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Abstract  This article presents information related to the development of promising design cradle suspension for 
passenger cars, ensuring smooth running of railway  rolling stock. Grounded goals and objectives of the study and based on an 
analysis of numerous domestic and foreign literature and patent sources on this problem developed as inventions cradle 
suspension damping design, able to absorb vibration energy of passenger cars to the process of their movement along the 
track. The design procedure was developed physical and mathematical models to determine the basic geometric and 
kinemat ic parameters of the above structure. Results of the study recommended research and industrial structures in the area 
of car building for the purpose of further study and possible implementation in practice. 
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1. Introduction 
It is known[1-3], which in trucks passenger cars 

КВЗ-ЦНИИ (Figure1), which is widely used in practice, 
apply the return of the device, which serve both to mitigate 
the side shocks arising from creeping of the crests of the 
wheels when the movement of wheel pairs for straight 
sections of the road and at  the entrance of the car in curves, 
as well as for the return of the rejected body under the action 
of transverse forces in the middle. 

Return the devices that are used in trucks cars are of two 
types, which differ by the principle of action and 
constructive implementation. The first type include devices 
that returns the power of which is created due to the use of 
force of grav ity of the body, acting on the cart. To such 
devices include design, with rollers (ro ller), placed between 
the inclined planes (Fig. 2). W ith a cross rejection of the cart 
on the body occurs returns the power N, not depending on the 
deviation of the cart. If the rollers (roller) instead of inclined 
planes place in  the oval (cylindrical or executed by the 
special profile) cavit ies (system V.I. Babina), that returns the 
power N  will increase according to the specific  law with 
increasing transverse deviations carts in connection with the 
increase of the angle of α  from zero (middle position) and a 
maximum value (the maximum deviat ion of the cart). The 
first type, which  returns the power of is created due to the use 
of force of g ravity of the body, is also lyulechny suspension 
(Figure3). In case of horizontal deviat ion nadressorny beams  
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4, situated on the elastic elements 3, will change the tilt 
lyulechny pendants 2, which will cause the appearance of a 
horizontal table effo rt. 

Crad les are with vertical and inclined pendants 2. Vert ical 
lyulechny suspension in case of deviat ion remain parallel 
between themselves, and the nadressorny beam when it is 
parallel to the original position. In the case of inclined 
lyulechny pendants 2 creates a large amount of restoring 
force, which depends on the initial angle of angle, but it  is 
undesirable tilt nadressorny beams 7, and sometimes skewed 
and torsion of the car body. The second type returns the 
device returns the power through the use of transverse 
elasticity of elastic elements spring suspension. In modern 
trucks of freight cars, for example, the functions return 
devices perform springs, returns the strength of which is 
proportional to the magnitude of the horizontal elastic 
deformation. In trucks passenger cars role returning devices 
together with the cradle perform elastic strings, as well as 
pneumatic and other types of elastic elements of the 
suspension. It should be noted that the design люлечного 
suspension may not in an automatic mode to change their 
characteristics associated with the creation o f the forces of 
resistance in contrast to the dynamic forces causing the 
angular displacement of the cradle, which significantly 
affects the dynamics of the car and its smooth running. 

 
Figure 1.  General view cart КВЗ-ЦНИИ 

http://www.ivped.ru/telezka3d.gif
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Figure 2.  Return the device 

 
Figure 3.  Cradle 

2. The Aim of the Research 
Given the importance of the problems directed on creation 

of design of trucks for passenger cars, which allows to 
significantly increase the smoothness of the latter, the 
objective of this study is: 

1. Development of люлечного the suspension of 
passenger cars, allowing in  an automat ic mode and 
efficiently produce vibration dampening of railway carriages 
in accordance with the requirement of GOSSTANDART 
12406-66, in which stipulated rational parameters to ensure 
the comfort of passengers. 

2. Development of the scheme of this device allows to 
produce analytical studies of fluctuations and force loading 
of its structural elements and carried out with the help of a 
mathematical model of calculat ion of rat ional kinematic and 
geometric parameters. 

3. The use of computer programs, takes into account the 
diversity of structures of passenger cars and allows to  make 
calculations of the parameters of the element base of the 
proposed design lyulechny suspension. 

3. Methods 
In view of the foregoing, in Elets state University I.A. 

Bunin, a promising lyulechny suspension for passenger cars 
recognized invention (RU2432281). 

Figure 4 shows the principle of spring suspension 
passenger carriage, and in  Figure 5 – of its kind in the 
cross-section of the AA. 

