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Cratbs nocBawjeHa pa3paboTtke
PacyeTHOVM KOHEe4YHO-3J1eMEeHTHON
Moaesin HeMOTOPHOW TeJIEXXKN
BaroHa MeTporoJinTeHa, koropasi

He NPOTUBOPEYUT peasibHON
KOHCTPYKUuun. PaccmarpuBaertcsi
HeobxoaAnMOCTb NMPUMEHEeHUs1 MeToaa
KOHEeYHbIX 3J1IeMEHTOB, MOCKOJIbKY OH
YYUTBIBAET Yyrpyrune, UHepPLUUOHHbIE

n anccunaTtusBHblie CBOWCTBA
AvnHamuyecknx cuctem. C noMoLbio
3asiBJIEHHOV MO/AEJIN BbIMOJIHSeTCS
pacyeT HOpMaJsibHbIX PpOpPM Kos1ebaHui
u nccnenyeTcs nosefeHne TesIeXxku
KaK ANMHaMN4eCKOi cucTemMsl rnpu
BbIHY)XZJ€@HHbIX KOJ1e6aHUsIX.
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Mockoeckoeo eocydapc 020 yHUBEepC a
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JIsl pelieHus] AMHAMUYECKUX 3a1a4
cjenyeT UMETh MOJIETb UCCTIEIyeMOA
JTIMHAMUYECKON CUCTEMBI U OTIpeJie-

Th TMHAMUYECKWE Harpy3KH, B3auMOJIeH -

CcTByIoLIME ¢ Heli [1].

B xauecTBe MUHAMUYECKUX BO3MYILIEHU I
JUISL TeJIeXKKU BaroHa METPOIOJIUTEHA OyayT
TMIPUHSTHL BO3JEWCTBUS, TepeJalolnuecs oT
PeTBCOBOTO TIYTU Ha pamMy TEeXKH [2].

PaszpaboTka pacueTHOIi MaTeMaTUYeCKOM
MOJIEJIU PaMBbl TEJIEXKKU COCTOUT U3 ABYX OC-
HOBHBIX 3TalOB: MOCTPOEHUE FreOMeTpuye-
CKOW TPeXMEPHOU MOJIEJIU C UCTTOJIb30BAHUEM
pabouux yepTexeit feTanei TeJIeXKKU U co3aa-
HUE KOHEYHO-3JIEMEHTHOW Mofeau Ha 0ase
TeOMETPUYECKON.

Ha srane pa3zpaboTku reoMeTpuuecKkoi
MOJEJU CJelyeT CO3AaBaTh MOAPOOHYIO MO-
JIeJIb, TIOCKOJIBKY [IJISl PACYETOB paM TeJIeKeK
METOJO0M KOHEUYHBIX 2JIEMEHTOB PEKOMEHY-
eTCsl IPUMEHSITh YTOYHEHHbBIE pacyeTHHIE
CXEMBI.

TTpu pa3zpaboTKe reoMeTpuIeCcKOi MO
PpaMbl HEOOXOIMUMO YYUTHIBATh BCE OCOOEHHO-
CTHU €€ KOHCTPYKIIMHY, KOTOPbIE MOTYT BITUSTh
Ha MapaMeTpbl XeCTKOCTU: (hopMa CeuyeHUt
0aJsioK, TOJIMHA TUCTOB, BHYTpeHHUE Auad-
parMbl, BHEIIHUE pebpa v HakJIagku. Takke
K KE€CTKOCTH paMbl UMEIOT OTHOIIIEHWE BHEIII -



Puc. 1. PacyeTHasi KOHe4HO-3/IeMEHTHasi MOAEeJIb TeJIe)XXKN BaroHa MeTpOroJiInTeHa.

HUE BJIEMEHTHI, PACIOJIOKEHHbIE Ha Hel,
B YaCTHOCTU — KPOHIITEHBI OYKCOBOTO
TOABEIIMBAHUS, PEIYKTOPOB, YIIOPOB IIEHT-
PaJIbHOTO MOIBELINBAHMUS, TIO3TOMY HUX TOXE
Hajio IPMHKUMATh BO BHUMaHUE MTPU CO3IaHUN
TPEXMEPHOI TeOMETPUIECKON MOJICITN.

