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MOTION SIMULATION OF A RAILWAY VEHICLE BOGIE
ALONG DIRECT WAVED RAILWAY

J. Siegl*, J. Svigler*

Summary: This paper is devoted to the dynamical analyse wéhicle bogie mo-
tion along a direct waved railway. A mathematicaddual of the discrete multi-
body system that consists of one half vehicle aadea bogie with double suspen-
sion is created. The exact time change of a whaktontact point position dur-
ing vehicle motion, when a wheel carries out a gaingpatial motion, is included
into the solution. The rails and vehicle wheels arrconnected through the
creep force effects. Numerical solution and graphigsualization of the vehicle
bogie motion with the constant vehicle forward ei#lg with consideration of
variable creep force effects, is performed. Theiltssare compared with vehicle
bogie motion along the direct not waved railway aaml influence of railway
waviness to the vehicle bogie motion stabilityhisven.

1. Introduction

The railway vehicle is considered as a closed kateral chain that creates a multibody sys-
tem with 22 degrees of freedom. Each body of thistesn is considered perfectly rigid with
immaterial link elements. The railway, which is satered infinitely material, is connected to
the vehicle wheels by creep elements. Vehicle bpgimary and secondary suspension is
modeled by spring and damper elements. The rad Ipeafile is modeled exactly in accor-
dance with the profile UIC 60 and the
rails waviness in the vertical longitudi-
nal plane has a form of harmonic func-
tion. The following assumptions are
considered for motion equations devel-
oping of the vehicle bogie system. The
wheel sets run freely in the journal
wmen " bearings without bearing friction and
do not generate either tractive or brak-
ing force effects. Displacements in sus-

vt

S VRNV ™ j deal railw . .

= . seqment pension elements are considered great.
- The wheel-flange contact and nonlin-

Fig. 1 Geometrical visualisation of the dynamic  earities in adhesion limits between

model of the railway vehicle bogie. wheel and rail are neglected. The sim-
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plified wheel contact geometry and the linear criory is used. The gyroscope moments of
wheel sets are neglected. There is no wheel ldttae wheels are always in contact with the
rails.

2. Nomenclature

A generalized coordinate in the 3-dimensional spzca spacé expressed in a spaeeis
written by the vector

aqb :|:arbT a‘pr:|T =|: arbl ?bz ?bs 1; %bl %bz %bs O:|T DRS (1)

where®r,, *¢@,0R" is a linear and an angular coordinate vector efsipacé in the space.
Thei-th angular coordinate determines rotation arrotined-th base vectoe,, , sometimes
calledroll, pitch andyaw angles. The left upper index means generaly a ramaespace in
which a given quantity is expressed. A transfororathatrix °T, JR** determines a spate
expressed in a spaaeThis matrix of a 3-dimensional space has strectur

aTb=|:aelb e ey, arb:| (2

where*r, OR* is a space position or origin afd, OR* is thei-th space generatorergo any
set of 3-linearly independent vectors capable olegating 3-dimensional vector space. The
work uses right-handed Cartesian coordinate systemose the first base vectors are marked
by black dots at the vertex of a vector conus origires. A transformation matrix (upper-

case letter)
a.I-b | 04 4
n, = —J{— OR®® 3
b l:aRb aTb | aTb:| ( )

equivalently replaces a force effect vector from $pacd in the spaca, where the matrix
°R, =v2m(arb)DR“*4 is a position vector in the matrix form of the epariginb expressed

in the spaca and v2m function constructs prosition vector ie thatrix form.

3.  Multibody dynamics Parti Name of body

The railway vehicle is understood as a multibodgtey. Each 1 ~55e of vehicle
body is modelled as a point mass. The list of o&bibodies is 5 Frame of bogie
shown in theTab. 1 however, a ballast and a sleeper are not 3 Axle shaft
sidered in this model yet. Theh copy of tha-th body are marke« 4 Axle box left
5
6

ij and the unique identifying number of this bapys markedm, Axle box right

seeTab. 2 The bodies of this multibody system are connebtg:

link element Wheel

e elements. 10 Rail
11 Sleeper

4. Model structural elements 12 Ballast
13 Earth

All link element types are considered immaterial. .
yp Tab. 1 List of parts
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4.1. Mass element

The mth body of a system is modeled as a mass poirfitrée effect affects this mass ele-
ment at the timein the actual spaaa

QO(t): QO( nﬂdm’ rmqm’ th r noq m rOq r),
QO(t): mQIm+ mQEm+ rrnGm

where "Q,,, "Q.,, "Q, is inertia, link elements and gravity force effaespectivelyr is a
body number that is linked with timeth body by link elements.

