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This study aims to experimentally examine the effects of vehicle speed changes
on the vertical resonance frequency of effective rolling radius variations for
applying to TPMS (Tire Pressure Monitoring System). For this, the road tests
have been conducted at constant vehicle speeds 30, 60, 90km/h for tire pressures
15, 20, 25, 30, 35psi. In these tests, the effective rolling radius changes have
been measured. Test results show that the vehicle speed changes cause the
resonance frequency to shift at same tire pressure. Therefore, this study shows
that the changes in vertical resonance frequency resulting from vehicle speed
changes may cause wrong tire pressure information to be taken by TPMS.
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1. Introduction

In the wvehicles, acceleration, braking and
handling performances greatly depend on the
tire-road contact patch. Because the braking
and driving forces are not transferred onto
road, when the contact weakens. This causes
inconsistent ~ braking  maneuver, long
acceleration process, unstable handling and
non-uniform tire wear. When it is considered
that only vehicle component which is in
contact with road is the pneumatic tire, it is
clear that the pneumatic tire parameters
determining the changes in tire-road contact
have direct effect on vehicle dynamics. One of
the most important tire parameters is tire
inflation pressure. Because, the pressure
distribution inside tire determines the area of
tire-road contact patch. In other words, if the
tire pressure decreases relative to nominal

pressure, the pressure distribution is centered
on shoulder and the contact area decreases in
the middle of tire. Also, if the tire pressure
increases relative to nominal pressure, the
pressure distribution is concentrated on the
middle of tire contact patch and the contact
area decreases in shoulder of tire [1]. When the
tire pressure increases or decreases, fuel
consumption and exhaust emissions increase
considerably. Also, it deteriorates braking and
driving performance of the vehicle. It was
reported that fuel consumption increases and
tire lifetime decreases by 20 % for every 0.2
bar under-inflation [2]. They also expressed
that tire problems are the third most common
breakdown for passenger vehicles. It is stated
that a malfunction of the tires in motion due to
a tire puncture can cause serious accidents and
endanger human life [3]. Also, low tire
pressure is very dangerous for especially heavy
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loaded vehicles as it travelled in a highway at
hot weather conditions; in such case, tires may
blowout [4]. These can only be avoided, if the
air pressure in the tires can be measured even
during driving. For this reason, in 2000, the
U.S. Transportation Recall Enhancement,
Accountability, and Documentation Act
(TREAD) requested to investigate the
implementation of a pressure drop warning
system on vehicles from the National Highway
Transport  Safety  Authority (NHTSA).
Beginning with 2006 models, all passenger
cars and trucks in the United States are
required to have tire-pressure monitoring
systems (TPMSs) [5]. Also, it stated that
TPMS has been mandatory for every new
vehicle sold in the United States since
September 2007 by [6]. Moreover, Europe is in
the process of adopting similar regulations as a
way to reduce carbon dioxide emissions, boost
fuel economy, and enhance safety. China is
also considering similar legislation.

A TPMS is a driver-assist system that warns
the driver when the tire pressure decreases and
increases relative to nominal tire pressure.
TPMS systems are classified in two different
categories. These are based on direct and
indirect methods. Direct TPMS uses a pressure
sensor directly mounted on the wheels or tires
of a vehicle. Firstly, the pressure inside the tire
is measured using a pressure transducer. Then,
the pressure information is being sent to the
vehicle to warn the driver of under or over
inflation of a tire. The pressure information is
commonly transmitted to the vehicle using
radio frequency (RF) technology. Therefore, in
direct TPMSs, the pressure drop is calculated
based on actual pressure measurements through
sensors. A direct TPMS can also inform the
driver about pressure deviations as low as £0.1
bar, that is, £1.45 psi [5,7]. However, this
method i1s very expensive due to the extra
hardware requirements. Another alternative to
the direct method is indirect tire pressure
monitoring system. This system uses existing
sensors and software algorithms. The indirect
systems are very cost-effective and they have
no extra hardware. An indirect TPMS predicts
tire pressure drop using estimation algorithm
and thus does not require tire pressure sensors.
Available indirect TPMSs are generally based
on wheel speed measurements. In this system,

it is considered that the tire pressure decreases
and the vehicle’s weight causes the tire’s
diameter to decrease. This leads the tire to
rotate at more different rate than that of full
pressure [8]. However, several shortcomings
are associated with indirect TPMS based on
speed signals of four wheels. First, the system
does not provide the actual pressure of each tire
and it works only when the vehicle is in
motion. Additionally, the system does not give
a warning when two tires are equally
underinflated on the same side or same axle.
This is also valid, when all four tire pressures
are equally low. It warns the driver only when
the pressure drop is more than 25%. At same
time, this system may generate false warnings
when the vehicle is moving on a curved road or
during tire slip on snowy roads [5,8]. For this, a
model-based estimator was developed to
predict tyre inflation pressure via tyre vertical
stiffness by using only standard wheel speed
sensors during normal driving in a turn [9].
Also, some studies related to in indirect TPMS
made the detection of low tire pressure feasible
in all tyres at same time by analyzing vibration
of each wheel during moving in a turn [10].