MaremaTuueckasi MOJIeJIb paMbl TEJIEXK-
KW BBUAY OONBIIOTO KojJndecTBa audde-
peHIMaTbHBIX YPaBHEHUN dopMHUpyeTCs
C TIOMOIIbIO KOMITBIOTEPHOU MTPOTPaMMBbI
MSC.Patran. Bce pacdeTbl mpou3BOaSITCS
METOJIOM KOHEUHBIX 2JIEMEHTOB — OH OpH -
€HTHUPOBAH Ha pellleHne Pa3TnYHbIX 3a1a4
C YUYETOM pacrpeeIeHHbIX YIIPYTUX, NHEP-
LIMOHHBIX U TUCCUITATUBHBIX XapaKTepu-
cTUK. Maremaruyeckasi CyTb MOJIEIUpye-
MO CHCTEMBI alllIPOKCUMHUPYETCS] KOHEU-
HBIMU 2JIEMEHTaMM, KOTOPbIE MO3BOJISIOT
y4ecCTh CJIIOXHYI0 (POpMY KOHCTPYKIIWU.
ITpu 5TOM MOXHO HE BBITTOJHSITh OTHOCH -
TEJIbHO Majible TI0 PaAuyCy CKPYTIJIEeHUS
u dacku, OO0 OHM MOTYT 3HAYUTEJIHHO
YBEJIMYUTH BpeMs pacyera.

B ocHoBe MeTO/Ma KOHEUHBIX JIEMEHTOB
JIEXUT TUCKPeTU3alrsi O0beKTa C 1eJIbI0 pe-
IIEeHUsS] YPaBHEHU MEXaHUKU CIUIOIIHOM
CpeIIbl B IIPENTTONIOXEHUH, YTO BO3ZHUKAIOIIINE
COOTHOIIIEHUS BBITIOJHSIOTCS B TIpenesax
KaXJ0i M3 2JIeMEeHTapHbBIX objacTeit. DTu
00J1acTH Ha3bIBAIOTCSI KOHEYHBIMU 2JIEMEHTA-
Mu. B mpepenax Takoro aneMeHTa Ha3zHaya-
FOTCSI CBOMCTBA OTPAaHUYMBAEMOTO UM YyJ9acTKa
o0bekTa. I[TapaMeTpbl HAXOATCS B y3jax
3JIEMEHTa, a 3aTeM BBOJISITCS MHTEPIIOTUPYIO-
e hyHKIIMU, TTIOCPEACTBOM KOTOPBIX COOT-
BETCTBYIOIIIME 3HAYSHUST MOKHO BBIUHUCIUTh
B JIIOOOW TOUKE BHYTPU 2JIEMEHTAa U Ha €ro
rpaHuiie. 3aaya MaTeMaTUIeCKOTO OTTMCAHUST
CBOJUTCSI K TOMY, UTOOBI CBSI3aTh NECTBYIO-
mue B y3nax dakropsl. B MexaHuKe cruion-
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HOI Cpefibl 3TO, KaK MPaBUIIO, TIEpPEeMEIEHUS
u ycwnust [3—7].

PaccmarpuBaemasi reoMmeTpudeckast Mo-
JIeJTh TeJIeSKKW BaroHa METPOITOJIMTEHA COCTO-
WUT U3 paMbl, KOTOpasi ONMMpaeTcst Ha OyKCh
MOCPENCTBOM BUTBIX HUJIUHIPUIECKUX TIPY-
>KVH, ¥ KOJIECHBIX Tap [8].

Jns co3maHusl pacyeTHOM MOAEeau ObLI
ucroib3oBaH naket «Patran-Nastran», roe
Ha TeOMEeTPUYECKYI0 MOJIeTh HaJTOXeHa KO-
HEYHO-3JIEMEHTHAsI CeTKa B BUE IECATUY3-
JIOBBIX TMPaMUIAIbHBIX 2JIEMEHTOB, TakK
Ha3beiBaeMbIX Tet-10 amemenToB [9]. YUem
00JIbIIIE KOHEYHOE YMCJIO TAKUX DJIEMEHTOB,
TeM TOYHEee pe3yibTar pacyeToB. PazouTas
Ha KOHEUYHBbIE 3JIEMEHTHl pacu€éTHass KOH-
CTpyKLUS M300paxeHa Ha puc. 1. Kect-
KOCTb TIPYXUH Togo0paHa corjiacHoO Ta-
CIIOPTHBIM JaHHBIM [10].

Ha nmepBom sTamne paboThl ¢ MOJENbIO
MPOU3BOAMUIICS pacyeT HOPMaJIbHBIX (hOpM
KOJIeOAaHWI METOOM KOHEUYHBIX 3JIEMEHTOB
(MKD), xoTOopbIii MOKa3a, 4To COOCTBEHHbIE
YacTOThI paMbl TEJIEXKHU JieXaT B 00JacTu
30—80 Iiu.

