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It is known that the air suspension
of vehicles, in which diaphragm-type air
springs are used as an elastic element, do
not provide the necessary vibration damp-
ing. The reason for this is that such air
springs have a relatively large passive part.
As a result, a relatively small mass of com-
pressed air crosses through the throttle
installed between the air spring and the
additional reservoir. This mass of air con-
tains thermal energy, into which the ener-
gy of vibrations, which enters through the
walls of the additional reservoir into the
environment, has turned. This is interpre-
ted as vibration damping, which is insuffi-
cient due to the low air mass.

Therefore, hydraulic vibration dampers
are installed parallel to the diaphragm air
springs, which complicates and increa-
ses the cost of the vehicle. Increasing the
damping properties of such air suspensions
could eliminate these hydraulic vibration
dampers, which would reduce costs and
simplify operation.

An air suspension with an improved
air spring has been proposed, which has
an increased effective area and a reduced
<«passives> capacity, an empirical formu-
la has been built to determine its damping
coefficient, as well as an expression for the
stiffness coefficient. Mathematical model-
ing of oscillations of vehicles with different
designs of pneumatic springs was carried
out in order to improve their damping. The
mathematical model takes into account the
change in the parameters of the air spring
during vibrations. The study was car-
ried out for the diesel train DL-02. Using
mathematical modeling, the effectiveness
of the air suspension with an improved
air spring has been proven: its damping
index reaches 0.263, and the vibration
damping coefficient is 45,859 kg/s, which
corresponds to the values recommended
Jfor vehicles
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1. Introduction

One of the most common ways to solve this problem is

the use of suspensions based on pneumatic springs (PS) on

Oscillations and vibrational accelerations of vehicles during ~ vehicles. This allows to implement in these dimensions much
movement create the problem of providing comfortable condi- ~ more metal springs of its static deflection, that is, to imple-
tions for passengers and saving the path (path) from damage.  ment a «soft» suspension. This ensures that the natural fre-

Specialists solve this problem by optimizing the charac-  quency of vertical vibrations of the body is about 1 Hz, which
teristics of suspensions, as well as creating fundamentally  is the most favorable for passengers. The pneumatic springs
also filter out the noise and vibrations generated when the

new designs.




wheels roll on or along the track. This ensures proper comfort
for passengers and reduces dynamic loads on the track, which
helps to increase their service life.

The expediency of using air suspension on vehicles is
proved by the experience of leading countries: France, Japan,
etc., where almost all high-speed trains and heavy vehicles
are equipped. Their use is considered to be an actual direc-
tion for improving the technical level of the vehicle.

Therefore, research on improving the damping of vehicle
vibrations by improving pneumatic springs is relevant.

2. Literature review and problem statement

The paper [1] presents the results of the research air-hy-
draulic springs with an adaptive self-adjusting damper for
a suspension that provides two-stage inelastic resistance. It is
shown that this makes it possible to reduce the acceleration
of «shaking» and the heating of the damper when driving over
small irregularities, etc. But the question remained unresolved,
which is associated with the excessive complexity of the dam-
per in terms of design and manufacturing technology and the
cost of repairs in operation. The reason for this may be the dif-
ficulties associated with the declared functions that the damper
must perform. An option to overcome the corresponding diffi-
culties may be to abandon such a damper altogether and replace
it with an pneumatic spring, which has sufficient self-damping.

The paper [2] presents the results of studies of a regene-
rative shock absorber, which can transform the vibration
energy into electrical energy. In the future, it is used to charge
the battery or is converted into heat by a resistor, which is re-
leased into the environment. This is treated as knee damping.

But the issue related to the excess cost of the damper
remained unresolved, which is due to the use of rare earth
metals for the manufacture. An option to overcome the
corresponding difficulties may be to abandon such a damper
altogether and replace it with an pneumatic spring, which has
sufficient self-damping.

The paper [3] presents the results of studies of the influ-
ence of changes in the PS parameters on its dynamic stiffness.
As a result, it was found that the rigidity increases in propor-
tion to the PS deformation and the equilibrium value of the
air pressure in it. But the question remained unresolved, how
the presence of an additional reservoir affects the dynamic
rigidity of the PS.

