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Abstract:
In the present study, particle swarm optimization (PSO) approach is used in a parametric investigation of
an air spring suspension system for different objective functions. This analytical study describes the influence
and the sensitivity of an air spring parameters on the dynamic responses of a 2-DOF quarter car model. Based
on this manner, a 2-DOF model for both passive and air spring suspension systems is implemented in
MATLAB/Simulink platform. Subsequently, PSO algorithm is programmed for different objective functions:
minimizing body acceleration, suspension working space and dynamic tire load. The optimization results are
compared in terms of the RMS of performance indices. Thereafter, a parametric sensitivity analysis is carried
out to find the sensitivity change of the dynamic responses against the air spring parameters. Furthermore, the
time and frequency domain analysis are then presented for the proposed air spring suspension system design
versus the passive suspension system. The results indicated that the air spring suspension system with a 0.1 m
diameter, 0.4 m height and 4 bar air bag pressure can satisfy the dynamic responses compared to the passive
suspension system. The air spring suspension system enhanced the ride comfort by 25 % and the dynamic tire
load was also enhanced by 3 % at constant suspension working space
Keywords: Particle swarm optimization; Air spring; Quarter suspension car model; performance index.
1

Introduction and Survey
The main purpose of vehicle suspension system is to isolate the vehicle body from road unevenness

disturbances and to maintain the contact between road and the wheel. Air spring suspension system was one of
the possible solutions for suspension system with possible application in passenger vehicles. The main
advantages of the air spring against other metal springs are: capability of stiﬀ ness regulation at diﬀ erent loads,
vertical stiﬀ ness is an important characteristic parameter of an air spring. It directly relates to the performance
of the air spring [1]. The ability of re-leveling gives the possibility for air suspensions to be designed softer
than the passive suspension in order to provide better ride comfort. Furthermore, this could provide one
suspension height for all loads condition, allowing more usable suspension working space. The air spring is
mainly used in commercial vehicles but lately is also used in higher classes of passenger vehicles [2].
Gavriloski et al [1] proposed a new dynamic air spring model that consists of two chambers filled with air and
connected to each other by the pipeline system. The influence of air spring parameters has been analyzed on
the suspension system performance index of passenger vehicles and verified by the experiment. Haider et al [3]
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developed a mathematical model for both GENSIS air spring and passive suspension system. Moreover,
Optimization has been used together with SIMULINK simulation to obtain the air spring suspension model
parameters. Further analysis showed that the equivalent model can produce the suspension response closed to
the passive suspension system. Lee [4] developed air spring model using the energy conservation law to
describe the important characteristics such as the hysteresis and nonlinear spring stiffness. The mathematical
model has been established with assumptions that the air spring has ideal gas property [1, 4]. Many researchers
[5] used ADAMS simulation to integrate the air spring mathematical model suspension, then the simulation and
bench test results under random excitation have been compared. A simplified model of air suspension with
leveling valve has been created in Multi-Body Dynamics (MBD) simulation software [6]. Gao [7] studied the
dynamic characteristics of air spring for different connections between the bellow and the auxiliary reservoir
under different excitation amplitudes and frequencies. Heat exchange between the pneumatic chambers and the
atmosphere had been considered. Liu et al [8] built air spring suspension model on the bus by finite element
analysis and thus the nonlinear characteristic of the air spring has been analyzed using the ABAQUS software.
The nonlinear characteristic of the rubber gasbag with multi-layers of composite materials with different
thickness and different original pressure. Alonso et al [9] carried out an investigation by using test rig that
designed specifically to analyze the performance of railway vehicle pneumatic suspensions. The performance
of pneumatic suspensions has been analyzed through experimenting along with the effect of different volumes
of the air chamber, air spring, pipes, and amplitude.
In this study, the Performance index for quarter car model of air spring suspension system are studied.
Moreover, a parametric sensitivity analysis is presented to illustrate the dynamic responses sensitivity per
parameter. Thereafter, the PSO algorism is used for the parametric design process. Quarter car model of the
passive suspension system is presented, and then the performance of air suspension and the passive suspension
is compared based on random road input.
2

Mathematical Modeling
In this study, a quarter car model with two degrees of freedom is implemented for both passive and air

spring suspension systems. The MATLAB/SIMULINK interface was used to analyze the proposed models
under a driving speed of 20 m/s and random road profile to simulate the car driving on a real profile.
2.1 Passive suspension model
The mathematical representation is presented upon the equations of motion for 2-DOF suspension model,
the schematic diagram of the passive suspension model is shown in Fig. 1.
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Fig. 1. Quarter car passive suspension system model.