(4)

4.1.1. Inertia force effect
The inertia force effect is linearly dependent loart-th body acceleration
mnEBXB o3<1

|

0 0 |
r’nQIm ( ITqu) == an nﬂﬁ m? mMm = = § =const (5)
|

sym

where "M_0OR®*® is a constantass matrixof the mth body expressed in the actual body
spacem which is placed in therincipal central axes of inertiaf this body,m OR' a mass,
E the identity matrix and'l, OR>® a mass inertia tensor or body rotational masgiamer

4.1.2. Link elements force effect

If the m-th body is connected to thieh and thes-th body then the total force effect affecting
them-th body is described

mQEm(qura qum’ sOqs) = WQ EmA+ TTQ ErE (6)

where "Q_, ., is a force effect caused by relative motion betwmeth ands-th body, hence
this force effect affects at the start poinof the actual link element placed in timeth body.
The force effect"Q.; is caused by a relative motion betweeth andm-th body, hence this
force effect affects at the end poBitof link element placed in theth body. The total link
elements force effectQ.,, is given by the equivalent replacement of elatthlink element
force effect

In
"= ( M, Q) (7)

1=1

whereETypecan beS J, D, C for spring, joint, damper and contact creep eld@mespec-
tively, X can beA or B for the link element begin or end poihtjs ETypelink elements num-
ber.

4.1.3. Gravitational force effect

The action gravitational force effect on tmeth body caused by the Earth gravitational field
about generalized acceleraticﬁﬁG:[O 0 -g 00O00O0 (}T expressed in the global
spaceqj is

mQGm = mIVIm mq G (8)
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where g is gravitational acceleratiorfi¥, = ™T, %, "T, =inv(°T,), °T, = °T,,"°T,,™T,.
The moving space of the case equilibrium states®scribed
"To(t) = “To, DlTC]k(tl(u4j1))T3(q103) 9)
Railway center line

where curvilinear coordinate on the railway" = u,*(vt) andv is a forward velocity.

4.2. Spring element

A spring element is an oscillation insulator witmaust 100% energy accumulation. Tk
spring element causes a react force effect betthesmth and theb-th body

a al b
‘Q,(“q., b°qb)={ Fil O:a’ qu)] (10)
4x1
10 ol Q%)
e a . . 0 1 EAy 0 Q(sdz)
F, =T, “F,= °T.,, 0 0 EaTvH 0 Q:(Sd3) (12)
| 0 1 0

EaIAT = =
S

wherev is a vector in the spring axis from the springtgtaintA to the end poinB andd is
a spring displacement vector in the special sgaddis vector is assembled

sd :|: Eal/\/al Eau.\/az (”V a” _ |0) O:|T (12)

wherely is spring original length. The spring actual spke® in theprincipal central axes of

elasticity The spring is sometimes called as ¢astic insulator There is considered a radi-
axial spring which is able to transfer radigl and axial forceQs. The action radial force is
sometimes called bending force (Ponomarev).

