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Absgtract. The increase in motion speed of the trains moving along certain routs changes the
operational conditions and interaction of the rolling stock and the track, and requires the solution of
important issues related to the specifications of their maintenance, since there occur additional dynamic
loads. In this case the particular attention is paid to the interaction of the rolling stock and the railway
track; to the problems of scientific substantiation of the criteria for assessing the dynamic characteristics
of carriages; to the motion smoothness, traffic safety and traveling comfort; as well asto improvement of
the maintenance specifications of the track and the rolling stock in the process of their operation and on
the basis of scientific analysis and determination of top (safe) speeds of the trains mation.

Using the three-dimensional mathematical model of the DPKr-2 Diesd train waggon, its basic
dynamic characteristics were determined and analysed: coefficients of vertical and horizontal
dynamics, maximum acceleration of the body both in vertical and in horizontal plane. The influence
of the amplitude of vertical and horizontal obliques of the railway track on the dynamic
characteristics of the Diesdl train was investigated. The determination of the basic dynamic
characteristics was carried out on the basis of the devel oped three-dimensional mathematical model
of the waggon, which consists of 38 differential equations of the Diesel train motion. The simulation
(solving) of the mathematical model was carried out using Maple software. The geometrical periodic
equivalent obliques of the left and right rails were adopted as perturbations both in vertical and in
horizontal plane. The determination of the basic dynamic characteristics of the DPKr-2 Diese trane
waggon will alow evaluating its vibro-protective properties. The determination of the coefficients of
vertical and horizontal dynamics both in central and in axle leaf-spring suspension, of the maximum
accelerations of the waggon body in vertical and in horizontal plane will allow carrying out the
analysis of vibro-protective properties of the mechanical part of the Diesel train wagon. The
obtained results may be used to define the safe interval of the Diesel train motion speeds on the track
sections in the presence of vertical and horizontal obliques.

Keywords: mathematical model; coefficients of vertical dynamics; coefficients of horizontal
dynamics; leaf-spring suspension; wheelset.

Introduction

The designing, manufacturing, operation and repair of rolling stock are carried out in order to ensure
an acceptable level of dynamic characteristics of therolling stock during the whole lifetime [1]—{6].

The dynamic characteristics of the rolling stock mechanical part may be divided into the following
categories: 1) the indicators, which evaluates the vibro-protective properties of the mechanical part [1; 7];
2) theindicators of motion safety [10]-{13].

The following indicators fall under the category of indicators, which evaluates the vibro-protective
properties of the mechanical part: 1) maximum acceleration of the body; 2) maximum displacement of the
body; 3) coefficients of vertical and horizontal dynamics.
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Problem Statement

Since the first usage of the DPKr-2 Diesel train on the Ukrainian railways, several types of testings
have been conducted to verify the compliance of its characteristics with the requirements of the
standardized documentation of The State Administration of Railway Transport of Ukraine
“Ukrzaliznytsia’. However, theoretical investigations of the train force interaction with the railway track
and the determination of the basic dynamic characteristics of its mechanical part have not been carried out.
In this regard, with a help of the developed mathematical model of the Diesel train waggon, it is necessary
to determine and to analyse the maximum accelerations of the body, as well as the coefficients of vertical
and horizontal dynamics both in central and in axle leaf-spring suspension during its motion along the
straight section of therailway track.

Review of Modern | nfor mation Sour ces on the Subject of the Paper

It is stated in [9] that DPKr-2 Diesel train was developed in “ Kryukov Railway Car Building Works’
PJSC to provide suburban passenger service on the railways sections with 1520 mm gauge for passive
passenger traffic in Ukraine, CIS countries, Latvia, Lithuania and Estonia.

Several types of tesings were performed to verify the compliance of the characteristics of the
developed Diesd train with the requirements of the standardized documentation of The State
Administration of Railway Transport of Ukraine “Ukrzaliznytsia’. The testings of the influence of the
mentioned dynamic characteristics on the track and rails switches have been carried out by “Railway
Transport Researches’ Laboratory in August 2014 on the main tracks of “Pridniprovska’ railway.

The purpose of these investigations consists in assessment of the influence of the DPKr-2 Diesel
train on the railway track and rails switches, and in determination of the top (safe) speeds of the trains
motion aong the railway tracks of The State Administration of Railway Transport of Ukraine
“Ukrzaliznytsia’ with 1520 mm gauge. On the basis of the obtained results of the testings, the top (safe)
speeds of the DPKr-2 Diesel train motion along the railway track of 1520 mm gauge will be determined.