The mathematical representation of the passive suspension is given as:
(1)
(2)
2.2 Air Spring suspension system
An air suspension supports the vehicle sprung mass on the axles with an arrangement of air bellows instead
metallic springs. Air bellows are rated for weight and pressure capacities and its characteristics depends on the
pressure.
In order to analyze the influence of the air spring parameters on the suspension system performance index,
air spring model has been derived. In this section, the air spring mathematical model is developed.
Furthermore, the model parameters used for this study are provided based on the literature. For classical
modeling of air spring (Fig. 2 and Fig. 3), in the literature, the stiffness characteristic is presented in Eq. (5).
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Fig. 2. The physical model of air spring.

The absolute pressure in the air spring and the force coming from the elastic element are:
(3)
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(4)
where

is the absolute pressure in the air spring, Pat is the pressure of the atmosphere,

pressure in the air spring,

is the effective area and

is the measured

is the vertical force, thus the stiffness characteristic of

the pneumatic element can be determined form the aforementioned equations:
(5)
If the gas condition change is determined that it is polytrophic, the following equation is valid:
(6)
where n is the polytropic coefficient. The Eq. (6) is differentiated:
(7)
From the equations above, follows that:
(8)
The equivalent mechanical model according to the classical approach is presented in Fig. 3, consisting of
two springs with stiffness ks1 and ks2 in parallel.
Thus, the equation of motion of the air spring suspension system:

Fig. 3. The classical model of air spring.

(9)
(10)
2.3 Random road model
The proposed model is simulated on a random road profile as shown in Fig. 4. The power spectral density of
the ground road profile is presented of the form:
(11)
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This formula was proposed by Robson. The parameters chosen for this work were vehicle speed
,

wave number (cycle /m),

and is the road frequency excitation in

is the road roughness coefficient (

for minor road)

.

Fig. 4 Road input profile.

2.3.1

Simulation and model parameters

The presented equations of motion are used for implementing a MATLAB/SIMULINK model in order to
evaluate the performance of a quarter car model as well as to study the influence of parameters of air spring
suspension system on performance index. Thereafter, PSO optimization strategy is used for multi-objective in
the air spring design and parameters estimation. Then, a weighted objective function is proposed for different
response priorities. Thus, a comparison between passive suspension system and air suspension system was
carried out.
As the first stage of this study, the sensitivity analysis of the air spring suspension parameters on the
performance indices is presented. Secondly, four optimization cases are considered in the design of air spring
parameters. According to a common practice in automotive engineering [10, 11], the evaluation of the dynamic
performance of a ground vehicle is most often based on examination of the absolute acceleration of the sprung
mass, suspension deflection between the wheel and the car body masses ( suspension working space) and the
force developed between the tires and the ground (Dynamic tire load).
The RMS values of the output are calculated for the proposed study cases and thus, air spring suspension
system ride comfort and stability are evaluated in terms of the RMS of sprung mass acceleration, suspension
working space and dynamic tire load. The suspension model parameters used in the simulation process of this
study are listed in

Table 1.
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Table 1. Quarter suspension model data.
Parameter

