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Abstract. 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 travelling comfort; as well as to 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 motion. 

Using the three-dimensional mathematical model of the DPKr-2 Diesel 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 Diesel train was investigated. The determination of the basic dynamic 
characteristics was carried out on the basis of the developed 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 Diesel trane 
waggon will allow 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 the rolling 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) the indicators 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 the railway track. 

Review of Modern Information Sources 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 Diesel 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 along 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 Diesel 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 Diesel 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 Diesel train [2] and 
of the selected 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 кz , jerking кx , lateral (side) drifting кy , pitching кϕ , wobbling 

кψ , lateral (side) swinging кθ ; 
– for the truck frame: bouncing вjz , jerking вjx , lateral (side) drifting вjy , pitching вjϕ , wobbling 

вjψ , lateral (side) swinging вjθ  ( 1,2j =  is the number of the truck frame); 

– for the wheelset: bouncing кпіz , jerking кпіx , lateral (side) drifting кпіy , wobbling кпіψ , lateral 

(side) swinging кпіθ  ( 1,4i =  is the number of the wheelset). 
In order to describe the vibrations of the mechanical model of the diesel 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 Diesel train waggon in projection on the plane ZX 

 
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 Diesel train wagon is as follows: 
– wagon body bouncing: 
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– wagon body pitching: 
2 2 2
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– wagon body lateral (side) swinging: 
( )

( )

2 2 2 2
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– wagon body jerking: 

( )к к 2поз к 5 к 2поз в1 2поз в24 2 2 0;ym х Ж х a Ж х Ж хϕ⋅ + ⋅ + ⋅ − ⋅ − ⋅ =&&  
– wagon body lateral (side) drifting: 

( ) ( ) ( )
( ) ( ) ( )

к к 2поп к 5 к 2поп к 5 к 2поп в1 6 в1

2поп в2 6 в2 2поп в1 6 в1 2поп в2 6 в2

4 4 2

2 2 2 0;

m у ж у a у a Ж у a

Ж у a у a у a

θ β θ θ

θ β θ β θ

⋅ + ⋅ + ⋅ + ⋅ + ⋅ − ⋅ − ⋅ −

− ⋅ − ⋅ − ⋅ − ⋅ − ⋅ − ⋅ =

&&& &

& && &
 

– wagon body wobbling: 
( )

( ) ( ) ( )
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– first truck bouncing: 
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– first truck jerking: 
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– first truck lateral (side) drifting: 
( ) ( ) ( )
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– first truck pitching: 
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– first truck lateral (side) swinging: 
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– first truck wobbling: 
2 2 2
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– first wheelset bouncing: 
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– first wheelset jerking: 
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– first wheelset wobbling: 

( )2 2
кп1 кп1 сал.блок 4 кп1 сал.блок 4 в1 2 12 2 .z х хJ ж а ж а F F sψ ψ ψ⋅ + ⋅ ⋅ − ⋅ ⋅ = − ⋅&&  

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: 2
xк 121,43 ,J t m= ⋅  

2
xв 5 ,J t m= ⋅ 2

yк 1570,21 ,J t m= ⋅  2
yв 6,6 ,J t m= ⋅  2

zк 1570,21 ,J t m= ⋅  2
zв 10J t m= ⋅ ; 

– vertical and lateral stiffness of the axle suspension springs: 1 1136,6 ,kNЖ
m

= поп 1403,5 .kNж
m

=  

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

 
Fig. 3. Mechanical model of the DPKr-2 Diesel 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 Diesel train waggon, we 

will determine and analyse its main dynamic characteristics, using which one will be able to evaluate the 
vibro-protective properties of the rolling 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 accelerations 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 Diesel train waggon. 
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Main Material Presentation 

The coefficients of vertical Д
ВК  and horizontal Д

ГК  dynamics may be determined on the basis of 

deflexions of separate sets of leaf-spring cushion ∆ : 
В
ДВ

ДП
СТ

К
∆

=
∆

; (1) 

Г
ДГ

ДП
СТ

К
∆

=
∆

. (2) 

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

В
ДВ

ДF
СТ

F
К

F
= ; (3) 

Г
ДГ

ДF
СТ

F
К

F
= , (4) 

In this case, dynamic coefficients have the lower index (subscript) “Д”; 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) “Г”. 

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: 

вер вер 1sinH tη ν= ; (5) 

гор гор 2sinH tη ν= . (6) 
where 

1
вер

2
L

π
ν υ= ; (7) 

2
гор

2
L

π
ν υ= ; (8) 

вер гор,H H  are the amplitudes of vertical and horizontal obliques; вер гор,L L  are the lengths of vertical 

and horizontal obliques; υ  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. 

In is 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. 4. Coefficients of vertical dynamics of the 1st axle unit at the motion speed of 25 m/s 

 
Fig. 5. Coefficients of vertical dynamics of the 4th axle unit at the motion speed of 25 m/s 

 
Fig. 6. Coefficients of horizontal dynamics of the 1st axle unit at the motion speed of 25 m/s 
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Fig. 7. Coefficients of horizontal dynamics of the 4th axle unit at the motion speed of 25 m/s 

 
Fig. 8. Coefficients of vertical dynamics of the waggon body at the motion speed of 25 m/s 

 
Fig. 9. Coefficients of horizontal dynamics of the waggon body 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. 
 

 
Fig. 10. Vertical accelerations of the waggon body as a proportion of the coefficient of free fall acceleration g 

 
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 Diesel 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 are to 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 elements 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 developed. 

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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