4.3. Damper element

The I-th damper element is an energy dissipator withoalkh 0% energy accumulation and
causes a force effect between #hth and theb-th body in the actual spaé&al

"Q,, (*4,, ®q,)=[0 0 Q(v) 0j0 0 0 § (13)
wherev is damper axial velocity, the damper end poirthaa-th body space is
rg = aTb( “q,, boqb) Ty

4.4. Contact creep element

4.4.1. Constrains

The wheel set is constrained by the rails whiclesakway three degrees of freedom. The
wheel set can move in the longitudinal, lateral gedical spin direction. The contact condi-
tions of the rails and wheel set at the tinase
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°r,(t)- °r,(t) =0, 9n,, (t)+°n,(t)=0,

W

14
o, (t) - o, (1) =0, o, (1)+ °n,,(1) =0 ¢
where ?n, (t),°n,, (t) is a normal vector of thgth rail, wheel. This system of 12 nonlinear

equationsF(x(t)) =0 solves the unknow vector
' ' T
x(t)=[u u® ouwdowSiet ut oW otz DR (15)

hence two equations of the system equatigns;l4 can be omited. Then tma-th axle shaft
coordinate and velocity is

g, (t)=[ " "7z 1lg 0 "2 0], (16)
The contact creep element spaces on the rail aeehimthe wheel space are designed as

"= "t, ", 'h ], T t. t, B, F] (17)

w

4.4.2. Constrains reactions

Let them-th wheel-axle set is considered as one body. &aetions between wheels and rails
are given by the condition of the static equilibmiu

ErlB
m m Q
QGm + ngDA-'- TTQ (E:rB:osxla ruE?B =|: rrlIErlB |.'IErZB |:ErZBQ:| (18)
where the reactive force effect at the contact elgrhas the form
®eQ°=[0 0 *®°F° 0/0 0 0 0 .The force effect
mQGm + mQ (E:rB = 6 (19)

is frequently called the gravitational stiffnesgnhelongitudinal lateral and yaw respec-

tively, the normal force™®F?*, Eq. 18 in thel-th contact creep element is called thleeel
force

4.4.3. Creep force effect

4.4.3.1. Wheel-rail contact surface
Let two bodies with different materials are pressmgkther. Then, according to the Hertz's

theory, the shape of the contact region has aptiedl boundary. The semiaxag anda, of
such contact ellipse in the longitudinal and ldtdneections are given

]

1
3TN (K, +K,) |3 " : :
a = {%} where the auxiliary functiom, (6), j0{1, 3 (m is marked asn
3

180
T

andm is marked as in the Hertz’s theory) is a function &f= aco{i j [°] where func-
3

tions K, kO{1, ..., 4, are defined

Ki
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wherex; is a principal curvature of theth contact body in thpth direction (longitudinal di-
rection forj = 1 and lateral direction for= 2, raili = 1, wheel = 2), anglex (marked ag in
the Hertz’s theory) is between normal planes tbatain the principal curvatures; andx;s,

N is a reactive total normal force affecting the alhdhe radius of curvature of a body is
considered to be positive if the correspondingeeat curvature is within the body.

4.4.3.2. Creep force effect
The creep force effect at the contact creep elesetescribed by the Kalker’s linear theory
of a rolling contact, Kalker (1967),

“Qg, =—C(q) 9(q1q) (21)

whereC is a square antisymetrical matrix function anis a creepages vector function be-
tween contacting bodies. THig. 21has the form

. (aa,) GG, 0 o ololo 0 d
; , %
T (aa)' GC, 0 0|0 0 (3a)” GG, of
y 1Z;
0 0/0/0 0 0 o o
_ 0 ololo 0 ol o
Eil CcC _ = o
0 0 0 ol| ©
M, 2 y;
GC. |0
0 (aa)” GC, ]
- -sym o -~

whereT,, Ty, M. is longitudinal, lateral and spin creep force effieespectively. The Kalker’s
theory proposed the so calledmbined elastic constan@, v, that can be used as an ap-
proximation for the case of two rolling bodies witiferent elastic constants in determining

the creepage functior®;. ThenG andv are given by
2 2
1131 | 5.2GG v_i&v |, _GGr,+ GGy, 23)

G 245G G+G ' G 236G 2GG

whereG;, v; are shear modulus of rigidity and the Poissontie maf thei-th body material,

v are combined material constants. Epholds true relationshi = 2(1Iiv) whereE; is the

Young's modul of rigidity at pull. The Kalker's ap functionC, =G (% vj depends on

the ratioa;/a, of the semiaxes of the contact elliptical surfand the Poisson’s ratio These
Kalker's continuous creep functioi@ are obtained from a discrete creep functions, Garg
Dukkipati (1984), by the cubic spline interpolatimethod.

