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Abstract

The theme of this work is part of the broad context of the industrial research
development described by the challenges of the Horizon 2020 society, with particular
reference to the "Digital Agenda, Smart Communities, Intelligent Mobility Systems” line.

It is inserted in the following areas:

¢ Intelligent urban mobility systems for logistics and people;

e Safety systems of the urban environment, environmental monitoring and

prevention of critical or risk events;

e Embedded electronic systems, intelligent sensor networks, internet of things.

In particular, the huge technological progress achieved in past few years has
contributed to give a great drive towards the development of advanced safety and
monitoring systems for automotive applications.

In a context of great revolution in the transport system that the inhabitants of the planet
are preparing to live, the primary targets are the raising of road safety standards and the
creation of a vehicular network for the sharing of traffic information and the dynamic
state of the car park.

The automotive sector is experiencing a phase of profound change, fuelled by the
progressive establishment of embedded systems oriented to the well-known concept of
smart and sustainable mobility, with the target set by autonomous driving systems on the
horizon.

The object of the study are the innovative tyres called "smart tyres", characterized by
a structure equipped with integrated sensors useful for acquiring information on the
vehicle and on the road.

The smart tyre is an element of great innovation as it allows to increase the level of
interaction between vehicle and driver and allows to observe the phenomena of tyre-road
interaction. In fact, the availability of a measuring element located in the contact area,
provides numerous points of use, both in science and industry such as monitoring of the
tread wear level, evaluation of the friction level, monitoring of user behaviour and
manoeuvres (aimed at studying traffic dynamics), etc.

These models allow great progress both in order to increase performance, but above
all to safeguard the safety of passengers and pedestrians. Thanks to the continuous

monitoring offered by a sensorized car park, it is possible to have information about, for



example, soil roughness mapping (useful in the planning of maintenance interventions),
the management of emergency assistance in the event of accidents, the supply of
intelligent traffic light networks, the offer of insurance rates based on the most frequent
itineraries and driving style.

The development of physical and real-time algorithms would provide the additional
level of predictability that such systems need in view of large-scale deployment.

The development of real-time simulation models related to the tyre / road interaction,
the identification of the vehicle subsystems with which the smart tyres are appropriate to
interact, as well as the evaluation of these interactions are aimed at optimizing the
dynamic behaviour of the vehicle.

The integration of multiple subsystems will represent one of the added values
providing important insights regarding the communication methodologies between
physical systems and the related virtual representations.

The traditional approaches SIL (software-in-the-loop) and HIL (hardware-in-the-loop)
will evolve in the direction of a scenario that foresees the human being as a central
element in the testing and validation chain, arriving at configurations of the DIL type
(driver-in the-loop). In perspective it is also expected that the driver can be replaced by

an autonomous control system.
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Objectives and Methods

The work was carried out in collaboration with Pirelli tyre S.P.A (company on the
Italian territory) and with VI-grade (company on the foreign territory).

Nowadays, being safety and stability two of the main branches of research in which
the automotive field is putting effort. International standards for road safety have become
more and more strict and inflexible when it comes to road safeness.

The technological development of the last years has allowed electronics to become one
of the main fields of innovation and the automotive sector makes use of electronics nearly
into all its branches allowing a great improvement, both in terms of quantity and quality,
of the safety equipment for vehicles.

The ADAS denomination (Advance Driver Assistance System) gathers all the systems
which can improve the feeling of potentially dangerous situations and to interact with
other active controls of vehicles.

The necessity for ADAS is generated by the need to produce safer vehicles and to
reduce the number of road fatalities. Moreover, those same systems are becoming
increasingly more powerful and more invasive.

Pirelli Tyres S.p.a operates into this scenario providing cars with high quality and high
performance tyres which are also employed as an” intelligent” vehicle component with
the aim of improving both active safety and manoeuvrability.

The so called Cyber™Tyre project carried out by Pirelli is based on the basic principle
of providing the tyre with sensors that can exchange information and interact with the
active safety controls of the vehicle.

The Cyber™Tyre system developed by Pirelli can surely be considered as a unique part
of ADAS environment: in fact, by means of the installation of sensors into the tyre, the
company aims to provide information regarding the tyre-road contact area with the goal
of interacting with active control systems and providing useful information to the driver
in terms of safety and vehicle dynamics.

This system allows the knowledge of the main dynamic entities featuring tyre-road

interaction by means of the installation of suitable sensors inside the tyre.



Thanks to this solution Pirelli is now able to provide important information about
parameters that are related to the contact area such as contact forces, contact patch length,
deformed radius, center of gravity position and surface texture changes.

The current thesis work lies into this context and it is the product of a cooperation
project between University of Naples, Pirelli Tyres S.p.a and VI-grade.

Part of this work is placed into the Cyber™Tyre context and it consists in the definition
of a strategy for the introduction of thermal dependence in the numerical model for the
calculation of features currently implemented, such as for example the estimates of
contact forces. The objective is to increase the reliability of the estimate in all conditions,
especially in cold tyre conditions.

Subsequently, the activity focused on the creation of real-time simulation models
linked to the tyre/road interaction and to the identification of the vehicle subsystems with
which the smart tyres are appropriate to interact, as well as to the evaluation of such
interactions aimed at optimization of the dynamic behavior of the vehicle.

In fact, the validation of ADAS algorithms involves a significant number of realistic
test cases and therefore would require so much time to make it incompatible with any
significant time-to-market or return on investment of any new vehicle development plans.
The complete simulation of the system, as soon as possible, is substantially mandatory.

VI-Grade produces high performance dynamic driving simulators. Given its proven
experience in the development and implementation of complex simulative architectures,
it can provide "driver in the loop" systems within which to test and validate the intelligent
devices.

In particular, the work carried out in this area concerns the effects induced by
temperature variations on the tyre/road interaction curves, and consequently on the
dynamics of the global vehicle.

Specifically, the phases of the activity in question will concern the parameterization of
vehicle models through which to analyze the data coming from the on-board control unit
and from the smart tyres, obtaining experimental characterizations concerning the
pneumatic-road interaction without the use of expensive and large test benches for tyre
testing.

The study of the correlation between temperature, grip, wear and performance offered
by tyres in the testing phase will lead to the development of physical models that

reproduce trends and quantitative aspects, allowing the implementation of these
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formulations and the consequent reproduction, with the many related advantages to be
able to predict local distributions of temperature, friction coefficient and degree of
removal of treads, giving life to an essential tool for the analysis, simulation and
prediction of the complex phenomena inherent to the interaction between the vehicle and
the ground.

The next lines describe the thesis structure and provide a brief description of each
chapter.

e Chapter 1-Tyre Structure and Vehicle Dynamics: In this chapter the structure
of the tyre is analyzed by giving a brief description of its chemical composition.
Furthermore, hints of vehicle dynamics are given, especially about tyre-road
interactions.

e Chapter 2 — The Temperature influence on the tyre: In this chapter, a short
description on the behaviour of viscoelastic materials will be done. In particular,
how the temperature and frequency influence their mechanical properties will be
discussed. Furthermore, the heat generation modes in a tyre (the friction power
and strain energy loss) will be presented.

e Chapter 3 - The Cyber™Tyre system description: This chapter is dedicated to
the hardware system description making a brief description of its main
components. Subsequently, the procedure for estimating the vertical load is
described as well as the need to introduce the thermal dependence in the
estimation of such features.

e Chapter 4 — The thermal model: In the first part of this chapter, the standard
thermal model UniNa is described. Subsequently the development of a suitable
thermal model for the Cyber™Tyre system will be described. Finally, a whole
series of indoor and outdoor tests will be presented in order to validate this model.

e Chapter 5 — Correction of the vertical load estimation: This chapter is
dedicated to the strategies development for the introduction of thermal
dependence in vertical load estimation. Various strategies are developed and
compared in order to choose the one that most satisfies conditions of robustness,
efficiency and ease of implementation.

e Chapter 6 — The Temperature influence on Tyre/road interaction curves:
This work is chapter is dedicated to a sensitivity analysis of the influence of a

series of quantities on the vehicle dynamic behavior. Numerous parameters are
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considered (tread wear level, specific thermal conductivity and heat of the various
layers etc.) which would require many tests. The work was carried out in
collaboration with VI-grade which provides a simulation environment called VI-
Car Real Time.

VI-CarRealTime provides a real-time vehicle simulation environment where the
same simplified vehicle model can be used by vehicle dynamics and controls

engineers to optimize vehicle and control system performance.
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Chapter 1

Tyre Structure and Vehicle Dynamics

1.1 Introduction

The tyre is the element of contact between the vehicle and the road and is the most
important component in the dynamics of the vehicle since the performance of the vehicle
is strongly influenced by its characteristics.

Depending on their application, different constructive composite solutions are adopted
employing significant quantities of canvas, steel wire and fabric reinforcements.

The tyres must perform some fundamental tasks, such as providing load capacity,
ensuring the damping effect, correctly transmitting the driving and braking torques,
providing cornering force and generating minimum noise and minimal vibrations [1] [2]
[3].

It is an under pressure, inextensible and deformable casing, made of composite
material of polymeric matrix (vulcanized rubber and additives such as carbon black and
silica) with reinforcement plies of steel or synthetic fibers. It has a shape of a solid of
revolution (toroid ring) and is built on an axially symmetrical element called rim.

The most common tyre in automotive industry is the tubeless type, lacking inner tube.
The tyre and the rim of the wheel form an airtight container to seal the air as the tubeless

tyre has an inner lining of impermeable halo butyl.

1.2 The Structure

The parts constituting a modern tubeless tyre are the following [4] [5] [6]:

e The tread: the most external surface of the tyre that is exposed to the road surface.
It consists of a rubber compound, commonly styrene-butadiene (SBR)
copolymers, whose surface is crossed by a pattern that must ensure a good grip in

every condition.
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e The shoulder: the zone between the edge of the tread and the beginning of the
sidewall. It ensures a good heat dispersal.

e The sidewall: the area between the shoulder and the bead bundle and is the part
that protects the carcass by lateral impacts. It is a thin rubber layer that gives
rigidity to the tyre and improves the ride quality.

e The bead: the element that allows the tyre to remain fixed on the rim, preventing
relative rotations. The core of a tyre bead is made up of several individually rubber
coated steel wires formed into a hoop, that is then provided with a rubber apex. It
is a very critical element from the mechanical point of view because every action
that the tyre exchanges with the road is transferred to the vehicle through it.
Therefore, it is subject to high levels of stress due to its small size.

e The inner liner: the area placed on the inner surface of the tyre. It consists of a
special compound useful for improving the air retention.

e The belt plies: a strong reinforcement found between the tread and the carcass in
a radial or belted bias tyre. It stabilizes the tread area and provides impact
resistance. Varying the belt width and angles affects vehicle ride and handling
characteristics.

e The carcass: the resistant structure, which is made up of by one or more layers of
plies situated under the tread or under the belt plies.

They are shown in Figure 1.1.

Body plies arrangement gives the name to the structure of the tyre: nowadays the most
commonly employed structure is the radial one, in which the carcass is composed of one
or more plies disposed through the meridian planes of the toroid [5]. The radial tyre is
characterized by better grip, more stability and a higher braking efficiency, acting as safer
than conventional ones; they allow a greater level of comfort and a greater energetic
saving.

The other type of structure, still used in some applications for trucks, trailers and farm
implements, is called diagonal or bias because the plies cross on the carcass being
disposed according to proper inclinations respect to equatorial plane called "crown
angles"”. In this type of tyre, the belt plies are absent, making it easy to distinguish the

different kinds of tyres.
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Inner liner ~

Figure 1.1 — Tyre structural component [7]

1.3 The Materials

There are more than a dozen specially formulated compounds that are used in the

interior of the tyre. The basics ingredients are the following:

Polymers are the backbone of rubber compounds. They consist of natural or
synthetic rubber.

Fillers reinforce rubber compounds. The most common filler is carbon black
although other materials, such as silica, are used to give the compound unique
properties.

Softeners: Petroleum oils, pine tar, resins and waxes are all softeners that are used
in compounds principally as processing aids and to improve tack or stickiness of
unvulcanized compounds.

Antidegradants: Waxes, antioxidants, and antiozonants are added to rubber
compounds to help protect tyres against deterioration by ozone, oxygen and heat.
Curatives: During vulcanization or curing, the polymer chains become linked,
transforming the viscous compounds into strong, elastic materials. Sulfur along

with accelerators and activators help achieve the desired properties.

Considering the many polymers, carbon blacks, silicas, oils, waxes and curatives, plus

specialty materials such as colorants, adhesion promoters, and hardeners, the variety of

compounds available is enormous. It is important to keep in mind that modifying a

property affects the performance of the tyre in a specific area: making the tyre efficient

on a wet track makes it less efficient in terms of fuel economy or on a dry road. The

compounds need to be engineered or balanced to meet different requirements.
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A tyre’s reinforcing materials are the predominant load carrying members of the cord-
rubber composite. They provide strength and stability to the sidewall and tread as well as
contain the air pressure. The most used are the following:

e Nylon type 6 and 6,6 tyre cords are synthetic long chain polymers produced by
continuous polymerization/spinning or melt spinning. The most common usage in
radial passenger tyres is as cap, or overlay ply, or belt edge cap strip material, with
some limited applications as body plies.

e Polyester tyre cords are also synthetic, long chain polymers produced by
continuous polymerization or melt spinning. The most common usage is in radial
body plies with some limited applications as belt plies.

e Rayon is a body ply cord or belt reinforcement made from cellulose produced by
wet spinning. It is often used in Europe and in some run-flat tyres as body ply
material.

e Aramid is a synthetic, high tenacity organic fiber produced by solvent spinning.
It is 2 to 3 times stronger than polyester and nylon. It can be used for belt or
stabilizer ply material as a light-weight alternative to steel cord.

e Steel cord is carbon steel wire coated with brass that has been drawn, plated,
twisted and wound into multiple-filament bundles. It is the principal belt ply
material used in radial passenger tyres.

e Bead wire is carbon steel wire coated with bronze that has been produced by
drawing and plating. Filaments are wound into two hoops, one on each side of the

tyre, in various configurations that serve to anchor the inflated tyre to the rim.

1.4 The Mechanics

1.4.1 Reference System

The study of the mechanics of tyres is of fundamental importance to the understanding
of the performance and characteristics of ground vehicles. To describe the behaviour of a
tyre and the forces and moments acting on it, it is necessary to define an axis system that
serves as a reference for the definition of various parameters [8]. In order to describe the
tyre-road interaction and its force system, a flat ground and attach a Cartesian coordinate

frame at the center of the tyre print are assumed, as shown in the figure 1.2.



16

Camber angle Y : .
Tire axis

Figure 1.2 — 1SO tyre reference system [9]

The origin (O) of the axis system it is located in the centre of the contact patch. The
origin is the point defined by the intersection of three planes: horizontal (defined by xQOy),
longitudinal (defined by xOz) and vertical (defined by yOz).

The x-axis is contained in the wheel plane and it’s parallel with the longitudinal axis
of the vehicle. The positive direction of the x-axis is pointing towards the front of the
vehicle. The z -axis is perpendicular to the ground and upward, and the y-axis makes the
coordinate system a right-hand triad.

The tyre orientation is defined by two angles: the camber angle y and the sideslip angle

The camber angle is the angle between the tyre-plane and the equatorial plane passing
through the x-axis. The sideslip angle is the angle between the x-axis and the velocity

vector v. To better understand the meaning can be useful to observe the figure 1.3.

e
]
[

Tl
EEE

Figure 1.3 — Camber and sideslip angles [9]
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The resultant force system that a tyre receives from the ground is assumed to be located
at the center of the tyre-print and can be decomposed along X, y, and z axes.

Therefore, the interaction of a tyre with the road generates a three-dimensional force
system including three forces and three moments, as shown in figure 1.3 [8] [9].

e Longitudinal force Fx. It is the force acting along the x -axis. Longitudinal force
is also called forward force. The longitudinal force Fx > O if the vehicle is
accelerating otherwise, if it is breaking Fx < 0.

e Normal force Fz. It is the vertical force, normal to the ground plane. Normal force
is also called vertical force or wheel load. If the resultant force is upward Fz > 0.

e Lateral force Fy. It is the force, tangent to the ground and orthogonal to both Fx
and Fz. The resultant Fy > 0 if is in the y-axis direction.

e Roll moment Mx. It is the longitudinal moment about the x -axis. The roll moment
is also called the bank moment, tilting torque, or overturning moment. The
moment Mx > 0 if it tends to turn the tyre about the x -axis.

e Pitch moment My. It is the lateral moment about the y-axis. The pitch moment is
also called rolling resistance torque. The moment My > 0 if it tends to turn the tyre
about the y-axis and moves it forward.

e Yaw moment Mz. It is the upward moment about the z-axis. The yaw moment is
also called the aligning moment, self-aligning moment, or bore torque. The
moment Mz > 0 if the tyre tends to be turned about the z -axis.

