UDC 629.4.015 https://doi.org/10.15407/itm2021.02.091
0. MARKOVA, H. KOVTUN, V. MALIY

MATHEMATICAL MODELING OF ARTICULATED PASSENGER TRAIN
SPATIAL VIBRATIONS

Institute of Technical Mechanics
of the National Academy of Sciences of Ukraine and the State Space Agency of Ukraine
15 Leshko-Popel St., Dnipro 49005, Ukraine; e-mail: dep7@ukr.net

IIpo6aema pO3BUTKY LIBHAKICHOIO 3aJIi3HUYHOTO TPAHCIOPTY € aKTyalbHOI Uisi YKpaiHu. Y 6araTbox
KpaiHax Ul IbOT0 BHKOPHCTOBYIOTH 3WICHOBaHI MOi3au. OCKIIBKM 3B’I3KM MiX BarOHaMH B TaKOMY IIOi31i pi3-
HTBCS MDK CO0OIO, JUIS JOCTI/DKEHHSI HOro AMHAMIYHUX XapaKTEPHCTHK HEOOXIAHO CKIAJATH MOBHY MOJEIb
KOJIMBaHb I0I31a, a He OKpeMoro BaroHa. CTaTTs MpPUCBsYEHa PO3po0Li MAaTEeMaTHYHOI MOZEN HPOCTOPOBUX
KOJIMBaHb 34YJICHOBAHOIO MACA)XUPCHKOro moi3zna. JlaHuii moi3n ckiagaeTbCs 3 7-MH BaroHiB: OAMH MOTOPHHI
BaroH, OJMH IIEPEXiHMI BaroH, TpH 34JICHOBAaHI BarOHM, [Jaji IIe OJWH MEPEXiHHI BaroH i 3HOBY OJUH MOTOP-
Huil BaroH. J{udepeHuianbHi piBHAHHS pyXy HOi31a [0 KOJii A0BLIbHOT OpMH CKIIaAeHO sIK piBHAHHS Jlarpamka
npyroro poxy. IlpuifHiTo K0 yBar# Bci HEOOXiAHI OCOOIMBOCTI KOHCTPYKIIT eKilakiB. 3uJI€HOBaHI BarOHH MaroOTh
CIUIbHI BI3KM 3 CYMDKHUMHU BaroHaMH Ta 3 IEPEXiJHIAM BarOHOM i 3B'SI30K MK BarOHaMu 3a0e3MedyeThest 3 I0MOMO-
roro mapHipa. Pobora mapHipa MiXk IBOMa BarOHAMH MOJEIIOETHCS MPYXHHAMHU Ta AeMIdepaMi, IO IiI0Th B
TOPH30HTATFHOMY Ta BEpTUKAILHOMY HampsiMax. emmdepu Mixk Ky30BaMH JBOX CYCiHIX BATOHIB MOZEIIOIOTHCS
sk pemidepu B’s3koro TepTa. CkianeHo cucteMy 3 257 nudepeHIiadbHUX PiBHAHb APYroro HOPSIKY, sIKi OIMU-
CYIOTh PYX 34WJICHOBAHOTO MOi3[a B3IOBXK MPSMOIIHIHHOI, KPHBOMIHIHHOI Ta mepexifHol JUITHOK KOJii 3 ypaxy-
BAHHSM BHITAQ/IKOBHX HepiBHOCTed Kouii. Ha OCHOBI OTpMMaHOi MaTeMaTH4HOI MOJeNi pO3pOGIICHO aIropuT™ Ta
BI/IMOBiIHE IporpaMHe 3a0e3neveHHs sl MOSIIOBAHHS LIXMPOKOr0 KOJIa BUITAKIB, 10 BKIIOYAIOTH BCI MOYIIUBI
KOMOIHAI[IT mapamMeTpiB Ul €IEMEHTIB M0i3/1a Ta TEXHIYHOrO CTaHy Kouii. JIOCIiKeHHs BIaCHUX KOJMBAaHb I10-
312 MoKa3ajo Horo crabiIbHHN PyX y BChOMY Iiama3oHi po3rasHyTux mBuakocteil (40 km/rox — 180 km/rom).
Pesynbraty, oTpuMaHi LI pyXy I0i3Aa B3XOBX KOJIii, MPH3HAYEHOI I MIBUIKICHOIO PyXY, IMOKa3aJH, 110 BCi
IMHAMIYHI XapaKTePUCTUKH Ta MOKA3HUK SIKOCTI pyXy 3abe3meuyroTh Ge3meky pyxy moisaa ta KOM(QOpTHI yMOBH
VTS TIACAXKUPIB.