Ha BropoM aTamne npeaycMOTpeHO uccie-
JTIOBaHUE TTOBEIEHUS TEIEKKHU KaK TMHaAMU4Ie-
CKOW CUCTEMBbI TIPY BBIHYXJIEHHBIX KoJieOa-
HUsIX. JIlnHaMu4ecKre CBOMCTBA MOJIENIN He-
00XOJIMMO 3HaTh, YTOOBI HE JAOMYCTUTh WU
YCTPaHUTh HeXenaTelbHble Konebanus. [pa-
HUYHBIE YCJIIOBUS 3aJaHbl B BUIE KOHTAKTa
KOJIEC C peJibcaMi, a B KAUECTBE BO3MYIIEHUS
MPUHSITA eIUHUYHAS CUJIa, TPUTOXEHHas!
K KOJIECY, YTO COOTBETCTBYET BO3MYIIEHUIO
Mpu Hae3Je Kojieca Ha HEPOBHOCTH IMyTH.
AMTUTUTYTHO-YaCTOTHBIE XapaKTEPUCTUKH
(AYX) ObLTM BBIYMCIEHBI HA LIEHTPAJIbHOMN
0anke, Ha mepexojie MPOAOJbHOU Oanku
B KOHIIEBYIO, BOJTM3M TIepexo/ia [eHTPaTbHOI
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Puc. 2. AMNINTyAHO-4aCcTOTHbIE XapaKTePUCTUKN paMbl TE€JIEXXKN BaroHa MeTpOoroIMTeHa.
Node 90544 — y3en Ha BorHyTo# 4acTu koHLeBoii 6anku; Node 95640 — y3en Ha nepexoae npoAaosibHOii 6ankn
B koHUeByio; Node 96593 — y3en B MecTe coeAuHeHunsl LeHTpasibHou 6anku ¢ npogonbHoii; Node 97993 — y3en
Ha yeHTpansHoi 6anke; Node 101657 — y3en Ha ckoce KOHLeBO#i 6anku.

0aJIKi C KOHIIEBOI, Ha BOTHYTBIX YacTsX U
cKocax KOHILIEeBbIX 0anok (puc. 2) [11, 12].

KoapdpuuneHT KOHCTPYKLIMOHHOTO
neMngupoBaHus ObLT MPUHAIT paBHbIM (0,02,
YTO COOTBETCTBYET 3HAYCHMIO OTHOCUTEb-
Horo ko3 duumreHTa gemndupoBanus [13,
14].

HanGonb1inii OTKJIMK Ha BO3MYILIEHUE OT
IyTH BO3HUKAET Ha LIEHTpaJIbHOI Oajike, Ha
puc. 2 BUIHBI OCTPbIE pe30HAHCHBIE MKW Ha
yacrtorax 200, 210 u 240 Ii1.

Ha aMmmmTynHO-9aCcTOTHOI XapaKTepu-
CTUKE TIPOSIBISIETCS TPEThsI COOCTBEHHAs
yacToTa Kojie0aHMii paMbl Tejexku 68 IiI
(ee WJLTIOCTPUPYIOT KOJeOaHUsI KOHIIEBBIX
0aJIoK paMbl), a TaKXe BTOpasi F'apMOHUKa —
130 I, mpu aTOM aMIIMTYyaa KoJebaHUii Ha
9TOI YacToTe B JBa pa3a OoJjblle, YeM Ha
68 TiI.

Pe3oHaHcHBIE TUKY B 001aCTH 00J1€€ BbI-
cokux yactoT — 180, 210, 210, 240 Itx — rap-
MOHMYECKM CBSI3aHbI C TIEPBOM M BTOPOIi Ya-
CTOTOI HOpMalbHBIX (popM KojiebaHuit — 30
n 60 Tix. Ha 5Tux yacTorax mposiBIsiOTCS U3-
TrMOHbBIE KOJIeOAHMST paMbl TEJIEKKH COBMECT-
HO C 2JIEMEHTaMM, HaXOAsIUMUCS Ha Hel
[15].

Takum obpazom, memodom omKAUKa OUHA-
MUHECKOI CUCMeMbl MENeCKU 8A20HA Mempo-
NOAUMEHA Ha CMAUUOHAPHOE CAYHATHOE B03MY -
ueHue onpedenenvl 4acmomol, Ha KOMOPbIX
Haubonee 6eposmMHO GO3HUKHOBEHUE Pe30OHAHC-
HbIX K01eOaHUl.
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DYNAMIC PROPERTIES OF METRO CAR’S BOGIE

Vakhromeev, Aleksey V., Moscow State University of Railway Engineering (MIIT), Moscow, Russia.

ABSTRACT

The article is devoted to development of compu-
tational finite element model of trailer bogie of a
metro car, which is not contrary to the actual design.
The necessity of finite element method application

is considered, as it takes into account elastic, inertial
and dissipative properties of dynamical systems. With
the stated model normal vibration modes are calcu-
lated and bogie behavior is studied as a dynamic
system with forced vibrations.

Keywords: metro, car, trailer bogie model, finite element method, normal vibration modes, frequency

response, dynamic system.

Background. To solve dynamic tasks itis neces-
sary to have a model of investigated dynamic system
and to determine dynamic loads that interact with it
[1].

