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Abstract. The results of the research to substantiate 

the possibility and feasibility of raising the pneumatic 

spring suspension system for realization of efficient 

damping of vibrations of vehicle bodies, which are 

equipped with such a suspension, are presented. The 

influence of parameters of system components of the 

pneumatic spring suspension and gas-thermal and 

dynamic phenomena in it on the damping factor of 

vibrations and the development of the amplitudes of the 

vibrations in laminar and turbulent mode of the air flow 

through the orifice that connects the air spring and the 

additional reservoir was revealed. The dependence of the 

damping coefficient on the cross-section of the throttle 

orifice and the capacity of the additional reservoir in both 

modes of the air flow through the throttle was 

investigated. It was offered to take into account the 

"active" capacity of the air spring. It was also grounded 

the influence of natural frequency and density of the air 

on the damping ratio, which significantly improved the 

mathematical model that describes vibrations of bogie 

parts of vehicles on air springs. An example of 

calculations of the coefficient of damping of the 

pneumatic spring suspension for the vehicle was given. It 

is proved that the pneumatic spring suspension allows you 

to abandon hydraulic or other vibrations dampers 

completely by proper choosing of its parameters.  

Key words: vehicle, air (pneumatic) spring, 

parameter, throttle, damping, vibrations.  

INTRODUCTION 

 An air spring suspension provides a reduction of 

costs for repairing and recovery of vehicles and road 

structures, on which they are moving, because it provides 

a "soft suspension". This reduces the inertial forces acting 

on the traffic structure. This is particularly important 

because restoration of road structures is too costly and 

requires the expenditure of much labor. Air springs also 

provide reliable protection of passengers and crew from 

vibrations and noise that occur when rolling the wheels. 

This helps to improve their comfort. Therefore, the use of 

pneumatic spring suspension is considered as a 

perspective direction of increasing the technical level of 

vehicles [1-6].  

 

 

ANALYSIS OF RECENT RESEARCHES AND 

PUBLICATIONS 

 Pneumatic spring suspension of vehicles requires 

further improvement, because there is some doubt 

regarding the performance of the materials of which the 

pneumatic spring is made, in particular its flexible shell, 

and insufficient stability of the devices giving the 

compressed air to it.  

Today, the new air spring, in which a flexible shell is 

not made of reinforced rubber, but of polyurethane, which 

increased its efficiency, was manufactured and tested in 

domestic enterprises.  

The original microprocessor controller of the 

position of the body was successfully tested. It allowed to 

minimize the expenditures of the compressed air for 

feeding the air spring and provided the stability of 

controlling of the floor level of the body and the  coupler 

as to the road structure taking into account the load or 

environmental conditions [7].  

Meanwhile, most of the means parallel to the air 

spring is usually mounted with hydraulic vibrations 

dampers to provide the proper vibrations damping. And 

this substantially increases the cost on them and 

complicates and at the same time reduces the reliability of 

the pneumatic spring suspension system [8- 11], etc.  

Therefore, there is a need for further theoretical and 

experimental study and characterization of air springs to 

improve their ability to vibrations damping.  

For the air spring the coefficient of vibrations 

damping β (kg/c) is usually a constant. It is calculated by 

the oscillograms of vibrations of a mass on the air spring, 

for example, at the bench [5].  

This gives the opportunity for introducing of 

numerical values of the coefficient of damping in the 

mathematical and simulation models for the purpose of 

approximate prediction of the dynamics of the movement 

of promising vehicles that must be equipped with air 

springs.  

Analysis of the physical processes of the air, which 

fills the pneumatic spring suspensions system, and also 

the analysis of experimental oscillograms of the 

vibrations show that the damping coefficient is not 

constant. It varies with the variation of the parameters of 

the constituent elements of the system and modes of  
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occurrence of gas-thermal and dynamic events in it taking 

place during vibrations.  

Therefore, the results obtained by the mathematical 

model in which the coefficient of damping is considered  

constant, is only a first approximation to the results of 

field tests.  

