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Abstract—The need for an accurate mathematical description modeling, specialized computer programs of engineering
of the dynamic processes occurring in the running parts of the analysis are used [3-7]. In a number of works, the dynamic
railway vehicles is substantiated, taking into account the real jnteractions of the «wheel-rail» system are considered taking
operating conditions of the rolling stock. A mathematical model 14 account deviations in the content of the running parts of
of motion of vehicles with a variable structure of a system of the vehicles and the track [8-13]. At the same time in

nonlinear differential equations of motion is proposed. In the ical simulati feat fd .
design scheme, material elements are accepted by massive rigid "UMerical simuiation some fieaturés of - dynamic power

bodies, whose internal deformations are not taken into account in connections are not fully taken into account taking into
calculations, and by elastic-friction elements with nonlinear ~account the rolling, sliding and slipping of wheels along the
characteristics, whose masses are neglected. Between thelateral faces of railheads arising in motion.

elements of the system, connections are used that regulate certain

relative movements of these elements. Features of dynamic power [l. SIMULATION APPROACH

connections in the «wheel pair-path» system are taken into  Tg describe the motion of the railway vehicle, an approach
account, including rolling, sliding and slipping of wheel crests pssed on the theory of relative motion using moving non-
along the lateral faces of railheads arising in motion. To do this, a inertial local coordinate systems is used [14]. A fixed
tsrgi(;'\?érstgcﬁgﬂ‘i '2f u\?videelt-c;ai(l:alfiili:l?ct)i tz‘; é?]r(‘j?:”d'g?' t?]réd coordinate syster®&¢ and two mobiles are used: natural — is

SrES ; ) P g o Oxyzand associated with a sokdCx'y'z',whereCx', Cy', Cz'

redistribution of the relative rates of slippage, lateral attitude, . tral finertia (Fia. 1). Al dinat t
wagging and twitching of the wheel pair. The mathematical ;rgqalrliq ﬁen ral axes ot ner ia (Fig. 1). coorcinate systems
ght. The origin of the absolute fixed (Cartesian)

model allows one to investigate the movement, dynamic . ? :
properties of the railway vehicles taking into account the real COOrdinate system is located on the straight track at the

combinations of the maximum permissible wear of the running Peginning of the transition curve. The axes of the natural

parts of the vehicles and the track; choose rational parameters of Coordinate systenOxyz are directed respectively along the
the railway vehicles for various geometric, rigid and inertial ~ tangent, normal and binormal to the path axis. All the solid

parameters of the running gear of the vehicle. bodies of the system have the main central axes of inertia and
the resulting relative motions are the geometric sum of the
Keywords— railway vehicle; mathematical model; the «wheel motions in the individual coordinate planes. To establish the
pair-track» system, car dinamics; car truck. dependencies between the projections of the angular velocities
of rotation of a rigid body on fixed and moving coordinate
axes, the Euler kinematic equations are used taking into
account the smallness of the angular velocities of rotation
gfound its own axes.

l. INTRODUCTION

A large number of violations of the safety of the
movement of railway vehicles are observed in the presence
deviations in the content of their running parts and the upper Let us consider as a railway vehicle 4-axle car (Figure 2).
structure of the track in curved sections of the track. For th&he object is represented by a system of 11 solid bodies (a
analysis of traffic safety estimating the influence of deviationdody, two bolster cross-member, four side frames, four wheel
in content, and choosing rational parameters of structurgdairs) connected with each other by elastic-friction non-linear
elements, a mathematical model is needed that accuratdipnds.

describes the dynamic processes occurring during the The assumption of the non-deformability of bodies is
interaction of the «wheel palr-_track» system in the sprung angased on the fact that the rigidity of spring suspension and
non-sprung parts of the vehicle. A large number of papergjastic bonds is much less than the structural rigidity of the
have been devoted to modeling the motion of railwayrames of bogies and the superstructure and the frequency of
carriages in which as a rule the theory of «creep» with variouslastic vibrations of these bodies is much higher than the
refinements of the equations of motion is used [1, 2]. Irfrequency of their vibrations on the spring suspension.
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Fig. 1.Reference systems for sol

Fig. 2. The calculation scheme of the faxtevehicle

The load in the car is ceitlered to be undeformable a
integrated into the body of the car.