As a result, a number of studies are performed
for indirect TPMS [4,6,10]. In these studies,
the methods based on wheel speed through
effective rolling radius signals have been used.
In here, the method based on wheel speed
changes has some shortcomings as mentioned
in above. For this reason, this study has
focused on the methods based on the changes
in effective rolling radius. In these methods, it
is clearly seen that the changes in vehicle speed
are not considered in indirect TPMS. Whereas
NHTSA has reported that the increases in
vehicle speed cause longitudinal and lateral
friction coefficients to decrease under both wet
and dry road conditions. Then, they have
explored that the decreases in tire inflation
pressure lead the friction coefficient to drop 5%
and 9%, respectively as the vehicle speed
increases. Moreover, the effective rolling
radius reduced greatly as the vehicle speed
increases at same tire pressure [11]. This
situation was also seen in frequency domain
and it was explored that the increases in vehicle
speed vary the peak amplitude of rolling radius
[12]. These results show that the vehicle speed
changes cause the fluctuations in effective
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rolling radius and wheel speed as shown in Eq.
(D).
V.= oR, (D

where V is vehicle speed, ¢ is angular velocity

of wheel and R. is effective rolling radius.
Therefore, the vehicle speed has a great effect
on rolling radius with different tire pressures.
For this, the monitoring systems considering
effective rolling radius should be developed by
considering the changes in vehicle speed. Thus,
in this study, the effects of vehicle speed
changes on resonance frequencies of effective
rolling radius are investigated according to
various tire inflation pressures. For this,
constant speed tests are conducted at 30, 60,
100 kph, respectively for 15, 20, 25,30 and
35psi tire pressure. In tests, the effective rolling
radius changes are measured. The frequency
responses of the measured parameter are
obtained by using FFT filtered with low pass
filter. Therefore, in this study, the effects of
vehicle speed on the effective rolling radius
will be explored according to the changes in
location of resonance frequency and the
oscillation amplitudes of effective rolling
radius for different vehicle speed and tire
inflation pressures to employ the effective
rolling radius in TPMS, irrespective of vehicle
speed variations.

2. Tire Model

In this study, the effects of vehicle speeds on
variations in effective rolling radius are
investigated based on the changes in vertical
resonance frequency of wheel for the different
tire pressures. For this, the vertical vibration
analysis of tire is carried out. In this analysis,
tire 1s modeled as a spring in vertical direction
as shown in Fig.1. The tire spring is described
with vertical stiffness of tire. In this model, tire
damping is neglected, since tire spring stiffness
is much higher than viscous damping
coefficient of tire. In Fig.1, tire is divided into
belt side and rim side. Rim side is rigid, but
belt side can deform in vertical direction
relative to rim side as shown in Fig.2.
According Fig.2, the relationship among the
decreases in effective rolling radius, wheel
speed and vehicle speed is described as follows

[2]:

v
— X 2a
@ ) (2a)

where ¢ is wheel speed, R. is effective rolling

radius, OR. is the decrease in effective rolling
radius affected by deflation and ¥V, is vehicle
speed.

Figure 1. Tire vibration model with nominal inflation
pressure

Figure 2. Tire vibration model with deflated tire

The Eq.(2a) indicates that the wheel rotates
faster as the decrease in effective rolling radius
increases because of the tire deflation. In here,
the vehicle speed is constant. However, if the
vehicle’s speed changes, the following
description 1is taken into consideration by
rearranging Eq.(2a) relative to dR..
oR, =R, —1> (2b)
4

As shown in Eq.(2b), the decreases in
the effective rolling radius are dependent on the
ratio of vehicle speed to wheel speed. Hence
the increases in vehicle speed cause the
effective rolling radius to decrease. Because,
the increases in vehicle speed cause the friction
to decrease between tire and road because of
the upward moving of wheel. This shows that
the vehicle speed changes can lead fluctuations
in effective rolling radius changes. Also, during
accelerating of the vehicle, the tire vibrates in
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the vertical direction and causes the effective
rolling radius to fluctuate with a specific
resonance frequency.Therefore, this frequency
must be determined. For this, the relationship
between effective rolling radius and vertical
resonance frequency for free vibration
according to Fig. (1) and the following
dynamic equation is used.

mz, +kz =0 3)
mz, =—kz (4)
where m; is mass of belt side, k£ is vertical tire
stiffness and z; is the vertical displacement of

mj. The vertical displacement and acceleration
of belt side mass are described as follows:

z, =zsinot (5a)
% =—@’zsinot (5b)

When Egs. (52) and (5b) is substituted into Eq.
(4), the following description is obtained.

