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METHOD OF CONSTRUCTING THE DYNAMIC MODEL OF
MOVEMENT OF THE MULTI-MASS SYSTEM

Purpose. The scientific work is intended to develop a methodology for describing the structure of the railway
vehicles (they are considered as a system of rigid bodies connected by rigid, elastic and dissipative elements), which
would allow us to obtain the equations of motion in an easily algorithmized way. Methodology. When constructing
the model, authors tend to ensure that its structure reflects the structure of the mechanical system, that is, parts of the
model must correspond to parts of the car. In this case, the model takes the form of a hierarchically organized graph
whose vertices correspond to the bodies, attachment points of the connecting elements and to the connecting ele-
ments themselves, and the edges describe the sets of processes that are related to the incident vertexes. As a rule,
these are movements and forces: for the edge between the body and the attachment point they are generalized
movements of the body and the general forces acting on it; for the edge between the attachment point and the con-
necting element - the movements of the point and the forces arising in the element. To each vertex there corresponds
a group of equations describing the motion of the system. The nature of the equations depends on the type of the
vertex. For the body it is the equations of body motion; for the point - the expressions for the point displacements
through generalized displacements of the body and generalized forces acting on the body, through the forces arising
in the connecting element; for the connecting element - the expression for the forces arising in it through the defor-
mation of the element. The graph can be regarded as oriented. The direction of the edge is chosen in such a way that
for each vertex the values on the right-hand side of the vertex-associated equation would correspond to the incoming
edge, and in the left-hand side - to the outgoing edge. Findings. A technique for constructing a dynamic model of
oscillations of railway vehicles as a system of rigid bodies is developed on the basis of their description using hier-
archically organized graphs. The technique was tested to construct a model of spatial oscillations of a 4-axle freight
car with an axial load of 25 tons in Simulink package. Originality. For the first time, a technique has been
developed for describing the structure of a railway vehicle using a hierarchical graph, which makes it possible to
obtain equations of motion in an easily algorithmized manner. Practical value. The proposed methodological
approach will allow, after creating a library of bodies and connecting elements, to significantly reduce the time spent
on modeling the oscillations of different vehicles.

Keywords: oscillation model; railway vehicle; multi-mass system; graph

motion becomes a routine procedure, which it is

Introduction advisable to deliver into charge of the computer.
Let us consider one of the possible approaches
to the solution of this problem, for this we will pre-
sent a semi-formal way of describing the model
and the rules of compiling the equations of motion.
Actually, we will not be interested in the solution
of the equations, since for these purposes there are
universal packages of applied programs Simulink
[6], Simscape, OpenModelica, Dymola (the last

At present, the approach to constructing models
of car oscillations is well known and tested for as-
sessing the car running qualities and dynamic load-
ing of elements [12]. The car is considered as a set
of solid bodies [1], connected by rigid, elastic, vis-
cous, dissipative elements [10, 11, 13]. As a rule,
the angles of rotation are considered small values,
after which the compilation of the equations of
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two packages implement the language of the de-
scription of dynamical systems Modelica [9]) and
S0 on.

Purpose

To develop a methodology for describing the
structure of the railway vehicles (they are con-
sidered as a system of rigid bodies connected by
rigid, elastic and dissipative elements), which
would allow us to obtain the equations of motion
in an easily algorithmized way.

Methodology

When building a model, we strive to ensure that
its structure reflects the structure of the mechanical
system (car), that is, parts of the model must cor-
respond to parts of the car. In this case, the model
takes the form of a hierarchically organized graph
whose vertices correspond to the bodies and con-
necting elements, and the edges describe the sets of
processes that that are related to the incident to
edge vertices [7]. An example of the general struc-
ture of the model is shown in Figure 1.

a) | Body
Pty Ptz
R e — 1
b): Body Inertial | |
i forces | |
I o i s e
| —f : f } |
|l Pt; Pt :
= @ _

Fig. 1. Car body: a — vertex representing, b — its internal
structure. Pt1 and Pt2 are attachment points of pairs «Centre
plate - Centre pad»

As a rule, a set of generalized displacements
and corresponding generalized forces correspond
to the edge.