Knwouosi cnoea: mamemamuyna mooens, 341eHOBAHUL NOI30, NPOCMOPOBI KONUBAHHA, OUHAMIYHI XapaK-
mepucmuxu.

The problem of high-speed railway transport development is important for Ukraine. In many countries ar-
ticulated trains are used for this purpose. As the connections between cars in such a train differ from each other,
to investigate its dynamic characteristics not a separate car, but a full train vibrations model is necessary. The
article is devoted to the development of the mathematical model for articulated passenger train spatial vibrations.
The considered train consists of 7 cars: one motor-car, one transitional car, three articulated cars, one more transi-
tional car and again one motor-car. Differential equations of the train motion along the track of arbitrary shape are set
in the form of Lagrange’s equations of the second kind. All the necessary design features of the vehicles are taken into
account. Articulated cars have common bogies with adjoining cars and a transfer car and the cars are united by the
hinge. The operation of the central hinge between two cars is modeled using springs and dampers acting in the
horizontal and vertical directions. Four dampers between two adjacent car-bodies act as dampers for pitching and
hunting and are represented in the model by viscous damping. The system of 257 differential equations of the
second order is set, which describes the articulated train motion along straight, curved, and transitional track
segments with taking into account random track irregularities. On the basis of the obtained mathematical model
the algorithm and computational software has been developed to simulate a wide range of cases including all
possible combinations of parameters for the train elements and track technical state. The study of the train self-
exited vibrations has shown the stable motion in all the range of the considered speeds (40 km/h — 180 km/h). The
results obtained at the train motion along the track maintained for the speedy motion have shown that all the dy-
namic characteristics and ride quality index insure train safe motion and comfortable conditions for the travelling
passengers.

Keywords: mathematical model, articulated train, spatial vibrations, dynamic characteristics.

Introduction. The successful operation of high-speed passenger railway
transport in Europe shows the need to develop a similar railway network in
Ukraine. In different countries issues related to the creation of high-speed rolling
stock are resolved in different ways. One of the principles of high-speed trains cre-
ating is the principle of articulation, which involves the support of adjacent cars on
common bogies located between them [1 — 3]. For an articulated train the key ele-
ment is the coupling design, which ensures the stability of two series cars.

A typical articulated train consists of a locomotive followed by one transfer
car, several articulated cars, one more transfer car, and another locomotive. The
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transfer car has an independent bogie on the locomotive side and a common articu-
lated bogie with an adjacent passenger car. The dynamic interaction between cars
in such a train cannot be estimated considering a separate car. Therefore, to model
the vibrations of articulated trains and assess their dynamic qualities, it is neces-
sary to consider a model consisting of several vehicles [4].

Mathematical model. The study of railway vehicles dynamic characteristics is
associated with the consideration of mechanical systems with many degrees of
freedom [5]. The reliability of the results obtained is determined, first of all, by the
correct choice of the calculation scheme of the train under consideration. There-
fore, the developed design scheme of an articulated passenger train should take
into account the design features and characteristics of the cars load-bearing ele-
ments joints as fully as possible. The high-speed train under consideration is
shown on Fig. 1. The transfer car has an independent bogie on the locomotive side
and a common articulated bogie with an adjacent car. The independent bogies of
the transfer cars are connected to the body in the usual way. Articulated cars share
bogies with adjoining cars and a transfer car. The bogies of the articulated cars
have two-stage suspension. The first stage has an elastic element working in longi-
tudinal, horizontal lateral and vertical directions and damping elements. The sec-
ond stage of suspension includes the connections between the bogie frame and the
car-body and the connections between the frame and the articulation pivot. The
operation of the central hinge between two cars is modeled using springs and
dampers acting in the horizontal and vertical directions. Four dampers between
two adjacent car-bodies act as dampers for pitching and hunting and are represent-
ed in the model by viscous damping.
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Fig. 1

A standard motor car of an electric train is considered as a locomotive. Thus,
the train under consideration consists of 7 car-bodies, 4 bolsters, 10 bogies and 20
wheelsets. The entire composition of such a train can be modeled as a system of 41
rigid bodies with 246 degrees of freedom as a whole.