Another reference system can be used in the automotive field and is the coordinate

system adopted by the Society of Automotive Engineers SAE. It is shown in figure 1.4.

Camber angle Y

Tire axis

"At
S
=)
=
h=)
=
&)

Ground plane _

Figure 1.4 — SAE tyre reference system [9]
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The x-axis is at the intersection of the tyre-plane and the ground plane. The z-axis is
downward and perpendicular to the tyre-print. The y-axis is on the ground plane and goes
to the right to make the coordinate frame a righthand frame.

The choice of one or the other reference system is indifferent if proper attention is paid

to the signs of the interactions that are opposed between the two tyre coordinate systems.

1.4.2 Kinematics
In order to describe the wheel motion, the quantity called slip is used [10] [1] [11] [3]
[12]. The slip ratio is different for the case when the vehicle is braking or accelerating, as

given by following relationship:

v
1- j Qr,. > v, 0<s,<1 acceleration
sx =19 qr. " (1.1)
P 1 O <v, —1<s,<0 deceleration
X

where vy is the x-axis component of the wheel centre velocity, Q is the angular velocity of
the wheel, and r, is the tyre rolling radius.
The quantity Qr, is defined pure rolling velocity and matches with the wheel centre
velocity as soon as the tyre works in pure rolling conditions.
The quantity sxis called longitudinal slip and it is possible to differentiate the following
cases [13]:
e Wheel working in pure rolling condition: there are any differences between the
wheel centre and each rim point velocity.
S, =0 & Qn. =v,
e Wheel working in global slip condition (traction phase): the tyre rotates among
the wheel axis, but the vehicle does not move forward.
Sxy=—0 v, =0
e Wheel working in global locking condition (braking phase): the tyre behaves as a
rigid body during the vehicle-braking phase.
S,=—1 & Qr,,=0

Similarly, it is possible to define the lateral slip angle as:
Sy = v—yztana ~a (1.2)
However, considering what happen)é in the contact patch, the tyre tread usually works
in pseudo — sliding condition.
Actually, the tread of a tyre is deformable, whereas its belt is not stretchable.

Consequently, for example, when a vehicle brakes, the road surface pulls the contact
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patch backwards, but only the tread is distorted. The tread blocks recline, and this
outcomes in a relative movement between the bottom of the rubber block, in contact
with the road surface, and the belt. This is the shear phase (or pseudo — sliding), which
occurs at the leading edge of the contact patch. [14]

As the rubber tread block gets closer to the trailing edge of the contact patch, the stress
increases and the rubber block, whilst remaining sheared, goes into effective sliding
condition with the road surface. This means that a mismatch in the velocity value occurs
between the points of the tread in contact with the road and the road surface ones.

Unstretchable belt

—
Vvehicle

L: + Lsh

Displacement

= g =
Slippage phase Shear phase

Figure 1.5 — Tyre in pseudo - sliding.

1.4.3 Dynamics

The vehicle performances are highly influenced by the grip and the deformability of
the tyres: this underlines the importance to study the interactions between the tyre and the
road and what forces are involved during the motion.

The tyre is subjected to three different force systems during its motion [4] [15]:

e The gravitation field, to which every system on the Earth is subjected.

e The aerodynamical forces field, that is generated by the fluid in relative motion
respect the vehicle.

e The tyre-road interactions. They generate because of the application of a machine
or brake torque about the axis and a force on the centre of each wheels. This
system of forces is transmitted by the tyre to the ground through the contact patch.

In the vehicle dynamics and in particular in the tyre road contact the study of the
interactions becomes of fundamental importance. Regardless of the degree of roughness
of the road, the distributed normal and tangential loads in the contact patch yield a
resultant force F and a resultant torque vector M [1]:
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F=FEi+F j+Fk
{ x b Ly F (1.3)

M=Mi+M,j+M,k

Figure 1.6 — Forces acting on the tyre from the road [1]

Commonly, the forces system 1.3 is schematized with two perpendicular forces:
{Ft =Fi+F,j
F,=Fk

=FKe,
{ =—F, e,
(1.5)

( 2+ det = |F¢|dt

(1.4)

so that:

Here the forces Fx, Fy, and Fzare separately analyzed, with particular attention to the
dependence on the grip coefficient.
Longitudinal force Fy
The longitudinal force is strongly linked to the acceleration or braking of the vehicle,
therefore to the longitudinal dynamics. The longitudinal force is generated at the tyre-
print (or contact patch) when a moment is applied to the spin axis of the tyre and a slip
ratio occurs. The forward force is proportional to the normal load Fz [9] [8]
F,=F.i (1.6)
= U ()E, .7
In the equation 1.7 u, is the longitudinal grip coefficient and is function of the slip
ratio s, as shown in the figure 1.6.
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Figure 1.7 — Longitudinal grip coefficient as a function of slip ratio s, in driving and braking [8]

The grip coefficient reaches a driving peak value 4, at s ~ 0.1, before dropping to an
almost steady-state driving slide value py,. The grip coefficient u, (s) may be assumed
proportional to s when s is very small:

pr(s) = Cs's (1.8)

Where Csis the longitudinal slip coefficient.

The tyre will spin when s> 0.1 and the grip coefficient remains almost constant. The
same phenomena happen in braking at the values uy, and p,,. The frictional force Fx
between a tyre and the road surface is a function of normal load F,, vehicle speed vy, and
wheel angular speed Q. In addition to these variables there are several parameters that
affect Fy, such as tyre pressure, tread design, wear, and road surface conditions. It has
been determined empirically that a contact friction force of the form Fx= pu«(Q, v,)F; can
model experimental measurements obtained with constant v,, Q.

A simplified model is usually employed in computer calculation because is safe and
exact enough; it is illustrated in figure 1.8 [8] [9].

F/F,
‘ T Sliding
F\,,"/ F: [
Braking S, J Driving
| ] | | 1 J=—5] ] 1 1 L 1 Ly ¢
0.7 0.5 0.3 0.1 0.1 03 0.5 0.7
\ Sx
Slidin,
iding N F‘ -

Figure 1.8 — The simplified model of longitudinal tyre force Fx/Fz in vehicle dynamics [8]
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This model can be expressed by the following equations:

Cs s, -5, <s <S5

1| 5

= {Fm

Z E CsSg = pys s> Ssors < —S; (1.9)
z

In the figure 1.9 is illustrated the free-body diagram of a tyre [8]. In x-direction the
longitudinal force Fxand the rolling resistance force Frcan be noticed. In z-direction the
normal load F; is balanced by the ground reaction while the torque T is applied in the y-

direction.

Figure 1.9 — Free-body-diagram of a wheel [8]

The motion equations are:

{ My Vs = B = Fr (1.10)

Iywy, =T — (F. — FR)R,,

where my is the wheel mass, w,, is the wheel angular velocity, Iwis the mass moment of
the wheel and Ry is the tyre effective radius.

Lateral force Fy

The tyre motion path on the road makes an angle a, the sideslip angle with respect the
tyre-plane, under a vertical load F,and a lateral force Fy. The angle is proportional to the
force Fy [8]:
(1.12)

F, = —Cha (1.12)
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where C, is the cornering stiffness of the tyre:

(1.13)

The lateral force Fy at the tyre-print is at a distance a., behind the tyre-print centerline
and makes a moment M, the self-aligning moment:
M, = M,k (1.14)

M, = Fy Axa (1.15)

For small «, the aligning moment M; tends to turn the tyre about the z-axis and make
the x-axis align with the velocity vector v.
The tyre acts as a linear spring under small lateral forces Fy with a lateral stiffness ky:

E, = k,Ay (1.16)
The wheel starts sliding laterally when the lateral force reaches a maximum value Fym.

At this point, the lateral force approximately remains constant and is proportional to the

vertical load:
Fym = wyF, (1.17)

where, u,, is the tyre grip coefficient in the y-direction. As the wheel rolls forward,
undeflected treads enter the tyre-print region and deflect laterally as well as
longitudinally. When a tread moves toward the end of the tyre-print, its lateral deflection

increases until it approaches the tailing edge of the tyre-print [8].

>
-~

\ [

Sticking
region

Y idine [
- VS./1c./mg line
Sliding

y region

Tireprint

rolling tire

Figure 1.10 — View of a laterally deflected and turning tyre [8]

The normal load decreases at the tail of the tyre-print, so the friction force is lessened
and the tread can slide back to its original position when leaving the tyre-print region.
The point where the laterally deflected tread slides back is called sliding line.
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Lateral distortion of the tyre treads is a result of a tangential stress distribution t,, over

the tyre-print, as shown in the figure 1.11.

Tread path

Pneumatic trail Bottom view Top view

Figure 1.11 — The stress distribution zy, the lateral force Fy for a positive slip angle o

A slip moment My generates because a lateral shift in the tyre of the normal force F,
linked to the slip angle a:

M= M. (1.18)

M, =F, Aya (1.19)

The slip angle o > 0 if the tyre should be turned about the z-axis to be aligned with the

velocity vector v. A positive slip angle o generates a negative lateral force Fy.

In the figure 1.12 the lateral force Fy as a function of the sideslip « is shown.
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Figure 1.12 — The lateral force Fy as a function of the sideslip angle a [8]
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If the vector v is written as v = v,i + v,j then the sideslip angle o can be expressed
as follow:
%
a= tan™'=> (1.20)
UX
In the figure 1.13 the normal load F; effects on the lateral force Fy as function of the
sideslip angle a is shown.
Increasing the load not only increases the maximum attainable lateral force, it also

pushes the maximum of the lateral force to higher slip angles.
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Figure 1.13 — Effect of load on lateral force as a function of slip angle a [8]

Tyre Force

Tyres may be considered as a force generator with two major outputs: forward force
Fx, lateral force Fy, and three minor outputs: aligning moment M, roll moment My, and
pitch moment My. The input of the force generator is the tyre load F,, sideslip a,
longitudinal slip s, and the camber angle y [8] [9].

F, = F(F,a,s,7) (1.21)
E, = E,(F,a,s,v) (1.22)
M, = My (F, a,s,y) (1.23)
My = My (F, a,s,v) (1.24)
M, = M,(F,, a,s,v) (1.25)

The trends of the forces with respect to the slip s and the slip angle a are presented

below.
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Figure 1.14 — Longitudinal force ratio Fx/F; as a function of slip ratio s for different sideslip o [9]
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Figure 1.15 — Lateral force ratio Fy/F; as a function of slip ratio s for different sideslip a [9]
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Figure 1.16 — Longitudinal force ratio Fx/F; as a function of sideslip o for different slip s [9]
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Figure 1.17 — Lateral force ratio Fy/F; as a function of sideslip o for different slip s [9]
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When the tyre is under both longitudinal slip and sideslips, it is under combined slip.

The shear force on the tyre-print of a tyre under a combined slip can approximately be

found using a grip ellipse model, as shown in figure 1.18.

(i)z N <i)2 _ (1.26)

Fym

Figure 1.18 — Ellipse model [9]

1.5 Tyre Models Overview

During the past 20 years, enormous progress has been made in chassis engineering and
driveability. Modern vehicles are significantly safer and more comfortable than their
predecessors. In a context for which it is necessary assured and intensify the maturity of
the product, despite wider ranges of models and shorter development times, the
significance of modelling and simulation of the tyre behaviour becomes increasingly
important.

In recent years, different types of mathematical models have been developed in order
to model tyre behaviour. Of course, depending on the purpose of the specific model,
different levels of accuracy can be introduced.

The existing automotive tyre models can be broadly classified into 3-4 categories
shown in figure 1.19 [16] [17]

Finite clement ~ Analysis focus:

i tire models
+ Comfort and
Tire structure s :
vibration analysis
£ models . Durability profiles
2 100 oo
S Brusha&ring- ‘ - Vehicle dynamics
§ models - Driving stability
E Paoejka-typel + Driving test support
map-type models - Control system design
3Hz 10Hz 30 Hz

Frequency

Figure 1.19 — Tyre model categories and main fields of application [18]
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The division into categories is based on the growing complexity of the formulation
and on the frequency range of the input/output signals covered by the model.

The first category is comprised of the models based on mathematical expressions
which best fit the measurement results of real tyres, e.g. a polynomial or the Pacejka
model [18].

The second and third categories include models formulated based on the available
knowledge of the tyre, but they differ as to the complexity (analytical models). An
example of the model from the second category is the Dugoff model [19], and from the
third category the FTyre model [20].

Finally, the fourth category includes accurate finite element models, which, however,

can rarely be used for vehicle dynamics studies due to computational complexity.
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Chapter 2

The Temperature influence on the tyre

2.1 Introduction

In this chapter a short dissertation is carried out on the behaviour of viscoelastic
materials since the tyre consists mainly of rubber.

The heat generation modes in a tyre (the friction power and strain energy loss) will be
presented and how the temperature and frequency influence their mechanical properties
will be discussed.

In fact, through the wheels, the vehicle exchanges forces with the track [2] [21]which
depend on the structure of the tyres [22] and on their adherence, strongly influenced by
temperature [23] [24].

2.2 The concept of the Viscoelasticity

Many mechanical systems are made of viscoelastic materials to avoid instability and
to limit vibrations.

Viscoelasticity is widely studied since decades: considering works of Ferry (1961),
Vinh (1967), Caputo and Mainardi (1971), Lakes (1999), Chevalier and Vinh (2010) and
Balmeés and Leclere (2009). Viscoelasticity is a causal phenomenon for which the force
always pre-cedes the displacement. This behaviour can be described by the relaxation
function or the creep function [25].

A polymeric material, with viscoelastic behaviour, presents a material structure
formed by reticular cross-linked chains.

This structure type is the cause of the strong temperature dependence due to the
different chain mobility level. Therefore, below the glass transition temperature, the
material exhibits a high stiffness value while above this temperature, the stiffness

decreases considerably.
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A similar effect is observed when the material is cyclic loaded with high and low
frequency, respectively.

Polymers differ from other materials in inherent rheological or viscoelastic properties:
the stress-strain bond strongly influenced by time, even at room temperature.

The viscoelastic material is a deformable material with a behaviour which lays
between a viscous liquid and an elastic solid. Their behaviour deviates from Hooke’s law
and exhibits elastic and viscous characteristics at the same time.

A viscoelastic material will return to its original shape after any deforming force has
been removed, even though it will lake lime to do so. The reason of this phenomenon is
that the deformation energy is not totally stored, but partially dissipated through hysteretic
mechanism. Contrariwise, when a perfectly elastic solid, like a spring, is subjected to a
force, it distorts instantaneously in proportion to the applied load. Then, as soon as the
force is no longer ap-plied, the body returns to its initial shape.

To better understand the mechanical behaviour in viscoelastic materials, two main
types of experiment are usually carried out: transient and dynamic. While static
characterization regards the quasi-static application of load or deformation, transient and
dynamic testing procedures concern the analysis of material response to a time applied
deformation or load function (elongation or shear).

Two important categories, regarding the transient material testing, are commonly
performed: creep experiment and stress relaxation experiment.

Creep consists in a progressive increasing of deformation under uniform load applied
on the material specimen (Figure 2.1a) while in a stress relaxation experiment, a sample
is rapidly strained to a fixed length at constant temperature and the stress is recorded as a
function of time (Figure 2.1b).

It can be described in integral form by the following equation:

e(t) =2+ [, J(t - D)6(1)dr (2.1)

In the creep experiment, the creep compliance modulus J is defined as the ratio
between the strain, obtained at definite instant of time, and the load step applied (Figure
2.1a):

e(t)
J(@t) = o (2.2)

0
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Figure 2. 1- Creep experiment (a) and stress relaxation experiment (b)

While, relaxation is when stress changes during time at an imposed deformation, and

is expressed as:

o(t) = E (t) + [, K(t — 0)é(r)dr (2.3)

In the relaxation experiment, the relaxation modulus K is expressed as (Fig.2.1 b):

K(t) = @ (2.4)
€o

From the eq. 2.1 it is clear that creep compliance is time dependent. In particular, the
material behaves as a glassy solid if the load is applied with higher frequency values and
it is like a rubbery solid if the load is applied quasi-statically. In the middle time-range,
the compliance shows a linear slope where the solid behaves as a viscoelastic material. In
particular, in the middle time-range which characterizes the linear viscoelastic slope
trend, the creep compliance proportionally increases with time (Figure 2.2a).

Similarly, the stress relaxation material modulus is time-dependent, and it is also
possible to distinguish the rubbery and glassy plateaus, in which the material exhibits
quite opposite behavior (Figure 2.2b).

