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Abstract

In recent years, the ever-increasing interest in intelligent tire technology has led to the formulation
of different empirical models correlating deformation measurements provided by the sensors with
tire dynamics.

In this paper, a real-time physical model, suitable for describing the dynamics of intelligent tires
based on measurements of strains and/or displacements of the tire carcass, is presented. The
proposed flexible ring model can reproduce the tire dynamics for both concentrated and distributed
forces by introducing a discrete approach that also allows to analyse the longitudinal dynamics of
the tire in real-time.

The analytical description of the problem allows to obtain solutions in closed form and to quickly
identify model parameters from experimental data. The comparison between the simulated results
and the ones provided by indoor tests of two intelligent tire concepts highlighted that the proposed
tire model can estimate with an acceptable precision both the carcass deformations and the forces

acting on the tire.
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1. Introduction

A great deal of research has been directed towards the development of intelligent tires since the
early 90s. Nowadays, the constant evolution of the automotive sector and the ever increasing need
to optimise the performances of both commercial and sport vehicles is progressively involving the
use of embedded systems in a complex multifunctional environment. It is well known that the tires
represent the only component of a vehicle able to exchange traction forces with the environment,
and sensors installed in their inner-liner could be able to provide useful information about tire and
road conditions. Consequently, a more reliable knowledge of tire-road interaction provided by an
integrated sensory system could improve driving safety and vehicle dynamics performances. In [1],
an extensive review of technologies and estimation methods for intelligent tire systems has been
presented. Many research applications concerning intelligent tires adopt sensors installed on the
inner liner and are divided into acceleration-based [2-5] and strain-based [6-15]. Other
measurement systems are also presented in literature with interesting results. For instance, Magori
et al. [16] installed an ultrasonic sensor on the base of a wheel rim to monitor the deformation,
temperature, and other contact patch features. Tuononen [17, 18] has carried out several studies to
measure tire carcass deflections by means of an optical sensor to provide estimations about the
vehicle state. A segmented capacitance ring sensor for measuring the inflation pressure of the tire

has been presented in [19].

A highly demanding topic for the above-mentioned intelligent tire concepts is the development of
algorithms for the analysis of the sensor data. Generally, correlations between sensor measurements
and tire operative conditions are based on signal processing techniques that are time-consuming due

to extensive experimental tests and the large amount of data to be analysed [1].

Within this context, a model-based approach for estimation of the main dynamical characteristics of
intelligent tires could be extremely useful. For this purpose, a physical tire model is presented in
this paper with the main objective of being applicable to different types of tires. Many of the
conventional tire models are not suitable for modelling intelligent tires because they provide as
output forces starting from longitudinal and lateral slips, frictions, etc., without information
concerning local deformations or accelerations of the pneumatic tire [20-22]. Finite element models

could provide complete and precise dynamical responses, but they are not suitable for real-time



applications due to their computational loads [23, 25]. A simplified tire model for intelligent tires is

presented in [26].

The analytical tire model presented in this paper can predict, in real-time, the structural behaviour
of the tire carcass according to the driving conditions. In particular, the physical modelling
approach is based on the tire model developed by Gong [27, 28], which has been adapted to provide
an analytical solution for the radial and tangential displacements of the tread in real-time. The tire-
road contact problem has also been modelled by means of a simplified approach that consists in
imposing a parabolic normal pressure distribution. In this way, the solutions for both the radial and

tangential displacements can be obtained in closed-form, further reducing the computational effort.

The model has been validated through experimental data from two types of intelligent tires to
highlight the modelling versatility. More specifically, experimental data from [17, 29] and [30] have

been achieved for the model parameterization and validation.

This paper is organized as follows: in section 2, the modelling approach is illustrated; simulation
results are presented in section 3; the experimental validation is described in section 4 and

conclusions and future developments are drawn in section 5.

2. Tire mathematical model

The flexible ring tire models (FRTMs) have been developed in the early 60s to study the
deformation of the tire carcass in stationary conditions; some more recent efforts have also been
made to simulate the behaviour of the tire on uneven roads [31] - [32]. Depending on the underlying
assumptions, these models provide accurate results in different frequency ranges.

