can be expressed by
f,+f, © f. f O0=f, f,+wl, 12
If 1., 1,, andl, are given, f, ~ f; can be solved by the Newtdathson method

according to Eq(11). Substituting Eq(12) into Ej. (11), partial differetiation of both
sides of Eq(11) yields the following incremental relationships between the relative nodal

distances and nodal forces.
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Taking the inverse ohe flexibility matrix in Eq.(13) yields the incremental equation of

the cable element.

o =K g +K Ol 1»
in which, gf is the incremental nodal force vectét,. is the stiffness matrix related to

the nodal displacementggJ. is the incremental displacement vect&r. is the

stiffness matrix related ttvé unstrained length of the cable.



The tension is applied on the endpoint of the messenger/contact wire. Considering

a cable element with constant tensign an additional constraint condition is given as

follows.
Ty = Y, 1t12 +f22 i'32 ()

3.1.2. Truss element

The equilibrium equation dfuss element ifrigure6 is written as follows.

a |
= ex %
fgl -EQA\J% |2 +|2 +2
¢ Vox Tlay Taz
a
f,= E Agaell e ap
Ty 12412 42
¢ gx gy gz
f = E %E L
93 gA\Ja |2 +|2 +2
¢ gx gy gz

Considering a nonlinear droppe, A, equals to zero when the dropper works in

compression. Similarly, the stiffness matrix of the truss element can be obtained through

differentiating loth sides of Eq(16) as follows.

CFFG =KqulJ G+K Gqugo 1y
in which, g is the incremental nodal force vectet,, is the stiffness matrix related to

the nodal displacementgdJ, is the incremental displacement vectét, is the
stiffness matrix related to the unstrained length of the truss.

It should be noted that the terms relatedtp and DI, in Egs (11) and(16) are

usedto calculate the initial shape of the catenary. They vanish in the conseyoamicl

calculation.

3.1.3. Shapefinding of catenary

Theshapefinding of the catenary is performed BCUD method proposed by Kim and



Le [62], which takesthe unstrained lengshDl, and Dl , as unknown paramextts and

formulates the stiffness matrix with nodal forces and unstrained length for each element.
In this way, more constraint conditions should be provided to eliminate the undesirable
deformations of e catenary. Assembling Eqg€ll) and (16) by FEM, the global

incremental equilibrium equation for the whole catenary can be eldtam follows.
eqi)
q:Fc:chhJc-'-Ktqb'c:g cKLc &LC (18
C
whereqF . is the unbalanced force vectdt.. andK . are the global stiffness matrices

related to the incremental nodal displacement vegtdr and the incremental unstrained

length vectorgd ., respectively. Assume that the totalnmoer of degrees of freedom is

n, and the number of elementsnis So,gK, K is an? (m +n) matrix. Since the

total number of unknown$m+ n) in EQ.(18) exceeds the total number of equations

Eqg. (18) has infinite solutionsHence, additionatonstraint conditions angrovided to
control the solution of Eq(18), according to the dag specification, which has been

given in[61] with details.

3.1.4. Equation of motion for catenary

In combination with a consistent mass matlx and a Rayleigh damping matr@_,
the equation of motion for the catenary can be written by

M. (0+C () (O+K () 0= TF (x1) ay

in which, he DF, (x,t) on the right side is the incremental external force vector. At each

time instant, the stiffness matrik, (t) is updated by the response obtainedpnexious

time step. By this waythe geometrical nonlinearity of the messenger/adnidre and

thenonsmooth nonlinearity of each droppe properly considered



3.2. Pantograph model

In this paper, the pantograph is modelled by a lumped mass represent#tisirasa

in Figure6. The massstiffnessand damping are identified through experimental tests
[19] to ensure that themodel has the same frequency response to a real pantograph. The
equaion of motion for the pantograph can be expressed by

MU ®+C U (t)+K U (t)=F (t) )

in which, M, C  andK  are the matrices of the mass, damping and stiffness of the

pantographUp(t) , Up(t) and U (t) are the vectors of acceléian, velocity ad

displacement, respectiveliihe contact faze and uplift force are containgudthe external

force vectoF, (t).