Another important testing procedure class, able to describe the viscoelastic behaviour,
consists in the dynamic experiments. These tests are commonly employed to analyse the
material reaction to cyclic stress or strain applied:

o(t) = gy sinwt (2.5)
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where o represents the angular frequency of an applied sinusoidal stress and depends

on the time.
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Figure 2.2 — Creep material compliance (a) and stress relaxation material modulus (b)

In quasi-elastic materials, the strain generated by the stress also exhibits a sinusoidal trend
with the same phase of the applied load. On the opposite side, in viscoelastic materials,
the strain reaction shows a time delay towards the applied stress, characterized by a phase
angle o.
Therefore, the strain response is given by (Figure 2.3):
e(t) = gy sin(wt — §) (2.6)

Figure 2.3 — Strain — stress trend

In the frequency domain it is introduced the complex modulus expressed as:

o(w)
&(w)

=E(w)" = E'(w) + E"(w) (2.7)

where E'(w) is the storage modulus [Pa] and E"( w) is the loss modulus [Pa].
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These above quantities are deeply linked to the way the material dissipates a part of
energy provided by means of a load/stress time function. Therefore, the both moduli are

related to the phase angle ¢, according to the vector diagram in the Fig. 2.4:

Ell

E'I:

]

Figure 2.4 — E* vector diagram

Loss factor is defined as:

E’I(w) B 6
(o)  2n 2.8)

It is important to see that all the quantities, referring to the viscoelastic behaviour, are
function of the frequency at which the sinusoidal load/deformation is applied.

More precisely, the modulus, the energy loss and hysteresis of a viscoelastic material
change in relation to two parameters: the frequency with which the force is applied and
the material temperature the phenomena are evaluated on. It is important to point out that
load frequency and material temperature produce opposite effects on the rubber
behaviour, as represented in Figure 2.5 and Figure 2.6.

The moduli of viscoelastic materials can be characterized, for example, by Dynamic
mechanical analysis (D.M.A.).
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Figure 2.5 — Storage moduli of sample viscoelastic material (semi-log scale) [26]
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Figure 2.6 — Loss moduli of sample viscoelastic material (semi-log scale) [26]

A sinusoidal stress is applied and the strain in the material is measured, allowing one
to deter-mine the complex modulus. The temperature of the sample or the frequency of
the stress are often varied, leading to variations in the complex modulus.

However, the measurements which can be performed on most commercial DMA
equipment are limited to the low-frequency domain (typically up to a few hundred Hz).
In order to characterize the material on a broader frequency range, the time—temperature
superposition (TTSP) is applied (Williams—Landel-Ferry, 1980) [27].

This principle relates the material response at a given time t (or frequency ) and at a

given temperature T to that at other conditions (denoted by subscript r):

w, = ar(T,T,)w (2.9)
E'(w,,T,) = bp(T, T,)E' (0, T) (2.10)
E"(0,,T,) = by (T, TE" (@, T) (2.11)

where ar(T, Tr) and br(T, T,) are coefficients which indicate the amount of horizontal and
vertical shifting (respectively) to be applied to isotherms of storage and loss moduli
measured at a temperature T in order to estimate the material properties at a reference
temperature T, (Figure 2.7).

The horizontal shift factors ar(T, Tr ) describe the temperature dependence of the
relaxation time and usually follow the empirical Williams-Landel-Ferry (WLF):

Cy (T - Tr)

G+ (T-T,) (212)

logyoar(T,T,) =



35

where C1 and Cz: empirical constants whose order of magnitude is about 10 and 100 K,

respectively.

b

- T, T ’
(a) / T (b) aT(TI ’ Tr) . (C) bT(Tl’ Tr) /

A T, A

b(T,,T,)

Figure 2.7 — (a) Isotherms of storage modulus on the frequency range measurable by DMA, at temperatures T1,
T2 and Tr, with T1 < Tr < T2; (b) Isotherms of storage modulus after application of the horizontal shift factors,
taking Tr as the reference temperature; (c) Isotherms of storage modulus after application of both horizontal and

vertical shift factors, taking Tr as the reference temperature [28]

The vertical shift factors br(T, Tr) are related to thermal expand which for most
polymers can be neglected.
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Figure 2.8 — Typical trend of ar and by

2.3 The Strain Energy Loss

When the tyre is subject to a vertical load, it is deflected that means it is always
deformed during its exercise (Figure 2.9).
Many parameters affect the entity of this deflection, such as vertical load, inflation

pressure, carcass stiffness, etc.
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Figure 2.9 — Tyre deflection under different vertical load level [29]

A rolling pneumatic tyre exhibits both elastic and viscous characteristics due to
embedded rubber compounds and therefore every part of it that deflects every revolution
is subjected to a hysteresis cycle. This means that not all energy is returned when the

material relaxes because part of it is dissipated in the heat (Figure 2.10).

loading

stress

unloading

strain
Hysteresis

Figure 2.10 — Hysteresis cycle [30]

Because in a hysteretic cycle the unloading phase is not equal to the loading phase the
contact pressure distribution along the contact patch is not uniform so the resultant force
is not aligned with the contact patch centre, but it is always ahead [30] (Figure 2.11).
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Figure 2.11 — The concept of tyre rolling resistance [30]
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The analysis of the figure shows the presence of a resistant moment that contrasts the
motion and that establishes the rolling resistance of the tyre.
When the tyre is in free-rolling conditions, the power dissipated in hysteresis can be

computed as:

Ed.lSS = M, w (W] (2.13)

where:

e M, =Rolling Resistance Moment [N m]

e  =angular speed of the tyre (rad/s)

At each operating temperature, the ratio of loss strain energy to the total strain energy
of the rubber, can be estimated by experimental methods. According to the results
obtained by Lin and Hwang [31], it is reasonable to take this ratio 0.1 for vast variety of
operating temperatures (Figure 2.12).

When the tyre is in traction — or braking — or when the tyre is in cornering, the
deformations are more complex than the simple tyre deflection exposed above and these

deformations concur to the strain energy loss generation of course (Figure 2.13).
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Figure 2.12 — Hysteresis for tread compound of bias tyre varying with temperatures and frequencies
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Figure 2.13 — Tyre deformation in corner



38

Because the tyre is usually in pseudo-sliding conditions — that means part of the contact
patch slides against the road surface and therefore a certain amount of heat is always
generated at the interface between the tread and the roadway.

The power dissipated, called “friction power”, can be written as:

FP = Fyvgy + F vgy, [W] (2.14)

where:
e F, is the longitudinal interaction force [N]
e F, isthe lateral interaction force [N]
e v, iIsthe longitudinal sliding velocity [m/s]

e vy, isthe lateral sliding velocity [m/s]

A part of this thermal power is transferred to the tyre and the remaining to the asphalt.
This is considered by means of a partition coefficient CR calculated using the following

expression [32]:

cr=t1 |% 2.15
- kR aR ( ' )

in which thermal diffusivity o can be expressed as a = LC

Considering the following road properties:
kp = 0.55 — 2.16
R =055 — (2.16)
pr = 2200 = (2.17)
J

Cvg = 920 — (2.18)

kg K

and the properties of the SBR (Styrene and Butadiene mixture used for the production of

passenger tyres), available in literature [33] [34], the resulting calculated value of CR is

about 0.55, which means that the 55% of the generated power is directed to the tyre.
Since in general, the thermal conductivity of the rubber varies with the temperature,

also the CR coefficient will be a function of the tyre temperature.
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Figure 2.14 — The tyre surface temperature measured by thermo camera [30]

2.4 How the temperature influences the handling performance

The working temperature of a tyre usually depends on different aspects, as well as on
the type of tyre itself, the way the vehicle is driven and the ambient temperature.

In general, the internal temperature of a standard passenger tyre is between 20 and 60
°C. Clearly, the temperature of the tyres increases as soon as the outside temperature is
higher. In normal working temperature conditions, the amount of energy dissipated by
the tread compound, which exhibits a viscoelastic behaviour, if subjected to a cyclic load,

decreases with increasing temperature, as shown in the Figure 2.15.

Energy
Lost
Rigid Operating Range of Tyre Flexible
Material Rubbers Material
—

Temperatare (°C)

Figure 2.15 — Temperature effect on viscoelastic compound dissipation

The working range of the suitable temperature corresponds to the maximum area of
energy loss due to viscoelastic behaviour so that the friction coefficients are high. Very

low temperatures transform the behaviour of the tread into a rigid one.
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The temperature influence on rubber friction has been known for at least 60 years when
Schallamach [35] experimentally observed the decrease in "pulling force" with the

temperature increasing (Figure 2.16).
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Figure 2.16 — Temperature influence on Schallamach studies [35]

In general, the rubber friction should be due to different contributions: an adhesive
component, a hysteretic component and a contribution due to the wear (the third
component is in general negligible) [36]

Figure 2.17 — Kummer's model for rubber friction mechanisms

So, in dry conditions the friction force can be written as
FT S FA + FHB + FC (219)

Fr is the total frictional resistance, Fa is the adhesive contribution due the Van der
Waals’ forces between the two surfaces, Fng IS the contribution due to the bulk
deformation hysteresis in the rubber and Fc is the contribution due to the removal of the

rubber material by the road asperities (that seems to weigh no more than 2%).
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For what concern the first two contributions Kummer considered them not independent
because adhesion increases the extension of the contact area and consequently the zone
affected by hysteretic deformations.

Persson [37] hypothesized that the different components are predominant on different
scales: the hysteretic contribution is associated with the long-wavelength surface
roughness while the adhesion deforms the rubber at short-wavelength roughness.

The friction is directly related to the viscoelastic properties of the rubber itself and
shows similar trend of the loss Modulus £’ (tan &) of the compound. Thus, increasing
the temperature involves in a decreasing of the friction (hysteretic component).

Considering the Figure 2.18: when the temperature decreases, even if the § increases
(until 0°C in this case), the £’ (or G’) increases too involving in a reduction of the real

contact area. So, even decreasing the temperature the tyre friction reduces.
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Figure 2.18 — G’ and tand curves in dependency on temperature

Evidently an optimal combination of tan §) and E’ that maximizes the tyre friction
exists.

Since hysteretic deformations dissipate heat, it is clear that the friction between rubber
and road is always associated with the generation of heat at the interface. This concept is
clearly explained by Persson [38] which also introduces the concept of flash temperature.

Since the friction correlated to the characteristics of the tread compound, it is clear that

all these considerations refer to the surface temperature, that is to the temperature of a
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very thin layer of the outer surface of the tyre. This temperature is deeply different from

the bulk temperature namely the temperature of the core of the tyre.

Surface

Figure 2.19 — The surface, the bulk concept and the inner concept

2.5 Influence of the temperature on tyre stiffness

Tyre structure is known for a laminated style with a shell structure of rubber that is
strengthened by the number of ply.

Tyre performance is influenced by inflation pressure and depends on the mechanical
characteristics of the tyre, includes sidewall stiffness.

Tyre is one of pressure vessels and inflation pressure is dominant in sidewall stiffness.
Therefore, it can be said that tyre sidewall stiffness derives from the tension of inflation
pressure and the structural dynamic characteristics, including the properties of the rubber
material.

An example of tyre stiffness representation is shows in the Figure 2.20.

-} 1

Figure 2.20 — Spring bedded ring model of radial tyre [39]

where:
e K is the spring of lateral direction;
e K, is the spring of the tangential direction;

e K, is the spring of the radial direction;
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The tyre stiffness can be considered as the sum of three contributions: the first part of
the stiffness arises from the tension in the sidewall cords. This tension is present because
of the inflation pressure, so this part of the stiffness is referred to as the pneumatic part;
the second part regards the structural contribution of sidewalls (depending on operating
temperature); the third part is linked to the centrifugal effects [39] [40] [41] [42].

The structural part of stiffness is very depending on the tyre temperature because they are
related to the elastic modulus [43] (Young Modulus in case of steel belt and Storage
Modulus in case of rubber) that is well known temperature dependent at least for
viscoelastic materials.

In the Figure 2.21 is shows the tyre temperature effect on the vertical stiffness while the
Figure 2.22 and Figure 2.23 show the tyre temperature effect on the Bracking and
Cornering stiffness respectively.
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Figure 2.21 — Tyre temperature effect on the vertical stiffness
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Figure 2.22 — Tyre temperature effect on the Braking stiffness [44]
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Figure 2.23 — Tyre temperature effect on the Cornering stiffness [45]

Figure 2.24 shows the influence of temperature on the longitudinal and lateral

interaction curves (the data represented has been adimensionalized due to confidentiality

agreements with the motorsport research partner).
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Figure 2. 24 — Temperature influence on tyre interaction characteristics curves [13]

In recent years, the ever-increasing interest in intelligent tyre technology has led to the
formulation of different empirical models correlating deformation measurements

provided by the sensors with tyre dynamics.

08

Thanks to the introduction of a sensor inside the tyre is possible to senses a lots of

useful information (features) like the vertical load, lateral and longitudinal forces.

In general, the evaluated of these features is the result of a series of calibration using

experimental data obtained at a steady-state temperature (generally after a warm-up

phase).

The importance of introducing a temperature correction on the features (like vertical

load, longitudinal Forces and lateral Forces) is evident.
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The first part of this work focused precisely on this aspect and it consists in the in the
definition of a strategy for the introduction of thermal dependence in the numerical model
for the calculation of features currently implemented, such as for example the estimates
of contact forces. The objective is to increase the reliability of the estimate in all

conditions, especially in cold tyre conditions.
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Chapter 3

The Cyber™Tyre system description

3.1 Introduction

Ground vehicle motion is primarily determined by tyre forces, therefore, knowledge
of they, is required in order to understand and predict the vehicle behavior and safety.

Moreover, ground vehicle safety is also significantly related to road conditions, which
can be quantified from the perspective of the vehicle as the tyre/road friction coefficient.

The longitudinal and lateral forces that a tyre can produce are a function of the vertical
force and the friction coefficient between the tyre and the road. Since the vertical force
and the coefficient of friction are both limited, there is a limit to how much longitudinal
and lateral force a tyre can develop.

Real-time sensing of tyre forces is highly desirable in a vehicle, since knowledge of
these forces can be used to determine the fraction of tyre force capacity already expended.

The measured forces of tyres may be used by a vehicle safety control system to
mitigate the effects of unreasonable and unattainable tyre force demands on the driver,
especially in rapidly changing road conditions.

Estimates of the tyres forces used by current vehicle safety control systems are usually
obtained through state observers, in which vehicle states are acquired by existing vehicle
sensors such as torque and steering wheel angle measurements, wheel steering sensors,
accelerometers and others [46].

The main problem with the tyre force assessment systems based on the observer is that
they require a change in the longitudinal or lateral force to make an estimate [47].

Indeed, these systems prefer highly dynamic, short time duration, high-amplitude
inputs to vehicle controls by the driver in order to make good estimates. In addition to
this disadvantage, the accuracy of tyre forces estimated using an observer-based system
may be insufficient [48].

In order to improve the systems for estimating the force of existing tyres, the challenge
is to find a tyre force sensor capable of measuring tyre forces in real time during all

vehicle modes of operation.
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A smart tyre (or intelligent tyre) is a tyre capable of monitoring itself using sensors
inside it and providing information on conditions such as temperature, inflation pressure,
road tyre friction, forces and conditions aquaplaning etc.

Generally, except for inflation pressure, the direct measurement of quantities such as
contact forces, require bulky and expensive instrumentation.

These quantities can be evaluated starting from some measures like those summarized
in the table:

Table 3.1 — Raw Sensor Measurements

Symbol Description
u Displacement
u Acceleration
€ Strain
(7] Wheel Angular Position
w Wheel Angular Speed

Pirelli Tyres S.p.a operates into this scenario providing cars with high quality and high
-performance tyres which are also employed as an” intelligent” vehicle component with
the aim of improving both active safety and manoeuvrability.

The so called Cyber™ Tyre project carried out by Pirelli is based on the basic principle
of providing the tyre with sensors that can exchange information and interact with the
active safety controls of the vehicle.

The company aims to provide information regarding the tyre-road contact area with
the goal of interacting with active control systems and providing useful information to
the driver in terms of safety and vehicle dynamics.

This system allows the knowledge of the main dynamic entities featuring tyre-road
interaction by means of the installation of suitable sensors inside the tyre.

Thanks to this solution Pirelli is now able to provide important information about
parameters that are related to the contact area such as contact forces, contact patch length,

deformed radius, center of gravity position and surface texture changes.

3.2 Existing Tyre Force Measurement Methodologies

A major impetus for the development of passenger car tyre pressure measurement
methods is the regulation (EU) 2012/523 which has made mandatory the TPMS (Tyre
Pressure Monitoring System) on all cars registered, sold and put into circulation, from 1
November 2014.
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The system is supposed to identify dangerously low air pressure conditions, and not
necessarily small decreases in air pressure.

TPMS can be divided into two different types: direct (dATPMS) and indirect (iTPMS).
The target of a TPMS is avoiding traffic accidents, poor fuel economy, and increased tyre
wear due to under-inflated tyres through early recognition of a hazardous state of the
tyres.

Indirect TPMS do not use physical pressure sensors but measure air pressures by
monitoring individual wheel rotational speeds and other signals available outside of the
tyre itself.