We consider the motion of an articulated passenger train along an elastic-
viscous-inertial track, which is modeled by a mass reduced to each wheel (forty
reduced masses), which has only vertical and horizontal lateral displacements and
rests in these directions on springs and viscous dampers that simulate elastic-
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dissipative properties of rails and subrail base. Thus, in the general case, the sys-
tem has 41 x 6 + 40 x 2 = 326 degrees of freedom.

A fixed coordinate system 6@11@ with its origin at the track centre line on a
rail top level is chosen for describing the motion of the train along track sections
of arbitrary shape, and for each rigid body two moving coordinate systems are
chosen: a natural one Oxyz and associated with rigid body Cx'y'z" (Cx’, Cy’,
Cz' are the principal central axes of inertia). All of the coordinate systems are

right, and the axes 6&, Ox, Cx' are directed from left to right, and the axes

O¢, Oz, Cz' are directed down (Fig. 1) [6].

The axes of the natural coordinate system are directed along the tangent, nor-
mal and binormal to the track axis, respectively. The origin of coordinates O for
each rigid body is at a distance s from its position at the initial time (here s is the
distance travelled). The position of the natural system of coordinates relative to the
stationary one is characterized by the arc coordinate s along the track, by the an-

gle x between the axes Ox and (5& in the plane, and the angles ¢, and 6, be-
tween these axes in vertical planes, which were determined by the elevation of the
outer rail h, in curve. Parameters of the rail y, h, are the given functions of coor-

dinate s.
When referring to the coordinate system of bodies the following subscripts are

used: the car-body — f; (i =1,7), the bolster — b (i =1,4), the frame — s (I =110),
the wheelset — i (i =120) is the number of a wheelset in the direction of motion),
the wheel — ij (j =1 for the car right side, j = 2 for the car left side), rails at the
points of contact — rij .

Displacements x,y,z and rotation angles v, ¢,0 of separate bodies describe

longitudinal, horizontal lateral, vertical displacements, hunting, pitching, rolling of
a rigid body respectively. Positive directions of displacements are shown in Fig. 1
by arrows.

To determine the number of degrees of freedom for the mechanical system
considered, the constraints imposed on the bodies’ displacements as the generally
accepted assumptions and design features of the train cars are taken into account.

Wheelsets’ vertical displacements and rolling are expressed in terms of the
vertical rail track irregularities:
Znt+7p . g = Zip _Zil; (i =1,20), 1)

Zi =
2 20,

where z; is the vertical displacement of the i -th wheelset | -th wheel, which de-

pends on the rail irregularities and rail vertical displacement; 2d; is the distance
between the wheelset wheels” mean rolling radii.

It is assumed that the radii r of the wheels’ mean rolling circles are equal.
Then at the coincidence of the track and bogie longitudinal planes of symmetry all
the wheels turn through the same angle:

Xi+S
¢ ==

= ,(i=120). )
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Bolsters of the motor cars are moving together with the car-bodies in the follow-
ing directions:

Zo =2 +(=1)*l gy
Opk = Pt 5 3)
Opk = 0; (k=14),

where 2| is the motor car base.

Because of the rigidity of the longitudinal rods bolsters angular displacements
in the horizontal plane are equal to the corresponding displacements of the bogies’
frames:

Wpk =Wss (K=14;1=12). (4)

With constrains (1) — (4) the “articulated train-track” system has 326-76=250
degrees of freedom.

To investigate train motion at the transitional modes it is necessary to add one
more coordinate for each car. It corresponds to the change of the car absolute dis-

placement in the longitudinal direction — s (i =1,7). So the number of degrees of
freedom for the train will be equal to 257.

Differential equations of the train motion along the track of arbitrary shape are
set in the form of Lagrange’s equations of the second kind [7]:
d or, or ol o®

ot oa) "oq Toq Tog ~Q TS (=120, (5)

where q;,q; are the generalized coordinates and their velocities; T is the kinetic
energy; I7 is the potential energy; @ is the dissipative function; Q, are the gen-

eralized non-potential forces; S are the applied external forces.

For each rigid body the kinetic energy is determined by the Koenig theorem.
In general, the expression for the kinetic energy of the i -th rigid body can be writ-
ten as follows:

Ti ZEmi [(S+Xi —Yi%i )2+ O +xi%) 2+ (Z —hy )2]+

1

2
where m; is the mass of the i-th rigid body; I; with appropriate subscripts de-
note the principal central moments of inertia of the i-th body; y; =vK;, K; is
the track curvature under the i -th body; v is the speed of motion; hy; is the track
elevation under the i -th body mass centre caused by the outer rail elevation in the
curve h, =6,2d,.

