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Abstract - Contacts between pantograph and catenary are the
most critical parts in the transmission of electri@l energy for
modern high-speed trains. Contact wire oscillationschange
combined force between pantograph and catenary, andhe
contact may even get lost. Therefore special pantagpwhs and
catenaries have been developed and further constriiee changes
are under development. A design criterion includes the
permanent contact of pantograph head and contact we at high
speed and the reduction of both aero acoustic noisnd wear.
Because of complicated dynamic behaviour and veryidgh costs
for prototypes, all modifications and new design aacepts for the
pantograph/catenary system are essentially based atynamical
simulation. Traditional approaches focus on the cateary, which
is modelled as set of coupled strings and/or beamsyhereas
simplified lumped mass models are used to describ¢he
pantograph. Nowadays increased computer power allosv
considering applications with more refined pantogrph modes
(e.g. the elasticity of the pantograph) and activecontrol
components in innovative pantograph concepts.

Keywords - interaction pantograph-catenary, mechanical
multibody system, high performance computing in MATLAB

I. INTRODUCTION

In the present paper are consider the combinafianb@am
model for the contact wire with a mechanical multip
system (MBS) model for the pantograph. Both sulsstines
are modelled together resulting in partial differerequations
of the catenary and differential-algebraic equatiaf the
pantograph. Because of the geometrical contact dmatw
pantograph and contact wire the substructures avpled.
The efficient coupled dynamical simulation of pagreph

A simulation tool is developed to increase the alcuse of
computational support in the product developmeotgss.

We consider a linear model of the
pantograph/catenarysystem, where the lower and ruppe
pantograph frames, as well as the catenary, areslfeddin
terms of lumped masses, springs and dampers [1]. A
schematic representation is depicted in Fig.1. fikehanical
parameters of the upper and lower frame are conatahcan
be considered known with good accuracy. The cayenar
parameters, on the contrary, will be space-depédridantions
of the current distance of the contact point frdra tlosest
adjacent towers and droppers (see Fig. 2).

Output signal of high speed train in the Catenary
mathematical model is determined by the impacthef tbtal
input signal, which consists of:

1) the sum ofN sinusoidal signalsN>10) with different
amplitudes and frequenciefy andwy (S<wy < 108);

2 ) the imposition of interference in the formafandom
signal with uniform distribution on the total harno signal;

3) the disturbance in the form of step signal atage time
moments.

Pantograph mathematical model is considered in two
versions — passive and active pantograph. Simutane
investigation of both these models for differentues of
Catenary input signals confirms utility of adaptizdgorithms
in the pantograph structure.

Il. CATENARY MODEL ANALYSIS REVIEW AND DIFFERENTIAL
EQUATIONS OF THE FORM

andcatenary is per se a challenging problem from th A system off! degrees of freedom hasnatural modes.

viewpoint of both mechanical engineering and numehn
present paper there are consider mainly the modetlspect

of the problem. Most work was done in the desigm anlinear
thdisplacements can be expressed as a sum of thelnamndes

implementation of numerical methods to handle
differential equations part. Theoretical investigas focussed
on linear systems with constant coefficients. Abbriis was

Associated with each mode is a natural frequemcyand a
natural mode shapef.ﬂ"-:'ﬂ. The mode shapes of a dynamic
system are orthogonal and therefore system

multiplied by appropriate, time-varying modal anpdies, or
modal response functions, a technique know as modal

done in the design of the numerical models and samecomposition.

dynamical characteristics of the intersection pgraph and
catenary to use in MATLAB and Simulink.

The pantograph and catenary form an oscillatingesys
that is coupled via the contact force between thetqgraph
head and the contact wire. Too large contact feargation
can lead to loss of contact, arcing and wear abagallamage
to the system. Thus, the dynamic behaviour plagedsive
role for high-speed trains from the power collegtipoint of
view. It is therefore a need for enhanced posst#slito predict
the dynamic behaviour of this type of system. Tooatplish
this, modelling, simulation and experiments haverbesed.
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v, £)— the time varying displacement of the system,
@; (x) — the ith natural mode shape,

Z;(£)— the modal amplitude of tHeth mode,
I —the mode number.
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I th mode is given by equation and follows from ttaunal
frequency of a simple system as:

Ky g I.:j g Heod suspension w, = £ 3)
J“fz'

b Hend mass

A, Frome mass An efficient way to express equation (2) in terrhsatural
—_— frequency, damping ratio, and damping and modakrsgthe

X o following:
n;irni”y e Mz + Mg, 20 + Mw?z () = Q. @)

Once the mode shapes and frequencies are knowtirthe
response of each mode is determined by equatioand)the
total system response are determine by applyingtem (1)
and summing up the individual response.