Some steps to reveal the physical phenomena 

relevant to the formation of processes of vibrations 

damping in the system of pneumatic spring suspension 

were made in the work [8]. The authors put forward the 

hypothesis that the coefficient of mass damping on the 

pneumatic spring depends not only on the cross-section of 

the throttle orifice  fthr that was already known, but also on 

the amount of the air G flowing through it. To obtain the 

necessary dimensionality of the damping coefficient 

(kg/s), the authors were forced to introduce a 

proportionality coefficient, which was calculated   on the 

results of experiments at the bench.  

Without proper confirmation, it was believed that the 

dependence of the coefficient of damping β on the amount 

of the air G flowing through the orifice was linear. This 

should be considered as a certain approximation that 

requires validation. Moreover, the value of the quantity of 

the air G is not a parameter that can be varied, but a 

variable one, which depends on many factors associated 

with parameters of components of the system of 

pneumatic spring suspension. Therefore, the authors 

defined it as a certain constant.  

In the known works of foreign authors on the issue, 

it is not enough information on attraction systems of 

pneumatic spring suspension to the realization of efficient 

damping of vehicles [12-15].  

OBJECTIVES 

The aim of the study is to ground the possibility of 

attracting air springs to the realization of efficient 

damping of vibrations by optimizing the system 

parameters of pneumatic spring suspension and gas-

thermal and dynamic phenomena in it.  

THE MAIN RESULTS OF THE RESEARCH 

To achieve this goal it is necessary to obtain 

physically reasonable dependence for the coefficient of 

vibrations damping and to investigate its adequacy by 

modeling.  

The department of electrical transport and diesel 

locomotive building HTU "KHPI" initiated, scientifically 

validated, researched and implemented a pneumatic 

spring suspension for different series of the long-haul, 

shunting and industrial diesel locomotives. All these 

locomotives did not use any dampers, and the damping of 

the vibrations was reproduced solely by the pneumatic 

spring suspension system [5].  

The required damping of vibrations was first 

determined theoretically by the prediction of optimum 

system parameters of pneumatic spring suspension, which 

were subsequently clarified in the course of numerous 

experiments directly with the locomotives. During the 

tests cross-sections of the throttle, capacity of additional 

reservoirs and so on varied. Apparently, such experiments 

are too costly and time-consuming.  

We believe that the development of scientifically 

justified methods of theoretical research and   calculations 

of all the parameters and characteristics of the pneumatic 

spring suspension system for each specific vehicle will 

facilitate further implementation of air spring suspensions 

in vehicles, in order to shorten the process of field testing 

and refinement of the system towards the optimal natural 

frequency and damping.  

We elaborated the basic mathematical model [5], 

which describes the vibrations of the vehicle body on the 

air springs, in part, with regards to the mathematical 

description of damping processes.  

Based on the experience obtained during theoretical 

and experimental researches of vehicles, it was 

determined that damping of the vibrations depends on the 

number of ratios: the effective area of the air spring and 

the cross-section of the throttle orifice 
thr

fFeff ; 

capacitance of  the additional reservoir and air spring

a.s... VV radd  etc. 

It is necessary to contain in the expression the 

component or parameter that will determine the part of 

the energy of vibrations which is turned into thermal 

energy by diverting it into the environment. It can be 

influenced by constructive methods. This parameter is the 

surface area through which heat removal, i.e. the sum of 

the surface areas of the air spring and  the additional 

reservoir, and sometimes the pipelines connecting them. 

Air density ρ; "active" capacity of the air spring VА 

and resonance frequency of oscillation ω will affect 

oscillation damping.  

We shall assume the part of the total capacity of the 

air spring from which air flows out through the throttle 

orifice during oscillations, to be active. For example, for 

the "balloon-type» air spring, the active capacity equals 

the capacity of the air spring, and if it is of a diaphragm or 

hosiery type, the active capacity will be significantly less 

than the capacity of the air spring.  