In accordance with the accepted assumptions the kinetic energy of the system
modeling the track can be written as follows:

1 20 2 " 1 20 2 .
Ty :Emrh zzyrij +Emrv Zzzrij J

i=1j=1 i=1j=1

. . 1 . . 1 . )
i (8 +ehi)2+§|zi(\Vi +Xi)2+§|yi (@i +Pni )%,
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where m,,, m,, are the track masses reduced to one wheel in the horizontal lat-

eral and vertical directions, respectively.
The potential energy of the considered system (/7 ) is defined as the sum of
elastic deformations energy (/7,) and the energy changes as a result of rising or

lowering the system bodies’ mass centres ( /75 ).
The potential energy of the system /7, is defined by the Clapeyron theorem as

the sum of energies accumulated in the elastic elements of the system during their
deformation and has the form:

[ 20 40
2 2 2 2 2 2
Z(kcziAczi + kcyiAcyi + kcxiAcxi ) + Z(kaziAazi + kayi Aayi + kaxi Aaxi )
i=1 i=1

1 & 2 2 : 2 2 2
/71 = E + Z(ksyiAsyi + ksxiAsxi )+ Z(ksthshzi + kshyAshyi + kshyxAshxi) )
i=1 i=1
-2 : 2 2 S~ 2 2
+keeri + Z(kskyiAskyi + kskxiAskxi)"'ZZ(krzArzij +kryAryij )
L i=1 i=1 i=1j=1 |
where K, Keyio Kexi are the stiffnesses of the i -th elastic element of the bogie

central suspension in the vertical, horizontal lateral and longitudinal directions;
Aczir Acyi Acxi are the deflections of the i -th elastic element of the central sus-

pension in the wvertical, horizontal lateral and longitudinal directions;
Kazi: Kayi Kaxi are the stiffnesses of the elastic elements installed in the axle box

above the i-th wheelset in the vertical, horizontal lateral and longitudinal direc-
tions; Agyi,Aayi Aaxi are the deflections of the elastic elements installed in the

axle box above the i -th wheelset in the vertical, horizontal lateral and longitudinal
directions; K, Ksxi are the stiffnesses of the bogie axle box/frame additional
connections in the horizontal lateral and longitudinal directions; Ag;,Ag,; are the
deflections of the i-th axle box rod in horizontal lateral and longitudinal direc-
tions; Kgn, Ksny: Ksnx are the hinge stiffnesses in the vertical, horizontal lateral
and longitudinal directions; Agp,i, Aghyi,Ashyi are the hinge deflections in the ver-
tical, horizontal lateral and longitudinal directions; kg is the torsion bar twist stiff-
ness; Ay is the angle deflection at the car-body and the i-th bogie rolling;
KskyisKskxi are the stiffnesses of the rubber dampers in connection of car-body and
bogie bolster in horizontal lateral and longitudinal directions; Agyyi, Askx; are the
corresponding deflections; K, Kk, are the vertical and horizontal lateral stiff-
Aryij
of the track under the j -th wheel of the i -th wheelset.

Mutual bodies’ displacements leading to elastic element deformations for the
central and axle box suspensions are determined in usual way [5]. The displacements
of the bogie with central suspension at one side and the hinge at the other side (artic-
ulated bogie) can be written in follows:

— vertical displacements of springs and hinge elastic elements:

nesses of the track; A are the vertical and horizontal lateral deflections

rzij »
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Ay =2 + 1@ —Z +ag;;
Az =2y — 0o =2, —a @ —b(0y +0p, =0, =0y );
Ayz =Zo — 10k =2 —a @ +b(0y; +0p, =6, =0y );

— horizontal lateral displacements of springs and hinge elastic elements:
Ayt =Yia —h(Wia +2) —Yr —awr +20) — Uy
Ayr =Ayz =Yio +1r (Wi +xk2) = Yr +a (yy +7%; ) —Uy;

— longitudinal displacements of springs and hinge elastic elements:
Ax1 =Xp1 —Xy;

Ay =Xy =X +b(Wio + A2 —Wr —%r )
Ax3 =Xk2 =Xr =b(Wia2 +2k2 —=Wr —%r )

where |, is the distance from the transitional car mass centre to the hinge in longi-
tudinal direction; a is the distance from the frame mass centre to the hinge; I, is
the distance from the articulated car mass centre to the central suspension element;

a" is the distance from the frame mass centre to the central suspension element; b
is the distance between central suspension elements in lateral direction;