I1l. CATENARY EQUATION DEVELOPMENT

Lhnsction
o traviel

Fig. 2. Pantograph/catenary systemblocks

The mode shape® , depends only upon position; and For the catenary, let Y. £) which is defined in (1)
modal amplitudeZ , depends only upon time. When a systerfiéscribe the displacements of the catenary wir¢h las a
is excited in a natural mode, the system and aditesy function of position¥ , and of the timef- The boundary
elements, maintain the same relative displacementsach
other, and the mode shape describes this rela@oece the - ) )
mode shapes are known, the dynamic of the system ar= L'). The two wires, the contact and the support vére,
determined by the amplltude%'fﬂ The benefit of separating written separately and as functions of sine ternig as[5]:

the motion into modal components is the modes may KPPE’ wire

conditions require displacements of the two edds (0 and

considered independently and the equations reduseriple, yid ()= yym'™M=EAm  (©)sin [emmx/LY ).(5)
linear, second order, differential equations offtren [2, 4]: Iower wire .
. (mmx
MZ:@0)+ .20+ Kz.0) = Q. @ 75(5) = ) B () ( I ) ©)
. . where "
where Z: — thel th modal gmphtude, — the displacement of the upper wire,
M; — the modal mass of tHeth mode, Ve — the displacement of the lower wire,
€; —the modal damping of thieth mode, A, — the amplitude of thB1 th sine term for the upper wire,
K; — the modal stiffness of tHeth mode, B,.— the amplitude of th¥! th sine term for the lower wire,
@: — the forcing function of th& th mode. X — the distance along the catenary,

39



Scientific Journal of Riga

Technical University

Computer Science. Information Technology and Manaent Science

L _ the total length of the catenary,
M — an integer, designates the harmonic number.

The shape of these wires is time varying, therefine
amplitude#t= andBmare time varying and can be written
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Yi6) = 53766s7 7772822 + 129086+ )
150.5337
¥, (s) = X5 (s)

h.aah1s2 + 4009175 + 77.9901

Am(t)andEm(f). Since amplitudesdescribe the shape of the The model in Simulink system, which corresponds to

whole catenary at all times the amplitude can leslue write
the equations of motion for the catenary, and olita natural
modes of the catenary.

First, to describe the dynamic displacement of eatke
from its equilibrium position, the displacement paaf each
catenary wire is used by a sine-series expansiosinfple
result of Fourier analysis ofany shape with fixedi® can be
mathematically described by superposing an infisigd of
sine functions, each with any appropriate amplituleclose
approximation of the shape can be made with aefinitmber
of sine terms. Considering a finite number
termstransforms the shape of the catenary wirem fem
infinite number of degrees of freedom into a finiember of
degrees of freedom.

Therefore the displacements are described by te ftarm
sine-series expansion: one series representinghtdyee of the
contact (lower) wire, a second series representiaghape of
the messenger (upper) wire.

Then the system can be written in terms of timeyinar
displacement as in (1). Using (4), (5) and (6) ind f

). @

M M
TTX, TX
Fi(x) = Aimsin(m A)+ Bimsm(n Cl

where M is the maximum number of sine terms in the sum.
I\V. CATENARY EQUATIONS SIMULATION IN MATLAB

Parameters of the differential equation (4) areudated
based on equation (2) and are used to computetileoutput
of catenary signal (7).Some of these results weuad using
MATLAB. Ten harmonics of the functioR;(x) were used to
compute it for a range of frequencies 0.1-0.5Hz dmgt
5.0Hz.

The signals of these frequencies are combinedargimgle
output catenary (Fig. 4.).Coefficient:. Ci K @i of the
catenary model are calculated in (2) according[2p
MATLAB code isused to compute these coefficientBhen
transfer functions are calculated for natural maafegbration
frequencies of 0.1-0.5 Hz and 1.0-5.0Hz.

Zi(5) 1 .
Qg[ﬁ] N Mg.'i': + CE'S‘l‘ HE' !

H:(s) =

141.6130

1) = s 51397 74137475 7 go.0355 1
2451882
()= 15.0293s% + 123.87165 + 205.9052X=(ﬂ
v, = 253.4573 X,)(®)

15.9337s5% + 131.3254s + 219.3554
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of sine

equation (4), shows vibration of sinusoid compogseamting
transfer functions (8). Catenary model for the glaited
parameters in MATLAB is shown in Fig. 5. Analysi§ tbe
model leads to the following results.
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Fig. 4. Single output of catenary system

Input and output signals of the model are showRiqn 6,
where

- the output signals of model catenary (every mode) a
registered of the top schedule;

- the input catenary signal show of the bottom scledu
(Uniform Random Numbers);

- the sums catenary output signal (step response plus
Uniform Random Numbers) show of the average
schedule.