The well-known FRTM developed by Gong [27] has been extensively used to investigate the
natural frequencies of the tire and to study the problems of vibration transmission in a wide
frequency range (0-300 Hz); however, its ability to provide a closed form solution for the trend of
the circumferential strain also makes it suitable to study the deformation of the tire carcass. The
main drawback of the model is that the equations of the deformation are coupled with those of the
motion. In contrast, some newer models [32] do not provide results on the circumferential strain of
the tyre carcass directly, but they make use of simplifying hypotheses that allow decoupling of the
two problems, and perhaps could even be better suited for real-time applications; in particular, the

model developed by Kim et a/ [32] seems capable of predicting the deformation of the treadband



with great accuracy and at a low computational cost. Hence, it could be eventually adapted
employing the usual plane-strain relations for curved beams.

Therefore, the comparison between the two approaches could be presented in a further research
paper.

In this study, the deformation of the tire carcass due to applied steady-state forces is investigated
only with Gong’s FRTM to obtain a closed-form solution for the tire deflection problem;
furthermore, the solutions for the ring displacements provided by employing the Modal Expansion
Method (MEM) are further simplified introducing a discrete approach which streamlines the model
from a computational standpoint and allows the simulation of the tire behaviour in real-time.

In the FRTM, the treadband structure is modelled as homogeneous, thin circular elastic ring
restrained at its inner surface both in circumferential and radial directions by a viscoelastic
foundation (Fig. 1a). This is schematically represented by spring and damper elements in the radial
and tangential directions and takes into account the stiffness of the sidewall structure and the
membrane stiffness of the inflated torus enclosed by the carcass. For the sake of simplicity, the
damping and stiffness values are reported as their mean values, although some authors have shown
that they are variable within the contact patch [33].

The location of an infinitesimal element of the ring is described in terms of cylindrical coordinates

(R, ¢) in the non-rotating coordinate system (x, z) (Fig. 1b).

Treadband

Sidewall

z Y

Fig. 1. a) The flexible ring model; b) Coordinate system.

In Fig. 1b, ¢,, g, and are the external forces in the tangential and radial directions, respectively.

Because of the high extensional stiffness of the modern radial tire, the middle surface of the tire



carcass is assumed to be inextensible. Furthermore, according to the Bernoulli-Euler assumption,
the treadband has been assumed as an inextensible, curved, bending beam. Under this hypothesis,

the radial displacement w and tangential displacement v are governed by the following relation:

B (1)
o9
The circumferential strain also reads [27]:
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2.1. Response to concentrated loads

In this paragraph, the response of the FRTM to concentrated line forces is described [28]. Consider

the external line forces on the ring are expressed as

q,(0,0=0,5(p-¢,)

3
q,(0,0)=0,6(¢—¢,) <

where O, and Q, are the magnitudes of radial and tangential line forces acting at specified
stationary angular coordinate ¢,, respectively; J(-) is a Dirac delta function.

According to the MEM [27, 28], the steady state response of the FRTM in terms of the tangential
displacement and the corresponding radial displacement of the tire treadband for the concentrated

line forces are given by [28]:
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2.2. Response to distributed loads in the contact patch
Consider a distributed load extending from the angular coordinate ¢, at the front edge of the contact

patch to ¢. at the rear edge is applied to the tire. By adopting the MEM, the tangential and radial

displacements are given by:
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2.2.1. Normal and tangential tire/road interactions

The previous analysis followed that one presented in [27]. However, to streamline the model from a
computational point of view, here the normal pressure distribution, acting on the contact patch of
the tire and related to the vertical load F~, is approximated with a parabolic trend [12]. In particular,

the pressure distribution is assigned as a function of the angular coordinate as follows:
3 F 2 2
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where the symmetrical condition @, =—¢, is considered.

The corresponding radial pressure distribution can be obtained as:

1
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where the apex NI denotes the pressure contribution due to the normal interaction.