Description

Values

Passive suspension parameters
Ms

Sprung mass; kg

350

Mu

Un sprang mass; kg

50

Ks

Spring stiffness; kN/m

20

Cs

Damping coefficient; kN.s/m

1.5

Kt

Tire stiffness; kN/m

200

Air suspension parameters
Po

Initial absolute pressure; kPa

400

Pat

Outside ambient pressure; kPa

100.013

h

Initial height of the air spring; m

0.5

d

Initial diameter of air spring; m

0.1

3 Design of Air Spring Parameters Using PSO
Particle swarm optimization was introduced in 1995 by Kennedy and Eberhart [12]. Basically, it is one of
the computation techniques probably used to detect the optimum solutions based on the population of random
solutions called particles. PSO is a relatively simple technique which has good convergence rate and is able to
find reasonable solutions with avoidance of local minima [13]. It is clearly observed that the desired solution of
the problem is formed as an objective function, which should be minimized or maximized using PSO.
Otherwise, the unknown parameters are called particles, which can be moved between upper and lower limits
randomly. Practically, each particle has a position vector

containing random values of the parameters

required to be optimized. By substituting these positions in the optimization problem, their fitness values can be
obtained and memorized. Through iterations, each particle continuously updates its position and its velocity to
the next position from the knowledge of its best position

and the global best position

found by all

particles in the solution space. Particle swarm technique updates any particles’ position during an optimization
problem based on the following equations.
(12)
(13)
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where

is the velocity of the particle

are acceleration coefficients,

at the generation

and

is the non-negative inertia weight,

are random numbers between

and

and .

For the purpose of making the vehicle more comfortable, PSO is used so that the optimal air spring
parameters for the previous mention cases could be detected. While the optimization problem is formulated as
shown in Fig. 5, the objective function is focused on suppressing the discomfort criteria. Table 2 shows the
upper and the lower limits of the selected parameters.
Table 2. The lower and upper bound of the parameters.
Parameter

Lower Limit

Upper Limit

PO (kPa)

100

600

d (m)

0.05

0.2

h (m)

0.1

0.75

Table 3 shows the PSO parameters that are used within the optimization algorithm representing swarm size,
maximum iteration, and tolerance function.
Table 3. PSO parameters.
Parameter

size

Swarm Size

30

Max. iteration

10, 15, 20

Tolerance function

1e-99

Unknown variables

3
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Fig. 5. PSO technique procedures flow chart.

Therefore, the optimization problem, which determines the optimized air spring parameters according to
such cases, is defined as:
To be defined:
(14)
Case A: In this case, air spring suspension model is simulated and optimized to achieve the best ride comfort.
To be minimized:
(15)
Case B: Here, the air spring parameters are optimized to achieve the minimum suspension working space.
To be minimized:
(16)
Case C: In this case, the air spring model is optimized to minimize the dynamic tire load to provide good road
holding property.
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To be minimized:
(17)
Case D: In this case, the objective function is designed based on weighted factors for each response
compromising between performance index.
To be minimized:
(18)
The minimization of the performance indices defined by Eqs.(15), (16), (17) and (18) requires the
computation of the response quantities appearing in them for the different values of the parameter (Eq.(14)).
3.1 Weighting Sum Method
The basic idea of the weighting sum method is to combine various objective functions into a single objective
by assigning positive weights to each of the objective functions, and parametrically varying the weights to
generate the Pareto optimal set.
In the Case D, a composite performance index is defined in the form:
(19)
which can be optimized by the application of conventional techniques. However, the constants

,

and

in the last composite index denote arbitrarily chosen weighting coefficients, which indicate the contribution
of the individual performances on ride comfort, working space of the suspension and road holding of the
vehicle to the total performance index, respectively. In many cases, this formulation does not lead to acceptable
results. In addition, taking into account the fact that the number of design variables is also large, it is more
preferable to apply a multi-objective optimization methodology, instead. The mathematical problem associated
with such an optimization method is reduced to seeking the values of the vector θ, including the design
variables, which minimize the objectives:
( 20)
As the objective functions defined by Eqs.(15), (16), (17) and (18) are conflicting, there is not only a single
optimal solution anymore. Instead, an infinite number of optimal solutions arises, known as Pareto-optimal or
nondominated solutions, which forms a characteristic front in the objective space, known as the Pareto front.
4

Results and Discussion
The parametric sensitivity analysis has been conducted first based on a normalized point in which the

parameters ranging from -50%*normal value to +50%*normal value. Thereafter, simulations have been
performed to confirm which combination of these parameters is best to obtain the best values of body
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acceleration, suspension deflection, and dynamic tire load. The following sections provide the simulation
results obtained when different air spring parameters are modified, and their sensitivity has been analyzed.
4.1 Air Spring Parametric Sensitivity Analysis