V.A PHYSICAL AND MATHEMATICAL MODEL OF THE
PANTOGRAPH

The physical model pantograph is investigating ladt t
section show on the figure 3(passive pantograpt) an

figure 7 (ordinary active pantograph).

According to the descriptions of model [3] and shotw
Fig.7 in which the two mass models is representéd,
definitions of symbols used in the analysis of reathtical
model are:

K.. — contact wire stiffness (kg/myv — head spring
rate(kg/m); u — head damping(kgsec/m); t — frame
stiffness(kg/m)y — frame damping (kgec/m);m — head mass
(kg*se€'2 /m): M — frame mass (kgset'2 /m); F. -
constant lift force (kg).
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Fig. 7. Physical model of ordinary active panto@rap

Passive pantograph parameters are the followirgy&tem
Sl):
K.. = 178,58 kg/mw = 178.59 kg/mu = 3.57159 kgec/m;
t 34287.3 kg/m; v 21.4295 kg' sec/m; m
1.1072kg sec "2 /m; M = 1.66079 kgsec 2 /m, (9)
The difference equations of this physical modeltre
following(for passive pantograph in Fig. 3):

md?yy = ~F-wlyy- yrluldyz-dyy)

+ uldy,-dy; - vldy; -dy,)-t0y; -7,).(10)

Md3y; = F, +w(y,-y) +

where

¥p — the displacement of the head,

¥5 — the displacement of the frame,

Vi-— the displacement of the vehicle roof,

F- — the contact force acting on the pantograph head,

F. _ the static constant uplift force.
Hence, we take Laplace transform and assume zéial in
conditions for Laplace transform%f, Y andFe.

(ms®* + us +w)Y, + F. = (ws+w)ly (11)
(Ms? 4+ (u + v]s?p(w —#},jg)j}j; = (us + wﬁ’?,
Evaluating results ofX_n andx_n we obtain
E KE,(Ms*(u+v)s+w+1t) (12)
Xo A ’
Y. . r
f_ s + w) , (13)

Xa A
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where

A= Mms* + (Mu+m@u + v))s® + M(w + Kw) +
rmlw + ) + ulu +v) —u?s? + (w+ )W + Kw) +
rulw +¢) — th')s - ((w + t)(w + Kw) — w:).

This model of a two-mass system is a system ofdegree
of freedom. Although the actual pantograph
complicated in its structure, the model of two degrof
freedom of which we have already built up is enough
represent the overall system of pantograph inaingtudies.
There is a system of one degree of freedom shaltbmpute
of the transfer function (12) with the parametemsgive
pantograph (9):

Y0 16135 + 24285 + 3.347e06

= 14
Xols) s4+18.285% + 2079452 + 602315 - 1?341( )

H,.(5) =

VI. A MATHEMATICAL MODEL OF THE PANTOGRAPH
CATENARY DYNAMIC INTERACTION WITH ONE CONTACT
WIRE

a. Coupling between the models

The pantograph/catenary system model is shown gnoFi
Parameters of the catenary model computed for dhger of
frequencies 0.1 — 0.5Hz and 1.0 — 5.0 Hz.

Research of the main characteristics of model
pantograph-catenary is spent by change of the estpyals

operating on systematenary: casual signals, impulse and step
signals on a model inputtenary. Input and output signals of

model are registered in the form of schedules.

The coupling between the pantograph and catenaneso

exclusively through the contact force. When thetpgiraph is
in contact with catenary in usual interaction, nmgviof the
pantograph head and the lower catenary wire ardigd, and

of a

The position of the catenary wire at each instamgiven by
equation (1) and summing up the individual modd®e fime
is then incremented and the process repeated thetifinal
time of the simulation is reached.

Two different pantograph-catenary models in Simulime
shown in Fig. 9. Model of passive pantograph caostai
transfer function Fcn6, and the active pantograpbdeh
contains transfer functions Fcn3 and Fcn6é as weligain

is verflocks Gain2 and Gain3.