4.4.3.3. Creepages determination

Creepage occurs in all three directions in whichklative motion can occur. This creepage or
relative slip at the contact point of théh wheel set and theth wheel in thek-th direction is
defined as a quotient of the slide velocity in tthisection and the forward velocityof a ve-
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sllde k

Il
the normal, direction, Siegl , Svigler (2006).

hicle generally™'y, = . It is obtained the creepage in the longitudjaathe latera}, and

4.4.3.4. Tangential creep force modification

The equations of Johnson and Vermeulen (1964) riadtify the tangential forces because of
creep force linearization, when the tangentialéssize can exceed the friction force which is
unreal. The friction force is expresséN wheref is a static dry friction coefficient between
the rail and the wheel. The equations of Johns@h\@rmeulen then modify the tangential
forces as foIIows'ITi:;I; whereT =/T?+T? is the total size of tangential force,

1 2 3
FomlY 1L + L[ T} | for T<3fN, T= N for T>3fN and N = |Fe’]-
N fN N

4.5. Wheel—rail common parameters
The distance of the default wheel contact circkeb+ 1 500 pni, the wheel conicity is
A=1/40[] and the static dry friction coefficient betweee tail and the wheel is considered

for f., =0,4[1.

4.6. Railway

A railway consist of two direct unwaved and wavedmeent, Fig. 2.

4.6.1. Rall

The rail,i = 10, has material parametars = « [Kkg], 'l =diag([oo o0 oo]) [kgnt], the

Young'’s rigidity modulus at pulE; = 210 [GP4 and the Poisson’s ratig = 0,25 [1]. The rail
head part is considered only. Tjhth rail boundary, ergo surface, is described hytiooous
matrix function determining the field of local saan the global space

T, (uy) = Ty " (6(w) O T 4 (14 Y) PP 4 (1Y )

Railway center line Rail profile (24)
u, =[y' y?] 0QOR? Q=(0,9x(-4,4

where the first rail surface parametet determines position in the railway direction, Hee-

ond uy;> determines position on the rail profile, the cunember and the locabordinatet,
in the D-th direction are given by =1+fix (u,°), t, =u,” ~fix (4 °) . The space of theth rail
Rjis defined

c1|<-|-Rj =T2((_1)(J—1) IEJT“((_]')] ) atar(ﬂ)) (25)

The spaceDd defines a position of the composite cur@l in the d-th direction,
T, =T(qy,), RiTD2;k=T(qu,k( (u ))) The coordinates,,, are designed
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qozu(tmaxtl) =0,,
! T
2 ! 21 2T (26)
qozjz(t13naxt1)=!0 0 Aj{co{l__tﬂma}l]_ %| 15 0 - at{n_pi S{HL_ EZmaxtlJL_} 0 ]0
i | i j
The curveCdkis defined in the fix spadedk by the vector function
o Feak (td(uijd )) = DdTPdk PdkTAdk(t dkmak ()[ Rg 0 O ]]T . (27)
The fix space®dkfor the railway curve are defined
DlTPll = E4><4I
DlTPlZ = D:L.I-PllF'll.rCll(.t 11nax)’ (28)
T = O e, T e n(tina) T 77/ 2) T{R YT (7).

The rail profile is modeled in accordance with grefile UIC 60. The matrices of geometri-
cal parameters are

. (10,5
t 4 000 1000 000 asin —— | t t t .
Prd =|: dkmax:| , A =|: :| ’ - — r{ 300) 22max 23max 24 max , aplltUdeS
R, 0 0
“ 300 80 13 0

A=[A A] andwave lengthd =[L, L,] .

Rail ideal contact line

Fig. 2 Railway definition with rail profile UIC 60

1150



Siegl J., Svigler J. #259

4.7. Vehicle

4.7.1. Case of vehicle
To the case of vehicle,= 1, there is added a mass of the revolving pohwgper part of the
secondary suspension. The weight of these paitst®al 523 kg]. The case mass per one

vehicle bogie is considered haif :%55 526[ kg| , the mass inertia tensor is considered origi-

nal 'l =diag([104 772 1037 305 1037 §p{kgnf | and the coordinates matrix of the vehi-
cle bogies in the equilibrium positionf,, =[ °q,,,]=[0 0 -1057,5 1 0 0 0 .