— m,@°zsin wt = —kzsin wt (6a)
mao’ =k (6b)

Therefore, the vertical resonance frequency is
described as follows:

o= |— (7
m,

The description reflecting the decreases in

vertical tire stiffness is as follows:

o, = /ﬂ (8a)
mg

o, = | Ak (8b)
mg mg
where o, is the vertical resonance frequency of
wheel and 4k is the decrease in tire spring
stiffness by deflation. Thereby, when the tire
inflation pressure decreases, the spring-
constant is decreased, and this yields a lower
resonance frequency. The most significant
mode for this vibration is about 7-20 Hz. In
order to occur the interaction between vertical

resonance frequency and effecive rolling
radius, Ak is described as follows:
Ak = mg 9

Az
where 4z is vertical deformation of tire and it is
equivalent to the decrease in effective rolling

radius (0R.). For this, the effective rolling
radius is described according to the vertical
deformation as follows [13]:

R =(1-1)Az (10)
R
= 11
(=) (o

where 7 is experimental constant. It takes 0.4
and 0.1 values for cross ply and radial ply,
respectively [14]. Therefore, the decrease in
tire spring stiffness is described according to
the decrease in effective rolling radius as
follows:

Ak:mlg(l—ﬂ) (12)
R —OR,

Nk =mg(1=n) - (12a)

According to Eq. (12), if the effective rolling
radius decreases because of tire deflation, the
tire spring stiffness also decreases and the tire
becomes softer. This shows that as OoR.
increases with tire deflation, the lower vertical
resonance  frequencies are  encountered
according to Eq.(8a). In here, it is considerable
that the dependence of resonance frequency of
effective rolling radius oscillations on vehicle
body speed is determined with the ratio of
wheel speed to vehicle speed as shown in
Eq.(12a). Thus, the resonance frequency
reduces, when the vehicle body speed becomes
higher than wheel speed under pure rolling
conditions. Also, the frequency increases, if
vehicle speed is lower than wheel speed as
shown in Eq.(12a).

3. Experimental Material and Method

In this experimental study, the effective rolling
radius has been measured by means of non-
contact laser height sensor as shown in Fig.(3).
The sensor has 100-350 mm measurement
range and 0.1mm resolution. This sensor has
been mounted to the wheel lug nuts via
adjustable mounting collets as shown in
Figs.3b and 3c. In this way, it is located exactly
in the wheel center, and it can rotate with
respect to the wheel about the wheel's y-axis.
To restraint this rotation, the height sensor has
been connected to the vehicle body with a rod
in order to assure that the sensor measures in
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the vehicle body (vertical) z-direction.

il & ' r.-::u
Figure 3. a) Test vehicle b) Mounting components of
height sensor c) Position of height sensor on wheel

The test vehicle used for driving tests is Toyota
Auris as shown in Fig. 3a. Technical
specifications of test vehicle and tire are given
in Table 1. After mounting this sensor onto the
test vehicle, it is connected to data acquisition
unit. The unit is switched according to the
reference variable.

Table 1. The test vehicle specifications

Specifications Descriptions
Total vehicle weight 1412 kg
Front axle weight 898 kg
Rear axle weight 514 kg
The weight acting on front tire 449 kg
Tire dimension 205/55/R16

Tire tread depth 7mm

Tire nominal inflation pressure 30 psi

Tire maximum pressure 45 psi
Carcass type Radial

Speed rating V (240 km/h)
Load index 81 (462 kg)
Traction AA

The suspension test bench is used to determine
axle and vehicle weights as shown in Fig.4. In
Fig.4, the weights of the front and rear axles
are firstly measured and then the total weight
of vehicle is determined as shown in Table 1.

Figure 4. Measurement of axle weights
3.1 Experimental procedure

In this study, the reference variable is vehicle
speed. Thus, the measurements are initiated
and stopped within the same time period
according to vehicle speed. The effects of the
changes in vehicle speed on effective rolling
radius are measured on dry flat road according
to tire inflation pressure. Firstly, the inflation

pressure of tire is set to 15psi. Then, the test
vehicle is accelerated from 0 to 90km/h. The
changes in effective rolling radius have been
measured at constant vehicle speeds 30, 60 and
90 km/h, respectively during acceleration
maneuver. For this, when the vehicle speed
reaches to 30km/h, the vehicle speed is kept
constant, and then the measurements are
carried out. This measurement maneuver is
repeated for 60 and 90 km/h at same tire
pressure. Also, these measurements are
repeated for tire inflation pressures 20, 25, 30
and 35psi under same road condition. As a
result, all measurements are conducted under
same experimental conditions for tire pressures
15, 20, 25, 30 and 35psi.