Input and output signals of the models are showrign 8.
There are:
- total output catenary signal (upper plot)
transfer function of the system with passive
pantograph (mid plot). It confirms that the systism
unstable.
transfer function of the system with active panampdr
(lower plot). It confirms that the system is stable

Fig. 8. Input and output signals of pantograph ehod

VIl. FURTHER RESEARCH TO OPTIMIZE PANTOGRAPH

CATENARY SYSTEM

the contact force has zero value. When the pambgra A linear model of pantograph-catenary system is

losescontact, the contact force becomes zero angdhkition
of the pantograph and catenary are independent thai
pantograph regains contact. Only during momentasgds of
contact are the pantograph and catenary two sepsyatems.
At all other times, they are directly coupled: th&yare the
same position and they share the same force. Titactdorce
of pantograph system is denoteddx§xin equation (7).

b. Smulation technique coupling between the passive pantograph-
catenary modds

To simulate dynamic response of pantograph anchaate
equations of motion were solved simultaneously bath

using MATLAB code and Simulink blocks. (In previous

papers it was done by integration technique usiogrti
Runge-Kutta [2,3,4]). The catenary equatiohs gquations,

whereN equals to the number of modes) are two pantograph

equations (11). The response of each modal amplizidnd
the response of the pantograph
time step.

42

considered, where the lower and upper pantograghes, as
well as catenary, are modelled in terms of lumpezkses,
springs and dampers. Mechanical parameters ofgperwuand
lower pantograph frames are time dependable.

Similarly, catenary parameters are multivariablactions
depend on distance between contact point and tiogabeur
adjacent tower and dropper (see Fig.3).

Model of active pantograph was introduced in thetesy to
achieve optimal characteristics of the pantogragte+ary
system with given conditions.

Additional requirements for the active pantograpbdei
are the following:

- estimation of parameters time variations for the
dynamic pantograph-catenary system;

- adaptive control algorithm elaboration, which makes
up control signals based on system’s parameters
modifications.

is calculated ath eac
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Realization of these requirements is possible basethe control based on the algorithm of parametric ideratiion in
appropriate functions in the pantograph controkcon the pantograph-catenary system. Adaptive contratesy
- parametric identification algorithms in the systehat provides the desired reliability of the pantograpllenary
is, system pantograph-catenary parametegystem on high speed trains.
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Aleksandrs Matvejevs, Andrejs Matvejevs. Sigimas ,Pantografs-stiavas uzter éjs” modeleSana uz Matlab-Simulink algoritmu bazes

Kontakts starp pantogfu un kontaktu vadu ir vissvigaka dda elektroengyiju parvace modernu lielaatruma elektrovilcienos. Kontakta vadaasstibas @l
notiek mijiedarlibas spka izmahas starp pantogiu un vadu, kas nereti atved pie kontakta zauda starp vadu un pantadu.

Tadu situaciju izpemumam pieprasa pasigi pilnveidot 3s sistmas komponentu mijiedaiiu ar pasiviga stévas uztergja kontakta nodrosijumu ar tkla
vadiem vilciena kusbas augstatruma gaguma, ie\erojot §s sisémas elementu nodilumu un tr&jwomu sigrilu apsipesanas.

Sis sistmas dinamisku procesu sagetthas @], kuras notiek vilciena kustas ralos apsiklos, ki an &s sisémas galveno elementu augstas izmaksgsvibas
izmaias sistma ,pantogifs/stiavas uzteérejs” pamatojas dinamiskas mod&hnas posm Musdierigu datoru programmas nodrafjims lauj pielietot
sisemas bloku funkciotSanas raimu modetSanas vaitk modernu metodes unsSsistmas vathas metozu, iévojot tas parametru urargju iedarbbu
izmaias.

Sap darta sisemas ,pantodifs/stiavas uztersjs” matenitikas modéu priek3statam bija izmantoti diferelgienadojumi, kas raksturas dinamiskagpagbas.
Uz 3o vieadojumu lazes ar sigmas Matlab/Simulink izmantoSanu tika izveidotaswaidtmas atbilstoSie motiepasva un akiva pantogifu, ka an petamas
sisemas kopjais modelis. Katram modelim tika gemti atbilstoSie dinamiskie raksturojumi  (impulspgrveidoSanas, biezumu), kas apstiprina to
funkciorgSanas stabiliti (nestabilifiti) ar parametru u@rgju iedariibu daZdam \ertibam. Uz izpildto petijumu rezulstu bazes tiek pieavati rekomendcijas
akfiva pantogifa talakai algoritmu pilnveidoSanai.