The technical nature of th is design is that lyulechny 
suspension linked elastic rods (torsion) with the opportunity 
to change its torsional rigid ity in the automat ic mode 

depending on the value of dynamic loads arising in the 
movement of the carriage caused by micro or macro 
roughness of the way. To investigate the efficiency of such a 
structure and its force loading the calculation diagram 
(Figure4) spring suspension allows the study of oscillation 
and force loading of the structural elements in the conditions 
approached to operational. 

 

Figure 4.  Schematic diagram of the suspension 

 
Figure 5.  Cross-Section of the suspension on AA 

In such cases as the basis used viscous-elastic model 
Feucht-Kelvin (Figure 6). 

On the diagram shows how the weight of the car body mк 
interconnected through nadressorny beam 1 with torsion 
structural elements of the cradle, with the torsional stiffness 
of the Кφ  and spring set of linear rig idity С2 and, between 
body mass mк is located hydraulic vibration damper with the 
coefficient of damping α. The structural elements are 
interconnected with the frame of the trolley, which through 
elastic elements with linear rig idity С1, is connected to the 
wheel pair 3 wagon. 
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Figure 6.  Scheme 

At drawing up of the mathemat ical model to the specified 
settlement scheme adopted the following assumptions: 

1. Not taken into account bending oscillations of the rod, 
and other parts of the hydraulic damper. 

2. Coefficient of friction of mating surfaces is taken 
constant. 

3. The law of excitement due to the irregularities of the 
micro - and macro-profile conditional pavement changes in 
time according to the harmonic law. 

4. Is not taken into account the gyroscopic effect of a 
rotating mass of wheels, as well as air resistance when its 
translational motion. 

5. The processes occurring in the hydromechanical 
damper, believe isothermal to the specified coefficients of 
viscosity of the working body. 

6. Movement of damped mass considered relat ive to the 
coordinate system ХОУ, situated at the level of the road and 
moving along it with a constant speed. 

7. To reflect the movement of the piston and the rod of the 
shock absorbers on a system of reference for the longitudinal 
oscillations, applied inverse form of the assignment of 
coordinates, and with torsional direct. 

8. Vectors of dry friction forces in the forward kinematic 
pair the «piston - working cylinder» were heading in the 
opposite direction relat ive to the coordinate system. 

When forming of the mathematical model used by the 
equations of dynamics, theory of elasticity and 
hydromechanics. As the base of the calculation of the ratio 
was adopted by the equation of motion of a concentrated 
mass mк, which accordingly to the cases of power, kinemat ic 
and mixed excitat ion is of the form: 

0( ) sin ;кm z t z cz F tα ω+ + =    

( ) sin ( ) cos ;
2 2к
h hm z t z cz c t t tα ω α ω ω+ + = +  (1) 

0( ) sin sin ( ) cos
2 2к
h hm z t z cz F t c t t tα ω ω α ω ω+ + = + +  , 

where, mк - the sprung mass; 
с - the stiffness of the elastic element of the suspension; 
α(t) - the variable damping factor; 
F - dynamic loading; 
z - movement on the vertical axis; 
h - the height of the roughness of the way; 
ω - the oscillation frequency of the body. 
According to the settlement scheme (figure 6) shows that 

the elastic elements with linear rigidity С1 and С2 are 
consistently relat ive to each other and therefore a member С 
included in the equations (1) will be characterized by the 
dependence 1/С = (1/С1+ 1/С2). At the same time, an 
element with a torsional stiffness Кφ is located parallel to the 
element with the rig idity С2 and so that the level of hardness 
for the latter may be written in the form СΣ = С2 + Кφ . 
Therefore the value С can be determined by The dependence 
of С = 1/С1 + 1/С2 + Кφ . At the same t ime, taking into 
account, that the dimension of the linear hardness and the 
torsional different, in equation (1) should not substitute the 
dependence С = 1/С1 + 1/С2 + Кφ , and the formula С = 1/С1 
+ 1/С2 + СТС   or С = 1/С1 + 1/С2 + СТД   depending on the 
study of the motion of the wagon or its settling, where СТС 
and СТД torsion rigidity respectively for static or dynamic 
loading of spring kit. 

In this case, you select the linear displacement of the point 
of contact of the levers 8 of elastic  rods 7 are in  fact torsion 
bars and contact with nadressorny beam 1 (Figure 4), under 
the influence of the mass mк, respectively, in statics and 
dynamics that can be defined according to the formula: 
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movements can determine the stiffness of torsions, 
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As under the action of swirling moment there is a net 
torsion of a rod torsion, the numerical value of the absolute 
angle of the torsion can be determined depending on: 

[ ]2
,

l
рад

Gd
τ

ϕ =  

where, l - the length of the working part of the rod of the 
torsion; 

d - diameter of the torsion; 
[τ] - admitted by the tangential stresses. 
Angular movement of the tip of the lever shaft torsion in 

the direction of the workload as well: 