The paper [4] presents the results of studies of vibration
damping of a car on a suspension with the help of a shock ab-
sorber in which an electrorheological fluid is used. The shock
absorber is controlled by current from an electric generator
that converts vibration energy into electrical energy.

But the question remained unresolved, which is associ-
ated with the instability of the characteristics of the shock
absorber, which is associated with the dependence of the
viscosity of the electrorheological fluid on the ambient tem-
perature, which has sufficient self-damping.

The work [5] defines the requirements for magnetorhe-
ological elastomers used to control the damping characte-
ristics of the suspension. Damping control has been found to
have an effect on ride comfort. However, the authors consid-
ered only the dependence of damping on the relative speed of
movement of the suspension components, and its dependence
on the speed of movement was not evaluated.

In [6], it is proposed to use electromagnetic vibration
dampers in the vehicle suspension. The authors have com-

piled a procedure for choosing the optimal parameters for
an electromechanical damper, where there is no mechanical
contact and friction between its components. This should
increase its resource and reliability in operation. The disad-
vantage of this damper is a complex and expensive control
system. A solution to this problem may be to use a different
physical principle of the damper.

The article [7] considers modeling of dynamic processes
in an electromechanical damper. The dependences of the
damping force are implemented, the dependence of damping
on the relative speed of movement of the suspension com-
ponents, and its dependence on the speed of movement was
not evaluated.

The article [8] compares two dampers that differ in the phy-
sical principle of operation: friction dampers, in which external
friction of the working bodies occurs, and hydraulic dampers,
in which internal friction is inherent. The studied influence
on mobility indicators showed that friction dampers provide
better machine mobility compared to hydraulic dampers.
However, the authors considered only the mobility of the
machine, and did not investigate its smoothness of movement.

In[9], a nonlinear PS equation was derived, and an
analysis was made of the influence of various parameters on
the dynamic stiffness with a change in the amplitude and fre-
quency of excitation. But the question remained unresolved,
how the presence of an additional reservoir affects the dy-
namic rigidity of the PS.

In [10], a method for studying the dynamic properties of
an pneumatic spring using a hole (throttle) to create damping
is given, since exact approaches have not yet been proposed.
Recovery and damping forces in the pneumatic spring vary
depending on the amplitude of the oscillations. A model is
proposed for calculating the coefficients of elasticity and
damping. But the question remained unresolved, connected
with taking into account in the model the ratio of its «active»
and «passive» parts. An option to overcome the correspond-
ing shortcomings may be to refine the model in the direction
of taking into account the relevant parameters.

The results of theoretical studies of air suspension based
on the <active» capacity of the pr are presented in [11]. The
authors proposed an empirical formula for calculating the vi-
bration damping coefficient, which gives satisfactory results
for air suspensions with balloon PS. As for diaphragm PS,
this formula gives significantly overestimated results. This is
due to the fact that it does not take into account the «pas-
sive» capacity of the diaphragm pr, which has a significant
impact on the mass of compressed air flowing through the
throttle between the pr and the additional reservoir.

Thus, the empirical formula for calculating the oscillation
damping coefficient requires further development.

All this suggests that it is advisable to conduct a study on
improving the damping of vehicle vibrations and improving
this formula. This will make it more universal and suitable
for calculating the damping coefficients of oscillations of air
suspensions with balloon and diaphragm PS.

3. The aim and objectives of research

The aim of research is to draw up empirical formulas for
the coefficients of stiffness and damping of an improved air
suspension and a comparative assessment of its effectiveness.
This will allow at the design stage to determine the rational
parameters of the improved air suspension.



To achieve the aim, the following objectives were set:

— determine the structural features, parameters and draw
up a design scheme for an improved air suspension;

— finalize the mathematical model of mass fluctuations on
an improved air suspension;

— create empirical formulas for the stiffness and damping
coefficients of the improved air suspension;

— carry out computer simulation of mass fluctuations on
an improved air suspension;

— conduct a comparative analysis of the improved air sus-
pension with other types of suspensions in terms of stiffness,
damping and damping indicators and develop recommenda-
tions for its application in practice.

4. Materials and methods of research

The object of research is an improved air suspension
for vehicles.