4. Experimental Results and Discussion

In order to investigate the effects of the
changes in vehicle speed on effective rolling
radius oscillations have been assessed by using
Fourier Fast Transform (FFT) method as
follows:

X(jo)= [x(t)e’™dt (13)
where X(jw) is frequency response and x(?) is
effective rolling radius in time domain.
Therefore, the frequency responses of effective
rolling radius are shown in Fig. 5 for nominal
tire pressure and lower tire pressures at 30, 60,
90 km/h. The frequency responses have two
peaks at 7-20 Hz and 25-60 Hz frequency
ranges. The first of these peaks shows the
effective rolling radius oscillation resulting
from axle resonance.

Therefore, effective rolling radius oscillations
with the lowest tire pressure become the most
severe at the axle resonance frequency as
shown in Fig. 5a. As the vehicle speed
increases, the amplitude of the oscillation
decreases and the lowest amplitude is obtained
at a speed of 60 km/h. In addition to, the
increase in axle resonance frequencies forming
a peak is remarkable when the vehicle speed
increases.

On the other hand, it has been observed that the
effective rolling radius oscillations are not
subject to resonance at the angular frequencies
of the wheel rotating with the lowest tire
pressure as shown in Fig. Sa.
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Figure 5. Frequency responses of effective rolling radius for lower tire pressures than nominal tire pressure

When the tire pressure increases by 5 psi as
shown in Fig. 5b, the effect of the angular
oscillations of the wheel becomes evident,
whereas the amplitudes decrease considerably
at axle resonance frequencies. As the vehicle
speed increases, the angular resonance
frequencies of both the axle and the wheel
causing these amplitudes have shifted.

While the tire pressure approaches the nominal
value up to Spsi as shown in Fig.5c, the highest
oscillation amplitudes are encountered at axle
frequencies at 90 km/h, but the amplitudes at
other speeds vary according to the tire pressure.
However, at the angular frequencies of the
wheel, only the amplitudes increase towards
the nominal tire pressure and the resonance
frequency does not shift as shown in Fig.5d.
Thus, it has been observed that the amplitudes
and frequencies of the effective rolling radius
oscillations differ according to the vehicle
speed change in the axle resonance region. It is
clear that these differences do not have a
certain trend according to the increase or
decrease of the tire pressure. For this reason,
the change in vehicle speed makes tire pressure

prediction difficult at the axle frequencies.
Especially when it is desired to estimate tire
pressure relative to the axle resonance
frequency, the frequency increase or decrease
caused by vehicle speed will cause the tire
pressure change to be incorrectly determined.
Also, it will be inevitable that the amplitude
increases or decreases caused by the vehicle
speed change will lead to false predictions
when it is desired to determine the tire pressure
according to the amplitude change in this
frequency region.

On the other hand, it is clear that the resonance
frequency is not affected by the vehicle speed
change in the angular frequency region of the
wheel and has the same trend as the tire
pressure drops up to 10 psi. This means that the
amplitudes of effective rolling radius
oscillation can enable tire pressure estimation
without affecting the vehicle speed in the
angular frequency region of the wheel.

5. Conclusion

In this study, the effects of changes in vehicle
speed on the changes occurring in resonance



International Journal of Automotive Engineering and Technologies, IJAET 9 (3) 130-137 136

frequency and amplitude of effective rolling
radius have been experimentally examined. For
this, firstly, the tire model is established and
the effects of effective rolling radius are
theoretically described on the vertical
resonance frequency. Then, the road tests have
been conducted in constant vehicle speeds 30,
60 and 90 km/h. Each test has been repeated
for tire pressures 15, 20, 25 and 30 psi. Test
results are investigated by using frequency
responses of effective rolling radius. The
frequency responses indicate that the resonance
frequency can shift at same tire pressure due to
the vehicle speed changes. Thereby, TPMS
systems can take wrong information about tire
pressure changes because of these changes in
resonance frequency resulting from vehicle
speed changes at same tire pressure. Because,
these systems determine tire pressure by
observing the changes in frequencies that cause
resonance in the effective rolling radius.

As a result, this study clearly occurs that every
change in resonance frequency does not
describe tire pressure changes at resonance
frequency of axle. However, the amplitudes of
effective rolling radius oscillation can enable
tire pressure estimation without affecting the
vehicle speed in the angular frequency region
of the wheel, since the resonance frequency
does not shift at this frequency according to
vehicle speed variations. Therefore, the
interaction between the resonance frequency
and vehicle speed should be monitored by
TPMS systems to distinguish the resonance
frequency changes resulting from tire pressure
changes from those of vehicle speed changes.
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