3.3. Pantographcatenary interaction

In this paper, a thregimensional contaggeometry between the pantograph strip tued
contact wires proposedwhich considers the variation of the contact position along the

registraton strip due tahevehicletrack excitatiorandthe stagger value. The detai$

this methodologyare given in Section 4The contact forceF,, (t) used to couple the
pantograp and the catenary is evaluateifollows.

e )=o) T a0>0
10 if dZ,.(t)¢0

It should be noted that the friction at the interface of pantogeamary, which may

21

aggravate the wear of the contact surf@€e63]is not involved.

3.4. Verification of pantographcatenary model

Using the Newmark integration method, Eqs-219 can be solved to obtain the response
of pantograpkcatenary interaction. In each time step, the NeviReaphson method is

used to calculate the nodal force andirstiés matrix of cable element. In this wéye



geometrical nonlinearity is fully addressed. The details of the numerical procedure can
be found in[30,61] The world benchmark of pantographtenary models describes the
results of 1(professionasimulation tools around the world and provides an authoritative
verification standard for other software. In order to gain the confidence of the present
model, the compariserof the contact forcand the pantograph head upéfiainst other

10 professionlatools are performed.The resulting contact force and pantograph head
uplift evaluated by a 3D catenary operating at 320 km/Blawe/n inFigure7 (a-b). It is

seen tht the present model has the same level of accwasithye participators of the

benchmark.
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4. Spatial coupling oftwo models

A CD-<
@)

Figure8. Representation afarbodycoordinate and pantograph coordinate

In this section, theoupling method between the pantograjalenary and the vehiele

track models isillustrated As shown inFigure 8, a local reference frame of the
pantograph k,,, hp, Z,) isdefined to facilitate the illustratioif.thecarbodystays static
the local reference framex(, hp, Z,) is parallel to thglobal reference frameX , Y;,
Z. ). As the pantograph sits on tbarbodyroof, the movement of thearbodyresults in
the rotation and offset of the local refece frame( x|, hp, Z,). As shown inFigure9,
thereference framéx; , /17, 2, ) is caused by the traverse motigp and bouncez , of
the carbody Due tothe roll 7, yawy , and pitchb, of the carbody the reference
frame(x;, i, z,) is rotated to £, /1,7, z,;). For the ontact model described in Eq.
(21, the contact force calculation is dependent on the contact geometry of the pantograph
strip and the contact Wir@.ointsﬁb and Bp represent thendpoints on the strip. The
point positons ;. andry intheglobal reference frameX_ , Y, Z) can be calculated

by
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Figure9. Rotation and offset of local reference frame due to the movemeathuidy
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in which, rgp is the position of poinD, in the global reference frameXs, Y5, Zg).
The u$ ° is the displacement vector of tlarbodycausing the offset of the local
reference frame frorx,, /1,, Z,) to (X7, A7, z;). ry andrg are the point positions
in the reference framex;, /47, z7). T” ° is the rotation matrix fromx;, /45, z7) to (

x5, hy, z)), which is determined by, ¥ ., and &, .



Figurel0. Representation of contact geometry betweengugaph and catenary

Figure 10 shows the representation of the contacongetry between the
pantograph anthe contact wireD, (i =1,2.--n ) are the finite element nodes on the
contact wire. The potential contact poiah the contact wirés contained in the genent
from D, to D,. C, is the contact@int on the pantograpstrip, while C,, is the contact

point on the contact wir@he following mathematical proceduirdsthe exact positions

of the two contact points

If the contact occurs on the segméhD

.1, the position of theontact pointrcecw
can be expressday the posibns of two nodes,gj and r§+1 as follows according to the
shape function of the cable element.