A hypothesis has been put forward that it is possible to
increase the damping of the air suspension by increasing the
amount (mass) of compressed air flowing through the throttle
between the pneumatic spring and the additional reservoir.

The following assumptions are accepted: air pressure
and its mass flow through the throttle are determined by
polytropic thermodynamic processes occurring in the air
suspension during oscillations.

Due to the small range of air temperature changes in air
suspensions, let’s consider constants: its density, heat capa-
city at constant volume, gas constant and heat capacity at
constant pressure. For simplicity, let’s assume that the am-
bient temperature is 293 K.

The study was carried out by computer simulation of
mass fluctuations on an improved air suspension.

The research methodology was assumed using the
MATLAB Simulink software package (USA) do the following:

— obtain characteristics of dynamic load,;

— check the performance of the air suspension with the
selected variant of the set of parameters, especially the size
of the throttle cross-sectional area in order to prevent it from
“locking” when the air flow reaches the speed of sound;

— prove the adequacy of the proposed dependencies for
the stiffness and damping coefficients;

— determine the optimal parameters of the improved air
suspension according to the criterion of maximum appro-
ximation to the upper limit of vibration damping indicators
recommended for the vehicle.

5. Results of a study of the dynamics of a vehicle
equipped with an air suspension with an improved
pneumatic spring

5. 1. Features of the structure, parameters and design
scheme of the improved air suspension

Diaphragm PSs (Fig. 1) are used on vehicles as elastic
elements of a spring suspension. At the same time, PSs install
devices for dissipating vibrational energy into the environ-
ment in the form of heat [11]. Usually, hydraulic dampers are
used for this, the reliability of which in operation is low due
to the presence of friction forces between its components and,
accordingly, their wear [12].

To improve the reliability of the air suspension, it was
proposed to implement oscillation damping by throttling

the air flow, which, during oscillations, flows between the
PS and the additional reservoir. This air contains thermal
energy, into which the energy of vibrations has turned. It is
transferred through the walls of the additional tank to the
environment, which is interpreted as vibration damping.

An experimental freight diesel locomotive 2TE116
No. 184 was equipped with such an air suspension based on
a balloon PS (Fig. 2, ). It has successfully passed ope-
rational tests at the Yelets depot with the speed of freight
trains up to 100 km/h. Hydraulic dampers were not used
here: vibration damping was carried out exclusively by air
suspension [13].

In the process of dynamic tests of the diesel locomotive
2TE116 No. 184, it was found that in order to increase the
damping properties of the air suspension, it is necessary to
increase the mass of air, which, during oscillations, flows bet-
ween the PS and the additional tank. This can be effectively
implemented under certain conditions.

First, each PS must be connected (by air) to an additio-
nal tank, the capacity of which is 3—10 times its capacity.

Secondly, the PS should have as large an active capaci-
tance as possible and a smaller passive capacitance.

The fulfillment of the first requirement is complicated
by the overall limitations of the vehicle, and the second is
difficult to fulfill in the diaphragm PS, in which the «passive»
capacitance significantly exceeds the «active» one (Fig. 1.)

The compressed air filling it during the oscillation pro-
cess does not flow through the throttle into an additional
reservoir, but mainly between its <active» 5 and «passive»
6 parts. In this case, there is no loss of oscillation energy.
Therefore, an air suspension based on a diaphragm PS does
not have the ability to realize sufficient vibration damping.

But diaphragm pneumatic springs are still used on vehic-
les due to the fact that their shells are manufacturable and
provide the necessary vertical, transverse and rotating defor-
mations that occur during vehicle movement.

Fig. 1. Pneumatic springs of the «diaphragm» type:
1 — upper bottom; 2 — flexible shell; 3 — elastic buffer;
4 — base plate; 5, 6 — «active» and «passive» parts
of the pneumatic spring capacity — respectively

Experts see the solution to the problem of increasing the
damping qualities of the PS in the use of a balloon PS; Fig. 2, a
and proper selection of the throttle section [14]. During full-
scale tests of the diesel locomotive 2TE116 No. 184, the vibra-
tion damping index was 0.21, which is close to the indicators
(0.2-0.35) recommended for the vehicle [15].