Thus, taking into account the above mentioned the 

following expression for the coefficient of the mass 

vibrations damping on the air spring is: 

)(/))

)(.((

a.s.a.s.add.r.add.r.

a.s.add.r.a.sА

HVfH

HVVFV



 
, kg / c. (1) 

To test the adopted assumptions with the use of the 

MATLAB Simulink software system, there was created a 

simulation model of vibrations of the chosen wheeled 

vehicle body on pneumatic springs. We studied its 

movements on the rough road structure that actuated 

vibrations. 

Taking into account the symmetry of the vehicle, 

only one point of suspension with one part of the body 

mass, is examined. Initial data fulfilled the recommended 

parameters of the vehicle [5, 16]. Natural body vibrations 

were disturbed by single impulses supplied to the input of 

the model.  

At the first stage of research it has been tested a 

hypothesis which predicts that upon reaching the speed of 

sound at the outlet of the throttle by the air flow, "it is 

choked" and the air completely stops its flow to an 

additional reservoir. For this throttle sections were varied.  

According to the oscillograms, examples of which 

are given in Fig. 1, the average natural frequencies and 

logarithmic decrements of vibrations damping were 

calculated. 
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Natural frequency of mass vibrations on the air spring is 

almost unchanged with decreasing of the throttle cross-

section from 2·10
-4 

(а) to 10
-4 

, (b), , and with further 

reduction of the cross-section it is growing, because the 

air  flow into the additional reservoir is decreasing. Upon 

reaching the zero value by the throttle cross-section the 

air flow through the throttle completely stops, the 

dynamic stiffness of the air spring is increasing, and the 

frequency of natural vibrations increases about three 

times (Fig. 2a). 

While studying natural vibrations, the phenomenon 

of rapid increase of their frequency (which can happen, as 

some researchers consider, when there is "choking" of the 

throttle, and the speed of the air that flows through it will 

be "critical", i.e. it will reach the speed of the sound) was 

not observed. 

At the zero value of the throttle cross-section the 

additional reservoir is completely disconnected from the 

system. Herewith, the decrement of vibrations decreases 

almost four times. 

Damping of vibrations, according to a logarithmic 

decrement, was observed mostly at the throttle cross-

section in the range of (0.5–1.1)·10
 4 

m
 2
  (Fig. 2, c).  

 

 
a)                       b)                             c) 

 

Fig. 1. Oscillograms of natural vibrations of the part 

of the body on the air spring with variation of the throttle 

cross-section.  

 

The dependence of the logarithmic decrement of 

vibrations on the additional reservoir capacity and its 

surface is shown in (Fig. 3 and 4), respectively. They are 

nonlinear, the decrement of vibrations grows faster when 

increasing the capacity or the surface of the additional 

reservoir.  

In known studies, the mode of the air flow through 

the trottle is considered as laminar (subcritical), and its 

flow rate is calculated according to the expression:  

,)(ρ2μ 21add.r. PPfG            (2) 

where: μ is the coefficient of the air  flow, P1, P2 – the air 

pressure in the air spring and the additional reservoir, 

respectively [5].  

It is proved in the work [17] that under certain 

conditions, if:  

(P2 / P1) > 0.528.                                (3) 

The mode of the air flow through the throttle will be 

laminar (subcritical) and will correspond to the expression 

(2). 

 
Fig. 2. Dependence of the natural frequency (a) and 

the decrement of vibrations (b) of the mass on the air 

spring on the cross-section of the throttle 

 

 
Fig. 3. Dependence of the decrement of vibrations on 

the capacity size of the additional reservoir when the 

throttle cross-section is 1.5·10
-4 

m
 2
   

 
Fig. 4. Dependence of the decrement of vibrations on 

the magnitude of the surface area of the additional 

reservoir when the throttle cross-section is 1.5·10
-4

m
 2
   

 

If:  

     (P2 / P1) ≤ 0.528,                        (4)  

 

the mode of the air flow through the throttle will be 

turbulent (supercritical), and the throttle orifice is not 

"choked", but retains a certain ability to pass the air. Its 

mass can be calculated by the formula [17]. 