G _,.G G G
e, =To J’((rqﬂ rb) 23

in which, x is the parametric length coordinate of the finite element, which can be
obtained by finding the point of intersection between the lind3,, and AB, when

projected to the same plarfeccording to[64], both lines are projected to th& plane



for convenience. The following equation can be obtained by the interception between the

two lines prgected to theXY plane.
Mo *Ug” g,dnc, Fa' Uhedig @y

in which, ry andry are the positons db, andAin theXYplane.uy , anduy . are

the versors of generic vectors from to D ,, and fromA to B, respectively in the XY

i+1?

plane.dj. and dy, are the distancelsetween pointd, andC,,, and pointsA and

cw ?

C,, respectively, which can bebtained bysolving Eq. (24). The parametric length

p i)
coordinatex is calculated by

Xy

Diccw
Xy _ Xy
rD.+1 o

25

If xi [0]] the contact takes place in the contact wire segriddnt,. Otherwise, the

next elemenshould be checked.

As for the pantographtrip, thedis.tancedjfCp between the pointsand C, in the

global reference frame can be calculated by
ds. =us 41, 72 2 p

in which, u$. . is the versor ofigeneric vector frord to B. So the position of the point

C, can be obtained by

re =ry du?y g @y

Following the above procedure, the positions of the two contact pGiptand C, on

the contact wire and the strip can be obtaifiégn the penetratiodzpc(t) of the contact

surface between the pantograph and the cateasa@waluated, from which the contact
force of pantograpleatenary is calculated by E@1). In this way, the vehiel vibration
is properly accountefbr in theinteraction of pantograpbatenaryThe whole procedure

is illustrated inFigure 11. It is seen that the simulation is a emay procedure. The



vehicletrack model isun firstly to obtain the carbody motions in each time step. In the
pantograpfcatenary simulation, the pantograph height and 6 DOF carbody motion are
used to formulate the translation vector and rotation matrix. Then the endpoint positions
of pantograph sip are determined bw spatial coordinate transformation. Thus, the
contact point can be identified according to the spatial positiotiee@antograph strip

and contact wire. Finally, the contact force is calculated and exerted parttegraph

catenary system to calculate the response in this time step.

Vehicle-track model Pantograph-catenary model

Enter time step

| | |
I Do l
| ! |
| by |
| by |
| Do '
| | |
|
| N ! |
! Formulate random timahistory of track ;! . - !
: irregularities : i Extract 6DOF carbaly motionXep, Yeb, Zeb, UctyY coandbep :
| | |
|
| ! In ! |
| ) ; . ; | |
| Establish vehicldrack coupling model using | | Formulate the translation vecto§; ° and rotation mafrix |+ |
I Egs. (£10) : | I
| | |
|
| : | ! |
| Through Newmark integration to obtain ¢ | . . . . |
L D
: DOF carbody motion : : Calculate the endpoint position of pantograph strip using Eq.|(22) :
| | |
| b i |
: L :
: : : Identify the contact point of position by solving Egs.23 :
I I
| | |
| B : l
|
: : : Calculate the contact force using Eq. (21) :
—————————————————————————— [ |
| |
| : |
: Solve Egs. (120) to obtain incremental displacement :
| |
| |
| i |
| N |
: Check convergenc :
| |
| |
I ! |
|
: t=t+Et !
| |
| |

Figurell Simulation procedure for vehieteack and pantograptatenary interaction

5. Analysis with random track irregularities

As is well known, the track irregulayitis the main source of vehicle vibration. In this

section, the dynamic performance of pantogregtenay is evaluated with dlierent



levels of rail qualitis. Without loss of generality, the reference model of paaigr
catenary in the benchmark is adopitethe following analysesA 20-span of catenary is
established, andhé central 10 spans are selectedreanalysis objectThe train speed is
defined as 320 km/h according to the benchniz2k As for the vehicldrack, atypical

EMU modelpresent in65] is adoptedIt should be noted that normally the higbeed

train is not allowed to operate wistwful track condition to ensure the comfort, stability

and safety of the operation. However, the purpose of this section is not to reproduce the
realisticphenomenon, but to make sense of the interaction performance of partograph
catenary with different levels of track quality.