This value of the vibration damping index is sufficient for
speeds up to 100 km/h, but insufficient for high speeds.

This prompted the authors to create an improved air sus-
pension with increased damping, Fig. 3, the design of which
is protected by a patent [16].



Do

o A

A= | 2

D=

B
a

Fig. 2. Pneumatic springs of balloon type:
a — serial; b — improved: 1 — upper bottom;
2 — flexible shell; 3 — elastic buffer; 4 — base plate;
5 — «active», 6 — «passive» parts of the pneumatic
spring capacity
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Fig. 3 Calculation scheme of the air suspension:

P, V, T, H, K, Gj, pj— respectively: pressure, volume,
temperature (in Kelvin), surface area, heat transfer
coefficient, mass and density of air in the PS (j=1),

and in additional tank (j=2); D, — effective diameter of

the PS under a stable nominal load; y, f— respectively:
coefficient of air leakage through the throttle and its
cross-sectional area; RP — radius of the flexible shell under

a stable rated load; m — part of the mass of the body,

which falls on the PS; P, — function of the excitation force,
selected in the form of a P-like impulse or a sinusoid;
XOZ — fixed coordinate system

The increased damping properties of the air suspension
with improved PS are due to the following energy processes
that occur with the air in its cavity during vibrations during
movement.

When the vehicle oscillates on a certain mariner, its up-
per bottom moves to the bottom, Fig. 4. This causes compres-
sion (and temperature increase) of the air that fills the PS.
As a result, it flows into an additional reservoir 3, where its
thermal energy enters the environment through the walls.
On the return stroke (rebound), this air returns to the pneu-
matic spring 2 already cooled and denser and, accordingly,
smaller in volume. Therefore, the displacement of the upper
bottom 3 during rebound will be reduced. Such a process is
identified as damping.

An analysis of the physical processes that occur with
compressed air filling the air suspension system proves that
the damping coefficient B depends on changes in the geome-
try of the constituent elements of the system and the modes
of flow of gas-thermodynamic processes during vibrations.

In [14], a hypothesis was put forward that the coeffi-
cient B depends not only on the cross section of the throttle
opening f, but also on the amount of air G flowing through it
from the active capacity of the PS to the additional reservoir
and in the opposite direction.

Subsequent studies revealed the possibility of further
increasing the amount of air flowing through the throttle.
To do this, the design of the reinforcement was changed for
the PS containing a flexible shell of a balloon type, namely:
the diameters of the upper and lower bottoms are made
equal to the outer diameter of the flexible shell. When PS
is compressed, this provides an increase in the effective area
and, accordingly, the mass of air that will flow through the
throttle into the additional reservoir.

This necessitated the refinement of the mathematical
model given in [14] and the study of the stiffness and damp-
ing characteristics of the air suspension with improved PS.

The mathematical model is compiled in the form of a
system of differential equations of vertical oscillations of the
part of the body mass per one air suspension, according to the
scheme shown in Fig. 3.

5. 2. Mathematical model of mass fluctuations on an
improved air suspension

Using the d’Alembert principle, a differential equation for
fluctuations of the part of the body mass m, which falls on the
PR when its compressed air supply is turned off, is compiled:

mz+Bz+Cz=P, (1)

where denoted: B=B(w, p, VA, V1, V2, H2, f..) — damping
coefficient; C=C(n, D,, V1, V2, P) — air suspension stiff-
ness factor.

The air pressure Pjand Py and its mass flow through the
throttle G1=G2 are determined by polytropic thermodyna-
mic processes that occur in the air suspension during vibrations.

Due to the small range of air temperature changes in air
suspensions, we will consider constant: its density p;=p»,
heat capacity at constant volume Cy, gas constant R and heat
capacity at constant pressure Cp=Cy+R, as well as ambient
Kelvin temperature 7.

The first law of thermodynamics for air in the PS during
its compression: dQ1=dU1+P1d V1, where dU1=G1CodT1+
+T1CodG1 determines the change in the internal ener-
gy of the air in the PS. The second term i=U+P1V1=
=CP T1=(Co+R)T1 represents the enthalpy of the elementa-
ry amount of air dG1 flowing out or entering the PS through
the throttle opening connecting the PS with an additional
tank: dG1 will be positive when air leaks from the PS and
negative when air enters it dQ1=—k1H1(T1-10)dt+idG1 —
the heat lost by the PS air (or supplied to it from outside).