Fig. 6 illustrates the sensitivity change of the RMS of body acceleration (ACC), suspension working space
(SWS) and dynamic tire load (DTL) against air spring parameters (pressure, diameter, height). In the sensitivity
analysis, the air spring parameters changed in the range of ±50%. In terms of RMS of body acceleration, the
sensitivity change of the air spring pressure, diameter, and height is presented in Fig. 6a. The body acceleration
strongly correlates to the air spring diameter showing high sensitivity change against air spring diameter.
Whereas, the air spring height is coming in the second most sensitive parameters for the body acceleration due
to an increase in the vibration intensity levels. The air spring air bag pressure has the least impact on the body
acceleration comparing to the parameters of the air spring dimensions (diameter, and height), see Fig. 6a.
In Fig. 6b, the sensitivity change of the suspension travel is given. Similarly, the most sensitive parameter
affecting the suspension deflection is the air spring diameters what makes the SWS strongly correlates to the
diameter of air spring rather than the other parameters (pressure, height). Moreover, the second most sensitive
parameter is the air bag pressure of the air spring in which decreasing the pressure from the normal value
changes the SWS more than the pressure over the normal point. While in Fig. 6c, the DTL seems to have the
same parameters sensitivity order of the SWS as it strongly correlates to the diameter, pressure, and height of
the air spring, respectively.
It can be clearly observed that the air spring dimensions can effectively change the stiffness to be soft or
even to be stiff. Consequently, this can affect the vibration intensity transmitted to the main car body. Another
observation is that increase the air spring diameter leads to an increase in the body acceleration while the SWS,
and DTL drop with the diameter increasing. Looking to the height impact, it is also clear that the height has an
opposite effect in case of SWS, and DTL comparing to the acceleration and likewise for the pressure impact on
the dynamics (see Fig. 6a, b, and c).
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Fig. 6. Parametric sensitivity change of the boy acceleration, suspension working space, and dynamic tire load.

4.2 Optimization Results
In this section, the optimization results are presented and analysed for the proposed objective functions
(Section 3). Fig. 7 compares the optimization results of case A, B, and C in both time domain and frequency
domain. The optimized parameters for each case are given in and the corresponding RMS results for each case
are listed in Table 5.

- 266 -

Minia Journal of Engineering & Technology (MJET), Vol. 38, No. 1. January 2019

(f)

(e)

Fig. 7. Time domain and frequency domain for the proposed optimization cases.

Table 4. optimization results for the proposed cases.
Parameters
Case

Po (kPa)

d (m)

h (m)

Case A

300

0.05

0.75

Case B

300

0.1964

0.1

Case C

300

0.1008

0.3184

Fig. 7 a and b depict the ride comfort response (RMS of body acceleration) comparatively for the proposed
optimization cases (Case A, Case B, and Case C). In Case A, the objective of the optimization problem was set
to minimize the discomfort vibrations (RMSAcc) neglecting the other responses. While in Case B, the objective
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was to minimize the suspension deflection (RMSSWS), whereas minimizing the dynamic tire load (RMSDTL)
was the objective of the optimization problem in Case C.
Table 5. RMS results for the proposed cases.
Output Variables

Case A

Case B

Case C

ACC

m/s2

0.9557

4.259

1.075

SWS

m

0.01883

0.01139

0.01485

DTL

N

702.8

1584

688.2

It is clear that the minimum acceleration level is found in Case A with RMS value of 0.9557 m/s 2 unlike its
value in Case B being 4.259 m/s2. This means that the body acceleration increased by 77.5% when the diameter
and height of the air spring changed to be 0.1964, and 0.1 m, respectively. This confirms the fact that the
suitable air spring size will provide good ride quality. It is obvious that the small diameter can provide
acceptable ride comfort with respect to the air spring height. In contrast to this, the large value of the spring
height is required to have lower vibrations.
In Fig. 7c and d, the suspension deflection is minimized in Case B hitting RMS value of 1.139 cm which is
approximately 40 % lower than its value in Case A. This related to the different size of the air spring in which
the vibration is transmitted directly to the body when a small air spring is used. On the other hand, the road
holding response represented by the dynamic tire force correlates strongly to the air spring dimensions Fig. 7 e
and f. The DTL was minimized in Case C being 688 N which is 57% lower than Case B. This behavior is
similar to the acceleration trends that is requiring compacted air spring with relatively small dimensions.
Clearly, the air spring with large dimensions failed to obtain good ride and road holding properties in which the
vibration is transmitted to the main body (sprung mass) directly.
The obtained results are affected by suspension parameters, and driving conditions, hence, the designed
parameters of the air spring can show either higher or lower values in other cases.
4.2.1 Weighted objective function results
In Case D, 3 different weighting grouped (W1, W2, and W3) were proposed switching between dynamic
responses priority. In

