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Abstract— Incorrect inflation pressures in tyres affects the
vehicle handling, passenger comfort and braking conditions
in addition to causing a reduction in fuel efficiency and tyre
life. To address this problem, mathematical models have
been produced and an experimental validation has been
carried out. The models were developed with 7-DOF, for a
full car system, using MATLAB programs. In the
simulation study, the suspension faults have been considered
by running the models with a range of inflation pressures at
four conditions i.e. at standard pressure (2.3bar) and 1.5bar
on the passenger wheel, driver wheel and front wheels. In
each case, an analysis was carried out on the performances
of the suspension in terms of ride comfort, road handling
and stability of the vehicle followed by the presentation of
the results obtained. In addition, the influence of parameter
variations on transfer functions as a fault detection of
suspension has been introduced. This approach has been
used when detecting faults of vehicle tyres being under-
inflated 35% and also to detect other suspension faults in
the future.
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L. INTRODUCTION

The suspension is linked with tyres which provide
traction between the vehicle and the road while providing
a flexible cushion that absorbs shock. Tyres are the most
important parts of a car. They have to transmit all drive,
brake and steering forces to the road through a very small
contact patch. In addition, provide friction to allow the
vehicle performs its normal operations.

The selection of a correct inflation pressure is critical
to the successful operation of the tyre. It is well-known
that operation of a tyre at higher inflation pressure than the
required pressure may cause uneven tread wear, degrade
vehicle ride and comfort, and increase susceptibility to
impact damage. Similarly, operating the tyre at lower than
required pressure may also cause uneven tread wear, but
can potentially lead to fatigue breakdown of the tyre’s
internal structure resulting in tread separation or other
structural failure and also degrade the car performance by
increasing vibrations [1]. In addition, under-inflated tyres
are associated with environment costs such as increased
greenhouse gases, higher fuel consumption and tyre
lifetime decreases with 20 percent for every 0.2 bar under-
inflation [2]. The tyre pressure is not supervised regularly
by the drivers. It is estimated nearly 50 percent of all cars
drive with reduced tyre pressure [3].
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Figure 1 UK Tyre Industry Council survey of 1072 tyres [4]

Paine et al [4] presented in a report for Heads of
Compulsory Third Party Insurance in Australia and New
Zealand that ‘in the three years(from 2003 to 2005), tyre
defects accounted for up to 50 percent of light vehicle
crashes where a vehicle defect was identified as a likely
factor in crashed vehicle study. As per the Tyre Industry
Council in the UK road side surveys, the tyre pressure
effects on the car performance are neglected. They found
that from the survey of over 1000 tyres in 2002, only 15
percent were correctly inflated and 72 percent were under
inflated as it is shown in Fig. 1.

According to the World Energy Outlook 2006 [5] road
transport is responsible for increasing energy uses and
Carbon dioxide (CO,) emissions globally. Roughly 20%
of a motor vehicle’s fuel is estimated to be used to
overcome rolling resistance of tyres. Therefore, tyre is
responsible for energy consumption and CO, emissions.
Furthermore, additional fuel is required when tyres are
under-inflated. Data presented at the 2005 International
Energy Agency (IEA) Tyre Workshop indicates, the tyres
in service are under- inflated by 0.2 to 0.4 bar on average
for passenger cars and 0.5 bar for trucks [6]. It is generally
understood that these numbers correspond to an increase
in energy consumption and CO, emissions of roughly 1 to
2.percent for passenger cars, and 1 percent for trucks.

Rievaj et al [7], has presented the effect of tyre
pressure on stopping distance. The influence of the
variation in the tyre inflation pressure on the steady state
and transient handling dynamics of an urban bus has been
discussed by Al-Solihat et al [8], through analysis of a
three-dimensional (3D) vehicle model. This study
concluded that, a lower tyre inflation pressure generally
yields higher yaw and roll rates, a higher lateral
acceleration of the sprung mass, and greater roll



deflections of the unsprung masses, leading to higher load
transfer. An indirect tyre pressure monitoring system
based on vibration and wheel radius analysis has been
presented by Persson and Gustafsson [2]. Borner et al [9],
has presented a supervision of the tyre pressure with
estimation of the signal spectrum. A signal-based
approach has been adopted by Weispfenning [10], to
estimate the tyre stiffness with spectrum analysis, to check
the tyre pressure with parameter estimation.