So, the first law of thermodynamics for air at the PS in
the course of its compression will take the following form:

G1CndT1+P1dV1—RT1dG1+k1H1(T1—To)dt=0. 2)
Air equation of state in differential form:

PidVi+VidPi= RGidT1+ RT1dG:. 3)



If to consider the process to be adiabatic, then the
equation for the air flow from the PS to the additional tank
through the throttle has the form:

dGiz—p f 2p(P1—P2) dr. (4)

Thus, the gas-thermodynamic processes in the air sus-
pension during compression of the pneumatic spring are
described by equations (2)—(4).

Taking into account the fact that the capacity of the
additional tank is constant, i.e. dV2=0, the equations of gas
thermodynamics will look like this:

GzCz»dT2+k2H2(T2—To)dt+
+(T2—T1)CvdG2—RT1dG2=O. ®)

V2P2=RG2dT2+ RT2dG>. (6)

Since the amount of air in the air suspension does not
change, the air mass balance equation will be:

dGi+dG2=0. (7

The system of thermodynamic alignments is valid for
the compression stroke of the pneumatic spring: dG1<0,
dT1>0, dV1<0.

During the expansion of the PR: dG1>0, dT1<0, dV1>0,
the system may look offensive.

For PS:

GiCdT1+CoT1dGi+ PidVi—CoT2dGi—
—RT2dGi+kiH1(T1—To) dt =0. (8)
PidVi+VidP1=RGidT1+ RT1dG1. )
dGi=—uf \2p(P2~P1)de- (10)
For additional tank:

G26.dT 2+ szz(Tz - To)dt +
+(T2=T1)CodG2~RT2dG2=0- (€80
V2dP2=RG>dT2+ RT2dG> (12)

The mathematical model contains 12 non-linear differen-
tial equations of the second and first order with variable co-
efficients. Therefore, it is expedient to study it by numerous
methods using computers.

5. 3. Empirical formulas for stiffness and damping coef-
ficients of improved air suspension

When using the graph-analytical method, the depen-
dence of the effective area of the improved PS on the defor-
mations z was obtained:

F=n((De/2)+2)% (13)

Let’s assume that the <active» capacity of the PS (m%)
is equal to:

VA:n((Dc/2)+Zmax)2'2Zmax, (14)
where zy,x — the maximum allowable vertical deformation of
the PS during vibrations.

The stiffness coefficient (N/m) at the nominal position of
the air suspension with serial PR is [14]:

9 2
c _nP1(1t(De/2) ) (15)
0 Vi+ V2 '

and for the air suspension with improved PS, the following
expression is proposed:

nP, (w((0e/2)+2,,, )
Vi+ V2 ’

C= (16)

The following empirical formula for the damping factor
is proposed:

B=w-p-n((De/2)+z,,) 2 2, Vo-He/Vip-f. (17)

For air suspension with conventional balloon or dia-
phragm PS:

Bo=w-p-n(De/2)-2-2, -Vo-Ho/Vi-u-f. (18)

The above empirical formulas take into account the
dependence of the damping coefficient on the oscillation fre-
quency and air density, since they affect the value of its mass,
which, during oscillations, flows through the throttle bet-
ween the PS and the additional reservoir. This value of the
air mass is also affected by: the ratio of the active capacity of
the PS (14) and its capacity V; in the nominal position. This
takes into account the value of the «passive» capacitance of
the PS and the plane of the surface of the additional reservoir,
through which the main part of the vibration energy is trans-
ferred to the environment.

3. 4. Computer simulation of mass fluctuations on an
improved air suspension

To assess the adequacy of the empirical formulas (16)—
(18), the coefficients calculated from them, calculated
from the formulas known from the theory of vibrations
and from computer simulation (1)—(12), were compared.
Wheel frequency of natural vibrations of the mass on air
suspension:

o=(c/m). (19)

The value of the critical value of the damping coeffi-
cient, kg/s:

Bcr=2 (Cm))05 (20)

For vehicles, it is recommended to choose the damping
coefficient at the level:

B=(0.2..0.35)B 21)

Table 1, 2 show the parameters of the air suspension in
the position of static equilibrium in relation to the DEL-02
diesel train.