The FRTM can also provide the solution for the tangential interaction problem. In this paper, the
tangential interaction of the rolling tire with the road is modelled with a brush model. Introducing

the slip ratio ¢_, the tangential stiffness of the bristle & and assuming a generalized Coulomb

friction model, the tangential force per unit of length is given by:

10
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whose components in radial and tangential direction are, respectively:
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where u  and u, are the static and dynamic friction coefficients, respectively, and the apex TI

denotes the radial and tangential pressure contributions due to the longitudinal load. The radial and

the tangential forces per unit of length are:

q.(¢)=q.'(¢)+q. (4)

: (12)
9,(¢)=4."(¢)
substituting (9) in (12) it follows:
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2.2.2. Discrete approach

Substituting expressions of the distributed loads (13) in (7), the radial and tangential displacements
can be obtained from (6). However, solving equations (7) and (6) in a closed form is cumbersome;
therefore, a discrete approach to the problem is provided in this study. The solution for both the
normal contact problem and the tangential one is then obtained by superimposing the solution for

each concentrated load.

If the angular interval between the front and rear angles ¢, and ¢, is already known, it can be
divided in Ny constant angular steps Ag. So, the generic concentrated forces Q,,;and Q,; acting at

point ¢, can be written as:

Qw,i =4, (¢0,i )A¢
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Hence, the tangential and radial deformations can be obtained by superimposing the solution:
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Substituting equations (15) into (2), the circumferential strain can be also obtained:
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The parameters of the FRTM are listed in Table 1.

Symbol Description Unit

b Width of the ring. m

h Thickness of the ring. m

A Area of the cross section of the ring (4=bh). m’

E Young’s modulus of the ring material. N/m’

1 Inertia moment of the cross-section of the ring (I=bh’/12). m’

R Mean radius of the ring (tire treadband). m

p Density of the ring material. kg/m3

ky, k, Stiffness of the viscoelastic foundation per unit length in the radial and N/m?
tangential directions, respectively.

Cy, Cy Damping of the viscoelastic foundation per unit length in the radial and N s/m’
tangential directions, respectively.

k, Bristle tangential stiffness N/m

& Slip ratio -

Table 1. Parameters of the FRTM.

3. Simulation results

A first set of simulation has been performed to evaluate the qualitative trend of both displacements

and strain by adopting parameters presented in [28] and listed in Table 2.

Parameters Value Unit
b 0.14 m

h 0.01 m

EI 2.0 Nm’

R 0.3 m

pA 3.15 kg/m

ki, 6.3-10° N/m’
k, 1.9-10° N/m’




Cy=Cy 0 N s/m’
k, 543100 | N/m
Do 1.2:10° N/m’

Table 2. Values of the FRTM parameters used for simulations.

Fig. 2a and Fig. 2b show the behaviours of w and v, obtained with the distributed load approach, by

varying the inflation pressure and the vertical load, respectively.
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Fig. 2. Displacements under different inflation pressures and vertical loads: a) Tangential

displacements; b) Radial displacements; (solid: 1.2 bar, dashed: 2.0 bar, dash-dotted: 2.6 bar).

A further set of simulations has been performed to compare the radial and tangential deformations

output from the two models (concentrated and distributed forces, respectively). Figs. 3a,b compare

radial displacements for the concentrated force model (red) and distributed one (black) under

vertical loads F., =500 N and F, = 5000 N, respectively.
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Fig. 3. Radial displacements: a) F, = 500 N; b) F., = 5000 N.

Comparisons between tangential displacements for the concentrated force model (red) and

distributed one (black), for vertical loads F, = 500 N and F. = 5000 N, are shown in Fig. 4a,b,

respectively.

1 Tangential displacements 10r Tangential displacements
0.8 8r
06 6
04 4
0.2 2F
€ E
E oOof E of
> >
-0.2 -2
0.4 4r
-0.6 6
-0.8 -8
1 . . . . . . ; 10 . . . . . . . ;
-200 -150 -100 -50 0 50 100 150 200 -200 -150 -100 -50 0 50 100 150 200
a) 6 () b) o ()

Fig. 4. Tangential displacements: a) F. = 500 N; b) F. = 5000 N.