Between the elements of the systewmnnections are use¢
that regulate certain relative movements of these eler

At the junction of the side frame (BBnd the wheel pa
(WP) there are elastidissipative bonds with a gap, as a re
of which relative translational, lateral and angular moverr
are possible.

As a result of the presence of eladtiction bonds with &
gap between the bolster cross-membe€CNB and the SF,
their rdative transverse and angular displacements in
horizontal plane are possible. Running of (SF relative to
the other occurs as a result of their connection throug!
BCM and spring sets.

Frictional connections between the body and BCM
allow angtar relative movements in the horizontal pla
Relative translational movements in the first stage are
considered, because in the standard design cmale center
plate nodehere are no elastic elements. In addition, the
between male and female center pkie neglecte
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The redistribution of the vertical load on the rails occur
a result of the elevation of the outer rail over the inner r¢
curvilinear sections of the track. This takes into accoun
gaps in the slips and the projies of suspension in the
vertical direction.

The model takes into account the following features
nonlinearities that affect the horizontal dynamics of
vehicle the action of the moments of the forces of dry fric
in the plane of the support of the foot on the thrust bearing
possibility of installing dampers of viscous and dry frictior
the junction of the gearbox with ttSF and the presence of
gaps n this assembly, and railheads, -sidedness of the
connection between the wheel and the rail, SF with the
WP, the clearance in the rut, the nonlinear character c
creep forces taking into account the rolling principle of
wheels N.E. Zhukovsky.

Possible displacements of bodies are described b
following relative generalized coordina g (Figure 2):0;...0s
— horizontal linear transverse displacemeWP; (s...0g —
horizontal linear longitudinal displaceme WP; qg...012 —
horizontal displacement plaWeP; q.5 ...qig—horizontal linear
transverse movements Siy ...gxo—angular in the horizontal
plane of displacement SH;s ...024—angular in the horizontal
plane of displacement BCMy,s —horizontal transverse linear
movements of the bodyj,s— angular in the horizontal plane
of movement of the bodyq,; ...qz — horizontal linear
longitudinal displacements SF.

The movement of the dxle car is described by a syst
of the 60th order of 30 differential equations, correspont
the accepted calculation scheme of the carure 2) and
includes the equations of dynamic equilibri

- WP on forces parallel to the axY, axis X;

- by the sum of the moments of forces acting on WP
relative to the axig;

- SF on forces parallefo the axisY, axis X, on the
moments of forces, rotatir§fF in plane;

- BCM on the moments of forces, trying to ro B
relatively kingpins;

- body on the forces acting on it and the moment
forces.

In the design scheme possible increments in
coodinates of the system the values of the deformation c
connections between the bodies of the system are deter
on the basis of the wellnown assumption that the ang
between the axes of moving coordinate systems asso
with the center of masand the path axis are small for e
solid (their values are not exceed 0.005 rad) and their cc
are equal to 1, and the sinuses and tangents to the angl

The calculation scheme material elements taken ma
rigid bodiesof which the internal strain in the calculations
not captured and an elastic-friction elements with non-
linear characteristics the masses are negle

For each element of theysten there is its own adopted
mobile coordinate system, the centf which is in the center
of mass of each element.