For the edge, causality conditions can be de-
fined (for example, if the force is considered as a
function of displacements) or not (forces and dis-
placements are related by implicit relations). The
difference between the two types of edges is not
fundamental and, if desired, one can write down

the formal rules for determining the causality rela-
tion.

To describe the model-building rules, we use
the inductive approach and consider the basic types
of subsystems and the corresponding equations. In
doing so, we will try to match the set of equations
to the node, and the set of variables to the edge.

BFL' £51
BZﬂP[H

e e G
RP1 RP2 RP B2

1]
Centre pad

Fig. 2. Fragment of «Bogie» subsystem

Figure 2 shows a fragment of the «Bogie» sub-
system, in which the bolster NB is connected to the
solebars BRI, BR2 with the spring suspension unit
RPI, RP2. The motion of such a subsystem is de-
scribed by the equations that can be conveniently
divided into the following groups:

1) Equations of motion of bodies;

2)Equations expressing the movement of the
attachment points of the connecting elements
through the movements of the bodies;

3)Equation of the relationship between the de-
formation of the connecting element and the force
that arises in it.

The last group of equations refers to the con-
necting elements, the first two to the bodies. In
view of the fact that the parameters of the equa-
tions of the first two groups are different, it is ad-
visable to equip each body with an internal struc-
ture, as shown in Fig. 3, using the example of bol-
ster.

Body SK1 SK2

1 T i t t : 1

RP1 RP2 PP
e

Fig. 3. Bolster.
Internal structure of the node
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The inner vertex «Body» corresponds to the
body motion equations. Internal vertices RPI, RP2,
PP, SK1, SK2 - to the attachment points of corre-
sponding connecting elements: spring suspension,
pair «Centre plate - Centre pad», side bearing.
These classes of vertices (for the body, for attach-
ment points of the connecting element and for the
connecting element itself) are the basic ones for
building the car model. We will dwell in detail on
each of them.

The vertex representing the motion equations of
the body, whose principal central axes of inertia
are parallel to the coordinate axes, is shown in
Fig. 4.

This vertex can be incident with several edges,
each of which is associated with a set of gene-
)

ralized displacements ¢“/’ and generalized forces

0" . The edges connect the vertex «Body» with
the vertex «Pointy.

The physical meaning of the processes ¢/ —is
the generalized displacements of the body.

The vectors QY correspond to generalized

forces acting on the body at the j-th point. The
body motion equation includes the sums of the
components of these vectors, and the motion equa-
tions themselves take the form:

f;;f: X9,

2r3,

2

(M)

d’o )
2o

d’o )
Iy dtZ ZZ(DJ 2
i

I.,1.,1

where m — body mass, [, o1 - main central

moments of inertia.

Variables corresponding to displacements are
called variables of the potential type, and processes
corresponding to the forces are variables of the
current type. These names refer to Kirchhoff's laws

for electrical circuits and to the fact that the
movements in the edges incident to one vertex are
equated to each other, and the forces are added to-

gether.

/0/267/29
]

Fig. 4. Vertex «Body motion equations»

(1

. 40"
Lil '

The vertex representing the «Point» (Figure 5)
is responsible for transforming the displacements
and forces acting on the body (superscript «0»)
into the displacements of the point and the force
applied to it (superscript «1»). The parameters of
the vertex are the coordinates of the point
X,, ¥,» 2, In the coordinate system, whose origin

is in the center of gravity of the body. At small
angles of rotation, the expressions that determines

the relationship between the values ¢, 00 and
g, 0" take the form:

NOR RN 0 -z 00
W =04 2, 0 —x [ 6@ ],
A0 sy, x, 0O

oY) (o©

[(pm “| o |,

YO | | y©

XY (xO @)