The geometry of rail is affected by many realistic factors, which exhibit
significant stochastics and represent the irregularifiéiseorailsurface In this paper, the
effect ofthe vehcle-track excitationon the pantograpbatenary interaction is studied
with different levels of rail irregularities. TH&SDfunction is a normal representative of
the random rail irregularitie®\s shown inTablel, thecoefficiens of the PSD functions
of rail irregularities are given with different levels of rail health conditions, which are
summarised fronthe realistic measured ddi36]. The rail qualityimproveswith the
increase ofhelevel from 1 to6. Thetime-history of track irregularities is generated by
the inverse Fourier transformati¢f7]. The frequency spectrum X(K) is obtained
discrete sampling from the standard spectral density function. The real and imaginary
parts ofX(k) have even and odd symmetries with respedt; t@. Hence, the frequency
spectrunX(k) (k=0,1 ..., N./2)is determined as follows:

X (k) =|X(K)|(cosf, +ising) (k=01..., N/2) 23
wheref, is the phase angle and obeys the uniform distributicir2¥ , andN: denotes
the sampling points. Then, the track irregularities are calculated using inverse Fourier

Transform as



(n =0,1,..

N

The time histories of track irregularity for each level are presentEdjure12. Taking

29

cer

level 6 as an exampl&jigure 13 shows the comparison of the spectrum between the
generated sighand the original signal. The validation of the present method can be

verified by the high consistepof the two spectrums.
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Figurel2. Time histories of track irregularities: Profile (a); Alignmebjt Crosslevel
(c); Gage(d)
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signal: Profile (a); Alignment (b); Crosslevel (c); Gage (d)

Tablel. Coefficiens of rail irregularities with different rail levels

Rail heaél ty
Type Coef fi
1 2 3 4 5 6

Profile A/("M) 16. 9.55.22.91.60.79

CAfR(F+ ) fal (MO 2.32.32.32.32.32.3

&U)‘7T7:§T

fol (M) 1.31.31.31.31.31.3

Alignment A/ (™) 120. 10. 10. 10. 10. 10



CAfL(F+ %) £, /UBmM) 3.23.23.23.23.23.2

. () W

folOm) 1.81.81.81.81.81.38

Cross|leve A/ (") 4.83.32.31.51.00.7

Afczz fu/A6m 2.32.32.32.32.32.3

SC(f):(

f? 2+ 2)
+£)( ) f/YOGm) 1.31.31.31.31.31.3

Gage A/ (M) 10. 5.93.31.81.00.5
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5.1. Statistical analysis

In order to describe the stochastic characteristics of the rail irregularities, 500 different
simulations of each level of irregularities are carried out based on the ideatf Carlo
These 500 simulations provide a wide range of variability in thok fpedile, assuming
the normal distribution according to the limit central theorem.

The contact force of pantographatenary is the direct reflection of the current
collection quality. In this section, the statistical values of the contact force arsethaly
to make sense of the effectmail irregularities on the quality of current collectioro
facilitate the analysis, the boxplots of all indices are adopted hbeeboxplot is a

standardized way to display the distribution of data based on a sumifiag/numbers,
which are the minimal valu®, ;. , the first quartileQ,, the mediarQ,, the third quartile
Q,, and the maximal valu@),., . Usually the maximal and minimal can be calculated by

the following two equations respectively.

Qux=Q; .5 R X))
Qmin :Ql 1.5 FQR B1



in which, IQR is the range from the 50 73" percentile. The outlier data which are out

of the rangeQ,;,, ~Q,,ar e denot ed Fidure ldshods the pdxploss df

statistical values of theontact forcewith different levels of rail irregularitiesncluding

the standard deviatiothemean valuethemaximum valuetheactual minimal valughe
statistical maximum value anide statistical minimal valuerigure15 shows anexample

of thecontact force witleachlevel of track qualityTheeffect of the rail irregularities on

the contact fore of pantograjglatenary is quite complicated. Tthectuation ange of the
standard deviation becomes largeth the degradation of the rail qualityn thecase of

the worst rail qualitythe maximum standard deviation reach@s 7N which represents

a large fluctuation of the contact force. Howetke minimalstandard deviatiors only
50.66N, which is even better than the case without rail irregularifies.rail irregularity

also brings alight variance to the mean contact foretwever, when looking at the
maximum and minimal values, the negative @ffef rail irregularity can baignificantly
observed. The actual maximum value undergoes a significant increase with the
degradation of rail irregularities, while the minimal value experiences a continuous
decrease.