The initial data given in Table 1, the rational: they are
selected based on the results of theoretical studies and full-

scale tests of a row of experimental diesel locomotives that
were equipped with air suspension [13].



Table 1

Output data of design air suspensions

P“S*;”rﬁ‘;m orad/s | pkg/m® | Rym | mt | Dom | Vymd | Vom? | Hym? | Hym? | f m? i |P,MPa
1 6.24 4.9 0.05 12.3 0.56 0.022 0.07 0.6 1.97 2104 0.75 0.49
2 7.1 3.8 0.03 12.3 0.64 0.019 0.070 0.67 1.97 21071 0.75 0.38
3 6.24 4.9 0.10 12.3 0.56 0.062 0.030 0.90 0.3 21074 0.75 0.49
Table 2 Oscillograms of natural oscillations of the mass on air
Thermotechnical data of air suspensions for steady state suspensions with different PSs for: with diaphragm, balloon
c c R © T and improved balloon, are shown in Fig. 5-7. The analysis
" v ’ i 0 of the oscillograms proved that the calculated and simulated
— | J/(kgdeg) | J/(kg-deg) | J/(kg-deg) | W/(m>deg) | - frequencies of natural oscillations of all three air suspensions
14 17 1000 987 1000 993° are almost the same z.md are ablout 1 Hz. They are fading. .
Comparison of air suspensions was also made according

In the process of computer simulation, the cross-sec-
tional area of the throttle was varied. With its decrease in
magnitude, given in Table 1, a gradual increase in the fre-
quency of natural oscillations was observed. This is due to
a decrease in the mass of air flowing between the PS and the
additional reservoir as a result of the air flow reaching the
speed of sound.

Fig. 4 shows the characteristics of quasi-static 1 and
dynamic load 2 on the air suspension with improved PS,
obtained in the study of the mathematical model (1)—(12).
With a quasi-static load, an isothermal process occurs at
a certain suspension, so the characteristic is linear. Under
a dynamic load with a constant frequency, but with an os-
cillation amplitude varying within *z,y, characteristic (2)
becomes non-linear. It practically coincides with the charac-
teristics of the loading of air suspensions, created on the basis
of diaphragm and serial balloon PS.
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Fig. 4. Characteristics of the load of the air suspension
with an improved pneumatic spring with an additional
tank capacity of 0.07 m3: 1 — quasi-static load (isothermal
process); 2 — dynamic load with an oscillation
frequency of 1 Hz

The load on the sprung part of the vehicle, transmitted
through the air suspension with improved PS when driv-
ing along the track or track, is shown in Fig. 4. They are
calculated as the product of the amplitude value of the air
pressure and the corresponding value of the effective area of
the pneumatic spring.

to the damping index D, which was calculated from the os-
cillograms:
D=(In(4,/A,))/ 2, (22)
where A; and A, are successive oscillation amplitudes.
The air suspension damping coefficient is calculated us-
ing its critical value using the formula:
BzD'Bcr- (23)
This will make it possible to compare the damping prop-

erties of all three types of suspensions: with diaphragm, serial
balloon and improved balloon air springs.

5. 5. Comparative analysis of air suspensions in terms
of stiffness, damping and damping indicators

The results of calculations by (15)—(21) and computer
simulation by (1)—(12), (23) are presented in Table 3.

Table 3

The results of calculating the stiffness and damping
coefficients

Pz;r::g:] ¢ ra(:iL/S Cz 1nS/)l,ﬂ l?)(y :( ;;)/,s kﬁgc/ﬁs kg ) S, kg? ) S,
19) | (16) (18) (20) (21) (23)

Balloon | 6.06 451885 (25815 |149106|29821-52187|33312
Improved | 7.10 |617989 | 34210 174370 |34874-61030|45859
Diaphragm | 6.06 451885 | 11121 [149106|29821-52187| 7650

As can be seen from Table 3, the difference in the values of
the damping coefficients obtained by the proposed empirical
formulas (17), (18) and the results obtained by mathematical
modeling does not exceed 25 %.