Aunexcanap MarBeeB, Anjpeii MaTBeeB. Mo/ieJiMpoBaHue CHCTEMBI <IIAHTOrPad)-TOKONPHEMHHK ¢ HCIOJIb30BAHMEM AJIropuTMOB cicTembl Matlab
KoHTakT Mexny maHTorpa)oM M KOHTAKTHBIM IPOBOAOM SIBIISIETCS HauOoiee BaXKHBIM 3JIEMEHTOM B Iepesiade 3JIeKTPHYECKOH SHEPIHH B COBPEMEHHBIX
Hoe3/iax, JBUTAIONIMXCA C BBICOKOH CKOpOCTBIO. IIpM TakoM JBIKEHHM B pe3ylbTaTe KojeOaHWil KOHTAKTHOrO IPOBOZAA INPOUCXOAUT H3MECHECHHE CHIIBI
B3aMMOZACHCTBHS MEXIY HaHTOTrpa)OM M MPOBOJOM, YTO HEPEAKO MPUBOANT K MIOTEPE KOHTAKTA MEXTY MPOBOJOM M maHTorpadom.

JUJ1s MCKITIOUEHHMS TaKMX CUTYALMH TpeOyeTcst IIOCTOSHHO COBEPIICHCTBOBATh B3aUMO/ICHCTBUE KOMIIOHEHTOB 3TOM CHCTEMBI C LIEJIbI0 00€CIeUeH s HOCTOSHHOTO
KOHTAKTa TOKOMPHEMHHKA ¢ MPOBOAAMH ceT (aHTorpady/ToKONpHEMHHNK) Ha BBICOKOH CKOPOCTH JIBIIKCHHMSI 10€3/1a C yUETOM U3HOCA JJIEMEHTOB TOH CHCTEMBI
U TIOJABJICHUS CHUTHAJIOB IIOMEX.

B Buay CIOXKHOCTH JMHAMUYECKUX TIPOLECCOB, IPOUCXOAALINX B ITOI CHCTEME IIPU €¢ FKCILTyaTallii B PEabHBIX YCIOBHAX JBM)KCHMS MOE3/1a, a TAKXKE ydeTa
BBICOKOH CTOMMOCTH OCHOBHBIX 3JIEMEHTOB 3TOH CHCTEMBI, BCE H3MEHECHHMs B CHCTEME MaHTOrpad/TOKONPHEMHHKOOOCHOBBIBAIOTCS HA JTAle JUHAMHYECKOTO
MozenupoBanus. IIporpaMMHOE 00OecIedeHne COBPEMEHHBIX KOMIBIOTEPOB ITO3BOJIICT NMPUMEHSATH 0OJiee COBEPLICHHBIC METOABI MOJCTHPOBAHUS PEKIUMOB
(YHKLIMOHHOBAHHUSI OCHOBHBIX GJIOKOB CHCTEMBI aHTOrpad)/TOKONPUEMHUKH IPHMEHEHHUsI aKTHBHBIX METOJI0B YIIPABIICHHUS 9TOH CHCTEMOM ¢ YUETOM M3MCHEHHS
ec MapaMeTpoB U BHELIHUX BO3ICHCTBHIA.

B maHHOW cTaThe I MPEICTABICHUS MAaTEMATHYCCKUX MOJEICH CHCTEMBI <IaHTOrpad/TOKOMPHEMHUK» ObUIM  MCmomb3oBaan auddepeHransHbe
ypaBHEHHs, XapakTepU3ylolle HX [UHAMHUYecKue cBoiicTBa. Ha OCHOBe 3THX ypaBHeHHM ¢ Hcmonb3oBanueM cucreMbsl Matlabu Simulink  6bum
copMHPOBaHBI COOTBETCTBYIOIIME MOJIEIN CUCTEMBI IPOBOJIOB, TACCHBHOTO M aKTHBHOTO MaHTOrpad)oB, a Takke oOMas MOJEb UCCIeLyeMOr cucTeMbl. st
KaXI0i Mojend OBUIM IMONY4EHBl  COOTBETCTBYIOIIME AMHAMHYCCKHE XaPAaKTCPUCTHKH (MMITYJIbCHBIC, MEPEXOIHBIC, YAaCTOTHBIC), MOATBEPIKAAFOLINE
YCTOHYHMBOCTh (HEYCTOMYHBOCT) MX (YHKLMOHHPOBAHHS MPH PA3IMYHBIX 3HAYCHHSAX IAPAMETPOB M BHELIHWX BO3MyLIeHWi. Ha oCHOBaHMH pe3ysbTaTOB
BBITIOJTHCHHBIX MCCIICIOBAaHUI JaHbI PEKOMEH/IAIMH IS JaJIbHEHIIero COBEpPIICHCTBOBAHMS arOPUTMOB aKTUBHOTO aHTorpada.
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