A good car suspension system should have satisfactory
road holding ability, while still providing comfort when
riding over bumps and holes in the road [11]. The
performance of a passive suspension system is variable
subject to the road profiles. In general, terminologies
related to suspension performance are ride comfort
quality, road handling and stability of the vehicle. Ride
comfort is proportional to the absolute acceleration of the
vehicle body (sprung mass), and it can be improved by
reducing the vehicle body acceleration, while road
handling is depend on the relative displacement between
vehicle body and the tyres. On the other hand, vehicle
stability is linked to the tyre-ground contact [12].

To consider the performances of the suspension in terms
of ride quality, handling and stability of the vehicle, some
important parameters must be studied. These parameters
are the wheel deflection, suspension travel and the vehicle
body acceleration. The aim is to achieve small amplitude
value for these parameters [13]. Road handling is
associated with the relative displacement between
suspension and the road input (Zu - Zr). This is
represented as wheel deflection as shown in the Fig. 2.
Suspension travel is defined as the relative displacement
between the vehicle body and the wheel (Zs — Zu) as
shown in the Fig. 2. This can be used for assessing the
space required to accommodate the suspension spring.
Ride comfort is related to vehicle body motion sensed by
the passenger’s comfort. This requires that the
acceleration of the wvehicle body (sprung mass) be
relatively small. According to ISO: 2631-1-1997[14] the
proper road handling must be in the range of 0.0508 m
whilst the standard value for suspension travel must be in
the range of minimum of 0.127 m. Finally, the passenger
feels highly comfortable if the RMS acceleration is below
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A number of researchers have investigated suspension
performance using modelling/simulation. A mathematical
model for quarter car with 2-DOF and a half car with 4-

DOF have been investigated by Faheem [15]. Also, a
mathematical model of a 3-DOF quarter car with semi-
active suspension system has been developed by Rao [16].
The model was used for testing of skyhook and other
strategies of semi active suspension system. Modeling of
one and two DOF for a quarter car design a semi-active
twin-tube shock has been developed by Esslaminasa et al
[17]. Darus [18] adopted a state space approach in
developing a mathematical model for both a quarter car
and full car using MATLAB packages. In Metallidis [19],
statistical system identification technique was applied for
performing parametric identification and fault detection of
nonlinear vehicle suspension system. A model-based fault
detection applied on a vehicle control system has been
presented by Kashi [20], which relies on mathematical
descriptions of the system and which yields a robust fault
detection and isolation of faults affecting the system.
Agharkakli et al [21] presents a mathematical model for
passive and active of quarter car suspension system. A
research study to improve road handling and rid comfort
was presented by lkenaga et al [22]. Active suspension
control system based on a full Vehicle model was
presented, and the performance of suspension system was
included. The effect of truck speed on the shock and
vibration levels was discussed by Lu et al [23]. They
indicated that the effect of truck speed on root mean
square acceleration of vibration was strong at a lower
speed, but slight at a higher speed.

The objective of this research is to analyses the
performances of suspension in terms of ride comfort, road
handling and stability. The effect of under-inflated tyres
on suspension performance has been investigated. For this
a mathematical modelling of the full car has been
conducted in this study.

II.  SUSPENSION SYSTEM MODEL AND DYNAMICS

Development of the vehicle model operates under the
assumptions that the vehicle is a rigid body, represented
as sprung mass (ms), and the suspension axles are
represented as unsprung mass (mu) as shown in Fig. 3.
The suspension between the vehicle body and wheels are
modelled by linear spring and damper elements and each
tyre is modelled by a single linear spring and damper.
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Figure 3 Full vehicle models

the equations of all motions are derived separately, and
finally the equations of the body motions are
achieved[18].