Figs. 5a,b present the simulated circumferential strains for the concentrated force model (red) and

distributed one (black) under vertical loads F, = 500 N and F, = 5000 N, respectively.
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Fig. 5. Circumferential strain: a) F, = 500 N; b) F, = 5000 N.

Results highlight that, for small vertical loads, the values of both radial and tangential
displacements are nearly the same for the two approaches. However, it must be noted that
circumferential strains do not coincide; instead, strains related to the concentrated force model are

11



significantly greater. At higher vertical loads, results do not coincide anymore. Of course, this
phenomenon is related to the approximation adopted in assigning a concentrated force rather than a
distributed pressure. While the trends of radial and tangential displacements are still comparable,
with reference to the circumferential strains, the difference is almost one order of magnitude. This is
in accordance with results observed also in the previous case. In any case, it is reasonable to expect
that by assigning a distributed pressure trend the results are more reliable. This can be deduced from
the deformed shapes of the tire, as shown in Figs. 6a,b: while the concentrated force produces a
cusp which is uncharacteristic of the simple tire-road normal interaction, the response to a

distributed pressure highlights the typical flat trend of the deformation in the contact patch.
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Fig. 6: Tire deformed shape (Fz = 5000 N): a) Concentrated force model; b) Distributed force

model.

More specifically, the response of the rolling tire to the longitudinal interaction has been
investigated with the FRTM for a constant assigned vertical load F, = 3000 N under different slip

ratio conditions.

Fig. 7 shows the trend of the tangential pressure along the angular coordinate: starting from the

front angle ¢,, 7, grows linearly until the static friction parabola is intercepted; from this point, the

trend follows that of the dynamic friction parabola (actually, even though a parabolic trend has been

chosen, any normal pressure distribution could be used).

12
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Fig. 7. Tangential pressure; (F>= 3000 N, &= -0.15).

From Figs. 8a, b the asymmetric effect of the longitudinal force on the tire deformations can be
seen. Also, larger radial deformation is observed after the contact due to the longitudinal

interactions of the bristles.
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Fig. 8. a) Radial displacements; b) Tangential displacements; (£, = 3000, ,=-0.15).

The circumferential strain behaviour is shown in Fig. 9.
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Fig. 9. Circumferential strain; (F,= 3000, &= -0.15).
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The required time-step, used in the MATLAB environment, for the calculation of all the three
software outputs: w, v and gy is 0.01 s (angular steps =100; number of modes: 30). These values
could be further reduced with a software optimization.

4. Experimental tests

To validate the FRTM, two different intelligent tires have been considered in this study. For each
type of intelligent tire, the parameters have been estimated using optimization algorithms (the

objective function is the root mean square error between the measured and simulated signals).

4.1. Strain-based intelligent tire [30].

At first, simulation results have been compared with real deformations measured for a strain-based
intelligent tire prototype (called in the following INT1) developed in the Vehicle Dynamics
Laboratory at the University of Birmingham. The pneumatic tire has been equipped with strain
gauges on its inner liner [30]. Details of the intelligent tire system are shown in Fig. 10a.

The test system used for the experiments is an indoor tire test rig which makes it possible to vary
speed, vertical load and slip angle. The tire test rig also allows for simulation of different surface

types by installing rough sheets on the drum. The experiment setup is shown in Fig. 10b.

STRAIN SENSOR LOCATION SCHEME

INSTALLED VALVES ON
THE RIM

Fig. 10. a) Strain-based intelligent tire system; b) Test rig.

The experimental data selected for the model validation are only the circumferential strains. The

results have been obtained with the tire in straight-line free rolling conditions. In particular, the

14



influences of the tire speed and the vertical load have been evaluated (tire inflation pressure: 1 bar,
tires slip angle: 0°). The simulation results have been obtained with the distributed force model
reproducing a tire loading condition similar to the real one.