4.7.2. Frame of bogie

The frame of bogie, = 2, contains own frame, brakes, sand blastinghima¢ wheel flange
lubrication, cleaning cylinder, pipeline, cablesgdalf of springs and dampers, antennas and

pins. The weight isn = 3 478 kq], 'I, =diag([ 2 959 4 006 6 49 [kgnf |, the coordinates

matrix of the axle shafts in the equilibrium paomits is

0 11250 0 -164,634 0 0 O
o] {—1 250 0 - 164,634 i 0 or

the link element spacé&slA on the frame left side is

i0

‘ 0 : :
qm:['oqm L the coordinates matrix of

Springs T DEITIEE -
Longitudinal  Lateral Vertical
170 : -170 - 400 590 405
1370 1370 1460 1060 1382
-165| - 165 -121 47,5 - 182
1 1 1 1 1
T =[i quIA] = 0 0 0 _(7_27'_ 8%()) 0 ) (29)
0 0 —[5 - sij 0 0
2 180
0 0 0 0 0
|0 0 0 0 0 |

on the right side they are rotated/bgrround the vertical axis and added to this matrix.

4.7.3. Axle shaft

The axle shaft, = 3, contains own axle shaft only. The weightis= 840,8 k],
'l =diag([156,5 68,8 1565 [kant ], the coordinates matrix of the connecting bodies i

0 1109,5 47 :I; 0 0O
0 -11095 47 1 0 0 0
0o /2 0 1,0 0 ©
0O -lI/2 0 1,0 0
fixle connected with the wheels and axle boxessTdunnection is modeled by fixed link

°q,, :[ioqm

i0

. The axle shaft is

C TR o ioqezo]:
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element. Then motion of these fixly connected pertdependent on the shaft kinematical
magnitudes®q,, °q, °q, .

4.7.4. Axle box left

The axle boxj = 4, contains bearing housing, roll bearings,isgdbbyrinths, Earth return
brush, anti-wheel slide control, bearing housingecphalf of primary springs and dampers,
pin of the connecting rod and half of rubber-metaration damper of the connecting rod.

The mass of this assembly ig =232[kg], 'l =diag([6,2 12,8 143 [kgnt ], the coordi-

nates matrix of the link element spaéai#\ is

Springs Connecting Damper

rod vertical
[ 310 | -270 - 398 - 270
-49,5{ -49,5 - 49,5 155
78 78 -76 - 122
1 1 1 1
i(_IEiA = [i quIA:I = 0 0 0 0 (30)
0 | o -z 0
2
0 0 0 0
0 0 0 0 |
Case of vehicle

vt

Fig. 3Railway vehicle in the equilibrium state on theaflrailway segment
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4.7.5. Axle box right

The axle boxj = 5, is the same as on the left but reflectedusmtiathe longitudinal vertical
plane.

4.7.6. Wheel

The wheelj = 6, contains own wheel, breaking discs, carrfeearth return brush and outer
flange of teeth clutch. The mass parametersmare630,6 kq],

', =diag([185,5 137,6 185]F[kgnt ], the Young's rigidity modulus at puli = 210 GP4,
the Poisson’s ratio; = 0,25 [1], the contact circlB = 1 250 mn] and the wheel widthv =

150 [mm. The wheel rolling surface is considered as aaarsurface which is described by
vector function in the mass centre space

1

‘ri(ui)=T5(q2){——/1q1 u' 0 1] u =B‘2}DQDR2, Q=<—VEV, 12">><<0, on) (31)

whereu® are curvilinear coordinates on the wheel surfeesp. coordinates on the profile and
circumference. The local spaces field on the whedhce is

i.ri(ui):|:iti1 itz in iq.:| (32)
where tangential and normal vectors at each whaet pre
i airi i i i
td@*)zgaii n (u)=v2m('t,)'t,. (33)