Direct TPMS physically measure the tyre pressure in each tyre and report it to the
vehicle's instrument cluster or a corresponding monitor. Some units also measure and
alert temperatures of the tyre as well. These systems can identify under-inflation in any
combination, be it one tyre or all, simultaneously.

In [49], an extensive review of technologies and estimation methods for intelligent tyre
systems has been presented. Many research applications about intelligent tyres adopt
sensors installed on the inner liner and are divided into strain-based and acceleration-
based [50] [51].

Further interesting systems are present in the literature. For example, Magori et al.
[52], using ultrasonic sensors, can monitor deformation, temperature and other
characteristics of the contact impression.

Tuononen [53] has conducted many studies to measure tyre crushing through the use

of optical sensors.

Tyre radial displacement can be measured between the wheel and the tyre inner liner,
and displacement of the tyre sidewall can also be measured. Radial displacement
measurement devices reported in the literature range from a very simple string
potentiometer device [54]all the way to a sophisticated optical system using a light source
and a lens [46].

In general, tyre displacement sensors are reasonably efficient, but durability may be a
concern.

Tyre acceleration is a desirable raw sensor measurement since the accelerometers used
to measure it are widely available, small and they are mechanically designed to operate

at high acceleration levels, such as those reached in a rolling tyre.
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Tyre strain is also a desirable raw output since traditional foil-type strain gages are
small and easy to obtain. However, the stiffness of these sensors (and their adhesive) is
much higher than tyre rubber. To address this incompatibility, specially designed tyre
strain sensors with elastomer substrates have been suggested [55].

The Cyber™ Tyre system developed by Pirelli Tyres S.p.a has the goal to evolve the
tyre into an “intelligent” part of the vehicle (Smart Tyre) by making it able to interact
with the vehicle control units and its active controls.

It involves the installation of one or more accelerometric sensors inside the tyre: the
characteristics of the quantities to be acquired, as well as the operating conditions of the
sensor itself, have led previous studies to analyse different hardware solutions.

Even with a view to mass production, the sensor must be able to provide good
reliability and robustness and must be able to acquire the quantities required in the various
operating conditions of a rolling tyre, both during cornering and potentially up to
maximum homologated tyre speed.

For these reasons, the most suitable solution is a triaxial accelerometric sensors placed
on the inner liner of the tyre, able to detect the acceleration to which it is subjected at the
moment of impact with the ground: from these measurements it will then be possible to
trace the conditions of deformation of the tyre in the tyre footprint and the consequent
information useful for the study of vehicle dynamics.

The main element of the system is the Sensor Node that is composed by a MEMS
triaxial accelerometer, a RF (Radio Frequency) antenna for data transmission and other
auxiliary electronic components for the management and pre-processing of the signals,
which will be sent wirelessly to a control and management unit on board the vehicle.

Thanks to the acquired accelerometric signals it is possible to retrieve mathematically
the estimation of several information regarding the dynamics of the vehicle, such as for
example the contact forces between the tyre and the road surface in the three directions
detected by the sensor. The estimation of these quantities is carried out through empirical
models obtained from experimental data, collected in tests carried out indoors on the
interest tyre:
they are statistical models based on regressive approach. Polynomial coefficients are
obtained through a calibration procedure

The first prototype of the system is called SAMPLE A. This prototype was intended for

internal use and feature development. The continuous research carried out by Pirelli and



50

the development of technology has produced a new version of the already existing system
that is now identified as SAMPLE B, that can be considered still a prototype but also a
significant step forward to industrialization. At the moment Pirelli has reached Sample C
maturity prototype, a technology at industrialization level. Sample C technology will not
be disclosed in the present work due to confidentiality reasons. All the testing activities
in the present work have been carried out using SAMPLE A and SAMPLE B prototypes.
The description of the two solutions will be discussed in the current chapter.

3.3 The hardware system

The innovative solution developed by Pirelli Tyres S.p.a can be schematized,
independently from the Sensor Node configuration, according to the following layout:

e Mechanical part, whose task is to carry out the measurements of the
acceleration signals coming from the rolling tyre.

e An electronic part, dedicated to data conditioning and transmission to an
external acquisition unit, installed outside the tyre.

e A control unit (VEU - Vehicle Elaboration Unit) for signals elaboration that is
also responsible for monitoring and management of the interaction among the
devices constituting the system.

3.3.1 The Sensor Node SAMPLE A
This first solution developed by the Cyber™ Tyre team is composed by the MEMS
triaxial accelerometer equipped with the RF antenna for data transmission, protected
by a rubber housing and mounted onto the inner liner as shown in Figure 3.1.

Figure 3.1 — Sensor Node™ SAMPLE A installed on the inner liner [56]

The Sensor Node is fed by an external lithium-ions battery mounted on the wheel and

connected to it by means of cables and a proper connector.
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The cubic housing of the SAMPLE A contains the triaxial accelerometer and the
related electronic parts. All the components are dipped into a resin called potting which
has the task of keeping the part in place.

The connection between the sensor node and the tyre is realised by means of the rubber
house [57], a specific casing that is produced by Pirelli Tyres S.p.a itself. The rubber
house is realized with a polymeric compound featured by high tangential stress, wear,
fatigue and temperature resistance. The Sensor Node is fixed into the rubber house which,
in turn, is connected to the inner liner through a high-performance glue.

The SAMPLE A accelerometer is featured by its own reference frame which is a right-
handed system featured by the x axis parallel to the direction of travel, the z axis directed
towards the wheel radius and the y axis oriented accordingly, as depicted in Figure 3.2 a.

It is possible to install up to 3 accelerometers into the same tyre, aligned along the
transversal direction (Figure 3.2 b).

The conditioning operation (filtering and amplification) carried out using the
components present inside the Sensor Node and are the result of an in-depth analysis
carried out by previous studies and thesis works ( [57], [58], [59]) in the context of the
activity with Pirelli S.p.A.

b)

CENTRAL

|

Figure 3.2 — a) Sensor reference system [56]; b) accelerometers positions
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The acquired signals sent to the elaboration unit can be sampled by means of two different
methods:
e Asynchronous sampling: The sampling frequency fs is kept fixed, therefore, the

time lapse between two subsequent samples is constant and equal to A; = 1/ fs.
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e Synchronous sampling: The sampling frequency is varied according to the tyre
angular velocity in order to have a constant number of samples for each
revolution.

The physical phenomenon of interest is the tyre deformation during the contact with
road. Since this phenomenon is periodic with the tyre revolution, the synchronous
sampling seems to be the more suitable acquisition method. In that scenario, the number
of samples per period identifies the maximum harmonic component that can be
appreciated.

However, previous thesis works have verified [60] that it is possible to employ
asynchronous sampling method without loss of information with a sampling frequency
equal to 5 kHz, avoiding the use of an auxiliary signal for the angular speed identification
(which is necessary in case of synchronous sampling).

The SAMPLE A acquires the accelerometric signal on the whole tyre turn (Figure 3.3),
so if the Fourier’s transform of the signal is numerically computed (FFT), the angular
velocity of the tyre is found as the amplitude of the first point of the spectrum (zero
frequency component) while the first harmonic component corresponds to the second

point in the same array.

Figure 3.3 — SAMPLE A: acquisition window [61]

3.3.2 The Sensor Node SAMPLE B

The SAMPLE B represents the second version of the Sensor Node developed by Pirelli
and it is now close to the industrialization phase.

The triaxial accelerometer is the same as that used for SAMPLE A while there are
differences in terms of shape, energy supply and electronic components. In fact, the new
Sensor Node is equipped with a replaceable 3V battery integrated into the housing,
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making the system completely wireless. The electronic parts have been redesigned in
order to satisfy a correct compromise between performance and costs.
Figure 3.3 shows the system architecture of the SAMPLE B.
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Figure 3.4 — SAMPLE B system layout [62]

Each sensor is connected in wireless with a dedicated intermediate electronic receiver
called VRR (Vehicle Radio Receiver) which, in turn, is connected to the VEU that is the
main elaboration unit. The sensor node is constituted by the accelerometer and the
electronic parts necessary for data transmission such as an Ultra -Wide Band antenna and
a LF (Low radio Frequency) antenna responsible for the reception of the commands from
the VRR.

The VRR unit is the intermediary between the VEU and the Sensor Node. The dialog
with the latter one is realized, as already mentioned, in wireless through UWB and LF
radio connections. One VRR for each node is necessary and it is usually mounted on the
wheel arch. On the other side, the VRR is connected to the VEU by means of a bi-
directional serial channel.

Finally, the VEU is in charge of the signal elaboration and features extraction. Being
equipped with a dual-core embedded processor it is also able to manage all the activities
that are carried out by the other components. The VEU is also featured by an ethernet port
and 2 CAN bus ports for the connection with the vehicle electronic systems.
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The Sensor Node is positioned inside a tyre so as to conveniently coincide the
measurement directions of the MEMS accelerometer with the tyre interest directions:
using a right-handed triad, the Z direction of the transducer is made to coincide with the
radial direction of the tyre, the X direction of the transducer with the longitudinal
direction, the Y direction of the transducer with the lateral direction (Figure 3.2).

The node SAMPLE B is now featured by circular shape and it is inserted into a
dedicated support (rubber house) shown in the Figure 3.5. The connection is not
unremovable since the node is kept fixed by means of a plastic clip that can be exported
in order to change the node battery or to perform maintenance.

The way through which the rubber house is connected to the tyre inner liner is the same
as the one already mentioned for the SAMPLE A.

The available mounting configurations are (Figure 3.6):

e One single node placed at the center of the inner liner.
e 2 nodes, one in central position and the other close to the external part of the
tyre, placed at 180 degrees with respect to the first one.

Figure 3.5 — Rubber House

Figure 3.6 — SAMPLE B: mounting configurations
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While the SAMPLE A acquires signals on the whole wheel turn, the SAMPLE B
acquires only 120 degrees as shown in Figure 3.7, symmetric with respect to the contact
patch. This solution allows the signal transmission and elaboration during the residual

portion of the tyre turn without any overlapping of operations.

Figure 3.7 — SAMPLE B: acquisition window [61]

Another fundamental difference with respect to the SAMPLE A is the acquisition
method which is now synchronous in the case of the SAMPLE B. The acquisition period
varies according to the tyre angular velocity and the sampling frequency is not fixed.

Under the assumption of constant rolling radius R, the time lapse between 2 samples

is given by:

AB(rad)R(m)

At (s) =
’ v () (3.1)

While the corresponding frequency resolution is:

Af(Hz) =
T =5 (3.2)
Unlike SAMPLE A, SAMPLE B is also equipped with a temperature sensor.

3.4 Description of the treated signals

The accelerometric signals acquired by the Sensor Node require a treatment process

before they can be used to obtain quantities useful for calculating the required features.
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Signal processing is represented by:

wheel turn validation: control over the quality of the signal itself. The
validation is carried out on the signals acquired during a whole wheel
revolution: if these signals are not considered valid, they are discarded.
filtering in the frequency domain: carried out to eliminate high frequency
contributions (due to factors such as dynamics of the tread blocks at the
entrance and exit from the tyre footprint, presence of road irregularities, etc.).
This operation is carried out transporting the signals in the frequency domain
through the application of the Fourier Transform

Integration and reconstruction of signals in the time domain: the filtered
signal is integrated twice in order to obtain the movements. The calculation of
these quantities turns out to be necessary as some of the fundamental quantities

used for estimating the contact forces are derived from these.

The filtered and processed accelerometric signals represent the starting point for the

extraction of the indicators necessary for the contact forces estimation.

Considering the Figure 3.8, during a wheel revolution, it is possible to identify four

distinct areas in the tyre:

1.

2
3.
4

Leading edge of the tyre footprint
Tyre footprint
Trailing edge of the tyre footprint

out of contact area

Out - footprint

Y \

Pre-footprint v

Footprint

Post-footprint

Figure 3.8 — Characteristic sectors of the wheel turn
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From the analysis of accelerometer signals (in the first 3 zones) it is possible to extract
indicators used both for estimating contact forces and as a basis for extracting more
complex indicators.

These indicators can be divided, according to their physical meaning and
independently of the signal analysed, into two macro-categories:

e Indicators related to the amplitude of the signals, obtained by studying the trend
of the peaks of the signals or their peak-to-peak differences.

e Indicators related to the temporal duration of the signal, calculated instead by
observing the temporal distance between two suitable reference points. The
temporal delta thus observed is directly related to a spatial quantity.

3.4.1 Radial Signal

Among the three signals acquired, the one in the radial direction is the most robust and

reliable in terms of repeatability [62].

The figure 3.9 shows the characteristics zones of wheel turn:

negri

Figure 3.9 — a) Characteristic zones of a turn wheel b) Corresponding zones in a radial acceleration signal

During tyre rotation, the sensor is subjected to a radial acceleration comparable to that
of a point that moves on a trajectory with a radius of curvature r.
Depending on the zone where the sensor is located, the curvature radius r takes on a
different value:
e in the blue area, (zone out of tyre footprint) the value of r is equal to the value
of the radius of the inflated tyre R.
e in the green area (Leading edge and Trailing edge of the tyre footprint) the
deformations undergone by the covering lead to a decrease in the curvature

radius r, with a consequent increase in radial acceleration.
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e inthe red area (in correspondence with the footprint) the rolling radius r tends
ideally to infinity, with zero radial acceleration. This area is the one in which
the maximum radial deformation occurs. The counter-curve visible in the
footprint center can be associated more with the filtering operation than with
the physics of the contact.

From the radial speed it is possible to obtain information on the shape of the contact
footprint: the two peaks (minimum and maximum) present in the signal correspond to the
entry and exit points of the sensor from the footprint (Figure 3.10 a).

Finally, the radial displacement (Figure 3.10 b) signal plays a very important role in

defining the vertical load estimation.

Radial speed

Radial displacement

b)

# point oy
I # point

Figure 3.10 — a) Radial speed (post post-processing) b) radial displacement

3.4.2 Tangential signal

The accelerometric signal in tangential (or longitudinal) direction has a shape similar
to that of the radial speed signal: in fact, it has two peaks, one of minimum and one of
maximum, in correspondence with the zones of entry and exit of the sensor from the
footprint. The first peak (minimum) is recorded in correspondence of the deformation
undergone by the tyre at the entry footprint: here the sensor encounters a state of
deformation (compression) which leads to a decrease in its rotation speed and to a
consequent variation in tangential acceleration. Similarly, the second peak (maximum) is
characterized by a state of deformation (extension) which is seen by the sensor (in its
passage) as an increase in its angular velocity and a consequent further variation of the

measured tangential acceleration (Figure 3.11 a).
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3.4.3 Lateral signal

The lateral acceleration signal has a much less repeatable and constant form compared
to the other two acquired values. Even its frequency spectrum is highly variable, and for
these reasons, the extraction of indices is difficult [62]. Moreover, it is observed that, in
conditions of drift angles imposed zero, a modest lateral acceleration is always measured

due to phenomena such as ply-steer (Figure 3.11 b).
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Figure 3.11 — a) Tangential acceleration b) Lateral acceleration

3.5 Statistical approach to the contact forces estimation

The contact forces estimation, takes place through a first phase in which characteristic
quantities are identified, extracted from the analysis of the signals, which show a high
degree of correlation with the forces themselves. A calibration procedure based on indoor
tests brings to a calibration formula through a least square estimate on the calibration
dataset. The choice of the calibration formula is based on experimental evidence obtained
from indoor tests and on the analyst's experience.

A new approach to calibration has been developed in previous thesis activities [63]
which allows many information from the data to be analysed methodically. It is based on
the theory of multi-parameter linear regression models combined with an ANOVA

(Analysis of Variance) and residue analysis [64] regression scheme.

3.5.1 Multiparameter linear regression methods

An application example of these techniques is summarized in the table 3.2. The
regression algorithm, through suitable hypothesis tests, provides indispensable statistical
information for the determination of the calibration formula and the multipliers of the
indices contained therein (regressors). For a more detailed analysis of the method, see
[57] and [64].
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The use of these techniques is fundamental for the calibration phase: for each tyre

specification used, the same as the interpolating polynomial, corresponds a set of

multipliers (coefficients) of the specific regressors. The calibration procedure consists

precisely, once the shape of the interpolating polynomial has been established, in

calculating, through linear regression techniques, the multiplier coefficients, starting from

datasets constructed with indoor tests.

