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ABSTRACT

The suspension system plays a critical role in off-road vehicles, exerting a considerable influence on control,
stability, handling, and the ability to adjust the spring response with variations of the vehicle's weight. This
study investigates the effect of adding an air spring to a double wishbone suspension system, which is further
augmented by a shock absorber and a torsion bar. Initially, the differential equations governing the air
suspension system—characterized bys.nonlinear parameters—are simplified to calculate the air spring's
coefficient. Subsequently, a model of the double wishbone suspension system, including two hydraulic shock
absorbers, a torsion bar, and an air spring, issmodeled in Adams Car and TruckSim software. The model
analyzes the force-displacement relationship of the air spring’based on the main input data, such as the stiffness
coefficient of the torsion bar, the force-velocity characteristics of the shock absorbers, the suspended and
unsuspended masses, and the tire stiffness coefficient. The performance of the vehicle is studied for the
suspension system with and without an air spring. The kinematic and Compliance tests are conducted utilizing
Adams Car, while handling, stability, and comfortability evaluations are performed employing TrackSim
software. The results show that the suspension system's performance is<enhanced regarding stability and
handling when utilizing air springs, resulting in reduced vertical acceleration of'the vehicle and a more seamless

driving experience on curved and sine-wave roads.
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1. Introduction

In a vehicle suspension system, two objects are always
discussed: ride quality and handling/control capability,
and these two are constantly in conflict with each other.
The stability and safety require a stiff suspension; on the
other hand,) passenger comfort requires soft damping.
Designing vehicle suspension systems requires a
compromise between ride quality and vehicle stability.
AIr spring suspension systems are developing in a new
generation of cars to_obtain both comfort and handling
[1]. In,2001, Quagliatand Sorli [2] investigated the
formulation of " air spring suspension systems. The
effects of pressure on the stiffness of the air spring are
modeled by a nenlinear’'mathematical model. Xiao et al.
[3] in 2014 presented a\force-deformation relationship
based on experimental data for a nonlinear air spring
model, and optimized the spring’s performance with a
genetic algorithm.

In this paper, a double wishbone independent
suspension system is designed using hydraulic«dampers,
an air spring, and a torsion bar., The system will be
analyzed, and the results of the study will be compared
before and after adding the air spring by modeling the
suspension system in analytical software=such as
AdamsCar and TruckSim. The aim is to examine the
effect of using air springs instead of coil springs
(presence or absence of an air spring system) on vehicle
performance in aspects such as ride height adjustment,
stability, maneuverability, ride comfort, suspension
softness, and the ability to change the spring rate with
varying vehicle weight.

2. Air Spring Formulation

The air spring has thin, flexible walls that are subjected
to internal pressure. The formulation of the air spring is
complex and is presented comprehensively in reference
[5]. The force applied by the spring to the sprung mass,
according to equation (1), is a function of the pressure
difference between the spring and the ambient
environment and the effective area of the spring.

Fz:(Pl_Pa)Aa (1)

The effective spring level is a function of the
positions of the two ends of the spring, and the gradient
of the vertical force on the spring is obtained as relation
(10).

£, = RA(h(1))+(R-P,) A(h(1) @

The formulations of air spring systems show
nonlinearity between the applied force and vertical
displacement. To solve this nonlinear system, the
equation must be converted from its parametric form
with influential air-spring parameters, such as spring

pressure, into parameters that can be defined via Adams
software inputs or outputs. Therefore, considering the
actual behavior of the air spring near equilibrium points,
it is linearized so the system can be analyzed more
easily; hence, by substituting the values of air spring
parameters, the spring force gradient is obtained in
linearized form as equation (3).

F, =266738.83h+¢ @)

The torsion bar is also installed on this type of
suspension system, and a preload is applied to the
torsion bar. So, it is assumed that no preload is applied
to the air spring. The linearized stiffness coefficient of
this air spring was calculated as 266,738.83 N/m.

3. Modeling in Adams Car and TruckSim software

The purpose of modeling is to examine the dynamic
behavior of suspension systems with and without an air
spring. Adjustment of the wheel angles is a very
important factor in vehicle safety and tire life. Changes
in wheel angles (camber, caster, and toe angle), kingpin
angle, and changes in the roll center height are among
the most important factors studied. The analysis has
been carried out in Adams Car software.

For analysis of wvehicle stability, comfort, and
controllability, three different tests were simulated in
the TruckSim software: the double lane change test,
braking while passing a turn, and driving on a sinusoidal
road=The double lane change test (Figure 1) was carried
out according to the 1SO 3888 standard, which is a
maneuver of two immediate successive shifts to avoid a
suddenly appearing obstacle or vehicle. The movement
speed.was 100 km/h, Another test is the movement on a
road with a sinuseidal wave profile. In this test, the road
has a sinusoidal form where the wavelength varies
gradually from 2m to 50 cm. The purpose is to assess
the ride comfort of the suspension system on a rough
road with varying frequencies:

Figure 1. Double lane-change test (red vehicle: without air
suspension and green vehicle: equipped with air suspension)



4, Results and discussion

Camber angle has a very large effect on vehicle
dynamics, and choosing its magnitude is highly
important. As shown in Figure 2, camber angle has an
inverse ‘relationship with wheel displacement. As the
wheel displacement increases, the camber angle
becomes more negative, which is consistent with
suspension“design principles. The results show that the
camber angle curve for the suspension system equipped
with fan air spring_.lies below the curve for the
suspension systemswithout an air spring, indicating a
more negative<Camber angle and consequently greater
vehicle stability [4].