According tothe standard67], the statistical maximum and minimal values of
the contact force are the importandires to evaluate the dynamic performance of the
pantograpfcatenarysystem As shown irFigurel4(e), somestatistical maximum valise
exceedthe safetythreshold(350N) in the cases of badail quality. Similarly, some
statisticalminimal values are lower than teafety thresholdON) except theecase of the
best rail quality(level 6) Therefore, the vehicleilwation significantly aggravasethe

safe operation of thgantograpkcatenary operation.
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5.2. Probabilisticanalysis

Wi

t h

The pobability density functiorcan be used to specify the probability of the random

variable falling within a specified range of valu@s. the random vibration response of

the locomotive exhibits strong normality with the excitation of track irregulafi@ls

the statistical valuesf pantograpkcatenary interaction are assumeahb@y the normal

distribution The PDFs of thestatistical maximum and minimal values are present in

Figure 16 For the statisticalmaximum value, the probaity of exceeding the safety

threshold increases up20/3% with the worst rail qualitylevel 1) When the rail quality

is above level 3, all the statistical maximum values fall in the safety relgmnthe

statisticaiminimal value, the probability @fxceedng the safety threshold decreases from

44% to Owith the improvemenof the rai quality from levell to 6. Figurel7 (a-f) show

the jointPDFs associated withe joint information oftatistical maximum and minimal

values with six levels of rail qualities, respectivelit can be seen that thisk region

highlighted in red barsignificantly increasewith the degradation of rail qualityBoth

of the statistal minimal and maximum values fall in the safety region only in the case

of the best rail quality (level 6).

di

f



Furthermore, e relability is a quantitativéndex to describe the capabiliby the

pantograpfcatenary systerto complete its requireflinction, which can be calculated
by

R(r< g )/ (. )dd (32

In which, r and d represent the statistical maximum and minimal values of the contact
force. p(r, c)’ is the joint probability distribution associated withand d. r_ and

d,, are the corresponding safety thresholds, which are defined as 350N and ON according

to the standard. Based dime calculation resultpresentéd in Figure 17, the reliabiliy
degreewwith six levels of rail qualities are collected iffable2. The statistical marmum
value falls in the safe region when the rail quality upgrades to leVek3oint reliability
of pantograpcatenarycan be significantly reduced by the degradation of rail quadity.

the minimal reliability is required to 98, the rail qualityshould be maintained at level

5 or above.
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Table2. Reliability of pantograpitatenary with dferent levels of rail quality
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5.3. PSDanalysis

The YuleWalker method is employed to estimate the spectral density of the contact force
calculated by total of 500 simulatios. Figure18 shows the PSDasf contact foece with
sixlevels of rail irregularitiedn order to evaluate the contribution of the vehicle vibration

to the variance of the contact force, the mean values are subtracted from the results before
the PSD estimation. It is seen that 8D peaks appeat several spatial frequencies
relevant to thespan length, the haffpan length, and the intervals between droppers and
steady arms. The degradation of thegaglityresults in a general increase loé énergy

over the entire frequency range of insrevhich can be clearly demonstrategthe
enlarged regionTherandom rail irregularitgan beseenas a broadband excitation to the
pantograpfcatenarysystem, whose contributioniis thewhole frequency range, but not

at specific frequencies

70

I T T I
Level 1 Level 3 Level 4 Level 5 Level 6

E37 _
© 36

=35

% 34 Droppetsteady

Level 2

Span\gnglh

arm interval
33

® @

Droppgr {nterval

Half span

0.072 0.073 0.074 0.075 0.076 0.077 0.078
Spatial frequency [1/m]

Double dropper

PSD [dB-m]

