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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 ofthe 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
kinematic 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[l-3], which in trucks passenger -cars
KB3-IHUU (Figurel), 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 gravity of the body, acting on the cart. To such
devices include design, with rollers (roller), placed between
the inclined planes (Fig. 2). With 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) cavities (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 @ from zero (middle position) and a
maximum value (the maximum deviation of the cart). The
first type, which returns the power of'is created due to the use
of force of gravity of the body, is also lyulechny suspension
(Figure3). In case of horizontal deviation nadressorny beams
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4, situated on the elastic elements 3, will change the tilt
Iyulechny pendants 2, which will cause the appearance of a
horizontal table effort.

Cradles are with vertical and inclined pendants 2. Vertical
lyulechny suspension in case of deviation 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 smrosieuHoro
suspension may not in an automatic mode to change their
characteristics associated with the creation of 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 KB3-LIHUN
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Figure 2. Returnthe 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 moneuynoro the suspension of
passenger cars, allowing in an automatic 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 calculation of rational 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 [.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 this design is that lyulechny
suspension linked elastic rods (torsion) with the opportunity
to change its torsional rigidity in the automatic 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 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 m;,
interconnected through nadressorny beam 1 with torsion
structural elements of'the cradle, with the torsional stiffness
of the K, and spring set of linear rigidity C, and, between
body mass m, is located hydraulic vibration damper with the
coefficient of damping «. The structural elements are
interconnected with the frame of the trolley, which through
elastic elements with linear rigidity C;, is connected to the
wheel pair 3 wagon.
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Figure 6. Scheme

At drawing up of the mathematical 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 relative to the
coordinate system XOYV, 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 relative 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 m,, which accordingly to the cases of power, kinematic
and mixed excitation is of the form:

m.zZ+a(t)z+cz = F;sinwt;

mZ+a(t)z+cz= cgsin wt + a(t)%a)cos wt; (1)

. . . h . h
m.Z+a(t)z+cz = Fsin a)t+czs1n wt + a(z)Ea)cos wt

where, m, - the sprung mass;

c - the stiffness of the elastic element of the suspension;

o(t) - the variable damping factor;

F - dynamic loading;

z - movement on the vertical axis;

h - the height of the roughness of the way;

w - the oscillation frequency of the body.

According to the settlement scheme (figure 6) shows that
the elastic elements with linear rigidity C; and C, are
consistently relative to each other and therefore a member C
included in the equations (1) will be characterized by the
dependence 1/C = (1/C;+ 1/C5). At the same time, an
element with a torsional stiffness K, is located parallel to the
element with the rigidity C, and so that the level of hardness
for the latter may be written in the form Csx = C; + K,,.
Therefore the value C can be determined by The dependence
of C = 1/C; + 1/C, + K,. At the same time, taking into
account, that the dimension of the linear hardness and the
torsional different, in equation (1) should not substitute the
dependence C = I/C; + 1/C; + K,,, and the formula C = 1/C;
+1/C;+ Cy¢c or C=1/C; + 1/C; + Cry depending on the
study of the motion of the wagon or its settling, where Cr¢
and Cyy 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 nadressomy beam 1 (Figure 4), under
the influence of the mass m,, respectively, in statics and
dynamics that can be defined according to the formula:

A, = 21sin e, Ay,
2

=2/ Sin%. As a result, for these

movements can determine the stiffness of torsions,

respectively, according to the formula: NE =t

Aﬁ
N
Cyy :A—”_
a

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:

27 [r] 5
= —pa
P Gd pao,
where, / - the length of the working part of the rod of the
torsion;

d - diameter of'the torsion;

[z] - admitted by the tangential stresses.

Angular movement of the tip of the lever shaft torsion in
the direction of the workload as well:

App= 2R sin % R

where Rp - the length of'the lever of the torsion.
Inthe diagram (Fig. 4)as well as in the actualdesign of the
carriage there is a hydraulic vibration damper and so in
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equations (1) is taken into account the damping characteristic
OlZ-. It is known[2]that the damping factor aZ- 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
_128pwKSL

(2)
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[ - length of the channels in the bucket;

S - the area of the piston;

d - equivalent to the diameter of the channel;

¢ - 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 fluid of the shock absorber.