Dynamic deformations of WP and SF bonds are
determined in the transverse and longitudinal direc and
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BCM and SF are determined by their mutual wobble ant mé
transverse displacements in time. Dynamic deformations c¢ T, My T
the «wheel-rail» connections are calculated taking intc — ™ ) ‘\;,; 4 7 -~
account the unevenness and broadening of the rail threads, - @z1 T 1@4
elastic depressions and the lateral displacements of the ge p Us & gy Yo té?(l)ssf_r U5 .
unit in time. We check the condition of each ridge on the rai ﬂéi ;  Wheelpai P membe 7 N‘;"
taking into account the clearance in the ridge to the side, tt £ h Fr
runni?ng and friction of the ridge against the gide surface of th,,—Lb'm—g\/ il R
railhead [15]. . fa m4
may Hrgs mé

When investigating the movement of the railway vehicle in — - — (f#&nfs— - —— — &, T— —— —— — | nj;
curves, the linearization of the wheel profile cannot be . ’1‘;2? i
accepted. Therefore the model reflects the action c |, =% A :
«gravitational» stiffness: in the case when the point of contac =<— [~ ® R s | 4
on one wheel is displaced closer to the ridge due to th % T‘—T‘ 5, s
nonlinearity of the profile the difference of the contact angle: a f Qs . by
arises and consequently even with the same vertical loads %} % [ q"*"" side fram  §; [Fes
both wheels the transverse components of the normal forc. | | 5
will be different which will lead to the appearance of a ~ e AL Jo——

; ; = . %,
returning lateral force. Its value increases with increasing, _ _ _
lateral displacement of the gear unit and is determined from Fig. 3. Power calculation scheme of a 2-axis truck
the expressions given in [16] for the real rolling profile of the

wheel and rail. Expressions for the damping moments arising from

angular relative movements of the body and the BCM in the
When determining the vertical reactions of rails under eachlane of their support in the pivot assemblies were obtained by
wheel the redistribution of the vertical load between the outeintegrating the moments of the friction forces along the area of
and inner rail threads is taken into account as a result of thdle contacting surfaces with respect to the elementary areas
elevation as well as the action of the moments of théaking into account the external and internal radius of the
transverse inertial forces. Friday and the signature dependence of the direction of their

. . . . action:
In connection with the fact that in the case of curvilinear

motion a significant slippage of wheels is possible, the 5 R3_R3
application of linear theories of determining the creep forces My =§'H19;R§_—R§Sign(flj — Gz6), 1)
and their moments is unacceptable. 2

Therefore when simulating the movement of the vehiclewherept is the coefficient of friction in the male center plate
the principle of N.E. Zhukovsky describes the movement ofiode; P; is the load on the male center plai;, R — are
wheels in the WP and a special technique for calculating thexternal and internal radius male center plate, respectiggly;
longitudinal and transverse forces of wheel-rail frictiong,, is the first time derivative of wobble BCM and body,
depending on the redistribution of the relative rates ofespectively.

slippage, lateral attitude, wagging and jerking WP. ) _
S ) ] The mutual angular and linear displacements of the
Longitudinal and transverse reactions of SF bonds W'”&onjugate elements in the truck are determined:

WP bays (Figure 3) are determined on the basis that the case
of the axle box can simultaneously slide and rotate relative
the supporting frictional surface of the pedestrian opening
the SF due to oscillation of wiggling, twitching and lateral i ts of fricti d f .
attitude of the gearbox. This takes into account the presence of ~ ransverse movem_en.s ot fricion wedges ot spring
a spread of longitudinal and transverse gaps, the forces of d?ySpenS'on by friction strips; .

friction on the bearing surface and when choosing a gap, - mutual transverse dlsplacements of the points of the
angular pinching in the plan and the possibility of installingm”!”g surfaces of the whgels relative to the points of the
various elastic-friction elements in the joint of the axle boxlling surfaces along the railheads:

with the SF.