Table 3.2 — Example of an ANOVA table for the statistical analysis of a linear regression model

Linear regression model:
Fz = 1 omega:DR — DR:P — omega™2 — DR™2 — P72
& &
Estimated Coefficients:

Estimate SE tStat pValue
(Intercept) 1028.9 65.007  15.828 5.2251e-56
omega 5.3005 0.038295  138.65 0]
DR -1.9672e-05 1154.6  -170.38 0
P -12.365 042747 -28.925  1.9984e-179
omega:DR 105.02 15908 66.018 0
DR:P 1804.7 3.3057 54593 0
omega”2 -0.014473  0.00017404 -83.159 0
DR"2 -1.1519e-07 19464 -591.81 0
P2 0.025246  0.00070476  35.822  1.5156e-270
Number of observations: 16234, Error degrees of freedom: 16225

Root Mean Squared Error: 35.9
R-squared: 1, Adjusted R-Squared 1
F-statistic vs. constant model: 8.32¢ 006, p-value = 0

Analysing in detail the table 3.1, the formula of the interpolating polynomial with

which to estimate the quantity of interest is shown on the first line.

In the lower part are present:

Column 1: list of regressors used within the interpolating polynomial.
Column 2: value assumed by the multiplier coefficients of each regressor.
Column 3: standard deviation of the coefficients.

Column 4: tSat value associated with each individual coefficient. The tSat
value is calculated as the ratio between the value of the coefficient itself and
that of its standard deviation. Accurate estimates of the coefficient correspond
to high tSat values.

Column 5: value of the p-value associated with each coefficient. It represents
the smallest significance level that leads to rejecting, in the hypothesis test on
the single coefficient, the null hypothesis HO (hypothesis that the coefficient is
equal to zero and therefore that the significance of the relative covariate within
the regression is negligible). The lower the value of the p-value, the greater the
significance of the coefficient associated with it.
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In the following lines there is then reported the number of observations contained in
the regression dataset, the number of degrees of freedom of the error and its mean square
value, the values of R? and R?.gj, the term fstat and its relative p- value.

The terms R? and RZ%, positive and minor of the unit, represent the proportion between
the variability of the data and the correctness of the statistical model used: the closer they
are to unity, the more correct the model will be.

The formula of the interpolating polynomial in Table 3.2 was written using
Wilkinson's notation, shown below (table 3.3):

Table 3.3 — Wilkinson notation

Wilkinson notation Standard Notation Type
A+B A, B Single terms
A-B A/ B A-B Single plus interaction
A:B A-B Interaction only
A? A, A? Single and square
A-B—B A A'B Subtraction of a term

In the final analysis, a further tool to verify the quality of the regression model is
represented by the analysis of the residues. In applying a linear regression model, we
hypothesize that the distribution of the residuals is Gaussian, that is, with zero mean and
variance ¢2: the verification of the correctness of this hypothesis therefore allows us to
receive further information on the goodness of the regression model.

This verification is usually carried out by observing the residual plots and the normal
probability plot: from the first, particular residual trends are easily identifiable, a sign of
their non-Gaussian distribution, while from the second it is possible to observe, through
a histogram and a graph of the percentiles, the comparison between the distribution of

residues and that of a normal with zero mean and variance o?.

3.5.2 Vertical load F;

The vertical load estimation is carried out by observing the radial acceleration signal
coming from the central sensor: from this it is possible to obtain quantities closely related
to the radial deformation of the tyre (direct cause of the vertical force on it) and
sufficiently disconnected from other external conditions (how could the radial signal
coming from the external sensor be).

The quantities useful for vertical load estimation can be:



62

e PL (patch length): represents the length of the footprint calculated through the

signals coming from the central sensor like

PL=a)RAt=wR%
fs (3.3)

where w is the angular speed in rad/s, R the rolling radius of the tyre, Ny the
number of samples acquired between the trailing edge and the leading edge of

the footprint and fs la sampling frequency with which the acquisition was made.

e DR: represents the minimum of the radial displacement and is calculated, at
each wheel revolution, through the study of the radial displacement signal
(obtained starting from the radial acceleration signal as described in 3.4.1).

Previous thesis work [57] has shown how the use of the DR regressor is able to give
better and more robust results.

In the Figure 3.12 and 3.13 is possible to see how the trend of the DR regressor
(depending on the vertical load) is less dispersed and noisy than the PL regressor.

Moreover, it is possible to notice that both have a strong dependence on the tyre
inflation pressure: as the inflation pressure increases, the radial stiffness of the tyre
increases and consequently the tyre deflection (and the patch length) is reduced to the
same vertical load applied.

The typical formulation of the estimate polynomial for the vertical load is:

F, = F,(w,P,DR) (3.4)
where w is the angular speed (rad/s), P is the inflation pressure (kPa).
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Figure 3. 12 — PL regressor as a function of the vertical load F, and the inflation pressure P
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Figure 3. 13 — DR regressor as a function of the vertical load F, and the inflation pressure P

3.5.3 Longitudinal Load Fx

Similarly to the estimate of the vertical load, also the longitudinal force is estimated
through the study of the radial accelerometric signal. Observing the trend of the radial
speed, the trailing edge and the leading edge of the footprint are easily identifiable, and
the patch length can be estimated.

From the observation of this, it is easy to understand how the application of a
longitudinal load involves a displacement of footprint in the direction of the applied force
(Figure 3.14).

SR 0%
SR +3%
SR -3%

m/s

0 50 100 150 200 250 300
# Point
Figure 3.14 — Radial speed as the longitudinal slip varies (MTS indoor test at 100 km / h, vertical constant
load at 5000 N, camber 0 °, slip angle 0 °)
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The regressor studied for the estimation of the longitudinal load is indicated with
DRCV is based on these considerations and is calculated as follows starting from the

quantities obtained from the radial acceleration signal acquired by the central sensor:

Urout — Urjin
DRCV = ——— .
cv ok (3.5)
where v, ., and v,.;, represent respectively the radial speed at trailing edge and the
leading edge of the footprint, w is the angular speed of the tyre in rad/s and R its rolling
radius.
Figure 3.15 shows the trend of the longitudinal load in function of the DRCV regressor:

it is noted that the points are decidedly more dispersed than the relation vertical load-DR.
8000
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Fx [N]

-2000 |

-4000 |

-6000 1 1 1 1 1 1

DRCV

Figure 3.15 — Longitudinal load trend as a function of the DRCV regressor (MTS test of longitudinal sliding
sweep at 100 km/h and 3 different vertical loads)

The typical formulation of the estimate polynomial for the longitudinal load is the
following:
F, = E,(w,P,DRCV,DR) (3.6)

where w is the angular speed of the tyre in rad/s, P is the inflated pressure (kPa).
3.5.4 Lateral Load Fy

A study on the possibility of extracting information on the lateral load from the lateral
accelerometric signal is reported in [63]. It is possible to extract indices from the lateral
signal based on logics both double and single sensor, but without obtaining sufficiently

robust results from an application point of view on outdoor tests.
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The main causes can be identified as:
e High noise/signal ratio
e Poor repeatability of the signal spectrum with consequent difficulty in applying
a filtering method
e Itisnecessary to eliminate (for calculation reasons) the first harmonic, with the
consequent elimination of the Coriolis acceleration contribution [62].

The previous considerations led to the development of methodologies based on radial
signal analysis, which proved to be the most robust and repeatable.

Analysis carried out with the finite element method made it possible to understand the
state of deformation of the tyre (in the area corresponding to the contact footprint)
following the application of a force in the lateral direction.

Two phenomena have emerged:

e Manifestation of a triangulation of the footprint in the load application direction
(Figure 3.16)

e Generation of a three-dimensional deformation state

< | F,
a, [] l’ | a—_)
L.

B SENSORI
Figure 3.16 — Triangularization of the footprint by applying a load in a lateral direction

Wheel Travel

o P

Wheel Travel

Consequently to these results, logics for the lateral load estimation based on the radial
signal analysis acquired by several sensors positioned differently along the transverse
direction of the liner, have been developed.

Considering a double sensor configuration, the regressor chosen for the lateral load
estimation is the PPV Rq and is calculated as:

PPV R. — PPVR
PPV R, = - ‘£ (3.7

w
where w is the angular speed (rad/s), PPV R, and PPVR, represent the peak-to-peak

distance between maximum and minimum of the radial speed signal respectively

measured by the central and internal sensors (Figure 3.17).
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Figure 3.17 — PPVg measured starting from the signals acquired by the central sensor (blue) and external

sensor (red)

The Figure 3.18 shows the correlation between the regressor PPV R, and the lateral

load.
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Figure 3.18 — Trend of lateral load Fy as a function of PPV Rd. MTS test with constant vertical load of 3000, 5000
and 7000 N, slip angle and camber variable. In red positive camber angles (crosses + 2 °, squares + 4 °), in blues

null camber angles and in black negatives camber angles (crosses -2 °, squares -4 °) [62]

From this image we note the dependence of the camber angle on the lateral load (with
equal drift and vertical load, a change in the camber angle leads to a change in the lateral
force).

Previous studies ( [57]) have introduced an additional regressor indicated by DR:
DR,

DR, =
"~ DR,

(3.8)
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This, based on a two-sensor logic (external and central), is calculated as the ratio
between the DR obtained from the signals acquired from the external sensor (DRe) and
that obtained from the central sensor (DR).

Subsequent studies ( [63]), have shown that the use of PPV Rq, DRr and other indices
allows obtaining a good estimate of the side load.

Further problems encountered in estimating the contact force in the lateral direction
can be identified in the following causes:

e Presence of ply-steer and conicity phenomena: they lead to the presence of a
non-zero lateral force even in null drift situations.

e Lack of correlation at some well-defined points for medium-low loads:
phenomenon caused in situations of medium-low vertical load and high values
of camber and drift, i.e. situations in which the lifting of the external sensor
can occur.

e Sensitivity Variation of the PPV Rq index with respect to the lateral force with

the vertical load

3.6 Vertical Load calibration

Critical phase for the regression model creation is the data collection that will populate
the starting dataset on which the model will be calibrated.

The data collected in these test are recorded both by the Cyber™ Tyre system and by
the flat belt machine: in this way it is possible to use, during the calibration of the model,
the data collected by the machine (which can also measure the forces of contact) as the
actual value of the estimated parameter. By comparing these data with the estimates made
by the model, it will be possible to calibrate the multiplicative coefficients of the

individual terms in the estimate polynomial.

3.6.1 The MTS Flat Track® machine and the of the Cyber™Tyre system
measurement layout

The MTS Flat Track® (Figure 3.19) is a special machine specifically designed to test

tyres: a peculiar feature is the presence of a flat belt in motion at a speed set by the user

and controlled by the machine. The belt can be equipped with abrasive paper in order to

simulate road friction. The tyre is mounted on a dynamometric hub that allows to measure

the contact forces and moments involved between the belt and the tyre.
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Figure 3.19 — MTS Flat Track® Machine

The machine can control in real time a series of quantities, shown in the table 3.4:

Table 3.4 — Measured quantities controlled in real time by the MTS Flat Track®

Quantities Symbol
Slip Angle a
Camber y
Slip ratio €
aligning torque M,
Drive or braking torque M,

Inflation pressure

P
Rolling radius R,

The tested tyres are all fitted with one or more sensor nodes, depending on the type of
test to be performed. A specifically designed trigger system allows you to start the

acquisition by both measurement systems (MTS and Cyber™ Tyre) at the same time, thus

making the comparison easier.

Quantities
Vertical load
Longitudinal load
Lateral load
Overturning moment
Angular speed
Loaded radius

Temperature

The types of tests carried out are the following:

e Vertical load step tests with speed, camber and slip angle controlled by the
machine and with inflation pressure kept constant. The speed of execution of the
manoeuvre is maintained such as to be able to assimilate the phenomenon as an

almost static phenomenon. This type of test is used to calibrate the vertical load

estimation model.

Symbol

E
Ey
Fy
M

R

w
R,
=
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e Slip angle sweep tests with speed, vertical load and camber controlled by the
machine and with inflation pressure kept constant. These tests are used for the

calibration of the lateral force estimation model.

e Slip ratio sweep tests with speed, vertical load, drift and camber controlled by
the machine and with inflation pressure kept constant. These tests are usually used
for the calibration of the polynomial for estimating the longitudinal force.

Finally, reference and warm-up manoeuvres are carried out: the last ones are carried
out with the aim of bringing the tyre to thermal steadiness.

In fact, the temperature influence on the tyre behaviour (during the tests just described)
is often not negligible and of importance.

For asymmetrical tyres all tests are carried out for two rolling directions: clockwise
and counter clockwise. This is due to the fact that the same tyre, if mounted on the left
side or on the right side of the vehicle, given a fixed direction of advancement of the
latter, experiences opposite rolling directions.

In the following chapters we focus on vertical load step tests and in particular on the

temperature influence on the tyre behaviour.

3.6.2 Calibration phase: data collection procedures

Data collection campaigns, carried out for the calibration of the coefficients of its
interpolating polynomial, are nowadays made up of vertical load step manoeuvres.

These tests, carried out on the MTS Flat Trac® machine, subject the tyre
(instrumented with Cyber™ Tyre system) to a series of vertical loading steps, generally
from 1000 N to 9000 N (or in any case depending on the type of tyre).

During the test, the MTS machine keeps the tyre inflation pressure at a constant value,
as well as the speed and other parameters, such as slip angle, camber angle and slip ratio.
In particular, slip angle and slip ratio are kept null.

The loading steps are repeated for 4 different levels of inflation pressure and rotation
speed.

In summary:

e 9 levels of vertical load
e 4 levels of speed (generally 50,100,150 and 200 Km/h)
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o 4level of inflation pressure (depending on the operating value at which the tyre
will be working)
e 2 directions of rotation
In total there willbe 9 X 4 X 4 X 2 = 288 tests.
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Figure 3.20 — Step of vertical load: V = 100 Km/h and P = 230 kPa

In order to increase test robustness and take into account the effects of uncertainty
sources introduced by tyre itself (mainly uniformity) and the test setup, more than one

sensor is used during calibration tests. Up to four sensors can be used.

3.6.3 Calibration phase: coefficients identification
Collected data, we apply the multiparameter linear regression method to characterize
the regression formulas of forces.
As described in the previous chapters, the regressors that are most significant in
vertical load estimation are:
e DR (minimum of the radial displacement)
e w (angular speed)
e P (Inflation pressure)
The formula used to estimate the vertical load is:

F, =By + Biw + ;D + B3P + BawDg + BswP + BeDrP + B7 w? + PgDi + BoP? (3.9)

The Stepwise regression with backward technique is used. Itis a stepwise regression
approach that begins with a full (saturated) model and at each step gradually

eliminates variables from the regression model to find a reduced model that best
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explains the data. The stepwise approach is useful because it reduces the number of
predictors, reducing the multicollinearity problem and it is one of the ways to resolve
the overfitting.

The Figure 3.21 shows the result of the fitting model on one of the tyres analysed

during the activity (the tyre model is not reported due to confidentiality).
Table 3.5 - ANOVA summary table

Linear regression model:
Fz ~ 1 + DR_filtMain*P + DR_filtMain*omega + P*omega + DR_filtMain~Z + P~2 + omega"2

Estimated Coefficients:

Estim=te 5E tStat pValue
{Intercept) T50.24 20.713 2.1833e-34
DR_filtMain -1.3342et+05 -135.72 a
=} -8.5381 -34.043 1.3017e-247
omega &.2413 a
DR_filtMain:P 1758 a
DR_filtMain:-omega 43 544 1.2235e-77
P:omega 0.0025940¢ 0.00033198 8.788le-19
DR_£filtMain~2 -1.0233%e+07 20583 a
B~z 0.017757 0.00044383 a
omega~Z -0.035731 0.00042708 a

Number of obserwvations: Z17&7, Error degrees of freedom: 21757
Root Mean Squared Error: 58.4

R-squared: 0.899, Adjusted R-Squared 0.999

F-statistic vs. constant model: 4.73e+08, p-value = 0

In general, when applying a linear regression model, make a series of hypotheses
among which the strongest concerns the Gaussian distribution of the residues [63].

The normal probability plot is the most effective tool for determining the normality of
residues (Figure 3.22).

Another way to check the normality of the residues is to analyse the Q-Q plot. In this
graph, the quantiles calculated on the actual observations (and therefore deriving from
the regression model) are compared with those of a normal to zero mean. The points on

the straight line with unitary slope satisfy this hypothesis.

g X 1073 Histogram of residuals QQ Plot of Sample Data versus Standard Normal
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Figure 3.21 — Residual Histogram and QQPlot
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Figure 3.22 — Residual error and Reference Force vs Fitted Force

During the tests, the temperatures of some zones of the tyre are also measured (Figure

3.24).

In the same way we proceed for all the other tyres tested during this activity.

3.6.4 Tyre temperature influence on the DR regressor

The first investigations of the temperature effect on the DR regressor are reported in

[62] and [65].

A test procedure consisting of a series of 12 continuous and identical F, sweeps,

performed at the velocity of 200 km/h and the same tyre internal pressure, in a free-rolling

state and without a warmup is reported in [62].

42

40 K

38

36

Temperature (°C)

3

.p.