As dynamic perturbation for metro car’s bogie
impacts will be taken which are transmitted from a
track to a bogie frame [2].

The development of computational mathematical
model of the bogie frame consists of two main
phases: construction of three-dimensional geometric
model using working drawings of bogie parts and
creation of finite element model based on the geo-
metric one.

Objective. The objective of the author is to con-
sider dynamic properties of bogies of metro cars.

Methods. The author uses general scientific
methods, simulation, comparative analysis, evalua-
tion approach.

Results. During the design phase of a geometric
model it is necessary to create a detailed model as
for calculation of bogie frames using finite element
method refined design schemes are recommended
for use.

When designing a geometric model of the frame
itis necessary to take into account all peculiarities of
its design, which may affect stiffness parameters:
beam cross-section shape, thickness of sheets, inner
aperture, external edges and covering plates. Exter-
nal components on frame relate to frame rigidity, in
particular axlebox suspension brackets, gearboxes,
central suspension thrusts, so they should be taken
into account in the three-dimensional geometric
model.

Mathematical model of the bogie frame due to the
large number of differential equations is generated
by a computer program MSC. Patran. All calculations
are made using finite element method - calculation
method that focuses on the solution of various tasks,
taking into account distribution of elastic, inertial and
dissipative characteristics. The mathematical es-
sence of the modeled system is approximated by finite
elements that allow to take into account the complex
shape of the design. At the same time, it is possible
not to make relatively small radius of rounding and
chamfer, because they can significantly increase
calculation time.

The finite element method is based on discretiza-
tion of an object for the purpose of solving the equa-
tions of continuum mechanics under the assumption
that resulting ratios are performed within each of the
elementary areas. These areas are called finite ele-
ments. Within this element properties are assigned of
the object section limited by it. Parameters are lo-
cated in nodes of the elements, and then interpolating
functions are introduced, whereby the respective
values can be calculated at any point within the cell
and on its boundary. The task of mathematical de-
scription is to connect factors, acting in the nodes. In

continuum mechanics they are, as a rule, displace-
ment and force [3-7].

Considered geometric model of the metro car’s
bogie consists of a frame, which rests on the axle box
through twisted coil springs and wheel sets [8].

To create a calculation model package «Patran-
Nastran» was used, where on the geometric model
was imposed finite element grid as ten-node pyrami-
dal elements, the so-called Tet-10 elements [9]. The
greater is the number of finite elements, the more
accurate is the calculation result. Broken into finite
elements the calculated structure is shown in Pic. 1.
The spring stiffness is chosen according to the pass-
port data [10].

At the first stage of the work model calculation of
normal modes of vibration was conducted using finite
element method (FEM), which showed that natural
frequencies of the bogie frame lie in the range of
30-80 Hz.

The second stage provided the study of the
behavior of the bogie as a dynamic system with
forced vibrations. It is necessary to know dynamic
properties of the model in order to prevent or to
eliminate unwanted vibrations. The boundary condi-
tions are given in the form of contact of wheels with
rails, and as disturbance is taken the unit force ap-
plied to the wheel, which corresponds to the distur-
bance at wheel running on an uneven track. The
amplitude-frequency characteristic (AFC) was cal-
culated on the central beam at the transition of the
longitudinal beam into the end one, near the transi-
tion of the central beam from the end one, on con-
cave parts and bevel angles of end beams (Pic. 2)
[11,12].

Structural damping ratio was set at 0,02, which
corresponds to the relative damping coefficient [13,
14].

The greatest response to the disturbance from
the track occurs on the central beam, in Pic. 2 there
are sharp resonance peaks at the frequencies of 200,
210 and 240 Hz.

The amplitude-frequency characteristic shows
the third natural frequency of the bogie frame 68 Hz
(it is illustrated by fluctuations of end beams of the

Pic. 1. Design finite element model of metro car’s
bogie.
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Pic. 2. The amplitude-frequency characteristics of the metro car’s bogie frame.
90544 Node is node on the concave part of the end beam; 95640 Node is node at transition of the longitudinal
beam into the end one; Node 96593 is node at connection of the longitudinal beam with the central one; 97993
Node is node on the central beam; Node 101657 is node at the bevel angle of the end beam.

frame), and the second harmonic — 130 Hz, the am-
plitude of oscillation at this frequency is twice higher
than 68 Hz.

The resonance peaks at higher frequencies — 180,
210, 210, 240 Hz — are harmonically related to the
first and second frequencies of normal modes of vi-
bration — 30 and 60 Hz. At these frequencies appear
bending vibrations of bogie frame together with ele-
mentsonit[15].

Conclusion. Thus, the method of response of the
dynamic system of metro car’s bogie to stationary
random perturbation permits to identify the frequen-
cies which most likely lead to resonance vibrations.
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