.
2

1

2
1add.r.

TR
PfG                    (5) 

The expression (5) is introduced to models together 

with conditions (3) and (4), which determine the areas of 

computing, by comparing the pressures in the air spring 

and the additional reservoir. 

These modified models allowed us to study the 

development processes of forced vibrations of the mass 

on the air spring for all modes of the air flow through the 

throttle orifice and to determine the optimal vibrations 

damping that can be obtained through a system of 

pneumatic spring suspension. 
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The mode of the air flow under the terms of (4) is 

possible when hitting the wheels of the vehicle at a fairly 

high (or deep) road roughness on the road structure and in 

the case of resonant vibrations of the body, if the 

amplitudes of vibrations are large enough. 

In Fig. 5 the amplitude-frequency characteristics (AFC) of 

forced vibrations of the mass of the body on the air spring 

at sinusoidal excitation with an amplitude of 3 mm for the 

four (a, b, c, d) modes of the air flow through the throttle: 

laminar (subcritical), turbulent (supercritical) modes and 

the mode when the throttle is "choked", or the additional 

reservoir is disconnected from the system are shown. 

They differ significantly from each other in amplitudes of 

vibrations. 

 

 
 

Fig. 5. Dependence of the amplitudes of the 

vibrations of the mass on the pneumatic spring on a 

circular frequency excitation when the modes of the air 

flow through the throttle orifice with the cross-

section·1.1·10
-4

 m
2
: a – at the subcritical laminar flow; 

b – at the full throttle choking; c – at the turbulent air  

flow; d – when the cross-section of the throttle                 

is 0.55·10
-4

 m
2
. 

 

In the frequency range of disturbances in the range 

0 – 4 rad/s when the throttle cross- section is 1.1·10
-4

 m
2
, 

the growth of vibration amplitudes does not exceed 1.5. 

Afterwards, at the disturbance frequencies in the zone of 4 

– 8 rad/s, resonant vibrations are observed, when the 

amplitudes of the vibrations of the body increase 

2.3 times. Further the amplitudes of the vibrations slowly 

decrease  and do not exceed 0.1 mm, even when the 

frequency of disturbance is 23 rad/s, coinciding with the 

second resonance associated with a possible "choking" of 

the throttle, (Fig. 5, a). 

Therefore, in the frequency range of disturbances 0 – 

28 rad/s the phenomenon of "choking" of the throttle was 

not observed. The absence of resonance at a frequency of 

23 rad/s is the evidence of this. Such a frequency is 

resonant to the air spring without the additional reservoir. 

That is, when there was such a cross-section of the 

throttle, the additional reservoir was not disconnected 

from the air spring. 

When reducing the throttle cross-section to 0.55·10
-

4
 m

2
 and at the same disturbance, the picture changes 

somewhat: at the frequency of 23 rad/s the maximum 

appears on the AFC, indicating a partial "choking" of the 

throttle, i.e. the transition to the turbulent mode of the air 

flow (Fig. 5, d). 

It should be noted that the amplitudes of vibrations 

in this case are still considerably less than when the 

additional reservoir is disconnected. That is, due to the 

flow of the air, the mass of which is calculated by the 

expression (5), the damping of vibrations decreases, but 

still remains higher than when the additional reservoir is 

disconnected (Fig. 5, b). 

Further reduction of cross-section of the throttle is 

impractical because the mode of the flow of air through 

the throttle at the selected perturbance of vibrations 

becomes turbulent, and the decrement of vibrations 

damping decreases (Fig. 2, b), which can be explained by 

reducing the mass of the air that flows through the 

throttle. 

As it was expected, the largest amplitudes of 

vibrations were observed under the mode, when the 

throttle orifice was "choked" (Fig. 2, b), because in this 

case the flow of the air through the throttle into the 

additional reservoir disappears, and with it the damping of 

vibrations substantially reduces because the portion of 

vibration energy significantly decreases. Then this energy 

is converted into thermal energy and dissipated into the 

environment through the walls of the additional reservoir. 