However, theoretical investigations of the DPKr-2 Diesd train force interaction with the railway
track and the techniques of theoretical determination of the basic dynamic characteristics of its mechanical
part are not yet available. In this regard, the mechanical model of the Diesd train waggon taking into
account the basic design features of its carriage part will be considered in this article.

On the basis of the structure analysis of the waggon carriage part of the DPKr-2 Diesd train [2] and
of the sdected mechanical models of its basic parts, its three-dimensional mechanical model (Figs. 1-3)
was constructed [5].

Considering the three projections of the mechanical model, it can be seen that the oscillations of the
diesel train waggon and railway track model taken for further investigations can be described by the
following generalized coordinates:

— for the waggon body: bouncing z, jerking x,, lateral (side) drifting v, , pitching j ., wobbling
Yy «, lateral (side) swinging q ;

— for the truck frame: bouncing z; , jerking x;;, lateral (side) drifting v, , pitching j 4, wobbling
Y 5 » lateral (side) swinging qy; (] =1,2 isthe number of the truck frame);

— for the wheelset: bouncing z,; , jerking X,,; , lateral (side) drifting y,,; , wobbling y ,;, lateral
(side) swinging q,,; (i =1,4 is the number of the wheelset).

In order to describe the vibrations of the mechanical model of the diesdl train waggon, a
mathematical model consisting of 38 differential equations of the second order has been derived [5]. In the

central stage of the waggon leaf-spring suspension, the pneumatic leaf-springs are used. In parallel to them,
the hydraulic vibrations dampers are installed.
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Fig. 1. Mechanical model of the DPKr-2 Diesdl train waggon in projection on the plane ZX
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Fig. 2. Mechanical model of the DPKr-2 Diesel train waggon in projection on the plane ZY

The mathematical model of the mechanical part of the Diesdl train wagon is as follows:

— wagon body bouncing:
My & + Aoy Xt + 4oy X& + doicyy Xz - 201091 X2y - 2091 XZp -

- 2bgy Xy - 2bg Xbyp - 2by Xy - 2by X5 =0
—wagon body pitching:
3 Ry + Abg Xa5 b, + A Xa3 2§l + dorcgy Xa5 Ay - 20Hcyy Xap X2gy + 20001 Xap Ty -
- 2byg Xap by + 2y Xap Xy - 20 Xap Xy + 20 Xap X + A0, X5 { X + a5 1) -
- 22K 003 X5 X1 = 27K 05 Xa5 %55 =0,
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—wagon body lateral (side) swinging:
anc >d%< + 4}R.Zl Xaé >Ch< + 4bZl Xaé >(§(K + 4'bZ Xaé >(§(K + 4}KT0]3 ><a§ >ch< + 4}K2n0n >e5 ><y1< + aS >ch< ) +

+4D 50, 785 "(&K +ag "fx) - 20K 1 %05 Wy - 2K a3 0y - 2D %03 oy - 20 %5 o, -

- 2b2 ><a§ >(§(Bl - 2b2 Xag xf(BZ - Z}KTOP ><a§ Mp1 - Z}KTOP Xag My - 2}K2r10r1 *ag >(yBl - & >qu) -
- 2}K2n0r1 *ag ><y32 - 8 >qBZ) - 2b2n0n a5 ><g(31 - 8 Xf(Bl) - 2b2n0n a5 ><g(32 - 8 Xf(BZ) =0
—wagon body jerking:
m, >&S< +4%2n03 >(x1< +ag >j yK) - 2)1(21103 XXp1 - 2)1(21103 XXp2 = 0
—wagon body lateral (side) drifting:
m; X&k + 49f02n0n >(y1< + a5 >ql() + 4b2n0n >(a&1< + a5 >(§(K ) - 2}K2n0n >(y31 - a6 >qu) -
- 2}K2r10r1 >(y32 - 8 >qBZ) - 2b2n0n >(¢&Bl - 8 >(§(Bl) - 2b2n0n >(¢&BZ - 8 >(§(BZ) =0

— wagon body wobbling:

‘JZK WK +4yc2non m% ¥ +4b2non >WZZ >y&1< +4}K2no3 m32; ¥ - Z}KZHOH Xap )(yBl - dg >qu) -

- 2b2non Xa; )<ﬁ31 - 8 )&Bl) + 2}K2non Xa )(yBZ - & >qBZ) + 2b2non Xa; )(.&BZ - 8 )&32) =0;
— first truck bouncing:

M,y X8y + 40K X2, + 4Dy Xy + 20K 5, %2y + 2by Xy + 20, 4, - 2}K21’<2K +ay yK)_
2by ’(ﬂx +ap 4, ) - 2b, ’(ﬂx +ap 4, ) - 20Ky %2y - 201 Mg - 20K X2 - 20y X =0,
—first truck jerking:
My ><E‘Bl + 2)1(21103 X1 + 43’Ccan.6n01< >(x31 ta; >j yBl) - 2)1(21103 >(XK *t3 >1 yK) -