32

i

] HHWMUMW W

oL

cyber

T surface | |

\

0

1000 2000

3000

4000
# Point

5000 6000 7000 8000

Figure 3.23 — Trend of the temperatures of some zones of the tyre
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It follows the loading sweeps followed by a stretch of free rolling, lasting 10 minutes,

at a constant vertical load equal to the reference load of the tyre and speed of 200 km/h.
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Figure 3.24 — Sweep of Fz: P = 250 kPa V = 250 km/h

Figure 3.26 shows the comparison between measured load and load obtained by
polynomial for the considered test.

Analysing the input quantities of the polynomial (Figure 3.27), we note that the speed
and the pressure remain constant (the test required it). On the other hand, by analysing
the DR it is noticed that the maximum value increases passing from sweep 1 to sweep 15
(Figure 3.28).

EXPERIMENTAL DATA

e mmm s s e e - - ~———_|= = ~POLYNOMIAL CALIBRATION
| 1 | 1

q 500 1000 1500 000 2500
x10%
T T T I
-1 I V V
Zz
S a4k : : a
N
(18
12 .
I | | | | | |
200 400 600 800 1000 1200 1400

Figure 3.25 — Comparison between measured load and polynomial calibration

Analysing the input quantities of the polynomial (Figure 3.27), we note that the speed
and the pressure remain constant (the test required it). On the other hand, by analysing
the DR it is noticed that the maximum value increases passing from sweep 1 to sweep 15

(Figure 3.28).
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Finally, analysing figure 3.29 it can be seen that at the time moments for which the
temperature is lower than the calibration temperature, the polynomial tends to
underestimate the vertical load. Vice versa at the time moments for which the measured

temperature is greater than that of calibration. The error is minimal precisely at the

calibration temperature.
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Figure 3.26 — Pressure and speed during the test
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Figure 3.28 — Temperature measured during the sweep test compared to the same during calibration tests
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The importance of considering the temperature in the estimation of the vertical load is
also clear. Furthermore, as seen in 2.6, braking stiffness and cornering stiffness are also
strongly influenced by it.

The work is structured as follows:

»  Development of a thermal model which, by exploiting some inputs coming from
the cyber tyre, allows to evaluate the temperature of the various zones of the tyre.

»  Study of the effect of temperature on the behaviour of the tyre, preliminarily on
the normal interaction characteristic, in order to identify the temperature of the area of

the tyre that mostly correlates with the phenomenon.

Thanks to the thermal model, it is possible to obtain the temperature (indicated with
Teq) that most correlates to the phenomenon using the diagram shown in the Figure 3.30.

Moreover, the tyre interaction stiffness and transient behaviour variation are deeply
linked with thermal effects concerning the deepest tyre layers.

Furthermore, the tyre tread bulk temperature, usually not measurable online but
providable by means of a specifically developed tyre thermal model, is a crucial
additional data channel to evaluate the tyre optimum thermal range and therefore to
optimize the tyre performance in different ambient conditions and upon diverse track
pavements.

In the next chapter we will discuss the development of the thermal model and all the
steps that led to its validation (indoor and outdoor tests).
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Figure 3.29 — Flow diagram of the thermal model
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Chapter 4

The Thermal model

4.1 Introduction

In this chapter a thermal model is developed which, by receiving some information

coming from the Cyber™ tyre, allows to evaluate the temperature of the various zones of

the tyre. One of the main advantages of having a thermal model is that of being able to

evaluate the temperature of some zones of the tyre that can hardly be measured using

sensors (such as bulk temperature) and which, however, have a great influence on the tyre

behaviour.

The development of this thermal model requires some activities:

Cyber™ Tyre thermal characterization: thermal parameters identification
such as density p, specific heat c,, and thermal conductivity k of the sensor node
+ rubber house

Tyre thermal characterization: thermal parameters identification such as
density p, specific heat c,, and thermal conductivity k of the tyres analysed
during this activity

Indoor rolling resistance tests: In order to characterize the S.E.L

Indoor MTS Flat Trac® tests: In order to characterize the natural convection
Outdoor tests: In order to characterize the forced convection and the

conduction with road

The main feature that this thermal model must have is that it must be implemented on

a control unit (VEU) to work in real time.

This is the reason for some choices regarding the discretization of the tyre made in

order to find a trade-off between reliability and computational burden.



77

4.2 Physical thermal model

The developed thermodynamic tyre model is based on the use of the diffusion equation

of Fourier applied to a three-dimensional heterogeneous domain [66] [67]

oT qc N 1 (azk(x,y,z,T)-T 0%k(x,vy,2z,T)-T azk(x,y,z,T)-T) “.1)
Py '

at pCy 0x? + dy? + 0z2

Where:
® (, is the energy generation rate per unit per unit volume (W/m?)
e p is the density of material (Kg/m?®)
® , is the specific heat of material (J/KgK)
e [ isthe thermal conductivity of material (W/mK)
e x,y,z are the coordinates of the points
When studying the tyre from a thermal point of view, the following phenomena must be
addressed (as represented in the Fig. 4.1):
e heat generation due to tyre-road tangential interaction, known as Friction Power
e heat generation due to effect of tyre cyclic deformation during the rolling, known
as SEL (Strain Energy Loss)
e heat exchange with the external environment due to thermal conduction between
the tread and the road
e heat exchange with the external environment due to convection of the tread layer
with the outside air
e heat exchange with the external environment due to convection of the innerliner
layer with the inner air
e heat conduction between the tyre layers due to the temperature gradient
From a thermal point of view the tyre can be schematized in three layers (Figure 2.19):

e Surface
e Bulk;
e [nner.

that is the external surface, the carcass and the internal surface.
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~~
ExternalAir Convection

B InnerAir Convection 88

Friction Conduction

Figure 4.1 — Different heat phenomena occurring at a tyre during operation and divided in heat generation
and heat exchange

This subdivision is linked to the temperatures that we are interested in knowing about
the tyre system. These are the temperatures that influence the behaviour, increasing or
less the grip and therefore the maxima forces occurring in the contact area between road
and surface.

In order to modelling the tyre from point of thermal view, the following hypotheses
are made:

e Theroad is isotropic and homogeneous in all its features, without irregularities,
schematized as a geometric plane whose surface temperature is equal to Tr

e The tyre is considered as unrolled in the circumferential direction; therefore, it
has a parallelepiped shape, without sidewall and grooves, divided into a series
of parallelepiped-shaped elements.

e A Cartesian reference system is chosen with coincident origin in a vertex of
the parallelepiped, X axis with the same direction in which the tyre is unrolled

e The contact area is considered as rectangular, with a width equal to W (equal
to the width of the tread) and length La, depending on the radial rigidity of the
tyre and the normal load.

e Radiation exchange mechanisms are neglected.

4.2.1 The Tyre and Cyber™ Tyre discretization

The tyre is considered as unrolled in the circumferential direction (and then
parallelepiped-shaped), lacking sidewalls and grooves (so the tyre is modelled as slick),
discretized with series of nodes representing the points in which the temperature will be

determined instant by instant.
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In the standard thermal model developed by UniNa, the tyre is discretized by means

of a grid and the parallelepiped was constituted by three layers in the radial direction

(Figure 4.2).
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Figure 4. 2— Discretization of the tyre in the standard thermal model

In this application, to reduce the computational burdens, it was decided to discretize
the entire tyre with 3 layers (surface, Bulk and Inner) and 6 masses (Figure 4.3)

e 3 masses represent the part below the rubber house

e 3 masses represent the remaining part

The cyber tyre™ system, including the Sensor Node and the rubber house, was

modelled with 5 masses (Figure 4.3). This last choice is linked to the strong heterogeneity

of the sensor node (in terms of thermodynamic properties).

THERMAL
SENSOR

a)

mass 8

mass 7

b)

Width

Rubber
House

Inner
Liner

Figure 4.3 — Tyre and Cyber tyre™ discretization a); unrolled tyre concept b)

The equation 4.1 is solved using the finite difference method arriving at a system of

11 coupled differential equations.

In typical state form:
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( AT,
At
AT, Zl a1 Qi ;1
At (= :2 + | ¢ : l :2 (4.2)
: ) Ai11 0 Q1111 )
AT, by Ty
At

For the writing of the equations we must consider that:

The mass 1 exchanges heat by conduction with the mass 4, the mass 2, part of
it with the road and part of it exchanges heat by convection with the external
air;

The mass 2 exchanges heat by conduction with the mass 1, the mass 3 and the
mass 5;

The mass 3 exchanges heat by conduction with the mass 2, the mass 6 and the
mass 7;

The mass 4 exchanges heat by conduction with the mass 1, the mass 5 part of
it with the road and part of it exchanges heat by convection with the external
air;

The mass 5 exchanges heat by conduction with the mass 4, the mass 2 and the
mass 7;

The mass 6 exchanges heat by conduction with the mass 3 and exchanges heat
by convection with internal air;

The mass 7 exchanges heat by conduction with the mass 3, the mass 8 and
exchanges heat by convection with internal air;

The mass 8 exchanges heat by conduction with the mass 7, the mass 9 and
exchanges heat by convection with internal air;

The mass 9 exchanges heat by conduction with the mass 8, the mass 10 and
exchanges heat by convection with internal air;

The mass 10 exchanges heat by conduction with the mass 9, the mass 11 and
exchanges heat by convection with internal air;

The mass 11 exchanges heat by conduction with the mass 10 and exchanges

heat by convection with internal air;

Moreover, in the equations related to masses 1 and 4 the term friction power appears

while in the equations related to masses 2 and 5 the term strain energy loss appears.
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Therefore, for example, the equation for mass 1,2 and 6 becomes:

AT k Ksur
Psrrf* Cv,srf V- A_tl =_—22_. (TZ - Tl) ' Acond,l,z +2- sl (T4- - Tl) '

- AZm'l'z AXml'z
Acond,1,4 + Hext ' (Tairext - Tl) ' Aconv,l + Hc ' (Tr - Tl) ' Acont +Cr- (Fx ' vsx) +
Cr- (Fy ' vsy)
AT k k
Poik * Cv,blk az 2o L. (T1 - Tz) 'Acond,l,z +2- Rk (Ts - Tz) '

At AZm'l'z Axm; 5

k
Acond,z,s + 22 . (T3 - TZ) ) Acond,2,3 +S.E.L

Azm ;3

ATg _ Kse

Kinn
Pinn * Cv,inn Ve At ' (TS - T6) ' Acond,5,6 +2- —= (TS - Té) '

Azmps o Axms g

Acond,3,6 + Hine (Tairint - Tﬁ) ' Aconv,ﬁ

where:

(4.3)

(4.4)

(4.5)

e (j isthe heat partition coefficient [68]. It takes into account the percentage

of the generated friction power that effectively warms up the tyre. The rest

of this power flows into the road

e H,,; is the convection coefficient relative to the exchange with external air

[W/m?2K]

e H;,;: is the convection coefficient relative to the exchange with internal air

[W/m?K]
e H._ is the track-tyre exchange coefficient [W/m?K]
e Tristhe track temperature
e Tair,,, IS the external air temperature
e A IS the contact patch

® A, ISthe area related to exchange by convection of the mass-i

The terms k,,, k.5 etc. are the equivalent thermal conductivity evaluated by 4.6

considering the Figure 4.4.
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Figure 4.4 — Heat exchange between mass-i and mass-j

The mass-i and the mass-j exchange heat by conduction through the interface (yellow

lattice in the Figure 4.4) whose area is equal t0: Appq;; = Ayi - Az = Ay; - Az

1
ki,j = — Axmi_j
Av | 2% (4.6)
where Axm, ; is the distance between the between the barycenter of the two masses:
_ Axi Ax]
fmy =5ty .7)

Similarly, Azm, ; is the is the distance between the between the barycenter of the two
masses along the z direction.

The thermal parameters are identified with a method developed by Department of
Industrial Engineering of University of Naples Federico Il illustrated in 4.3.

In a first phase of the activity we concentrate only on the part relating to the SEL. Ina

second phase the term relating to friction power will also be introduced.

4.3 The Thermal Parameters evaluation

The Department of Industrial Engineering of University of Naples Federico Il has
conducted an interesting activity on the thermal conductivity evaluation through indirect
measurements on tyre [69].

The concept is to use a particular in-house thermal model [70]to identify an equivalent
thermal conductivity able to simulate the thermodynamically behavior of the entire tyre.

As known the tyre is a composite material characterized by different layers with
different properties: different synthetic rubbers for tread, under-tread etc., plastic fibers
(rayon, nylon etc.) for carcass, steel for belt and others.

Even if each of these materials is characterized by different thermodynamically
properties, the experimental activity conducted by DIME showed that the thermodynamic

behavior can be well described using a finite number of equivalent thermal conductivities.
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The heat is directly supplied on the tyre tread surface trough a specifically powered
laser, while two thermal cameras acquire temperatures reached on both the outer and the
inner layers. Using the above instrumentation layout to acquire the tyre radial and
circumferential temperature gradients and a specifically developed mathematical
TRTLab model based on the use of Fourier’s equation of diffusion applied to a three-
dimensional domain, allows to estimate the tyre thermal diffusivity.

As represented in Fig. 4.5, a 2D plant of the experimental test rig layout, specifically
designed for this purpose, is consists of the following instrumentation:

e aspecific powered laser emitter, pointing on the tyre tread layer

e two IR cameras, directly facing the interior and the exterior tyre surfaces, to
measure the both tread and inner-liner circumferential temperature gradients

e two IR cameras, directly facing the interior and the exterior tyre surfaces, to
measure the both tread and inner-liner circumferential temperature gradients

e a convergent lens, placed between the laser emitter and the tyre, to obtain a
constant laser beam diameter of 10 mm upon the tread surface

.

p
ry
P
P

Laser Emitter

Figure 4.5 - Tyre thermal characterization layout

The tyre tread external layer is warmed-up with different power values in steady state
conditions by a continuous Argon laser.

The laser emitter used for the test procedure is an argon ion Stabilite 2017 (Figure 4.6),
produced by Spectra-Physics company. The tread surface is heated via the laser beam,
expanded and collimated with the lens, with a specifically developed power values
sequence, ranged between 0.5-2W.

The Laser emitter (in the Fig. 4.6a) consists of a controller, power supply and laser
head, where the last two components have to be fluid-cooled, needing a supplemental

water tube connection.
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The IR thermocamera adopted is FLIR E60. In addition to the temperature trend
acquisition of the inner and outer tyre surfaces, their specific purpose is the detecting the
area of the circumferential temperature gradient extension to correctly choose the value

of the tyre portion to mesh within the TRTLab model afterwards.

Model 2650
Power Supply

2% Model 25670 Controller

Figure 4.6 — Thermal test rig instrumentation: a) Laser emitter b) IR camera

Before performing the tests, all the tyre surfaces, interest of IR measure, are properly
cleaned and an accurate value of the laser power emitted is measured using a power meter
with an accuracy +0.1%.

4.3.1 Data Acquisition and Processing

A standard test consists of three principal steps:

o idle phase: laser is switched off; a correct functioning of all the instrumentation
IS monitored

e heating phase: laser emitter is turned on; the heat propagation in all directions
is acquired. During this step, transient temperature trends are particularly
relevant to evaluate the node inertia values [71] within the TRTLab model and
to estimate the thermal diffusivity as a function of temperature. The heating
phase finishes when all the temperature gradients are stable with no more
significant heat exchanges in time between the different tyre layers

e cooling phase: laser is switched off; the natural convection remains the only
heat transport mechanism within the tyre thermal system

These tests were carried out both on the only Cyber™Tyre (Figure 4.7) and on the

Cyber™Tyre fixed onto the inner liner (Figure 4.8).
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Figure 4.7 — Thermal tests carried out on the cyber tyre

\

A

Figure 4.8 — Thermal tests carried out on the cyber tyre fixed to inner liner

Figure 4.9 shows the temperature trend for different laser power levels. Trn is the
temperature of the rubber house where the laser beam impacts while Teyner is the

temperature of the sensor node.
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Figure 4.9 — Temperatures trend for different laser power levels (only cyber tyre)

In the case of thermal characterization of tyre + sensor node, 4 different spec have been
analysed whose names are not reported for reasons of confidentiality and which are
therefore indicated with tyrey, tyre,, tyres and tyres (Figure 4.10).

The data acquired with IR cameras have been processed using the “FLIR IR Research

software” with an accuracy 0.1 °C.
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Figure 4.10 — Temperatures trend for different laser power levels (Tyre + sensor node )

4.3.2 TRTLab model

Each tyre is distinct considering both the structural characteristics and the peculiar
thermal properties, so that a specific set of physical parameters has to be identified to
properly describe the tyre thermo-inertial behaviour [72] [73].

The evaluation of the thermal diffusivity is complicated and delicate, since the whole
tyre thickness consists of a highly composite structure where different layers wit disparate
characteristics interact with each other throughout the heat propagation. Additionally, it
has to be highlighted that the intrinsic temperature dependence also represents
complicating matter.

Moreover, this is precisely why the TRTLab model needs the greatest possible number
of tests at different laser powers to have more data in transient and steady state conditions
to evaluate both the physical diffusivity of different tyre layers and the tyre thermal
inertias.