Thus, in the system that was studied, two resonances 

were expected: the first one - at a circular frequency of 

6 1/c and the second one – at 23 1/ sec. 

But this phenomenon did not find the sufficient 

evidence during our theoretical studies of the vibrations of 

the vehicle bodies on the air springs and in the researches 

of other scientists [6, 18, 19, 20]. 

The vibrations occur at the AFC, (Fig. 5, c) which 

out of the resonance area is slightly higher than the 

characteristic, (Fig. 5, a) and if the throttle cross-section is 

selected in such a way that inherent vibrations are damped 

after three periods, that is, the logarithmic decrement of 

vibrations is not more than 1.0. 

But if the logarithmic decrement of the vibrations is 

more than 1.4, the vibrations amplitudes decrease in the 

resonance zone, but out of the resonance area they 

become somewhat higher, but still a maximum appears, 

which position along the frequency axis is not clearly 

determined (Fig. 5, d). 

This phenomenon we explain by the appearance of 

disturbance of the turbulent nature of the air flow through 

the throttle at high frequencies and by reducing the mass 

of the air that reached the additional reservoir. The system 

of pneumatic spring suspension in these circumstances is 

tougher, so its ability to filter the disturbance is somewhat 

worse. 

Thus, when choosing a cross-section of the throttle 

we must take into account the defined peculiarities of the 

system of pneumatic spring suspension and carefully 

choose its parameters, depending on the condition of the 

road structure and nature of disturbance that can be 

expected from it. 

The damping coefficient of vibrations (2), which is 

introduced in the simulation model for one of the variants 

of the pneumatic spring suspension of a vehicle that was 

investigated, is: 
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a.s.a.s.add.r.

add.ra.sadd.r.a.sА

HVf
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= 

=(6,0 ·0.012·6.6·0.129·(0.012 + 0.04) (0.0465 + 

0.74)) / (1.1·10
-4  

0.012 ·0.0465) = = 40845 kg /s.   

 

With this numerical value of the damping coefficient 

the vibrations damp in two or three periods, that is, the 

logarithmic decrement of the vibrations in this case is 

about 1.7, which is recommended for vehicles (Fig. 2, b). 

Consequently, the proposed expression (2) provides 

the numerical values of the damping coefficient, which is 

close to optimal, which allows to determine rational 

parameters of the pneumatic spring suspension system at 

the stage of modeling and reduce significantly the cost of 

vehicle test for the purpose of correction of system 

parameters and to obtain appropriate damping of 

vibrations. 

CONCLUSIONS 

1. We improved the mathematical and simulation 

models in parts, concerning the damping of vibrations by 

taking into account the influence of system parameters of 

pneumatic spring suspension and gas-thermal and 

dynamic phenomena that occur in this system, as well as 

the mode of the air  flow through the throttle orifice 

located between the air spring and the additional 

reservoir. 

2. We obtained the dependences of vibrations 

frequencies of the mass on the air spring on the cross-

section of the throttle, the capacity of the additional 

reservoir and the area of its surface, which gave the 

reason to include them in the expression for calculation of 

the coefficient of damping, which also takes into account: 

the density of the air, the active capacity of the air spring 

and the resonant vibrations frequency. 

3. We obtained the amplitude-frequency 

characteristics of forced vibrations of the mass on the air 

spring at the variation of the cross-section of the throttle 

orifice and reducing it to a critical value when the flow of 

the air through it becomes turbulent and its amount is 

reduced, which explains the slight increase in out of the 

resonance part of the AFC. 

4. The proposed expression for the coefficient of 

vibrations damping allows us to define rational 

parameters of the pneumatic spring suspension system at 

the stage of designing and reduce significantly the cost of 

vehicle test for correction of system parameters and to 

obtain appropriate vibrations damping. 

5. The possibility and expediency of involving the 

pneumatic spring suspension system for realization of 

optimum damping of vibrations of vehicle bodies were 

grounded. 
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