Fig. 11 shows the comparison between experimental and numerical results for the same tire rolling
velocity of 10 km/h and a vertical load equal to 500 N. A magnification of the strains near the peak

is also shown in Fig. 11.
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Fig. 11. a) Circumferential strain (velocity: 10 km/h; Vertical load: 500 N).

The experimental and the simulated circumferential strains for higher values of tire rolling velocity

and vertical load (30 km/h and 1000 N) are presented in Fig. 12.
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Fig. 12. Circumferential strain (velocity: 30 km/h; Vertical load: 1000 N).
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The behaviours of the simulated strains for both the validation tests are in good agreement with the
experimental data. In particular, the FRTM can predict the typical shape of the circumferential
strain characterized by a compression in the neighbourhood of the contact patch and a maximum
strain value in the middle of the contact area. Fig. 13 shows the simulated deformed shape of the

tire.

Undeformed
Deformed

Z(m)

-0.2 -0.1 0 0.1 0.2
X(m)

Fig. 13. Estimated tire carcass contours for the INT1 (velocity: 30 km/h; Vertical load: 1000 N).

The identified FRTM parameters for the INT1 are reported in Table 3.

Parameters Value Unit
b 0.175 m
h 0.002 m
EI 0.03 Nm’
R 0.23 m
2000 kg/m
ki, 5-10° N/m’
k, 1-10° N/m’
= Cy 0 N s/m’

Table 3. Identified FRTM parameters for the INT1.

One of the primary purposes of strain-based intelligent tires is the estimation of the contact patch
dimensions and the lowering of the rim, since they are closely related to the maximum values of the
slip parameters and to the tire/road contact forces. Detailed data about the contact patch length can

be inferred from the measurements carried out on the tire treadband in circumferential and

16



tangential directions. The size and the shape of the contact patch vary as both the vertical and
tangential loads change; however, since the proposed model is two-dimensional, only the effects of

the vertical force are analysed in this paper.

4.2. Laser-based tire sensor system [17]

The second set of experimental data for the FRTM validation has been obtained by measuring the
deformation of the carcass from another intelligent tire (called in the following INT2) under
different in-plane forces. Data has been acquired by an optical tire sensor developed in the vehicle
engineering group at Aalto University. As shown in Fig. 14a, the sensor rotates together with the
rim and consists of a one-dimensional laser triangulation system which measures the distance Z
from the rim to the inner liner. The instrumented tire has been tested on a tire test rig shown in Fig.
14b. The drum has been covered with safety walk paper. Three tire forces and three moments can
be logged by the force sensors. The wheel load has been regulated by a controlled hydraulic system.
In addition, a hydraulic disc brake system has been adopted to generate various braking forces in
the longitudinal direction, which were measured by the force sensors. The camber and slip angles

have been fixed to 0° to limit this study to in-plane tire deformations.

(b)

Encoder & Slip

Y N\

< (N
%ﬁﬁ\
Laser Sensor )\

-90° doR &
4 W
\\ A,
\ &

OO

Fig. 14. a) Prototype of the laser-based tire sensor system; b) Tire test facility.

The first tests used for the model validation are related to the INT2 behaviour under vertical forces.

Fig. 15 and Fig. 16 show the comparison between the treadband radial displacement from the
17



FRTM and the tire radial deformation measured by the laser for a vertical load of 1000 N and 5000

N, respectively (inflation pressure: 2.6 bar).

Radial displacements
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Fig. 15. Radial deformations of the INT2 (F, = 1000 N).
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Fig. 16. Radial deformations of the INT2 (F, = 5000 N).

Also for the INT2, the developed model is capable of reproducing the experimental deformations of

the tire carcass with a good precision.

More specifically, as regards the extension of the contact patch and the normal pressure distribution,
the parabolic trend gives a good approximation of the actual distributed vertical load mainly for
intermediate values of the normal force and at higher levels of the inflation pressure; in contrast, at

18



the lower values, the trend significantly diverges and, especially with regard to small vertical loads,
the length of the contact patch seems to be misestimated. However, in the examined load range, the
results are generally realistic and characterized by an acceptable approximation. Therefore, the
parabolic trend has also been preferred for the study of tangential interactions, since it allows to

obtain accurate results in shorter times.