The local spaces field on the wheel surface agtbleal space is °T, (u,)=°T 'T (u ). The

wheel is linked by the contact creep elen@nthose actual spaca&; is given by theq. 17

4.7.7. Link elements

All springs and dampers are produced by KONI corgpatl the element characteristics are
given by discrete functions which are interpolatedhe continuous functions tspline or
piecewise cubic Hermitapproximation methods. The second interpolatiothoe has no
overshoots and less oscillation if a data are mobath. The element force functions are
shown in the following figures where white pointsdared curve represents a discrete and
continuous force functions in eigen sp&ik However, radial or bending force of a spring is
described in the original spaéal0. The force and damping functions are ploted thaed
blue color on the Fig. 4 up to 7. The yaw dampesgscially designed to control small-
amplitude sinusoidal bogie rotational movements thredeby enable trains to be operated at
speeds above those previously possible.

4.7.7.1. Spring primary

The length of free spiral spring is 219/, pitch diameter 250mn, diameter of the wire
44 [mn. The stiffnesses in the origin are in the radiaéction 2 366 [lmni'] and in the axial
direction 1 177 lmm']. The spring has 2 effective threads.
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5243 307580 3011 423720
39321 230685F 2258F 3177901 6Q3
X
26211 1537901 15051 2118601 B~y
2364 1177
13118 76895 753F 105930
or 0 Us 0
-1311F 768951 =753 -105930
-2621F -1537901 -1505F -211860
-3932F -230685 -2258F -317790
524[3] 3075? 00 -8 -60 -40 -20 0 20 40 60 80 100 301 4237?%0 -240 -180 -120 -60 0 60 120 180 240 300
N

— N — X [m
o ] X [mnf oI [mn}

Fig. 4 Spring primary — radial and axial force

4.7.7.2. Spring secondary

The length of free spiral spring is 630, pitch diameter 240nin], diameter of the wire 48
[mni. The stiffnesses in the origin are in the radiaéction 266 Nmm'] and in the axial di-
rection 538 Nmni']. Number of spring effective threads is 7.

448 63840 1376 193680

3360 478800 1032 145260F

26 B ]

224 31920F 688 96840}

53

1121 15960 3441 484201

o 0 o 0
-112F  -159601 =344 -48420(

Q' (x)

224F 319200 688 -96840
-336 -478801 -1032F -145260-
_qa8L | | L I L L I L I L I L i | I L I L |
8- 0380 60 120 80 40 0 4080 120 160 200 1376 103680 R0 Si20 60 0 60 120 180 240 300
el N % [mn] NN % [mn]

mm mm

Fig. 5Spring secondary — radial and axial force

4.7.7.3. Connecting rod axle box — frame

The stiffness of the connecting rod is considegtbirameterg = 210 [GP4d, D = 42 jmn],
lo = 545 mm in this way

EA EnD

k = =

533 840[—N} . (34)

lo 0 mm
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4.7.7.4. Dampers

?1857 9000~ 5392 16950
4144 Q3(>'<3)

361 67501 4044F12713F

3 6Q3 a5

24 4500 2696 84751

ax®
121 2250 1348F 42381 an
o5 W

or 0 0 0 )

=12 -2250F -1348-  -4238F }

-24F  -45001 -2696  -8475F

=36 -6750[ -4044-  -12713F

48 90(-) 00 -160 -120 -80 -40 0 40 80 120 160 200 5392 169?%0 -144 -108 -72 -36 0 36 72 108 144 180
[NS} [N] ax [ mm [NS} [N] ax® [ mm

mm at | s mm ot | s

Fig. 6 Damper primary vertical and secondary longitud{yalv damper)