YO =] yO |,

70| | 40
0 @n} 0 -z ¥
o |=|o®|+| 2z, 0 -x, | ¥V
() w0 -y, X, 0 )| 2
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Fig. 5. Vertex «Point»

The «Connecting elementy connects the
«Pointsy of two «Bodies», Figure 6.
/0/0 a Connecting 5/7767 (1
element

Fig. 6. Vertex «Connecting element

The deformation of the connecting element is
the difference

) )

a (o
Aq=q " —q . (3)

The force Q, arising in the connecting element
depends on the deformation Ag. The expression

for the force depends on the type of the connecting
element. For example, for a linear spring of rigidity
C, operating in a vertical direction

X=Y=0,
Z=C-Az, 4)

It is convenient to assume that the force O acts
on the Body-0 from the side of the Body-1. In this

case Q(O) =0, Q(l) =-0.

By combining the described types of vertices, it
is possible to present in a compact and visual form
a model of car oscillations, suitable for direct for-
mation of the motion equations.

Let us consider the implementation of the de-
scribed approach for building a model in the Simu-
link package. In this case, the body, point and con-
necting element are conveniently represented as
subsystems. As an example, Figure 7 shows the
Simulink scheme for the subsystem «Bolster».

S —

"Sicte forces
bearing” 1

~

Suppoit poin!

1 Forces in
Z |—— — support point T
z

Subsystem
"Side bearing™
2 M

of support
point2

Forces in
support
point 1

Subsystern
"Spring" 1

Displacement of
support point T

Generalized displacements
and speeds

Excitation

Fig. 7. Subsystem «Bolster» in Simulink model

A non-trivial matter is the question of compar-
ing each edge with the direction of signal propaga-
tion, which is chosen so that for explicit expression
of some values through other the argument is the
input, and the function is the output.

Having examined the expression (2), we see
that the directions for displacements and the direc-
tions for forces in one edge are opposite to each
other. The direction of propagation for different
signals is given in Table 1.

Table 1
Directions of signal propagation

Vertex class Process Direction
Body q” output
ov input
Point q© input
o© output
q(l) output
oV input
Connecting 49, ¢ input
element 0O, o output

Findings

The use of the proposed method resulted in cre-
ation of a freight car model, which consists of a
body and two bogies. The bogies were considered
as a construction consisting of the following sub-
system-elements [2, 3]:

wheel sets with box;
— solebars;
— bolster;
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— springs of the central spring unit (each two-
row spring separately);

— friction vibration dampers;

— axle-box suspension;
centre pad,;
side bearing.

Each of these subsystems is independent and
can be replaced with the condition of preserving
the geometric parameters of the connection points
of the element. This feature of the model is con-

Force, kN

20 202 204 206 208 2N A2 214 M6 218 22

venient to use for changing the parameters in order —
to select their optimal values. Fig. 8. Vertical forces in the axle box of gondola car
The bodies, with the exception of bolsters and with axle load of 25 tons, speed of 120 km/h

bogie solebars, have 6 degrees of freedom; the
angles of rotation are small. To better estimate the
dynamic loading of the bogie cast parts, the de-
tailed models of spring suspension (up to individ-
ual springs and friction wedges, which are consi-
dered as separate bodies of the system) and axle
box were developed. ) o

The model will be used to evaluate the dynamic A technique has been developed for describing
loading of bogie elements of the car with an axial ~ the structure Qf a rallway. VethI_e using a hl.erarchl—
load of 25 tons [8], in order to clarify the loads cal graph, which makes it possible to obtain equa-
arising during operation [4, 5, 14]. Vertical forces tions of motion in an easily a.llgorlthrr}lzed manner.
acting in the axle box when the car moves along a The vehicle is a system of rigid bodies connected
straight section of the track at 120 km/h speed are DY rigid, elastic and dissipative elements. The

This methodological approach will allow, after
creating a library of bodies and connecting ele-
ments, to significantly reduce the time spent on
modeling the oscillations of different vehicles.