Further experimental data adopted for the FRTM validation in accordance with the INT2 have been
obtained by applying braking longitudinal forces. Fig. 17 and Fig. 18 compare the simulated radial
displacements and the measured ones, for a fixed vertical load (F.=3000 N), a fixed inflation

pressure (2.6 bar) and for longitudinal forces of 510 N and 1285 N, respectively.

Radial displacements

w (mm)
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Experimental

14 I I | I | | |
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Fig. 17. Radial displacements, (F, =510 N, &= 0.11).
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Radial displacements
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Fig. 18. Radial displacements, (F = 1285 N, &, = 0.16).

The symmetry of the radial deformation of the tire changes with the longitudinal force that is

applied as a result of the pretension force and inextensibility of the ring structure. Furthermore, the

maximum deformation tends to shift in the direction of the braking force.

The identified FRTM parameters for the INT2 are reported in Table 4.

Parameters Value Unit

b 0.16 m

h 0.001 m

EI 1.41 Nm’

R 0.285 m

p 2280 kg/m

Ky 4.88-10° | N/m’

k, 3.20-10° | N/m’

= Cy 0 N s/m’

ke 7.2-10° N/m
Table 4. Identified FRTM parameters for the INT2.

The displacement trends provided by the FRTM and depicted in Figs. 17-18 generally show a good

agreement with the experimental ones and can be used to predict useful information such as the

forces and torques applied to the wheel. More specifically, some derivative quantities of the

circumferential strain have been widely employed by several authors to estimate the tire working
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conditions. The commonest methods are mainly based on curve-fitting techniques for the tangential

forces with high-order polynomial regression equations.

Some of these algorithms have the merit of being easily applicable and usable in a large variety of
situations, but they are not generally able to properly describe in an accurate way all the phenomena
arising in the contact patch. This can inevitably result in a loss of information about the physics of
the problem, with a consequent difficulty in interpreting the data and with the need to correct the

outputs in some circumstances.

In contrast, a full-analytical tire model capable of matching the experimental results in real-time can

be extremely useful since it provides a deeper understanding of the problem’s physics.
5. Observations on sensorised tire systems

The holy grail of the intelligent tire is real-time determination of the tire/road forces and
deformation of the tire. Although a lot of progress has been made in this direction, there is still a lot
of development required to reach this goal. A major problem is the pre-calibration required for each
tire to determine the deformation and contact force characteristics under different operating
conditions before the developed algorithms can be applied. Experimental tests can be used for this
but the huge cost of performing a large number of tests can be prohibitive. Finite Element Analysis
(FEA) is an alternative method but can also be expensive. The FRTM described in this work can be
used as a much cheaper alternative to FEA for the pre-calibration. Since the model is also
applicable in real-time, it can be implemented in the design of observers for real-time tire condition

estimations from strain measurements.

6. Conclusions

A physical-analytical model suitable to describe the behaviour of both tire deformations and acting
forces has been presented. The tire has been modelled with a flexible ring on a viscoelastic
foundation. With the modal expansion method, solutions for displacements of the tire carcass and
circumferential strains have been obtained in a closed-form; the discrete approach to the forces
modelling has also provided physical results for both the values of normal and longitudinal loads
acting on the tire.

Finally, the model has been validated by comparing simulation results with experimental data from
indoor tests performed on two intelligent tires. More specifically, the first intelligent tire is equipped
with strain sensors on its inner liner and the second one adopts a laser sensor system, fixed on the
rotating wheel, that provides measurements of the tire carcass deformation.
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Analyses carried out confirm the high performance of the proposed approach, which could be used
for predicting the dynamical behaviour of both the strain-based intelligent tire and the laser-based
one. It may also be used in the design of real-time observers for tire condition based on tire strain
measurements.
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