0.1
Spatial frequency [1/m]

Figure18. PSDsof contact force with sikevels of rail irregularities

5.4. Contact point

Apart from the above analyseslevant tocontact force,this section analyses the
variances othe contact poinpositiononthe pantograph strip, which may be affected by

the movement of thearbody As illustrated inFigure 19, the distancel, between the



contact pointC_ and the centre of the strig, is calculated to assess the risk of de
wirement.Figure20 presents thedxplot of d, with sixlevels of rail quality. It should be

noted that the staggerlua of the present catenary is®.2The motion otcarbodybrings

more lateral variations to the pantograph base. The deviation of the contacvpaynt

from the strip centre undergoes a significant increase with the degradation of rail quality.
The maximum deviation reach@26mwith the worse rail quality, which still falls in the
working range of this type of pantograpHowever, the maximum deation of the
contact wire caused by the wildad should not exceed 0.4[67]. If the extreme
condition is considered, the contact point niey outside the safety range. Thds
wirement assessment is necessary to be performed with extreme conditions (strong wind

andpoor rail quality) in the future.

Strip length800mm
Working rangel200mm

Span head length600mm

Figurel19. Schematic of pantograph strip
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Figure20. Boxpla of deviation of contact point away from strip centre

5.5. Decouplng vertical and lateral vibration

In this example, only the vertical and lateral vibrations of carbody are included in the
pantograpfcatenary interaction separately to investigate the potential decoupling of the
spatial vibrationFigure 21 shows the time histories of carbody motion with level 6 of
track quality, including the lateral displacement, vertical displacement, roll, pitch and yaw
of the carbody. In this numerical exalmpthree scenarios dahe simulation are
performed. In the first one, all the carbody motions are included in the pantograph
catenary interaction. The second and third ones only consider the lateral and vertical
vibrations of the carbody, respectiveBigure 22 shows the comparison ttie contact

force between the vertical excitation and®F excitation. A slight difference can be
observed between the two scenaridse Tifference of contact force peak reaches 2.5 N.
Figure23 shows the comparison of absolute contact point deviation between the lateral
excitation and @OF excitation To facilitate the comparison of the maximum deviation

of the contact point away from the strip centre, the absolute value of the lateral contact
position is presented. It is seen thaDOF excitation causes bigger deviation of the

contact point compad with the result with only lateral excitation.
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Through the above analysis, it d@monstratedhat due to the rotation of the
carbody, the lateral and vertioabrationsof the pantograph are coupled. A slight error

can be generated if the lateral and vertuilatationsarecalculatedseparately

6. Application example with realistic case

In this section, the proposed model is used to evaluate the dynamic performance of a
realisticpantograpkcatenary system from Chinaghispeed network, with measurel
irregularities. Thecatenaryparametergrom Beijing-Tianjin passenger special railway
are adopted to construbiecatenary model as shownkigure24, in which, the overlaps,
variances of span length and dropper intervadsreality, are fully consideredThe
pantograph model is built using the parameter©8fA 380 pantograph. The vehicle
track system is constructed using the realistic paramitarsthe specific higtspeed
network Themeasuredall irregularities shown irFigure25 are adopted to sintate the
excitationof the vehicletrack.

In the numerical simulationdhe trainspee@ aredefined as the operation speed
300km/h, the maximum design speed 350km/h and the potential upgrade speed 380km/h.

The resulting contact forces evaluated with asttiout vehicle vibratioeare compared.



The contact force time historieme shown irFigure26, and the corresponding statistics

are shown irFigure27. As the train isunningon a highquality highspeed track, the

effect of the vehicldrack vibration on the pantograjglatenary interaction is very small.

The vehicletrack onlycontribute a bit variance to the contact force. The pantograph
catenary system shows a very good performance with the operation speed 300km/h and
the design speed 350km/h. Thetstical minimal contact force is lower than the
specified safety thresholdith the potential upgrade spe&BOkm/h The further

optimisation strategy is necessary for the speed upgrade.
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Figure26. Results of contact force with 300km/h,(@%0km/h (b)and380km/h(c)
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