1 . . . . .
uj = 5IiZK is the arch rise of the curvilinear track (in horizontal plane) under the

car-body mass centre in the limit of car base (K; is the track curvature under the

car mass centre);
The potential energy caused by rising or lowering the i -th body centre of gravi-
ty with taking into account the curvilinear motion is defined as follows:

41
My == mg(0ny; +z),
i=1

where g is the acceleration due to gravity; 6y is an angle between the horizontal
plain under the i -th body mass center and the track plate because of the outer rail
elevation on the inner one.

The constructed calculation model takes into account the effect of viscous forces
in the vertical and horizontal deflections of the suspension.

Dissipation function for the considered system has the form:

20 40 4 4
A2 A2 A2 A2 A2

Zp’cziAczi +ZBaziAazi + ZBciAci +Z(BshziAshzi +BshyiAshyi +
ol i=1 i-1 i-1

) . 16 - 20 2 . .
+BshxiAshxi)+ ZBxiAxi + ZZ(BrzArzij +BryAryij )

1 i=1j=1

where B.,; is the coefficient of energy dissipation for the i-th damper of the
central suspension in the vertical direction; B,,; is the coefficient of energy
dissipation in the elastic elements installed in the axlebox in the vertical direction;

B.i is the coefficient of energy dissipation of the deviating hydrodamper between
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i -th bogie bolster and frame; B,; is the coefficient of energy dissipation for the i -
th damper installed between the car-bodies; B,,,3,, are the coefficients of the

energy dissipation in the track in the vertical and horizontal lateral directions; A
are the relative velocities of bodies connected by viscous dissipative elements.
Generalized forces Q, are defined as coefficients of variations of generalized

coordinates in expressions of creep forces T, T, possible work [8]. In

determining the forces acting on the wheel in the horizontal lateral direction,
components of the force of gravity are taken into account (in addition to the creep
forces). Contact point coordinates on the surfaces of the wheel and the
corresponding rail are determined in accordance with the theory described in the
article [9].

After the expressions of kinetic and potential energy, dissipation function, gen-
eralized and external forces are put in (5), a system of nonlinear differential equa-
tions of the 514-th order is obtained, which describe the articulated train motion
along straight, curved, and transitional track segments with taking into account ran-
dom track irregularities.

On the basis of the obtained mathematical model the algorithm and computa-
tional software has been developed to simulate a wide range of cases including all
possible combinations of parameters for the train elements and track technical state.
Calculated estimation of train dynamic indices has been done by the solution of non-
linear differential equations described above. Non-linear differential equations have
been solved by the Adams-Bashfort method.

Results of calculations. The study of the train self-exited vibrations has
shown the stable motion in all the range of the considered speeds (40 km/h—
180 km/h). Time histories of the wheels hunting at the train motion along the
straight track without irregularities for the speeds of 40 km/h, 100 km/h and
180 km/h are given on Fig. 2.
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At the train motion along the track with imperfections the main dynamic char-
acteristics were calculated in accordance with the requirements of the Standard
[10]. They are: car-body horizontal lateral u, and vertical u, accelerations; forc-

es acting on the wheelsets in the lateral horizontal direction H horizontal lateral
and vertical dynamic indices kg, and Ky, ; derailment stability coefficient k,;

horizontal and vertical ride quality coefficients w;,, w,, .

The results obtained have shown that at the train motion along the track main-
tained for the speedy motion all the dynamic characteristics insure train safe motion.
It is proved by the data given on Fig. 3 —Fig. 5.

As the considered train is devoted for the passengers transportation, its ride
quality is one of the main characteristics. At the carried simulations the processes of
the middle car-body vertical and horizontal lateral accelerations have been used to
determine the car ride quality factors [11]. The results obtained for the different
speeds of train motion are shown on Fig. 6.
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From the given results it is seen that for the considered articulated train the ride
quality values are in the range of the excellent quality which is insuring comfortable
conditions for the travelling passengers.

Conclusions. Mathematical model describing the articulated train motion
along the track of arbitrary shape in plan is developed. The model takes into ac-
count forces acting both in car elements and in intercar couplings. Some prelimi-
nary simulation results are given, which show the possibility to use the developed
model and software for the estimation of the articulated train dynamic characteris-
tics.
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