2 sin ,
2РP R ϕλ =  

where RP - the length of the lever of the torsion. 
In the diagram (Fig. 4) as well as in  the actual design of the 

carriage there is a hydraulic vib ration damper and so in 
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equations (1) is taken into account the damping characteristic 

Zα  . It is known[2]that the damping factor Zα   depends 

on the hydraulic resistance in the channel of the piston shock 
absorbers, the viscosity of the working fluid flow turbulence 
and can be determined by the formula: 

2

4

128 / ,Z

K l S кНсм
d

⋅µ ⋅ ⋅ ⋅ ⋅ζ
α = ⋅

π⋅     (2) 

where, μ - the coefficient of dynamic viscosity; 

l - length of the channels in the bucket; 
S - the area of the piston; 
d - equivalent to the diameter of the channel; 
ζ - coefficient of hydraulic losses in the power channel; 
K - generalized coefficient, taking into account the 

influence of turbulence of the flow and local resistance on 
the bandwidth of the working flu id of the shock absorber. 

4. Results 

 
Figure 7(a).  Listing file-functions at force excitation 
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Figure 7(b).  Schedule of the oscillation process 

To assess the effectiveness of the proposed technical 
solution is completed analytical and numerical decision 
submitted by the differential equations for a serial 
(modernized) passenger car several posts with the following 
characteristics: the sprung mass of the mk  = 434000 N; 
dynamic load applied on a cart wagon F0 = 720000 N; 
damping factor hydraulic damper fluctuations α = 440000 
N∙s/m;  the stiffness of the elastic element pendants c = 
2280600 N/m (c =3683200 N/m); the circular frequency of 
the oscillations of the body ω = 5 1/s (ω = 6 1/s); the height of 
bumps the way h = 0,15 m. The dynamic p rocess is 
considered for the period of t ime Δt from 0 to 10 seconds. 

The analytical solution obtained using the dsolve built-in  
package ToolBox Symbolic Math, input arguments, which 
are the line to the equation, init ial conditions, and the 
independent variable for which is the default time variable t. 
To display a character expression of solution of differential 
equations used function pretty. 

Numerical solution of a set of differential equations with 
initial conditions, i.e., the Cauchy problem, carried out with 
the help of built-in functions of MatLab, called solvers. For 
the above equations used solver ode45, which is based on the 
method of Runge-Kutta of the fourth and fifth o rder of 
accuracy. The input arguments solvers are: the name of the 
file functions in apostrophe, vector with an init ial and a final 
time value observations of the movements and the vector of 
initial conditions. Output argument two: the vector of values 
of time and a matrix o f values of unknown functions. 

Scheme of location of the numerical solution consists of 
the following stages: 

1. Adjusting the differential equation to a system of 
differential equations of the first order. 

2. Writ ing a special file of functions for the system of 
equations obtained. File-function must have two input 
arguments: the variable t, which is the differentiat ion, and 
the vector, the amount of which is equal to the number of 
unknown functions of the system. 

3. Call solver ode45. 
4. Visualization of the obtained results. 
In accordance with the above described scheme were 

obtained analytical and numerical solution of the three types 
of excitation of oscillations for the standard and the upgraded 
node. 

In the case of forced excitation of an analytic  solution of a 
differential equation 

with init ial condit ions 
 
will 

be as shown in Figure 7(a), and the numerical solution 
presented the schedule of the oscillation process (Figure 7 
(b)). 

To obtain the presented solutions were written 
file-functions that use solver ode45, which implements a 
numerical method Runge-Kutta of the 4-th and 5-th order. 
For the possibility  of using such solver differential equation 
is transformed into the system of equations: 

 

Listings of file  functions with the power to init iate the 
series and the upgraded node presented in figure 8(a) and 
8(b), respectively. They set the values of the parameters 
involved in the equation. A third file  is a function contains 
the analytical and numerical solutions of the equation and 

0( ) sinкm z t z cz F tα ω+ + = 
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output commands and design of the chart (Figure 8(c)). 

 
Figure 8(a).  Listing file-functions for serial node 

 
Figure 8(b).  Listing file-functions for the upgraded node 

 

 
Figure 8(c).  Listing output commands and design graphics 

When the kinematic exci tation of an analyt ic solution of a differential equation

 with initial conditions will be as 

shown in Figure 9(a), and the numerical solution presented the schedule of the oscillat ion process (Figure 9 (b)). 