Thermo Racing Tyre Laboratory model version is derived on the basis of a second
order differential equation able to describe the thermal phenomenon dynamics,
particularly suitable to be integrated numerically [74]:

q= —kvT (4.8)

Applying the first thermodynamics law to an infinitesimal volume dV; and applying
the Gauss theorem (so that a surface integral governing the heat exchange surface term
becomes a volume integral), the expression of the Fourier’s diffusion equation can be
carried out:

p-dV-c, - dT =qg-dV +div(k-VT)-dV - dt (4.9
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To be numerically integrated, the above equation is rewritten in a state-space

representation matrix form, as follows:
oT dq, div(k-VT)
— = +
it p-o prCy
The heat generation term * qg in Eq. 4.18 is related to the laser thermal flux at the tread

(4.10)

nodes. Supposing negligible the radiation mechanism, the tyre heat exchanges with the
external environment become the following:

e Natural Convection

e Laser Beam
4.3.2.1 Natural Convection

Natural convection is a heat transport mechanism, in which the fluid motion is not

externally generated since it is the consequence of the density differences due to the
temperature gradient within the fluid [75]. A dimensionless Grashof number governs the
flow regime in natural convection, representing the ratio of buoyant forces to viscous
ones, so that it provides the main criterion to discriminate laminar and turbulent flows:

Gr = gﬁ(Tterad B Too)53
r= 3 (4.11)

where:
. - - m
e isgravity acceleration (5_2)

e [ is the cubic expansion coefficient of the fluid (%)

e J is the characteristic length of the problem in exam (m)
® T..qq IS the surface temperature (K)

e T, isthe air temperature
- . . . . . mZ
e v s the air kinematic viscosity (T)

The natural convection thermal exchange term between the tyre tread and inner-liner
surfaces and the surrounding fluid is equal to:

Qconv = hpat " A (Trreaa — Too) (4.12)
where:

® h,. Is the mean coefficient of thermal exchange of the surface for natural
convection
e Ais the heat exchange surface area

Natural convection coefficient h is obtained by the dimensionless analysis, as follows:
Nu - kal’r

nat = 5

(4.13)
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The simplest empirical relation to express the Nusselt dimensionless number Nu
considers the geometry characteristics, the Rayleigh number Ra and the Pradtl number
Pr:

1
0.387 - Ras
Nu = {0.825+

l

(4.14)

Al

1+ (

0.492176]" |
Pr ) )

4.3.2.2 Laser Beam

Thermal flux quantity g, concerning the laser beam power affecting the tread surface

is supposed to be equal to the power measured with the energy meter during the tests.
This heat generation term is assigned only to the tread nodes located within the laser spot
area, as shown in in the Figure 4.11.

The entire heating flux power is subdivided to singular nodes in relation to laser spot
area portion (the Fig. 4.11 in yellow) directly impacting upon the singular node area
within the x-y plane. Therefore, only a part of the total laser power is assigned to each
tread node within the heat balance equations. In the Fig. 4.11, three tyre inertia layers are

represented: tread in blue, belt-plies in green and inner-liner in red.

"a.'

Figure 4.11 — Laser beam impacting on the external tread surface

The Thermo Racing Tyre Laboratory model requires the following input data to
operate properly: the laser emitter power for laser beam modelling, the external air
temperature for natural convection modelling and the pre-heating temperatures of the
external tyre layers as initial conditions necessary for the integration of the heat balance
equations.

As an example, the heat balance equations for the most significant node configurations,

taking into account the thermal exchanges along the all directions, are further reported.
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e Surface node hit by the laser spot:

aT 1 ) h 0%k(z,T)-T 9%k(z,T)-T
9 _ Quaser nat (Tair -7+ (z,T) n (z 2)
0t pcy \AXAYAZy o DZpgrr dx? dy (4.15)
4 0%k(z,T)- T '
0z2
e Surface node not hit by the laser spot
T 1 [ hug 0%k(z,T)-T 0%*k(z,T)-T 0%k(z,T) T
g2 o 4.16
ot pc, (Azmlsrf (Tayr =T + ox? + dy? + 0z2 (4.16)
e Bulk node
oT 1 [ 0%k(z,T)-T 08%k(zT)-T 0%k(z,T)-T
o _ 1 (z,T) N (z,T) N (z,T) (4.17)
at  pcy, d0x? dy? 0z2
e Inner-liner node in contact with air
T 1 Roae 0%k(z,T)'T 0%k(z,T)-T 0%k(z,T)-T
2 _ - (_Mnat opo 4.18
ot pc, ( AZp inmer (Tair =T + ox? + dy? + 0z2 (4.18)

4.3.3 TRTLab Results
Thanks to the cad model of the sensor node and the rubber house it was possible to

evaluate the volumes and the heat exchange surfaces (Figure 4.12).

Masss
Mass,

ACOTL‘I]

Mass, Mass;

Figure 4.12 — indication of masses and heat exchange surfaces
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Table 4.1 shows the subdivision of the masses based on the constituent material:

Table 4.1 — Material constituting the masses of the cyber tyre

Masses Material

Masse 1 Rubber

Masse 2 Rubber + plastic

Masse 3 Litium battery + plastic
Masse 4 Resin + electronic circuit
Masse 5 Resin + electronic circuit + plastic

Figure 4.13 shows the identification results while in Table 4.2 the values of the
identified thermal parameters are shown.

The identification procedure consists of reducing the error between the simulated
temperature of the mass 5 and the temperature measured by the sensor node. The Figure
4.14 showes the Error between Ty, measured and Teyper, simulated- 1N€ Max error is 4.7

°C corresponding to a percentage error of 5.6 %.
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Figure 4. 13 — Cyber tyre thermal parameters: identification results

Table 4.2 — Cyber tyre thermal parameters identified

Masses Density p (kg/m3) Specific heat c,, (]/kg K) Thermal conductivity (W/m k)

Masse 1 1140 1450 0.198
Masse 2 1140 1450 0.168
Masse 3 860 980 0.085
Masse 4 1120 720 0.182

Masse 5 1150 780 0.173
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The next step was to identify the thermal parameters (with the same technique) of the
various tyres to be tested.

Figure 4.15 shows the identification results for the tyre 1. Similar results were obtained
for the other tyres.
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Figure 4.15 — Identification results for the Tyre 1

Both the thermal conductivity and the specific heat show a quadratic trend with the
temperature as shown in Figure 4.16.
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Figure 4.16 — quadratic trend of thermal parameters: a) thermal conductivity b) specific heat

4.4 Indoor rolling resistance tests

In order to characterize the strain energy loss, a series of tests were performed on a

rolling resistance measurement machine (Figure 4.17).

Figure 4.17 — Rolling resistance test equipment

The purpose is to evaluate the performance of the strain energy loss in relation to:
e Vertical load
e Speed
e Inflation pressure
For this purpose, a test procedure is developed which includes (Figure 4.18):
e 3 vertical load levels (2000, 5000 and 8000 N)
e 3 speed levels (50, 100 and 150 Km/h)
e 3 levels of inflation pressures (200, 250 and 300 kPa)
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For each condition of pressure, speed and vertical load, the test consists of three
phases:
1. warm-up: In order to obtain the thermal regime (15 minutes)
2. rolling resistance acquisition with relative vertical load (3 minutes)
3. rolling resistance acquisition with a vertical load of 200 N (called skim load)
in order to evaluate the passive resistance of the machinery (2 minutes)
For each conditions, the rolling resistance value is given by the difference between the

full load and skim load conditions.
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Figure 4.18 — Rolling resistance procedure tests

During the tests, the temperatures of some areas of the tyre were acquired:
e Internal air temperature
e Inner liner temperature
e Surface temperature
e Cyber™ Tyre temperature
The internal air temperature was acquired through a thermocouple which accesses the

internal chamber through a second valve obtained on the rim (Figure 4.19).

Figure 4.19 —Thermocouple for measuring the internal air temperature
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The inner liner temperature was measured by an infrared sensor equipped with 8
measurement spots (Figure 4.20).

It is a wireless sensor produced by Texense which facilitated assembly inside the
chamber without cables. Thanks to the presence of 8 laser spots, it was possible to
measure the temperature of the inner liner from the left shoulder to the right one.

For the mounting of this sensor on the rim, a special casing has been designed.

Figure 4.20 — Sensor IRN8WS for Inner liner temperature measurement

The surface temperature was measured using a IR camera (E60 produced by Flir).

Figure 4.21 — Surface temperature measured by IR camera



95

All data have been acquired by a Dewesoft Dewe43 (Figure 4.22) connected via USB

to a common laptop. The acquired data is saved on a hard disk and then processed later.

Figure 4.22 — The Dewe 43 acquisition unit

4.4.1 Rolling resistance data elaboration
After each condition, the machine issues a report containing some information
including:
e Deflection f
e Loaded radius Rp
¢ Rolling resistance force Fr (in full and skim load)
¢ Rolling Radius Rr
From the knowledge of these quantities it is possible to obtain (Figure 4.23):

FRRL

SEL = FRRLw =
RR

VoW (4.19)

Figure 4.23 — Indication of the quantity contained in the formula 4.18

From 4.18 we get the power dissipated in the whole tyre. Generally, the various zones
of the tyre contribute differently to the dissipation of energy (Figure 4.24) and this is
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considered in the thermal model (the nodes present in the different zones will have a

certain percentage of SEL).

Tread ~ 50%

Carcass ~ 15-25%
Sidewall ~10-20%
Bead area ~10-15%

Figure 4.24 — Contributions to the SEL of the different areas of the tyre

Figure 4.25 shows the comparison between the 4 specs in the various operating

conditions.
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Figure 4.25 — Comparison between the 4 specs in the various operating conditions

Another aspect to keep in mind is that the load condition on the drum is more onerous
than in the case on a flat road. To take this aspect into account, a corrective formula is
used which allows the value of the rolling resistance assessed on the drum to be corrected:

Coefy = (4.20)

where:
e Ry isthe radius of drum where the rolling resistance is evaluated

e Ry is the radius of the drum with respect to which the rolling resistance value

is to be corrected
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e 1. isthe radius of the tyre

In the case of the flat road, Ry = oo:

Ry
R+

(4.21)

Coefp =

260 270 280 290 300 310 320 330
radius tyre (mm)

Figure 4.26 — Rolling resistance corrective coefficient in case of flat road

The purpose of this test is to evaluate a relationship between the dissipated power and
the operating conditions such as vertical load, angular velocity and inflation pressure.

These conditions are also provided by the cyber tyre and this makes it possible to
evaluate, at any time, the value of SEL (input of the thermal model).

This relationship has been evaluated by multi-parameter linear regression method:

SEL = f(F,,p,v) (4.22)
Figure 4.27 shows the results of the model for the 4 specs.

Tyre 1 Tyre 2

0 5 10 15 20 25 30 0 5 10 15 20 25 30

Condition Condition

Tyre 3 Tyre 4

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Condition Condition

Figure 4.27 — Results of the model for the 4 specs

4.4.2 Thermal model: S.E.L implementation
Considering the equations described in chapter 4.2.1, it is possible to write the heat
exchange equations for the 5 masses of cyber tyre and tyre masses.
The following hypotheses are made:
e The only heat generation term, represented by the SEL, is attributed to the bulk

mass
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e The surf mass, in part, exchanges heat by convection with the external air and
partly exchanges heat by conduction with the drum. The conduction exchange
takes place in the contact area evaluated directly by the regressor PL provided
by the cyber tyre.

e The tyre is modelled without grooves. Their contribution is entered through a
factor called grooved factor which reduces the contact are (assumes unit value
for slick tyre).

The external convection coefficient is evaluated using the classical dimensionless

analysis.

kyir - Nu
Hexe = =7 (4.23)

where:
e kg, Isthe thermal conductivity of the air
e Nu is the Nusselt number

e L is the characteristic length evaluated as L =+ where D is the overall

D'w
diameter and W the tyre width
Basing on the article [76], the Nusselt number is evaluated as:

Nu=0.11-[(0.5 - Re2 + Gr) - Pr]®35 1000 < Re < 8000 (4.24)
where:

e Gris the Grashof number
e Pris the Prandtl number
e Re is the Reynolds number
This quantity is evaluated as:
_ g B (Ts —Tairey) - I*

Gr . (4.25)
Vair
Pr = M (4.26)
kai‘r
R w R, L
e =
Vair (4-27)

where:
e g isthe gravity acceleration (m/s?)
e B isthe air Thermal Expansion Coefficient (1/K)

e T, issurface temperature (K)
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e v, isthe air Kinematic Viscosity (m?/s)
e ug, IS the air Dynamic Viscosity (kg/m - s)
e cpisthe air Specific Heat (J/kg K)
e w isthe angular speed of tyre (rad/s)
e R, is the rolling radius of the tyre (m)
Basing on the article [77], the internal convection coefficient is evaluated as:

H.. = kair - Njng
Lint (4.28)
where:
e L, isthe characteristic length evaluated considering the tyre radius at the inner
liner

Nuint is evaluated as:

¢/8 -Re - Pr
Nu = z (4.29)
K1(f)+K2(P7')'\/E/8'(Pr3_1> I

where ¢ is the friction factor evaluated as:
& =(1.82 -log,o(Re) — 1.64)72 (4.30)

while K, (¢) and K, (Pr) are evaluated as:
K,(Pr) =117+ 1.8 - Pr3 (4.31)
K(§)=1+34-¢ (4.32)

The figure 4.28 shows the results of the thermal model relating to tests 50, 100 and
150 km / h for one of the 4 tyres. Among the various outputs of the model, there is also
the temperature corresponding to that of the cyber tyre which was compared with that
measured by it.

Figure 4.29 shows the error trend for both Tinner and Teyber.

A similar trend is obtained for the other tyres tested.

Subsequently to the rolling tests on the drum, a series of tests on the MTS Flat Track®
are carried out. These texts have been useful for calibrating the thermal model since the

flat belt represents a condition more similar to tyre-road contact.
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Figure 4.28 — Results of thermal model for rolling resistance tests
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4.4.3 Indoor MTS Flat Trac® tests

The MTS Flat Trac® has been described in 3.6.1. These tests were carried out in order to
validation the thermal model in indoor conditions on a flat belt.

During these tests the same temperatures as the drum tests were acquired. In addition,

special sensors have been used to measure the bulk temperature. It is a system developed
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by the German TUV Automotive department composed of by the sensitive elements
constituted by thermo resistances that can be drown into the bulk on the shoulders (Figure
4.28).

Figure 4.30 — The T3M sensors

The sensitive elements can change linearly their electrical resistance in dependence on
temperature. The sensors are connected through steel cables to an 1/0 unit able to transmit
via Bluetooth technology up to 8 signals to a receiver connected via CAN bus to an
acquiring system.

For this application, 4 T3M sensors were mounted as shown in Figure 4.29.

The tests carried out were the following:

e Free rolling test at low speed (50 Km/h)
e Free rolling test at high speed (200 Km/h)

During the tests the pressure was not controlled (free to evolve) and was measured by
TPMS.

The table summarizes the measured temperatures and the instruments used.

Figure 4.31 — Tyre with T3M sensors
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Table 4.3 — Temperature measured and instrument used

Zone Instrument | N° of measurement points
Inner IR sensor 8

Surface IR sensor 3
Bulk T3M 4

Internal Air | Thermocouple -

External Air = Thermocouple -

The results of the thermal model are shown in the Figure 4.32.
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Figure 4.32 — Flat trac tests results

Figure 4.33 shows the error trend for both Tinner and Tcyber.
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Figure 4.33 — Error between Tmeausred and Tsimulated

4.4.4 Outdoor Tests
During outdoor tests the tyre is working in the most realistic condition. These tests
were necessary for the characterization of forced convection with external air and
conduction with the road.
Furthermore, the reason of this activity was to confirm everything investigated in
indoor.
Three types of tests were conducted:
e OQutdoor tests in hot condition (cannot be reproduced in indoor tests) on the
circuit of Nardo (NTC — Nardo Technical Center)
e OQutdoor tests in cold condition (cannot be reproduced in indoor tests) on the
Artic Driving Center in Finland
e Qutdoor tests in medium condition (like the indoor tests) on the circuit of
Nardo
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Figure 4.34 — Nardo Technical Center a) Artic Driving Center b)

For all the tests, two vehicles were instrumented in order to acquire all the quantities

useful for the activity:

Inner-liner temperature by IR sensor (8 spot)
Inner Air temperature by TPMS

Internal pressure by TPMS and cyber tyre
External temperature by thermocouple
Surface temperature by IR sensors

Bulk temperature by T3M sensors.