Table 6, the weighting factors are described in details and optimization results are stated comparatively for

each weighting set. The corresponding results for each group are given in Fig. 8 accounting the RMS of
acceleration, suspension travel, and dynamic tire load.
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Table 6. Weighted Optimization Results of Case D.
Weighting Factor Groups (Case D)
W1
DTL

ACC

SWS

DTL

ACC

SWS

DTL

W3

SWS

Variables

W2

ACC

Output

0.6

0.3

0.1

0.1

0.6

0.3

0.1

0.3

0.6

ACC

m/s2

0.9903

1.097

1.099

SWS

m

0.01579

0.01475

0.01475

DTL

N

693

688.5

688.5

It is obvious that the weighting factors can change the priority of the single objective function of the
optimization problem. Thus, this strategy gives us the option to select what response needs to be enhanced on
account of the others. When the dynamic priority tends to be more comfortable so W1 gives the minimization of
acceleration higher priority in the optimization process when designing the air spring parameters. In contrast to
this, in W3, the DTL response has higher priority than other responses.
All in all, the air spring suspension system with a size of around 0.1 m (diameter) * 0.4 m (height) and 4 bar
air bag pressure can satisfy the dynamic responses compared to the passive suspension system performance
which is compared in the next section.

Fig. 8. Comparison of the weighted optimization results (Case D).

4.3 Air spring suspension system VS passive suspension system
In order to verify the effectiveness of the proposed optimized air spring suspension system, comparisons
between the designed and proposed air spring parametric model and passive suspension system are presented.
- 269 -

Minia Journal of Engineering & Technology (MJET), Vol. 38, No. 1. January 2019

The performance index of the quarter car model integrated with the designed air spring model are compared to
those of passive suspension system. Both the power spectral density (PSD) value and the time response of the
body acceleration, suspension working space, and dynamic tire load are evaluated. It is worth mentioning that
the obtained results are affected by suspension parameters, and driving conditions, hence, the designed
parameters of the air spring can show either higher or lower values in other cases.
Fig. 9 illustrates and compares the dynamic responses of a quarter car suspension model for both air spring
suspension and passive suspension system in terms of time and frequency domain. In addition, the RMS values
are stated for each response for better comparison. In Fig. 9 a and b, the air spring suspension showed better
ride comfort comparing to the passive suspension system in which the ride behavior enhanced by 25% against
the passive suspension. This is due to lower vibration intensity transmitted to the car body in the case of air
spring suspension against the passive spring suspension. In terms of suspension working space index, the
suspension travel of the air spring is almost equal to that of the passive suspension (see Fig. 9 c and d).
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Fig. 9. Time and frequency domain comparison of passive suspension against the air spring suspension.

In Fig. 9 e and f, the dynamic tire load for the passive and air spring are provided. It is obvious that the
dynamic tire load corresponding to the air spring assembly is enhanced by 3% over the passive suspension
system. In conclusion, the air spring based on the proposed and designed parameters in our paper provides
better performance index comparing to the passive suspension system assembly.
5