( ) sin ( ) cos ;
2 2к
h hm z t z cz c t t tα ω α ω ω+ + = +  ( ) ( )0 0.005 , 0 0z m z′= =
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Figure 9(a).  Listing file-functions at kinematic excitation 

 
Figure 9(b).  Schedule of the oscillation process 
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When preparing to use a solver differential equation is 
transformed into the system of equations: 

1 2

1 2

2

;

sin cos
2 2 .

k

z z
h hc t z t z

z
m

ω α ω ω

′ =
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Figure 10(a).  Listing file-functions for serial node 

 
Figure 10(b).  Listing file-functions for the upgraded node 

Similarly the occasion of forced  excitation in  figure 10(a) 
and 10(b) presents listings of file-functions at kinematical 
excitation for the serial and  the upgraded node respectively, 
and a third file-function contains the analytical and 
numerical solutions of the equation and output commands 
and design of the chart (Figure 10(c)). 

 
Figure 10(c).  Listing output commands and design graphics 

For mixed excitation of an analytic  solution of a d ifferential equation

0( ) sin sin ( ) cos
2 2к
h hm z t z cz F t c t t tα ω ω α ω ω+ + = + +   with initial conditions 

( ) ( )0 0.005 , 0 0z m z′= =  
will be as shown in Figure 11(a), and the numerical solution of the presented schedule of 

the oscillation process (Figure 11 (b)). 
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Figure 11(a).  Listing file-functions at mixed excitation 

Before reception of the decision of differential equation is transformed into the system: 

  

Similarly to previous cases in Figure 12(a) and 12(b) presents listings of file-functions with mixed excitation for the serial 
and the upgraded node respectively, and in Figure 12(c) - listing-file function call solver and design graphics. 
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Figure 11(b).  Schedule of the oscillation process 

 
Figure 12(a).  Listing file-functions for serial node 

  
Figure 12(b).  Listing file-functions for the upgraded node 
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Figure 12(c).  Listing output commands and design graphics 

5. Discussion and Conclusions 
Analysis of the obtained results for the three characteristic 

of the above equations of motion of the carriage shows that 
in the first case, the power of excitation for the serial car 
amplitude of fluctuations of its body in an average of 0,08 m, 
while for the upgraded car this indicator is 0,06 m. In the 
second case, the kinemat ic excitation amplitude of the 
oscillations of the body for the serial car in the average is 
0,035 m, while for the upgraded its value is slightly lower 
and is 0,028 m. And in the third case, when mixed excitation 
amplitude of oscillations, respectively, for the serial and 
modernized cars in average respectively are between 0,1 m 
and 0,07 m. 

It should also be noted that the frequency of oscillat ions of 
the body compared cars also differ between themselves and 
if fo r the serial car circu lar frequency of forced oscillations is 
on average 8,5 1/s (1,35 Hz), then for the car, equipped with 
a cradle, perfo rmed by the patent RU2432281, this value lies 
in the range from 6,0 to 6,2 1/s (0.96-0,99 Hz). 

It is known[1] that for the resonance mode of amplitude of 
oscillations of the sprung masses can be determined 
respectively by the dependence: 

0 0
0
рез
F

F m
z

cα
=  .  

From this expression shows that depending on the nature 
of the application of perturbation of the requirements to the 
stiffness of the suspension is changed so that to reduce the 
fluctuations in spring mass in  a resonant mode to increase the 
stiffness of the suspension. 

It is also known[1] that the most important operational 

criterion for assessing the performance of the railway 
rolling-stock is a measure of smoothness of motion, 
especially for passenger cars, where the comfort of the 
passengers is of crit ical value, which can be determined 
depending on: 

3 510
02,7W k z n=

, 

where k  - coefficient taking into account the influence of the 
frequency and direction of oscillat ions on the fatigue of 
passengers is selected on the average equal to 0,85[2]; 

z0 - the value of the resonance amplitude; 
n - the average value of the frequency of oscillat ions of the 

body of the carriage when his galloping, bouncing, the 
rolling and wobble. 

And then for a formula of resonant mode of motion, serial 
and modernized carriages indicator of smoothness of motion 
for spring suspension with serial and proposed spring 
suspension was respectively equal to Wser = 3,76 and Wmod = 
3,12. At the same time it is known[1]that the smoothness of 
the passenger car is the better, the less is the value of W and 
according to Gosstandart 12406-66 valid her limit for this 
type of rolling stock is the value o f W = 3÷3,25. Comparing 
the indicators listed above can be seen that due to the use of 
the proposed technical solution smooth running of the above 
passenger railcars in comparison with the serial corresponds 
to GOSSTANDART , increases and thus allows to improve 
comfortable conditions for passengers. 

The results of the research are recommended for further 
study, further development and possible implementation of 
perspective design of lyulechny the suspension of passenger 
cars at the enterprises of heavy mechanical engineering and 
«Russian Railways» is serially producing, repairing and 
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exploit the passenger and special, for example, refrigerated 
wagons, and also in systems of high-speed ground 
transportation of domestic and foreign production. 
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