Conclusions

shown in Figure 8. technique was tested to construct a model of spatial
oscillations of a 4-axle freight car in the Simulink
Originality and practical value package. Directions of further development: crea-

tion of the library of bodies and connecting ele-
ments, detailed presentation of the geometry of
track, the models of track superstructure and
wheel-rail interaction.

For the first time, a methodical approach to
creating dynamic models of railway vehicles based
on their description using hierarchically organized
graphs was proposed.
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METOJUKA NOBYJJOBU ITUHAMIYHOI MOJEJI PYXY
BATATOMACOBUX CUCTEM

Meta. Y HaykoBiii poOOTi HEOOXiTHO PO3POOUTH METOIUKY OMKCY CTPYKTYPH 3aJlI3HHMYHUX €KiMaxiB (po3riisi-
JIAFOTHCS SIK CUCTEMa TBEPIMX Til, 3’€JHAHUX >KOPCTKUMH, NPYKHUMH Ta JAUCHIIATHBHUMHU €JIEMEHTaMH), sIKa J10-
3BoJIMIIa O OTPUMATH PIBHSHHS PyXy CIIOCOOOM, IO JIETKO anropuTMmiszyerbes. Meroauka. [Ipn nobynosi moneni
aBTOPU IParHyTh JI0 TOTO, 100 i CTPyKTypa BimoOpaxana CTPYKTypy MEXaHiYHOI CUCTEMH, TOOTO YaCTHHH MOJEI]
MOBHMHHI BiINOBiAaTH YacTMHaM BaroHa. [Ipu npoMy Monens HaOyBae QopMmy iepapXidyHO OpraHi3oBaHOro rpada,
BEPIIUHM SIKOTO BiAIMOBINAIOTH TillaM, TOYKaM KPIIJICHHS 3’ €IHYBaJIbHUX CJIEMEHTIB Ta CAaMHUM 3’ €JHYBAILHUM elle-
MEHTaM, a pedpa ONHCYIOTH CYKYITHOCTI MPOIECIiB, SKi MArOTh BIJHONIICHHS 10 IHIWACHTHHX peOpy BepmuH. Sk
TIPaBUJIO, II€ TIEPEMIIIEHHS Ta CHIIK: IS pedpa MiXK TiTOM i TOUKOIO KPIIUICHHS — y3araibHEeH] epeMilleHHs TiTa Ta
ZIiF0Y1 Ha HBOTO y3araibHEeHi CHIN; IS pedpa MiXK TOUKOIO KPIMJICHHS 1 3’€AHYBAJIEHUM €JIEMEHTOM — IIEPEMIIIeH-
HSl TOYKH 1 CHJIM, III0 BUHUKAIOTH B eneMeHTi. KoxHil BepIInHi BiAOBiAa€ Irpyma piBHAHb, [0 ONUCYIOTh PyX CHC-
TeMH. XapakTep piBHAHb 3aJICKUTH BiJ THITy BepIIHHU. {7 Tina — piBHAHHS pyXy Tija; A TOUYKH — BUPA3U mepe-
MIIIICHb TOYKH Yepe3 y3arajibHEeHI MEepPeMIllieHHs Tila i y3arajJbHEHUX CHJI, IO JIF0Th Ha TUIO, Yepe3 CHJIH, IO BH-
HHUKAIOTh y 3’€IHyBaJIbHOMY €JIEMEHTI; ISl 3’ €JHYBaJIbHOIO €JIeMEHTa — BUPA3U JUIsl CHJI, 1[0 BUHUKAIOTh B HBOMY,
yepe3 nedopmaiiii enementa. ['pad Moxke po3risgatucs sk opienropanuii. HanpsiMok peOpa oOHparTh TaKUM YH-
HOM, II00 JUTS KOXKHOT BEPIIMHU BEIMYHUHY, IO CTOATH Y MPABil YaCTUHI 3ICTABJICHUX BEPIIIHMHI PiBHSHB, BIAMOBIIa-
U pedpy, IO BXOJNUTH, a B JiBiii — Buxoauts. Pe3yabTaT. Po3po0iieHo MeToanKy moOyIOBH AUHAMIYHOI MOJEIi
KOJINBaHb 3aJi3HMYHIX EKiMaXkiB sIK CUCTEMH TBEPAMX TiI HA OCHOBI IX OIMHCY 3a JOTIOMOTOIO i€EpapXidHO OpPraHizo-
BaHUX TpadiB. Meronnka BUMpoOyBaHa sl TOOYIOBH MOJEIi IPOCTOPOBUX KOJNHWBaHb 4-BICHOTO BaHTa)KHOTO Ba-
TOHA 3 OCHOBHM HaBaHTaXCHHsSM 25 Tc B makeri Simulink. HaykoBa nHoBu3Ha. Briepmie po3po0iieHO METOAUKY
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OIUCY CTPYKTYPH 3aJi3HMYHOT'O €KillaXXy 3a JIOIOMOTOI0 iepapXiyHoro rpada, ska J03BOJISIE OTPUMATH PiBHSIHHS
pPyXy croco0oMm, II0 JErKo anropurMmiszyerbes. IIpakTuuna 3HaYMMicTh. 3anpoNOHOBAaHMN METOAWYHHUM MiIXil
JIO3BOJIUTD, ITICJISI CTBOPEHHS OI0JMIOTEKH TiJ Ta 3’€JHYBaJbHUX €JIEMEHTIB, 3HAYHO CKOPOTUTH BHUTPATH 4Yacy Ha
MO/ICTIFOBaHHS KOJIMBaHb PI3HUX €KiMaXxiB.