VA 4 )
n-d
where, u - the coefficient of dynamic viscosity; 4. Results
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Figure 7(a). Listingfile-functions at force excitation
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Figure 7(b). Schedule ofthe 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 m; = 434000 N;
dynamic load applied on a cart wagon Fy, = 720000 N;
damping factor hydraulic damper fluctuations o = 440000
N-s/m; the stiffness of the elastic element pendants ¢ =
2280600 N/m (¢ =3683200 N/m); the circular frequency of
the oscillations ofthe body @ =5 1/s (o = 6 1/s); the height of
bumps the way &£ = 0,15 m. The dynamic process is
considered for the period of time A¢ 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, initial conditions, and the
independent variable for which is the default time variable 7.
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 order of
accuracy. The input arguments solvers are: the name of the
file functions in apostrophe, vector with an initial 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 of 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. Writing a special file of functions for the system of
equations obtained. File-function must have two input
arguments: the variable ¢, which is the differentiation, 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
ofexcitation of oscillations for the standard and the upgraded
node.

In the case of forced excitation of an analytic solution ofa
differential equation m, 2+ a(t)z+cz = F, sin ot

with initial conditions z(O) =0.005 OZ'( @ =

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 ofusing such solver differential equation
is transformed into the system of equations:

will

.
21 = 2y,

2= F,sinot —az, —cz, .
n
Listings of file functions with the power to initiate 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
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Figure 8(¢). Listingoutput commands and design graphics
When  the  Kkinematic  excitation of an  analytic solution of a  differential  equation
h . h o " .
mz+o(t)z+cz = CESIH wt + a(t)EmCOS wt; with initial conditions z (0) =0.005 m, z' (0) =0 will be as

shown in Figure 9(a), and the numerical solution presented the schedule of the oscillation process (Figure 9 (b)).
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Figure 9(a). Listing file-functions at kinematic excitation
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Figure 10(¢). Listingoutput commands and design graphics

For mixed excitation of an analytic solution of a differential equation
mZ+oa(t)z+cz = Fsinwt + 05 sin @t + a(t) B @ cos wt with initial conditions

Z(O) =0.005 m, Z'(O) = () willbe 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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/

3 2 3z 2 1/2 2 2 4
a w - 100 hw a mk + (a - 4 nk c) a w + 200 FO w a

4 2 2 1/2 3 2
+aw mk + 100 (a - 4 mk c) hw awmk - 2ank cw

Z 1/2 Z z 1lrz 4 Z
+ 200 (a - 4 wk c) Fowa+ac + (a - 4wk c) W ouk

3 2 3 2 2 1/2 2
+ 400 FOw mk + 200 h cw mk - 2 (a - 4 nk c) mk c W

Z Z /2 2
- 400 FO wocwk - 200 h ¢ wonk + (a - 4wk c) c )
Z 1/2
fa-fa -4dmkc) 1t 4 z 142
expi- 152 ———-—mm 4 (a - 4mk o)
nk I
Z 2 2 4 z 3 2
la w +¢c -2mwkcw +w mk )] - 17400 (400 FO w mk
2 /2 2z 2 2 /2 4 oz -
- ia - 4k c) a w - (a - 4mk ) W uk
Z 1/2 &2 z 172 Z 4 Z
- ia - 4wk c) c + & (a - 4 mnk c) mk cw + aw nk
z 3z 2 2 3 2

-~ 2amkcw +a w +ac - 200hc wmk + 200 h cw mk

4 1s2 3 z L/2
- 100 {a - 4 mk c) hw amk - 200 (a - 4 mk c) FOlw a

2 3 2
+ 200 Fowa - 100hw a mk - 400 FO w cC mk)

z 172
{a + (& - 4 mk c) 1t / 2 /2
expl- 172 - 14 (la - 4 mk c)
nk #
z oz 2 2 4 2
fa w +c -2Zwkcw +w mk )

g

a

Figure 11(a). Listing file-functions at mixed excitation

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

.
21 = 2y

. h . h
Fysinwt +c E-sma)t—z1 +a Ea)-cosa)t—z2

'_
Z, =

my
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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( ) [CMENTARHOE BOSGYIEHHE (i W

z, m Pewenne m, 27+ @zt cz= £ sinfal)tc M2 sinfal) + o W2 a cosfat)

0.25 T T T T T T I I
: : ---- CepHAHEIA BaroH
—— MlogepHUIMpoEaHHEIR EAroH

02t

0.1
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-0.05
-0.1

015

-0.2
0

Figure 11(b). Schedule ofthe oscillation process

5.-" EXXMon gokyme HTaiMATTEAB nporpameAEUCKANe " mixed.m

File Edit Yew Text Debug Breakpoints ‘Web ‘Window Help
0O = S 5 8k 3 Stack:
1 sMogroToEra OV oma CeproHol TR =
2 zopi CHMENAHHOM EOSEVAIEHMH
3
4 function F=eq mixedit,z)
5
(i1l c=2280600; ~
7|-| Fo=7zoooo; >
al- h=0.15;
(- w=5:
10— nk=434000;
11| = a=440000;
12— F=[z(2): (FO¥ain{w*t)4+c*((h/2)*sin(w*t)-z (1) 1+a*((h/2)*u¥cos(w*t)-2(2)))/nk];
13
rmixed.m eq_mixed.m ed_mixed_mod.m
eq_mixed Ln1 Col1