Equation of motion for bouncing of sprung mass.



mgZ; = K¢ (Zu1 — Z51) + K¢ (Zyz — Zs2) + Ky (Zy3 — 253) +
) kr (z.u4- - 254) + Cs (z.ul - Zsl) + ¢t (zuZ - ZSZ) +
Cr (Zuz — Zs3) + € (Zug — Zsq) (1

For pitching moment of inertia of sprung mass

lpé = kely (Zyy — Zs1) + Kely (Zyz — 7s2) — Ke Lo (Zug — 7s3) —
Kelp(Zua = Zsa) + Celi(Zug — Zs1) + el (Zuz — Z52) —
Crlp(Zuz — 2s3) — € 1 (Zua —  Zsa) 2

For rolling motion of the sprung mass
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For each wheel motion in vertical direction

myr Zy, = —k¢ (.Zul __Zs1) —cr(Zur — Zs1) +

Kif (Zp1 — Zy1) + ctf(Zpg — 2y1) “4)
Myf Zy, = —K¢ ('Zuz _.ZSZ) — ¢ (Zuz — 2s2) +

ke (Zrz — Zu2) + ctf(Zey — Zy2) (%)
My iuS = _kr (‘ZuS _‘Zs3) - Cr(ZuS - Z53) +

Ker (Zez — 2Zy3) + ctr(Ze — Zy3) (6)
My Zys = —K; (.Zu4 - .Zs4) - Cr(iuz} - 254) +

Kir (Zra — Zya) + ctr(Zpy — Zyq) (7

The equation variables are defined and summarised in
Table 1 (adopted from [18]), along with the parameters of
the suspension system. This is with the exception of the
damping coefficient of the tyres for different pressures,
which were adopted from [24]. Amendments were also
made to some of the variables in order to meet the
specifications of the vehicle used in the experiment. The
system can be represented in state space matrix forms as:
X = A(x) + B(u) (the input state equation) and y =
C(x) + D(u) (the output state equation). To simulate the
state space matrices, a MATLAB code has been
developed.

The road profile was calculated and created according to
vehicle speeds and the height and width of the bumps by
the following equation: u(p) = 1/2 a *sin( 2 * w * Fp *
t) (8) and was assumed to be a single bump with a sin
wave shape.

Where a is the bump height (50 mm), Fp is the frequency
of the bump (calculated in consideration of the length of
the bump and the vehicle speed) and t is the time for the
vehicle crossing the bump. In this study, the bump
profile is 500 mm in width and 50 mm height and for
validation purposes, the models were simulated at the
speed of 8 km/hr.

TABLE 1 SHOWS DEFINITION OF EQUATIONS VARIABLES
AND PARAMETERS OF SUSPENSION

Variables Definitions Units
mg = 1290 Sprung mass Kg
m¢ =90, m~= 85 Unsprang mass Kg
I, = 5340, I, = 6430 Roll and pitch of Kg m?

moment of inertia

Distance from front and m
rear wheel to the car

= 213, 1, = 2.0

Stiffness of front and N/m
rear spring

ke = 36297k, = 19620

ke, ktr = 182470 Stiffness of tyres N/m

cg = 3924, c. = 2943 Front and rear damper Nm/se
coefficient for c

wr=1.74,w, = 1.70 Front and rear vehicle m
width

Zg Displacement of the m
vehicle body

Zuts Zuzs Zuzs Zua Displacement of each m
wheel

0,9 Roll and pitch angles rad

III EXPERIMENTAL SET UP AND TEST PROCEDURES

To validate the theoretical model, a front wheel drive
Vauxhall ZAFIRA (2001) car, equipped with two
different sensors was used. The sensors mounted on the
car include: (1) a vibration sensor with a sensitivity of
(3.770 pc/ms-2) mounted on the upper mounting point of
the front left shock absorber, and (2) a dynamic tyre
pressure sensor (DTPS) with a sensitivity of (11.43
Pc/0.1Mpa) connected to the valve stem of the front left
wheel. The pressure sensor was situated in the center rim
of the front left wheel and the vibration sensor on the
inside of the car. They were placed in these positions
after being assembled and connected to the wireless
sensor nodes (transmitters).The gateway (receiver) was
equipped with a laptop inside the car. In order to ensure a
sound installation of the sensors, two different adapters
were designed and manufactured at the University of
Huddersfield. In addition to this, a wireless measurement
system was also designed and installed on the car, to offer
a complete remote measurement for the vibration and
pressure data being extracted. The most fundamental aim
of the test was to obtain the acceleration (vibration)
response of the suspension system to enable a thorough
analysis of the effects that under-inflation of tyres have
on the performance of the suspension system.