- zwccan.ﬁnox

—first truck lateral (side) drifting:
rrlsl x&‘sl + 2'?fCZrlon >(yBl - a6 >qu) + 2b2n0n >(ﬁ31 - a6 >(itlal) + 4'?’Cn0n ><yBl + a7 >qu) -
- 2)1(211011 >(y1< ta¥  + 23 >qK) - 2b2n0n >(/&1< ta, >y&x + a5 xfx) - 23’011011 XVin1 23’011011 XVen2 = 0;
—first truck pitching:
‘]yBl >jg&ylal + 43/01 xaf >j yBl + 4bl xaf >j&yBl + 43fccan.6n01< >e'7 >(xBl + a7 >1 yBl) - 2)1(1 ><al >(ZKnl -
- 20 Xy by + 20K X0y 325 + 200 Xy X yp - 200Ceq 60k
—first truck lateral (side) swinging:

3 1 g +4oicy %05 50, + Ay 0 oy + By, ey Va1 + 87 51) = 29000 %6 M Ve1 - 86 1) -
- 20200, %06 ’(f‘al -8 >(f‘gl) + 20101 Xa5 Xy + 20050 a5 Mg + 2D a5 1y + 20, ad o -
= 20114, Xa5 0 - 2000y %5 X, - 20 %5 4 - 20, 503 o - 2000y %] Mg - 20y %05 g -
- 2000y X4 Xz - 201505 M - 2,00 X7 X1 = 2K 2By Xz
+291 300 B { Vi + a2 ¥ + 8520 ) + 2D 50, 2B >(;&1< +a; ¥k +ag dx) =0;
— first truck wobbling:
31 M1 + 2100, 585 % 1+ B0 XY K 51+ DMy 550 X85 K 51 2o Xy X1 +

2 2 2 — N
+23fcn0n X XV - z'yccan.ﬁnox Xy N 1 - z'yccan.ﬁnonc Xy N o - 23”21103 Xaz ¥ = 0;
— first wheelset bouncing:

(Maz +2Megy ) g + 2D Xy + 200 Xy + 20000 g + 20 Ty = 200y >(231 +ap yBl) -
-2b; ’(&31 ta >j&y31) = Meon >(w511 "'whpl) *+byon ’(H‘nl "'H‘npl) + HCyon >(hnl +hnpl);

X1 ™ z'yccan.ﬁnox K2 = 0;

XAy XX, = 20HC

caJ1.0JIo0K >e'7 xxKl'IZ = O;
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— first wheelset jerking:
Men1 Fent + 29Ccan 0k Nl = 2HCcan Grox >(xB1 +az yBl) =Fa+Fo;
— first wheelset lateral (side) drifting:
(mKrll + 2m[<on) X&Knl + 2'D’Crlorl XVl - 2'D’Crlorl ><yB1 + R Y] + ay >CIBl) =- Fyl - FyZ;
—first wheelset lateral (side) swinging:
2 2 2 2 2
‘]xKrll k1l t 2b1 Xay >(§‘K1'l1 + 2bKOJ‘[ xS knl T 2'chl Xag M1 + ZD’CKOJI XS™ M1 - 2b1 Xay dBl -
2 — .
- 2'chl Xag g1 = bKOJ'I XS><Han1 - I‘&nl) + o >€>(hrlpl - hnl) - Fyl X - FyZ X2,
— first wheelset wobbling:
2 2 —
‘]ZKrll >¢&K1‘l1 + 29’Ccan.6n01< Xag %Y kn1- 29’Ccan.6n01< Xag %Y g1 = ( Fx2 - Fxl) xS

All the parameters of the mathematical model presented above are minutely specified in [5]. Let us
adduce only several inertial and stiffness parameters of the DPKr-2 Diesel train waggon:

— the moments of inertia of the body and the truck about X, Y, Z axes: Jy, =121,43t xm?,
- 2 - 2 — 2 - 2 - 2.
Jys =507, Jy, =1570,21t>m", Jy, =6,6t>xm", J, =1570,21txm", J,, =10txm";
kN kN

—vertical and lateral stiffness of the axle suspension springs: JK; =1136,6 —, orcyy, =1403,5 —.
m m

The moments of inertia of the wheelset are presented in literature [10; 11].