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

S E MoK doiyme HTnMA TEAB iporpamen UITKAYeq mixed. mod.m

Fil= Edit Wiew Text Debug EBreakpoints ‘Web ‘Window Help
0= S #éFf | B8 IIE| Stad:
1 s(MlomporoEra OF ong JEOESRM C YCOMIEHHOH ®ECTEOCTEH |;|
2 trpi CMEWAHHOM BOSEYHRIEDM
3
4 function F=edq mixed mod(tm,zm)
5
G| — c=3683200; ~
7|-| Fo=7zoo000; -
8- h=0.15;
9 - w=t:
10— wk=434000;
11| - a=440000;
12— F=[zm(Z); (FO¥*sin{w¥tm)+c¥((h/2)%sin(w*tn)-zn(l) ) +a¥((h/2)Fw*cos (wotn) -zn(Z) ) ) /mk];
13
mixed.m eq_mixed.m eq_mixed_rmod.m
eq_mixed_mod Ln1 Col1

Figure 12(b). Listing file-functions for the upgradednode
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= E\Mon A0IYME HT BT AMA
Elle Edit Vew TIext Debug Breakpoints ‘Wweb Window Help

0= = & #f. | B8R & Stas

AB riporpambil

SAHAIMTHUECROE 3 WACIEANOE PENEHHE YPanHersst

plot(T, Z{:,1),'c:'}
hold on
plot(Tm, Zm(z,1)]

©
T

legend (' Cepaofinnt saroH' , ' MoTepEMSMPOBGHHEDT BaDoH')
grid on

[}
=)
oo

[~ | hold off

, '2l{0)=0.008, Dzl{0j=0', 't'};

1

2 G CMEWAHHOM BOSEYATEHIDE

3 %M MOCTPOEHMe Ppajeia NEMREHMI

4l

1 $hOpIMMPOEAHIME EERTOPE HAUATEHED ¥oMOEMA

Bl - z0=[0.005:0]:

7

8 $AHAMMTHUECKOE pewerne OF

9[- | zl-dsolve('wk*D2zl+arDzl+tctzl=Fl¥sin [wit)+[h/2] *obain (wht)+at (h/2) futcos (ute) |
10|~ | pretcy(zl);

11

12| FUMCNeHHOE pewsrme OF

13|- [T,Z]=0deds('eq mixed', [0 107, =z0);

14|— [Tw,Zu]=0ded5( ' eq_mixed mod', [0 10], z0);
15

16 %BHEOD rpajima pewerna [IF IV OepeMeueHMd 2
17| figure('MenuEar', 'none')

'FontWeight', 'bold', 'Fontdize', 10):
'FontWeight', 'bold', 'Fontfize', 10):
title('Pewerme {Yitm} {%itk} Yitziprimeiprime + ‘alpha %Yitz\prime + c ‘itz = F_{Vit0} sin{‘omega‘itt)+hitc h/Z2 sin(\omegalitt) + Yalpha h/2 Yomega cos(yomegatitct)')

22| y0dopuemie rpadima
23] setigca, 'Ylim', [-0.2 0.25])
24 set(gcf, 'MumberTitle', 'off', 'Name', 'CMEUAHHOE BOSEVAEHME', 'Fosition', [350,150,560,4507)
25 HTwtX=text('String', 'Vitt, cer', 'Position', [9.6 -0.23], 'Rotation', O,
HTxt¥=text('3tring', 'Vitz, m', 'Position', [-0.95 0.27], 'Rotation', O,

mixed.m eq_mixed.m eq_mixed_mod.m

script Ln 25 Col 57

Figure 12(c). Listingoutput 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
amp litude 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 kinematic excitation amplitude of the
oscillations of the body for the serial car in the average i
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 oscillations of
the body compared cars also differ between themselves and
if for the serial car circular frequency of forced oscillations is
on average 8,5 1/s (1,35 Hz), then for the car, equipped with
a cradle, performed 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:

pe3 __ E) mO

Z = .
0F 0!\/2

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 critical value, which can be determined

depending on:
W =2,7kzn°

5

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

zy - the value of the resonance amplitude;

n - the average value of the frequency of oscillations 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 W, = 3,76 and W,,,u =
3,12. At the same time it is known [l Jthat 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 of 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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