Oscillograms of natural vibrations of a part of the mass of
the body on air suspension, obtained by computer simulation,
are shown in Fig. 5-7.

Analysis of the obtained results proves that the damping
coefficient of the air suspension with improved PS increased
by 25 % compared to the serial PR. It is close to the recom-
mended values calculated by (21) and included in the range
of damping coefficients (resistance parameters) of vibration
dampers UG190.32.32 for vehicle (24,000—42,000 kg/s) [15].
This indicates the adequacy of the proposed empirical formu-
las (17), (18).
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Fig. 5. Oscillogram of natural vibrations
of the body mass on air suspension with
diaphragm PS: (VA/V1)=0.1
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Fig. 6 Oscillogram of natural vibrations
of the mass of the body on air suspension with
balloon PS: (VA /V1)=0.7
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Fig. 7. Oscillogram of natural oscillations of the mass
of the body on air suspension with improved
balloon PS: (VA /V1)=0.9

Table 4 shows the results of studies of the damping pro-
perties of air suspension for diesel trains DL 02.

As can be seen from Table 4, the performance and damp-
ing coefficients of the air suspension with improved PS are
significantly higher than others and are within the ranges
recommended for the vehicle.

Table 4

The results of studies of the damping properties
of air suspension

Indicators and damping with with serial with
coefficients (opposite) | diaphragm balloon improved
of pneumatic suspension PS PS PS
D 0.058 0.210 0.263
B, kg/s 7650 33312 45859

6. Discussion of the results of the study
of vibration damping of vehicles by improving
the pneumatic springs

The dynamic load on the sprung part of the vehicle,
transmitted through the air suspension with improved PS
when driving along the track or track, is shown in Fig. 4. Its
value for all three air suspensions is almost the same, but the
number of oscillation periods is greatest for the air suspen-
sion of the diaphragm PS, which is associated with too weak
damping (Fig. 5).

Most likely, vibrations are damped in air suspensions
with improved PS (Fig. 7).

Damping coefficient (resistance parameter) calculated
from oscillograms of natural vibrations of an air suspension
with an improved balloon PS (B=45859 kg/s), close to the
upper limit of the range (24,000-42,000 kg/s) of the hydrau-
lic resistance parameter 2.

The damping index of the air suspension with a conven-
tional balloon PS is close to the lower limit of the range.

The damping index and the resistance parameter of the
air suspension with diaphragm PS are significantly less than
those recommended for the vehicle, so the installation of
hydraulic shock absorbers is necessary here.

The results obtained confirm the adequacy of the mathe-
matical model of mass oscillations on air suspensions.

The accepted assumptions to a certain extent influence
the results of the research, in particular in terms of the para-
meters of the components of the air suspension. Therefore,
they should be considered as a first guess. Parameters (throttle
cross-section, additional tank capacity, etc.) must be correc-
ted during full-scale bench and field tests of vehicles equipped
with improved air suspension.

7. Conclusions

1. The structural features of the improved air suspension
are determined, namely, that its air spring (balloon type) has
an increased diameter and, accordingly, the effective area
of the upper and lower bottoms. With this in mind, a calcu-
lation scheme has been developed for compiling a mathema-
tical model.

2. The mathematical model of vibrations of a part of
the body mass on an improved air suspension has been
improved in terms of taking into account the dependences
of the effective area and the stiffness and damping coef-
ficients on vertical displacements of the upper bottom
during vibrations.

3. Empirical formulas have been compiled for the stiff-
ness and damping coefficients of the improved air sus-



pension, which take into account the ratio of the active
and total capacity of the air spring and its variable effec-
tive area.

4. Computer modeling of mass oscillations on an im-
proved air suspension was carried out, which made it possible
to obtain the characteristics of its quasi-static and dynamic

load, as well as oscillograms of natural mass oscillations on an
improved air suspension.

5. Comparison based on the results of simulation of an
improved air suspension with a balloon air suspension in
terms of damping coefficients and damping indicators re-
vealed its advantages: they increased by 25 %.

10.

11.

12.

13.

14.

15.

16.
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