70r 12600 132 20000¢

&

100 —
53 94501 99 15000 713 S
;
//aQ

350 63000/ 661 10000F /o

18- 3150F 33 000/

or 0 or 0

-18F  -3150p =33 -50001

-35- -6300r -661- -10000

=53 -9450¢ =99 -15000-

70 126(»)?00 -160 -120 -80  -40 0 40 80 120 160 200 132 2009900 -160 -120 -80  -40 0 40 80 120 160 200
[NS} [N] o [ mm [NS} [N] ¢ [ mm

mm ot s mm ot S

Fig. 7Damper secondary lateral and secondary vertical

5. Model construction

5.1. Vehicle building

The moving space is placed into the case equihibgpace 10, se€g. 2 Because the multi-
body system of the vehicle hadirite tree structurethere is created a builder with trecur-
sivealgorithm of a whole vehicle system. A list of thedies is shown in theab. 2

. . . T, Degrees of
Absolute numbem | Name Description| Parti | Copyj | Tree levelL - | r freedom
1 Case of vehicle 1 1 1 1 1 6
2 Frame of bogie  front 2 1 2 1 2 6
3 Axle shaft front 3 1 3 2 3 3
4 Axle box left 4 1 4 8 4 1
5 Axle box right 5 1 4 3 5 1
6 Wheel left 6 1 4 8 6 0
7 Wheel right 6 2 4 8 7 0
8 Axle shaft back 3 2 3 2 8 3
9 Axle box left 4 2 4 8 9 1
10 Axle box right 5 2 4 8 10 1
11 Wheel left 6 3 4 8 11 0
12 Wheel right 6 4 4 8 12 0

Tab. 2 Bodies list
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5.2. Motion equations
The condition of then-th body dynamical equilibrium in the actual spaces

"Q,,(t) =04, (35)

where the force effect on tme-th body is described by th#y. 4 TheEq. 35represents a sys-
tem of ordinary second-order differential equations

ar- 10

/Ideal unwaved railway part

P N S
T T T T T

4 4
x10 x 10

R I L L L 12
0 05 1 15 2 25 3 35 4 45 5 0 0.5 1 15 2 25 3 35 4 45

Fig. 8 Coordinates of the case motion= 1

6. Numerical simulation

For reasons of large-scale numerical calculatibesauthors decided to verify given complex
mathematical with simplifications. This simplificahs are made by zero mass of the front
and the back wheel-axle sets which are assembed $haft, wheels and axle boxes. This fi-
nal multibody system has consequently 12 degredseeflom. The numerical simulation is

made for initial valuesq,=[*q,/ “a, |4, 4 ZT]T =0,,, '°0,°0-159,05[mn],
2q,,> 0-32,54[mn] and forward velocitw = 60 kmH']. The waviness of the second direct
railway segment is considered with amplitudes:[-12 14" [mn] and with wave lengths

L=[6 10" [m] for the left and right rail respectively. The nige amplitudeA; means the

left rail oscillates above ideal rail and thereftre vehicle bodies has positive roll angle. Co-
ordinates,™q,' (t) [mn], of the case, the frame and the front wheel-asteare plotted in the

time dependence in seconds in the Fig. 8 up tdié.coordinate
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qum:["‘Oxml "x. 2 ™x 21l "t "2 "%l o]T indicates position of thexth body
in the equilibrium spacen0. This railway wavines type causes the vehicle dateral dis-
placement approximately up to —2@fi, see **x*(t) and frame lateral displacement ap-
proximately up to —3,6nfini, see®x,’(t). The vehicle motion on the ideal railway should no

be theoretically but for reason numerical inaccyraed the time discretication the small mo-
tion randomly can occur.

Saa i afaah,

x10”
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0,01 I I L I I I I s I I I I I I
0 05 1 15 2 25 3 35 4 45 5 0 0.5 1 15 2 25 3 35 4 45

Fig. 9Coordinates of the frame motiom,= 2

7. Conclusions

The mathematical model of the railway vehicle baame the numerical solution of the sim-
plified mathematical model is made by own softwatech allows to simulate a multibody

system oscillation in dependence on initial valudse next work will be oriented to the fin-

ishing of the complete numerical simulation andhe creation of mathematical model of a
complete railway vehicle with two doubly suspendedies and eventually with considera-
tion of a finite stiffness of rail with subsoil.
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32
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Fig. 10Coordinates of the front axley = 3, with 0 degrees of freedom, vertical and nodi-
tion is given by wheel set — rails contact
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