Conclusions
In this paper, the aim was to investigate the sensitivity of the air spring parameters against performance

index. Moreover, extensive optimization simulations were performed under different objective functions to
design the air spring parameters for better dynamic performances. In this manner, a 2-DOF quarter model was
developed using MATLAB/Simulink platform then PSO algorism was used for the parametric design process.
The optimization problems included the air spring dimensions (diameter and height) and the air bag pressure.
The dynamic responses; body acceleration, suspension working space, dynamic tire load; were then compared
in the form of time and frequency domain analysis.
The results indicated that the air spring suspension with a size of around 0.1 m (diameter) * 0.4 m (height)
and 4 bar air bag pressure can satisfy the dynamic index compared to the passive suspension system. The air
spring suspension system enhanced the ride comfort index by 25 % and the dynamic tire load was also
enhanced by 3 %. The air spring provided better ride comfort than the passive suspension system.
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Nomenclature
Aef

effective area of the air spring (m2)

Po

initial absolute air spring pressure (kPa)

Ks

spring stiffness (kN/m)

Cs

damping coefficient (kN.s/m)

Ms

sprung mass (kg)

Mu

unsprung mass (kg)

Zs

vertical displacement of the sprung mass (m)

Zu

vertical displacement of un sprung mass (m)

Zo

road unevenness input (m)

ACC

Acceleration (m/s2)

SWS

Suspension working space (m)

DTL

Dynamic tire load (DTL)
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ملخص البحث
فً ْزِ انذساست ،تى استخذاو َٓج ) particle swarm optimization (PSOفً عًم دساست تحهٍهٍت نُظاو انتعهٍق رٔ
انٍاي انٕٓائً نتقٍٍى اداءِ ٔتاثٍشِ انذٌُايٍكً عهً انًشكبتٔ .تصف ْزِ انذساست انتحهٍهٍت تأثٍش ٔحساسٍت يعايالث انٍاي
انٕٓائً عهى االستجابت انذٌُايٍكٍت نًُٕرج سبع سٍاسة ٔ .بُاء عهى ْزِ انطشٌقتٌ ،تى تُفٍز ًَٕرج ثُائً دسجت انحشٌت نكم يٍ
أَظًت انتعهٍق انسهبً رٔ انٍاي انًٍكاٍَكً (ٔ (coil springانتعهٍق انتقهٍذي رٔ انٍاي انٕٓائً ( )air springبإستخذاو
ٔ .MATLAB/Simulink platformبانتانً ٌتى بشيجت ٔ PSO algorithmرنك نتحقٍق اْذاف يختهفّ يُٓا :تقهٍم
انعجهت انتساسعٍت نجسى انسٍاسة ،االصاحت يا بٍٍ جسى انسٍاسِ ٔيحٕس انعجالث ٔكزنك انحًم انذٌُايٍكً عهً اإلطاساث.
ٔيٍ ثى تى يقاسَت انُتائج انتً تى انحصٕل عهٍٓا يٍ ٔ optimizationيذي تاثٍشْا عهً االداء انذٌُايٍكً نهًشكبت ٔ .بعذ
رنك ،تى إجشاء دساست تحهٍهٍت نتبٍٍ يذي تأثٍش انتغٍٍش فً عٕايم انٍاي انٕٓائً عهً االداء انذٌُايٍكًٍ نهًشكبتٔ .عالٔة عهى
رنك ،تى تقذٌى تحهٍم انًجال انضيًُ ٔانتشدد نتصًٍى َظاو انتعهٍق انٕٓائً انتقهٍذي انًقتشح يقابم َظاو انتعهٍق انسهبً رٔ
انٍاي انًٍكاٍَكً .أشاسث انُتائج إنى أٌ َظاو انتعهٍق انٕٓائً بانًٕاصفاث انتانٍت  :قطشانٍاي انٕٓائً  1.0يتش ٔاستفاعّ
 1.0يتش ٔضغط انٕٓاء بذاخهّ  0باس ًٌكٍ أٌ ٌحقق االستجاباث انذٌُايٍكٍت انًشغٕبت يقاسَت بُظاو انتعهٍق انسهبًٔ .كًا
أظٓشث انُتائج أٌ َظاو انتعهٍق انٕٓائً ٌحقق تحسٍٍ فً ساحت انشكٕب بُسبت  ،٪52كًا تى تحسٍٍ انحًم انذٌُايٍكً
نإلطاساث بُسبت ٔ ٪3رنك فً إطاس انحفاظ عهً ثباث االصاحت يا بٍٍ جسى انسٍاسِ ٔيحٕس انعجالث .
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