Knrouosi crosa: MOieb KONHUBaHb; 3TI3HIYHAN CKiNaX; 0araroMacoBa CUCTeMa; Tpad
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METOJIMKA NOCTPOEHUSI JUHAMUYECKO MOJIEJIH
JBUKEHUSI MHOTOMACCOBOI1 CUCTEMBI

Heasb. B HayuHo#i paboTe HE0OX0ANMO pa3pabOTaTh METOAUKY OMHCAHUSI CTPYKTYPBI JKEJIE€3HOAOPOKHBIX IKHU-
nakel (paccMaTpUBaOTCA KaK CHUCTEMa TBEPABIX TeJ, COCAMHEHHBIX XECTKHUMH, YIPYTHMH U JUCCUIIATHBHBIMHU
3JIEMEHTaMH), KOTOpas I03BOJIMIA O IOJYYHTh YPaBHEHUS JBIKEHHUS JIETKO aJITOPUTMH3UPYEMBIM CIIOCOOOM.
Metoauka. [Ipu nocTpoeHNN MOJIENI aBTOPBI CTPEMSITCS K TOMY, YTOOBI €€ CTPYKTypa OTpakalla CTPYKTypy Mexa-
HUYECKOMU CHUCTEMBI, TO €CTh 4aCTH MOJCIN NOJI2)KHBI COOTBECTCTBOBATH YAaCTAM BaroHa. le/l 9TOM MOJICJIb an/l06pe—
TaeT GopMy MepapXUUecKH OpraHU30BaHHOIO Tpada, BEPIIMHBI KOTOPOTO COOTBETCTBYIOT TEJlaM, TOUYKaM Kperie-
HUSI COCTMHUTEIBHBIX 3JICMEHTOB M CAMHM COCAMHHUTEIBLHBIM 3JIEMEHTaM, a pedpa OIMUCHIBAIOT COBOKYITHOCTH IIPO-
1IECCOB, KOTOPBIE UMEIOT OTHOIICHHE K MHIMACHTHBIM peOpy BepmrHaM. Kak mpaBuiio, 3To HepeMeIieHns] U CHJIbL:
U pebpa MEKIY TEIOM U TOYKOH KperuieHHus: — 0000IICHHBIC IepEeMEIIeHNs Tela U IeHCTBYIOMNE Ha Hero 0000-
IIEHHBIE CHJIBL; I pebpa MEXy TOUKON KPEIUICHHS U COSANHHUTEIBLHBIM 3JIEMEHTOM — IEPEMELICHUS] TOUKU U CH-
JIbI, BO3HHUKAMOLINE B yeMeHTe. Kaxqoi BepIIMHE COOTBETCTBYET IPyINa ypaBHEHHH, ONMHMCHIBAIOIINX JBIKCHUE
CHCTeMbl. XapakTep ypaBHEHUH 3aBHCUT OT TUIA BEpIUIWHBI. J{JIs Teaa — ypaBHEHUS JBIDKCHUS Tena; IS TOUKH —