The connection of the SF with the BCM of the truck is iy = G+ Yi(t) = Vi 2)
carried out through the springs of the central sprin%%é

- linear movements of the gearbox relative to the SF in the
é@nction of the coordinates of the wheel pair and the SF;
- transverse movements of the BCM relative to the SF;

suspension, the subclinical springs and the friction wedg here q; is the generalized coordinate of lateral displacement

therefore the coupling reactions are defined as the sum of t Ich ﬂ ir(1tc)ieln$ vtvrr‘]ie?rd'.nigttehgl;fgstig?ﬁﬁﬁl&?ﬁ%’wﬁz of the
forces of the elastic components of the spring set and tHE Yo '

forces of dry friction realized by the absorber taking into The vertical loads from the wheels to the rails are
account the action of the returning and pinching moments argketermined:
forces in the oscillations of wobble and the running of SF.
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- lateral loads on the body under the action of transverse Two types of interaction between wheels and rails are
acceleration on it from the centrifugal and centripetal forces gfossible: when the crests of the wheels do not touch the rails
inertia; (freewheeling of the wheel pair) and when the forces normal

to the rail act (the direction of movement of the wheel pair)

V2 gh between the wheel crests and the rails.

Hy = 0,5G,[(— — L), 3) . . ,
k28 Free wheel-free contact with the rails takes place if:

whereG, is the body weighty —is the vehicle speed along a

curve;h is the elevation of the outer rail of the curve,gw |85 + 4045 + Yjou! - (-1)[G1 > 0 (4)
9, 81m/§;_ Sis a half distance between the centers of thgyhere g, is the total clearance between the crests of wheels
railheads in the track; of the wheel pair and the side faces of the railheads, at the

suspension and transfer to slipways. Angle of transshipment 8fM€ Point including the unevenness of the path in the plan;

. _ 5 . . Ym is the rail release underwheelj wheel pair;q; is the
the body on the sidef=—--d, whered — is the gap in  geeralized coordinatewheel pair (€5...9).

slippery; by — is the distance from the center of the kingpin to During the free rolling between the wheel and the rail

the center (_)f the hood on thg slope;— is thg outer radiu§ of frictional forces can arise which keep the wheel from slipping
thrust bearing. Body angle is due to spring deformatiBns oyer the inclined surface of the railhead (with rails flat) and
=Gty \yhereh, is the height of the center of gravity forces caused by pseudo-slip as a result of rolling the wheel

Cyp~Gbhp long the railhead at some angle to the longitudinal axis of the
of the body from the lower plane of the spring suspension q?ail. g ! g gitud X

the car; Cyy is the angular rigidity of spring suspension, _ ) ] )
determined by the formul&y, = 2C,B2, where C, is the The.total .hor|zontal shear force acting on ithveheel with
vertical rigidity of the spring seth, is the distance from the €€ rolling will be equal to the sum of these forces:
center of the_ spring set to the axis of the trolley passing Ysicp = ('1j{PwiBin19 +kfy@pSigng; } (5)
through the pivot; ) . _ , :

- load on the neck of the gearbox caused by the action oiherei = 1...4; P, is the vertical load fromwheel to rail;

the wagon of centrifugal and centripetal acceleration. is theanglle of inclingtion _to thg horizon of .th_e upper surface
N _ of the railhead (rails rails)k is the coefficient of creep
Empirical dependencies have been adopted as éﬁbseudo-slip).

relationship between the moment of rotation of the BCM an ) )
its angle of rotation relative to the SF. Force Ys; causes the rail to be released. With a known

, . value of lateral forceYs The steering force an(the oncoming
Force reactions of the boxes and SF are determined for Woheel) will be equal t&, = Ysi + Yai oo -

qualitatively different states: when the box does not have
contacts with the vertical guides of the axle gap of the SF and The mathematical model of the movement of a 4-axle car
when these contacts have already arisen. allows one to model the movements of an 8-axle and a multi-
. . _ . . axle wagon. In this case individual differential equations and
Power ties of wheel pairs with rails are determined by theq ations of dynamic reactions of bonds and external forces
conditions of their mutual contact combined with the rollinggre agapted for the basic design scheme of an 8-axle car. For
and sliding processes of the wheels (pseudo-slip) as well @3ample, an 8-axle freight car will be presented as a nonlinear
the slip of ridges along the side faces of the rails. mechanical system consisting of 23 rigid bodies: 8-WP, 8-SF,
In determining the horizontal force reactions betweerf-bolt and 2 connecting beams, 1 body with a load.

