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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 by 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, is modeled
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 coefticient 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
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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, Quaglia and 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 nonlinear 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
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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.

F.=(R-P)A4, (1)

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

E =RA(h(1))+(R—P,)A(h(1)) 2)

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+c 3)

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 vehicle 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
ISO 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 sinusoidal 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.

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
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Fig. 1. Double lane-change test (red vehicle: without air
suspension and green vehicle: equipped with air suspen-
sion).
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Fig. 2. Changes in camber angle versus vertical wheel
displacement

an air spring lies below the curve for the suspension system
without an air spring, indicating a more negative camber
angle and consequently greater vehicle stability [4].

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.

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
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Fig. 3. Lateral deviation from the path versus longitudi-
nal distance in the double lane-change test according to
ISO 3888 standard

widely spaced bumps, the performance and comfort of the
vehicle equipped with air springs are better.

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 vehicle without the
air spring, yielding better overall performance.
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Fig. 4. Vertical displacement of the vehicle over time
while traveling on a sinusoidal road.
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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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1. Local Stiffness
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Table 3. Input parameters of Adams Car software in the equilibrium point.

a=>lg ylade olyly
N.m/rad YVAA- Oy abee (S
N.s/m FEEEIFY (x515) ;8 SS oo
N.s/m \VO- - (LS ;8 SaS olyae
deg -\ oS &l
deg A Toe &4l;
mm Voo 9,095 pyz 35 o W)
N YYO-- Oz abee )b iy
mm 0o+ S
kg 44 el
N/m YZEVYAIAY ol 8 S5
mm Vo. @b ;8 Job
Camb_ell" Kiigpi Caster
inclination

Theoretical center
of rotation of cambered
wheel

offset
Travel direction

(<)

/
7 Klngpln Jet‘/ 7 777 //77/77:4’ /2

777777777

Caster

offset i

()

DIVT oy S8 985 (@ VP (o pinsS g Sty gl 51 (alod (1LY JSWS

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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| Suspension Analysis: Parallel Travel
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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 suspen-
sion).
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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. 12. Changes in caster angle with 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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Fig. 17. Longitudinal speed variations versus longitudinal distance along the path specified in the double-lane-
change test (blue curve: vehicle equipped with air spring and green curve: vehicle without an air spring).
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Fig. 18. Vehicle steering 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. 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 during braking in a turn (red curve: vehicle without air spring and
blue curve: vehicle equipped with air spring).
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Oloyd gy Slyeis liee 5y (0l 18 @ Jazme 9p095 oy Al
3ame 37955 Sl Sl 8 55 it A3l e 53k 5 486 5,058
Ll )l (leyd (293 9 pleyd (35 oS Jlai 5l o yia 8o (o3L i
035 50 Sl i 0 )8dee (3l 8 9806 9395 VL slapuilS 5 5
Ol oS 255 oo 0nlie VY SS arangily 2 5lejd (355 5 Loy
F U0 odgam 50 Jles gl s a ops A5U I leyd Sdoye asl;
5236 9ol ol 0 ALl 4 a2 g5 L el 35,00 ) iy (S8 5 42
2 g Bl cpl & WS (0 &S (JSS i sl (555
9o S35y (bl 4 42 yp s950 4 Lol 35 (6 5l zge Jobo ]
D32 o (gl 03 (g9) O > sl 4Bl ialS 03> zge Jobo
Glyodd iy Glod Cond 4 dagi b g Loz (52 i 25>
Ol d2)3 L0 agl5 0,5 (o ployd (115 2 oo YOV b il 9,055
Pgd o Cguwite isilaenl (595 )0 L2 gl 2> S S S
el 0rd e o3 Jdgp JKI 5 9398 Cos iy I 50 0 (il 8
dgdse odalie (loyd Sloye gly 3 plug w48 a5l I uoeen
Sl 3) Vb e Job 13 9355 olhlb 9 (ol lej o2 o
oiels L aSulonl 1 agd e sy 0Sles carge 5 Wl e BT (0l
sl onl 58 ea) Gl Lo asl (halidl co b o s 8 el

» Sy Sl b (gt ol )3 Slog Sl g Wb e S

P9 o 9395yt S ol g oo cage sl (g

ol G 3 955 lp S (b ) oselcinda mls 4l )
el Jlod ad dalgs odly (LI puite S8 g (cwgiw zge b
a8 55 .l sadonly i VY S5 50 Y g B3> 1D (63gas
S B g0 bl e (Wb zge Jsb Lol i) ol
FBL 9398 (93500 (plaale (i I a8 (o3b 35 4 jome 9355
(o165 oo Jsbo L odls (clal) 5L celauils b )5 Lol 1l o o3l
Ol 3l iy 93b 58 4 jrome 9395 & Ak (90 el i
9o 4iB)S doml bl oo (63 i3 8L 9065 (S3g0s (plral>
z5e Job 5 YU (uils )3) oo 4 oo 3 sl cund b sla ools > oS
b sl ool jo Lol sl o yips (g0l yi8 1818 45005 3 Sdas 5 o) (o8
21 935 (W 290 Job g b (5 3) o2 5l 590 (slajll s
bl pirg b B jeoe 9)395

Sl e 3505 b plo )3 Gloyd Shpé gl Wl VY S
wdgil wad o L 1) (o3l 8 8L 5 (ool 18 4 jecme 9098 Sy
(o3l paik oo Job) ol slouilf )3 3 & Cunl asuie ages
sl 3108 (3l 38 4 jacme 9093 4 bguye (loyd digly Syt e

Sl Olise (o3l FolisS slo zge Job) SVL sba iS5 )5 Ll

Yoy

1. Bounce Sine Sweep Test



Steering wheel angie - deg
‘t:::'.::r:f.., i

2 I'n '\l‘..

°'- 1 2 3 H sé L';" ﬁir‘lj a 9 10 “ 12 13 14 15 1= 17 18 19 20
Jl ' El| |}\|11||’ ||'|l 'l |'-. =

o }-‘. .".‘1,’ |f| o

al A el |H q, 0} ‘ Il

e Y !l‘l""'ti J" A Wﬂs ' N | s
S A U

- Time - sec

3L 5 28U 9,395 Loy o 55058 13905) owgiemw Eg0 L 0l 4 10 CS 5> o 3 Gloj e 2 loyd Kby gl ylges VY JSUS
(Coml (530 538 @y jo2m0 9,395 41 bgryo Syl Hlo905 9

Fig. 22. Steering wheel angle over 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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