05
1.0
<
[
o -15
c
<
2 20
£
©
O 35
spring_parallel_travel : Camber Angle. right W@EPCenter Vertical Trsvehemtav,ﬂghl )
ing_parallel_travel : Camber Angle.rightWheelCepter Vertical Travel vertical_right |
30
-100.0 50.0 0.0 50.0, 100.0
Wheel Travel (mm)

Figure 2. Changes in camber angle versus verticalwheel
displacement

To evaluate the vehicle movement along the designated
path in the double-lane-change test, the lateral deviation
from the path was plotted in Figure 3. The vehicle with
air suspension can produce quicker changes compared
with the vehicle without air suspension, indicating better
maneuverability. However, it may travel a longer
distance when returning to the original lane.
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Figure 3. Lateral deviation from the path versus
longitudinal distance in the double lane-change test
according to 1SO 3888 standard

The vertical displacement analysis on the sinusoidal
road is shown in Figure 4. At low frequencies (the
beginning of the road with long wavelength), the
vertical displacement of the vehicle equipped with air
springs is less than the vertical displacement of the

vehicle without air springs; however, at higher
frequencies, the vertical displacement of the vehicle
equipped with air springs is greater than that of the
vehicle without air springs. Therefore, it is concluded
that on roads with higher frequencies, the comfort and
performance of the vehicle without air springs are
better, whereas on roads with widely spaced bumps, the
performance and comfort of the vehicle equipped with
air springs are better.
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Figure 4. Vertical displacement of the vehicle over time
while traveling on a sinusoidal road

5. Conclusion

This paper studied the effect of implementing the air
spring in a double-wishbone suspension system. The
results show that adding the air spring improves camber,
caster, and toe angles and enhances suspension system
performance. Using the air spring reduces the lateral
deviation of'the vehicle while following the target path
of‘a sinusoidal trajectory. The stability and comfort of
the vehicle equipped with the air spring are improved
compared with™ the wehicle without the air spring,
yielding better overall performance.
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Table 1. Equilibrium points of the linearization of air-spring equation using Taylor expansion.
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Table 2. Air spring parameters values in the equilibrium point.
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Table 3. Input parameters of Adams Car software in the equilibrium point.
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Fig. 2. a) Definition of the positive and negative caster angle [14], b)«the kingpin angle [17].
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Fig. 3. Definition of wheel angles [14].
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Fig. 4. Suspension'model equipped with air spring modeled in Adams Car software, a) isometric

view, b) front view, c) side view.
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Fig. 5. Suspension model without air spring modeled in Adams Car software, a) isometric view,
b) front view:.
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Fig. 6. Setting of wheel parallel motion in Adams Car software.
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Table 4. Input parameters for TrackSim software.
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Fig. 7. Double lane-change test (red vehicle: without air suspension.and green,vehicle: equipped

with air suspension).
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Fig. 8..a) deviation and instability of the vehicle without air spring during braking in a turn; b)

side view of the vehicles while traveling on the sinusoidal road (red vehicle: without air suspension
and green vehicle: equipped with air suspension).
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Fig. 9. Changes in roll center height versus vertical wheel displacement (red curve: without air

suspension and blue curve: equipped with air suspension).
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Fig. 10. Changes in.wheel toe angle versus vertical wheel displacement.
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Fig. 11. Changes in camber angle versus vertical wheel displacement.
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Fig. 12. Changes in caster angle with vertical wheel displacement.
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Fig. 13. Changes in kingpin inclination angle versus vertical wheel displacement.
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Fig. 14. Steering wheel angle versus time in the double lane-change test (red curve: vehicle
without air springs and blue curve: vehicle equipped with air spring).
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Fig. 15. Vehicle roll angle versus time in the double lane-change test (red curve: vehicle without
air springs and blue curve: vehicle equipped with air springs).
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Fig. 16. Lateral deviation from the path versus longitudinal distance in the double lane-change
test according to ISO 3888 standard (green curve: vehicle without air spring and red curve: vehicle

equipped with air spring).
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air spring and blue curve: vehicle equipped with air spring).
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Fig. 19. Vehicle roll angle versus time during braking in a turn (red curve: vehicle without air
spring and blue curve: vehicle equipped with air spring).
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Fig. 20. Yaw angle of vehicle over time duringbraking'in a turn (red curve: vehicle without air
spring and blue curve: vehicle equipped with air spring).
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Fig. 21. Vertical displacement of vehicle over time while traveling on sinusoidal road (red curve:
vehicle without air spring and blue curve: vehicle equipped with air spring).
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Fig. 22. Steering wheel angle aver time while traveling on a sinusoidal road (red curve: vehicle
without air spring and blue curve: vehicle equipped with air spring).
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Fig. 23. Variation of the vehicle roll angle over time while driving on a sinusoidal/road (red
curve: vehicle without air spring and blue curve: vehicle equipped with air spring)
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Fig. 24. Variation.of the vehicle yaw angle over time while driving on a sinusoidal road (red
curve: vehicle without air spring and blue curve: vehicle equipped with air spring).
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