wheels and rails, two kinds of interaction between wheels and

rails are taken into account: when the crests of the wheels da epted by the design scheme (Figure 4), the oscillations of
not touch the rails (free rolling of the gears) and when thg,e g axle car are described by a system of 54-differential
forces acting normal to the rail (guided motion of the geapqyations of the second order. This system is conditionally
unit) act between the crests of the wheels and the rails. divided into 3 groups of differential equations where the first

When driving on wheels of wheel pairs, whose wheels ar&vo describe the motion of 4-axle bogies and the third group
rigidly connected to each other by an axis at any moment ¢heir dynamic connection with each other. Differential
time, any wheel of the wheel pair inevitably slips along angduations of dynamic coupling are recorded through
across the rails. It is especially significant that such wheedcceleration of wobble and lateral attitude of the center of
slides in the movement of vehicles in the curved sections dnass of the body:
the path of small radius. According to a special technique, the . di—das . bstins
ratio of frictional-sliding moments on wheels of a wheel pair =5, =5 (4)
determines which of the wheels is slipping when the wheel The influence of the moments of frictional forces on the
pair moves and which rolls without sliding, the conditions for

contacting the crests of the wheels with the side surface of ﬂ?escnlanons of the wabbling of the connecting beams is taken

railhead are determined. The mode of movement of the Wheg]rtlgloag%zutgt thlg ethueatigﬁr;(?rssv%ndlinng tﬂgf%r:dn t'glf aeg_uae;(t;gr::sér
pair is taken into account: coasting, traction, braking. 9 q 9ging y

In accordance with the number of degrees of freedom

413



ATLANTIS
PRESS

Advances in Engineering Research, volume 158

by adding a term where the radii of the central Friday of an 8and accelerations of all elements of the railway vehicle,

axle car are substituted.
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Fig. 4. The calculation scheme of the eight-axle vehicle

Accelerations g, and §,s are necessary for dynamic
coupling equations (4):

Gos=(B-Q"—A-Q)-C
©®)
G2s=(B-Q—A-Q")-C

whereA= (M, + 4 -m.g) - L2+ J,;
B=M,- L -],
C=4-L7/(A* - B?);
Q= Zi‘ Qus.tme - (g-Quu—v- ‘l.’1.1);
Q* = X105+ M- (g Qi1 — V- @Piy).
I1l. RESULTSAND DISCUSSION
The obtained results of numerical

simulation showed

deformations and forces in bonds, frame, lateral and directing
forces, stability factors from derailment, recession angles,
factors wear and the coefficients of dynamic forces additions
for each element of the running parts of the vehicle;

- to vary geometric, rigid and inertial parameters of the
running gear of the vehicle;

- to investigate the driving performance indicators used to
estimate the vibrations of the sprung parts of the railway
vehicles (dynamic factors, vertical and lateral acceleration of
individual body points, etc.), safety used to estimate the
dynamic behavior of uncured masses (wheel stability factors
against the derailment, frame and side forces, the ratio of the
frame force to the static axial load, etc.);

- to investigate the motion of the vehicle with different
profiles of wheels and rails, rigidity characteristics of the track
using creep forces models and friction coefficient values in the
contact of the wheel and rail;

- to investigate the processes of rolling the wheel with a
crest onto the railhead detaching the surface of the wheel from
the rail and also the process of the wheel pair falling off the
rails;

- to select rational parameters of the railway vehicle for the
purpose of ensuring the safety of various types of railway
vehicles and increasing their overhaul mileage.

IV. CONCLUSIONS

1. An improved mathematical model of the movement of
the railway vehicles has been developed taking into account
deviations in the content of the running parts of the vehicle
and the path with a variable structure of the system of
nonlinear differential equations of motion.

2. The mathematical model allows one to investigate the
movement, dynamic properties of the railway vehicles taking
into account the real combinations of the maximum
permissible wear of the running parts of the vehicles and the
track and also to choose the rational parameters of the railway
vehicle for various geometric, rigid and inertial parameters of
the undercarriage.
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