IV RESULTS AND DISCUSSION

The model was validated using experimental data
collected when the vehicle was being driven, at a speed of
8km/h, over Bump 1 (located within the premises of The
University of Huddersfield). The bump profile was 5.80
m width, 0.50 m length and 0.050 m height and this was
assumed to be the input for the system. Fig.4 depicts the
acceleration of the vehicle body in the time domain based



on the model simulation and experiments. Upon a
comparison of the experimental results, it can be noted
that the model fairly predicts the suspension performance.
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Figure 4 Vibration of suspension simulation and experimental

Fig. 5-a. shows the plots of the road profile in the time
domain for both the front and rear wheels of the vehicle.
Fig. 5-b shows the effect of varying the tyre pressure on
the vehicle body response. From these results, it was
observed that a decrease in tyre pressure causes a
resultant increase in the amplitude of the relative
displacement of the car body. Fig. 6 depicts the
displacement of four wheels (unsprung mass) with
different tyre pressures in the time domain. The results
show an apparent rise in the amplitude of the front wheels
when the tyre pressure value was reduced. This indicates
that the performance of the suspension may be affected
by under-inflated tyres which will be focused on in more
detail in the discussions to follow.

The road handling is defined based on the contact forces
between the road surface and the vehicle tyre (zu —zr) and
it is expressed by wheel deflection. For this simulation,
the wheel deflections were approximately 0.017 m, 0.03
m, 0.013 m and 0.033 m for the standard pressure, 1.5
bars for the passenger, driver and front wheels
respectively, as presented in Fig. 7.
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Figure 5 (a) Road profile excitation and (b) displacement of vehicle
body for different tyre pressure
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Figure 6 Vehicle wheel’s displacement for different tyre pressure
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Figure 7 Wheel deflections for different tyre pressure

The suspension travel can be defined as a relative
displacement between the vehicle body and the wheel (zs
—zu), Fig. 8 shows the suspension travel values are about
0.0212 m, 0.0238 m, 0.0257 m and 0.0289 m for standard
pressure, 1.5 bar passenger, 1.5 bar driver and 1.5 bar
both wheels respectively. As it is expected the suspension
travel is increasing with decreasing of tyre pressure. But
this should be optimized with vehicle handling and
stability.  Fig. 9shows a typical example of RMS value
for acceleration of the vehicle body at different tyre
pressure. These results show that the effect of under-
inflation of the tyre on the acceleration of the vehicle
body. It can be noted that, the RMS value increases with
the lowering of the tyre pressure, which indicated that, the
ride comfort is affected negatively by under-inflation of
the tyre. It can be summarized that, under-inflation tyres
affect the suspension performance in conflicting criteria, it
shows a slight change in terms of road handling, and
however, it has a notable affect in terms of ride quality as
shown in RMS plots.

To develop a condition monitoring for suspension
faults, a transfer function was used to detect the under-
inflation of the tyre and also predict possible future



suspension faults. In Fig. 11, the amplitude-frequency
characteristic curves for different tyre pressure in four
different outputs (vehicle body displacement, vehicle body
velocity, displacement of front wheel and rear wheel) are
presented. From the plots, it can be seen that lowering the
tyre pressure, rise the value of the suspension
displacement at the sprung mass natural frequency, and
also reduce the value of the amplitude at wheels natural
frequency. From this it can be concluded that under-
inflation of the tyre affects clearly the response of the
vehicle in the frequency range close to the natural
frequency of the vehicle body. However, lowering the tyre
pressure provide better vibration isolation in the frequency
range of wheels.
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Figure 8 Suspension travel for different tyre pressure
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VI CONCLUSION

A 7-DOF model for a full vehicle has been
developed to analyse the time and the frequency
response of the vehicle in MATLAB. The effect of
under-inflation of the tyre on the performance of the
suspension included ride quality; handling and
stability of the vehicle were presented. The key
findings indicate that, under-inflation tyres affect the
suspension performance in conflicting criteria, it
shows a slight change in terms of road handling, and
however, it has a notable affect in terms of ride
quality. It can be also concluded that in the frequency
range close to the natural frequency of the vehicle
body, the amplitude value of the vehicle response
was clearly affected and shows a notable increase.
However, in the frequency range of suspension
under-inflation of the tyre provide lower amplitude

of vibration.
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