£y £y
_ = mE = ToE
Wey /\L&{/ig Vi /—\%x\/&\ Vel /D%’
., \Y/ W y \Vi
o - = o -
£y £y

Fig. 3. Mechanical model of the DPKr-2 Diesdl train waggon in projection on the plane YX

Objectives and Problems of Research

On the basis of the three-dimensional mathematical model of the DPKr-2 Diesdl train waggon, we
will determine and analyse its main dynamic characteristics, using which one will be able to evaluate the
vibro-protective properties of therolling stock. To achieve this goal, the following tasks must be solved:

— to analyse the previously developed three-dimensional mathematical model of the waggon
vibrations of the new rolling stock taking into account the features of the interaction of separate elements
of its structure;

— to determine the coefficients of vertical and horizontal dynamics of the body and of the cushioned
parts of the truck;

— to calculate the maximum accel erations of the body both in vertical and horizontal plane;

— to investigate the influence of the amplitudes of the rail track obliques on the dynamic
characteristics of the DPKr-2 Diesdl train waggon.
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Main Material Presentation

The coefficients of vertical K g and horizontal K £ dynamics may be determined on the basis of
deflexions of separate sets of leaf-spring cushion D:

DB

CT

DF

r _“-a
Kl =57 )

CT

In addition, they may be defined taking into account the forces F occurring in separate set of |eaf-
spring cushion:

s _Fi
K =F_; ©)

CcT

=74

r _ "X
K =L, (4

CcT

In this case, dynamic coefficients have the lower index (subscript) “/[”; static coefficients have the
lower index (subscript) “CT". Vertical deflexions and forces have the upper index (superscript) “B”;
horizontal deflexions and forces have the upper index (superscript) “7™.

The maximum accelerations of the wagon body characterizing the dynamic forces, which act upon
the equipment placed on the rolling stock, should be determined both in vertical and in horizontal planes.

The simulation of the mathematical model of Diesel train will be carried out in Maple software.

As perturbations both in vertical and in horizontal planes, the geometrical equivalent obliques of the
left and right rails are adopted:

hBep = HBep Sinn1t ; (5)
hFop =Hqp sinnot . (6)
where

2p
ng= u; 7
Locp (7)

2
n, = 3 P u; (8)
TOp

Hyeps Hrop a@re the amplitudes of vertical and horizontal obliques; Ly, Lo, are the lengths of vertical

and horizontal obliques; u is motion speed.

The obtained results are presented in Figs. 4-11. In the mentioned figures, the dependencies of the
coefficients of vertical and horizontal dynamics of the waggon body and truck as functions of the path
length are presented for different parameters of the railway track obliques.

Inis necessary to take into account the standardized values of the coefficients being investigated for
the passenger wagon body [8]:

—the coefficients of vertical dynamics should not exceed 0.25;

—the coefficients of horizontal dynamics should not exceed 0.15;

— maximum accelerations of the body in vertical plane as a proportion of the coefficient of free fall
acceleration g should not exceed 0.25;

— maximum accelerations of the body in horizontal plane as a proportion of the coefficient of free
fall acceleration g should not exceed 0.15.
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Fig. 7. Coefficients of horizontal dynamics of the 4™ axle unit at the motion speed of 25 m/'s
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In addition, let us mention the standardized values of the coefficients being investigated for the axle
cushion [8]:

—the coefficients of vertical dynamics should not exceed 0.4;

—the coefficients of horizontal dynamics should not exceed 0.3.
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Fig. 10. Vertical accelerations of the waggon body as a proportion of the coefficient of free fall acceleration g
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Fig. 11. Horizontal accelerations of the waggon body as a proportion of the coefficient of free fall acceleration g

Thus, analysing the obtained results (Figs. 4-11), and comparing them with the requirements of the
standards and specifications, we may make the following conclusions;

— the increase of the numeric value of the vertical and horizontal oblique amplitudes causes the
degradation of the dynamic characteristics of the Diesdl train waggon;

— at certain parameters of the geometrical obliques, the coefficients of vertical and horizontal
dynamics may fall outside the permissible limits. In such cases, at certain sections of the track, the slow
orders (speed limitations) are made or the railway track obliques areto be corrected.
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Conclusions

1. The three-dimensional mathematical model of vibrations of new rolling stock is analysed taking
into account the peculiarities of interaction of separate el ements of its structure.

2. Using Maple software, the software environment, which allows taking into account the real
operation conditions and geometrical tolerances during the manufacturing and repairing of the rolling
stock, was devel oped.

3. Basic dynamic characteristics (coefficients of vertical and horizontal dynamics both in central and
in axle leaf-spring cushion; maximum accelerations of the waggon body in vertical and horizontal plane)
were defined.

4. For the particular case, the parameters of the railway track obliques, at which the coefficients of
vertical and horizontal dynamics may fall outside the permissible limits sometimes causing the motion
safety violation or rolling stock derailment, were determined.
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