BBIPAKCHUS TIEPEMEIICHNN TOUKH depe3 000O0IIeHHBIE MePeMEICHUs TeJla U 0000IMIEHHBIX CHII, AEUCTBYIONINX Ha
TEJI0, Yepe3 CHJIbI, BO3HUKAIOIINE B COCANHUTEIILHOM 3JIEMEHTE; JUISl COSTMHUTEIBHOTO 3JIEMEHTa — BBIPAKEHHS JIs
CHJI, BO3HHMKAIOIINX B HeM, depe3 aedopmaiuu sneMenTta. ['pad MoxeT paccMaTpuBaThesi KaK OPUEHTHPOBAHHBIN.
Hamnpasnenue peOpa BEIOHparOT TakkuM 00pa3oM, YTOOBI ISl KaXKI0H BEpIIUHBI BEJIMYHHBI, CTOSIIME B IPABOM Yac-
TH COINOCTABJIEHHBIX BEPUIMHE YPAaBHEHWH, COOTBETCTBOBAJIM BXOISIEMY peOpy, a B JIEBOM — HCXOISIIEMY.
Pesyabrartsl. Pazpaborana MeTouKa MOCTPOEHHS ANMHAMUYECKON MOJIENH KOJIeOaHHUH KeNIe3HOMOPOKHBIX dKUIIa-
JKeW Kak CHCTEMbI TBEP/bIX TNl HA OCHOBE X OIMCAHUsI C TOMOIIBIO HepapXUYeCKH OpraHU30BaHHBIX TpadoB. Me-
TOJMKa ONPOOOBaHa JUIS MOCTPOSHHS MOEIH NPOCTPAHCTBEHHBIX KOJIeOaHHi 4-0CHOTO I'py30BOT0 BaroHa ¢ 0CEBOH
Harpyskoit 25 tc B makere Simulink. Hayunasi HoBu3Ha. BriepBrie pa3paboTraHa METOIMKA OMMCAHUS CTPYKTYPHI
JKEJIE3HOIOPOKHOTO SKUIaXKa C IOMOIIBIO HEPapXUIECKOro rpada, KOTOpas MO3BOJIAET HONyYUTh YPAaBHEHUS IBH-
JKEHHS JIETKO alrOpUTMU3HpyeMbIM crocoOoM. IIpakTuyeckasi 3HAYMMOCTb. [IpeiioKEeHHBIH METOIMYECKUIt
MOJXOJ] TIO3BOJIUT, MOCJIE CO3JaHUsI OMOIMOTEKH TEI U COSIUHHUTEIBHBIX 3JEMEHTOB, 3HAUYUTEIBHO COKPATUThH 3a-
TpaThl BpDEMEHH Ha MOJICTIMPOBAHNE KOJIEOAHHUH Pa3INIHBIX IKUITAXKEH.

Knrouesvie crosa: Monens KoueOaHUH; XKeIe3HOTOPOKHBIA SKUIIAXK; MHOTOMAccoBas cucTeMa; rpag
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