Road temperature by IR sensors

Special supports have been designed to mount these sensors (Figure 4.34).

other quantities are acquired from the vehicle can bus:

angular speed of the wheels

steering angle

Lateral and longitudinal acceleration
Yaw rate

Ambient temperature

All data have been acquired by a Dewesoft Dewe43 (Figure 4.22) connected via USB

to a common laptop. The acquired data is saved on a hard disk and then processed later.
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Figure 4.35 — Sensors with respective supports

Three kinds of tests have been conducted to investigate thermal behaviour of the tyres:
e Test 1: constant low speed (30 km/h for Rovaniemi and 50 km/h for Nardo) for
30 minutes on the oval
e Test 2: constant High speed (80 km/h for Rovaniemi and 160 km/h for Nardo)
for 30 minutes on the oval
e Test 3: constant low speed (30 km/h for Rovaniemi and 50 km/h for Nardo) for
30 minutes on the oval.
The tests were carried out in the following sequence:
e 50-160-50 for Nardo: heating — heating — cooling (Figure 4.36)
e 80-30-80 for Rovaniemi: heating-cooling-heating (Figure 4.37)
e 50-160 for Nardo (medium condition): heating-heating (Figure 4.38)
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Figure 4.38 — Temperature measured (medium test)

The relation 4.22 allows to evaluate the SEL during the indoor tests, where the imposed
vertical load was known. For outdoor tests, the tyre deflection has been linked with the
Cyber™Tyre DR and Angular Velocity Regressors, so we have the following
relationship:
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SEL = f ((wcyber: Dcyber» RL(DR' (‘)cyber)) (4-33)

Starting from indoor data, a relationship between RL omega and DR was evaluate:
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Figure 4.39 — Relationship between RL omega and DR

In addition, a model was developed to evaluate the internal air temperature based on
the gas law considering the presence of humidity.
Moist air is a mixture of dry air and water vapor:

pp =pp "Rp T for dry air (4.34)
Pw = pw * Ry - T for water vapor (4.35)
Applying Dalton's law:
Ptot = Pp + Pw (4.36)
Is obtained:
0 = Po
0~ £ QP 1 (4.37)
Rp- |1+ sat __1].7"}
{D [ Po—(1—€)'<P'Psat(5 ) 0

Where:
® Ty = f(Teyper(t = 05))
® Do = Peyver(t = 0s)
e o is the relative humidity [0 1]
® R, is the individual gas constant of dry air

®  p... isthe water vapor saturation pressure (Figure 4.40)
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Figure 4.40 — Water vapor saturation pressure

Figure 4.41 shows the trend of air density in function of pressure and temperature for
different value of relative humidity.

p (bar) e T(C)

Figure 4.41 — Air density in function of temperature and pressure

Starting from p, and pressure measured by cyber tyre, it is possible to evaluate the
evolution of the internal air temperature:
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Figure 4.42 — Air Temperature model (indoor tests)
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Figures 4.39 4.40 4.41 and 4.42 show the results of the thermal model for the carried
out tests.
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Figure 4.43 — Thermal model results for medium tests (50 Km/h)
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Figure 4.44 — Thermal model results for medium tests (160 Km/h)
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For the cold tests, the SEL Function rightly works considering the Bulk Layer
Temperature evolution and Inner Liner one in steady conditions (80km/h).
During the vehicle speed transitions, the model does not correctly reproduce the

temperature variations. This is due to thermal masses mesh (low computational cost).
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Figure 4.46 — Thermal model results for cold tests (80-30-80)
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Chapter 5

Correction of the vertical load estimation

5.1 Introduction

In 3.1 the vertical load calibration procedure was described. It has been shown that
from this calibration a polynomial is obtained which is able to estimate the vertical load
starting from some quantities coming from the Cyber™Tyre (angular velocity, inflation
pressure and DR).

This polynomial is very performing in a wide range of vertical load, inflation pressure
and speed.

However, for temperature conditions other than calibration, underestimate or
overestimate of the vertical load occurs (Figure 3.29).

This phenomenon is attributable to the viscoelastic character of the material and how
the radial stiffness of the tyre is influenced by temperature (Figure 2.21).

There was therefore the need to implement a correction procedure for the estimate of
the vertical load in conditions other than calibration. For this purpose, a thermal model
was first developed which, starting from the temperature measured by the cyber tyre and
other quantities, allows to evaluate the temperature of tyre zone that most influences the
phenomenon.

The next step is to develop a vertical load estimation correction procedure. Two
strategies will be compared:

1. New calibration polynomial having, in addition to the standard inputs (inflation

pressure, angular velocity and DR), also the temperature.

2. Procedure that provides for the correction of the DR according to the

temperature. This DR represents the input of the standard polynomial.
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The two procedures are shown in figure 5.1.

Standard
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Figure 5.1 — Flow chart of the two correction procedures

5.2 Correction of the vertical load: characterization test

In order to develop the correction procedures, a series of Flat Trac® tests were needed

in order to characterize the phenomenon in a wide range of temperatures:

1. warm-up test: from the ambient temperature to the operating temperature
corresponding to the average calibration temperature

2. heating up to about 100 ° C

3. cooling down to the average calibration temperature

During the tests, the temperatures of some areas of the tyre were acquired:

e Internal air temperature

e Inner liner temperature

e Surface temperature

e Cyber™ tyre temperature

Table 5.1 - — Temperature measured and instrument used

Zone Instrument | N° of measurement points
Inner IR sensor 8
Surface IR sensor 3

Internal Air = Thermocouple -

External Air | Thermocouple -
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Figure 5.2 — 4 cyber tyre in central position a) Inner liner IR sensor b) Surface RIB, Groove internal and

Groove external c)

The warm-up condition was carried out with a vertical load of 5000 N, a speed of 100
Km/h and an inflation pressure of 260 kPa.

The warm-up condition was carried out with a vertical load of 6000 N, a speed of 100
Km/h, an inflation pressure of 260 kPa and a series of slip angle sweeps.

The cooling condition was carried out in the same way as in the warm-up phase (Figure
5.3).

10000

8000

Fz (N)

6000

4000
0

1000

2000 3000 4000 5000
Time (s)

6000 7000 8000

1
1
1
1
1
= 1
£ 1
X 1
< 100 T
WARM-UR 1 ‘ P-IEATING ‘ | QOOL DOWN |
L
0 1000 12000 3000 4000 5000 6000 7000 8000
: Time (s)
5 L
L T T T
3 0 —
T | -
Y
g A 1 1
ab ' _
5 1 L 1 I L 1 I I
0 1000 ' 2000 3000 4000 5000 ! 6000 7000 8000

Time (s)
Figure 5.3 — Test conditions

Figure 5.4 shows the trend of temperatures corresponding to the three phases.

During the second phase, in addition to the SEL contribution, there is also the friction
power contribution. Initially, only the first and third phases are considered where only the
SEL contribution is present.

By applying the standard calibration polynomial, the results shown in the figure are
obtained.
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Figure 5.4 — Trend of temperatures corresponding to the three phases
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Figure 5.5 — Results of the standard polynomial applied to phase 1 and 3

During the warm-up phase, the polynomial tends to underestimate the value of the
vertical load with an error that tends to decrease with increasing temperature. On the
contrary, during the cooldown phase, the polynomial tends to overestimate the vertical
load with an error that tends to decrease as the temperature decreases.

Figure 5.6 shows the trend of the DR during the cool-down phase. DRrer indicates the
value assumed by the DR at the same load, pressure and speed of the cooldown but at the
calibration temperature.

The trend of the DR and the temperature explain the trend of the error reported in
Figure 5.5. In fact, during the cool-down, the temperature regimes at a higher value than
the calibration one and the polynomial, even at steady state, slightly overestimates the

vertical load value. Instead for warm-up, the polynomial tends to underestimate the value
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of the vertical load with an error that decreases as the temperature converges to the
calibration value.
Finally, figure 5.7 shows the trend of radial stiffness during the cool-down phase. Note

that as the temperature decreases, the tyre increases stiffness.
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Figure 5.6 — Trend of the DR during the cool-down and warm — up phases
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Figure 5.7 — Trend of radial stiffness during the cool-down and warm — up phases

Figure 5.8 shows the trend of radial stiffness as a function of temperature. It can be

seen how perfect continuity exists between warm-up and cool-down.
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The warm-up and cool-down phases were simulated using the thermal model (Figure
5.9).
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Figure 5.9 — Thermal model results

5.3 Correction of the vertical load: first correction strategy

The first strategy is to directly introduce the temperature into the calibration
polynomial. It is a matter of carrying out a new calibration with the same method reported
in 3.6.3 but introducing, in addition to the DR, speed and internal pressure, also the
temperature as input.
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The effect of the following temperatures is studied:
e Bulk temperature
e Inner Temperature
e Cyber Temperature
These temperatures have different dynamics during the same phase; the aim is to
evaluate the temperature whose dynamics are similar to that of the variation of the normal
stiffness.
5.3.1 First correction strategy with Tinner

The calibration polynomial takes the following form:

F, = E,(w, P, DR, Tinner) (5.1)

The multiparameter linear regression method is applied to characterize the vertical
force regression formula.

For training, the standard dataset (described in 3.6) is provided accompanied by a
warm-up phase and a cool-down phase:

Training Dataset: Standard Dataset + cool-down

' | \ | + warm-up
Tinner Calibration High temperature low temperature
L J
|
* Fz=5000N

* V=100Km/h

* P=260HKPa
120 0
g 10 _ 50
= &
= 80 <
=
F e he— -
|m— =mean 30
40 " ‘
0 0.5 1 1.5 2 25 0 1 2 3 4 0 2000 4000 6000 8000 10000 12000 14000
CONDITIONS  x10* CONDITIONS x10*

CONDITIONS

Figure 5.10 — Training Dataset

Figure 5.11 shows the results of the method. The final polynomial is quadratic and
consists of 15 terms (4 predictors).

Finally, figure 5.12 shows the comparison between polynomials with and without
correction for both warm-up and cool-down.
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Figure 5.12 — Comparison between polynomials with and without correction

5.3.2 First correction strategy with Tcyber

The calibration polynomial takes the following form:

F, = F,(w,P,DR, Tcyber)

(5.2)

For training, the standard dataset (described in 3.6) is provided accompanied by a
warm-up phase and a cool-down phase.
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Figure 5.13 — Training Dataset

Figure 5.14 shows the results of the method. The final polynomial is quadratic and

consists of 15 terms (4 predictors).
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Figure 5.14 — Histogram of residual

Finally, figure 5.15 shows the comparison between polynomials with and without

correction for both warm-up and cool-down.
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Figure 5.15 — Comparison between polynomials with and without correction

5.3.3 First correction strategy with Tbulk

Since during this test session the T3M sensors were not present, the bulk temperature
used is that obtained from the thermal model.

The calibration polynomial takes the following form:

FZ = FZ((I), P, DR, Tbulk) (53)

For training, the standard dataset (described in 3.6) is provided accompanied by a
warm-up phase and a cool-down phase.
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Figure 5.16 — Training Dataset
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Figure 5.17 shows the results of the method. The final polynomial is quadratic and

consists of 15 terms (4 predictors).
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Figure 5.17 — Histogram of residual

Finally, figure 5.18 shows the comparison between polynomials with and without

correction for both warm-up and cool-down.
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Figure 5.18 — Comparison between polynomials with and without correction
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5.3.4 First correction strategy with T simulated

Unlike the Teyber Which is supplied directly by the cyber tyre, the Tinner and the Touik are
measured only during these specific tests. The usefulness of the thermal model is
precisely that of being able to have temperatures in other zones of the tyre starting from
data measured by the cyber tyre.

In 5.3.3 the simulated Thulk was treated; the simulated Tinner will be analyzed.

Then, the calibration polynomial takes the following form:

F, = F,(w, P, DR, TipnerSim) (5.4)
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Figure 5.19 — Comparison between polynomials with and without correction

Table 5.2 summarizes the results obtained with the first strategy:

Table 5.2 — First strategy results

TYPE CALIBRATION METHOD TYPE DATASET TRAINING std (N) mean error (N)

STANDARD STANDARD STANDARD 80

_ TGROOVE 1ST STRATEGY STANDARD + FULL COOL-DOWN +FULL WARM-UP (ALL SENSOSRS) n_

_ Thulk sim 15T STRATEGY STANDARD + FULL COOL-DOWN +FULL WARM-UP (ALL SENSOSRS) n_
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5.4 Correction of the vertical load: second correction strategy

This approach is based on the hypothesis of attributing the whole error to the DR. In
fact, the standard calibration takes place in a certain temperature range and therefore with
the same load, lower temperatures correspond to lower DR values and vice versa.

The idea is to bring the DR value measured at a certain temperature back to the
reference value measured at the calibration temperature. This corrected DR represents the

input of the standard calibration polynomial obtained with methods described in 3.6.3.
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Figure 5.20 — DR dimensionless trend compared to the dimensionless temperature

DRiarger = f1 (DR, Temperature) (5.5)
E, = Fz(wrP’DRtarget) (5.6)

fy is a function that allows to transform the measured DR at a certain temperature, into

the DRuarget COrresponding to the calibration temperature:

DRref =0y + alDR + azT + a3DR * T (57)

Figure 5.21 shows the effect of the correction on the DR while figures 5.22, 5.23 and
5.24 show the comparison between polynomials with and without correction for both
warm-up and cool-down.

Finally, table 5.3 summarizes the results obtained with the first strategy.
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Figure 5.24 — Comparison between polynomials with and without correction (Tpui)

Table 5.3 — Second strategy results

TYPE CALIBRATION
STANDARD

METHOD
STANDARD

TYPE DATASET TRAINING
STANDARD

std (N)
68

[ 3 | teroove 2"° STRATEGY | STANDARD + FULL COOL-DOWN +FULL WARM-UP (ALL SENSOSRS)

TINNER sim
Thulk sim

mean error (N)
82

2"° STRATEGY | STANDARD + FULL COOL-DOWN +FULL WARM-UP {ALL SENSOSRS)
2"° STRATEGY | STANDARD + FULL COOL-DOWN +FULL WARM-UP (ALL SENSOSRS) 25

5.5 Correction of the vertical load: sensitivity analysis

An analysis is carried out on the variation of the estimate of the vertical load due to a

variation of the estimate of the temperature (Figure 5.25):

Warm-Up Cool-down
-- +10% Fz
-10% Fz

Temperature (°C)
Temperature (°C)

-- +10% Fz

“ -10% Fz “
=, 00 200 300 400 o0 600 700 800 w0 1000 0 500 1000 1500 2000 2500
Time (s) Time (s)
T oo DATA T, s DATA T, DATA Ty SIM e T SIM Ty SIM T g DATA
+10% Fz -10% Fz +10% Fz -10% Fz
Surface +122% | -113% Surface +1.62% | -1.72%
Bulk 5% | 360% Bulk “305% | -317%
Inner +2.74% | _2.80% Inner +2.60% | -268%

Figure 5.25 — Effect of Fz variation on the Temperature estimation
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The following analyses are carried out for both strategies:
o  Tinner With Fz,,5,, £ 10%
o  Thuk With Fz,,,, +10%

The analysis is carried out using the following parameter:

Fzcorect Nom — Fzcorrect
A% = (5.8)
Fzcoorect Nom

where:
e Fzcorect Nom is the vertical load correct with nominal Temperature
e Fzcorrect is the vertical load correct with nominal Temperature obtained with
Fz+10%

Figure 5.26 shows the results for both strategies.
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Figure 5.26 — Sensitivity analysis results

Finally, table 5.6 summarizes the values assumed by 4.

Table 5.4 — A values
+10% Fz -10% Fz

Tinner 1St strategy 0.13% -0.15%
Tinner 2nd strategy 0.14% -0.13%
Toulk 1st strategy 0.34% -0.42%
Toulk 2nd strategy 0.13% -0.14%
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5.6 Correction of the vertical load: some considerations

Two vertical load correction strategies have been developed. The first strategy
concerns the direct insertion of the temperature into the calibration procedure obtaining a
calibration polynomial with 4 inputs. The second strategy concerns the prior correction
of the DR with temperature. This corrected DR then represents the input of the standard
polynomial (with 3 input).

For both strategies, different temperatures were analysed for different areas of the tyre
(surface, inner, bulk and Tcyber).

Basically, for both strategies and for the various temperatures, a clear improvement in
the estimate of the vertical load was obtained and therefore, on the basis of this it would
be difficult to make a choice on the best strategy.

As for the strategies, from an application point of view, the second strategy represents
the least invasive as it leaves the standard polynomial (this type of polynomial is the result
of numerous years of study by the company and is very reliable) while the second strategy
involves the modification of the entire polynomial and therefore a series of studies to
arrive at an acceptable level of reliability.

As for the choice of temperature, based on the only test available, it is not possible to
reach a definitive conclusion. In fact, the test carried out has a very slow thermal dynamics
and therefore, it is necessary to carry out a series of tests in different dynamic conditions.
Since the various areas of the tyre will have a different thermal dynamic, the choice will

go to the one that most closely follows the dynamic of the DR.

5.7 Conclusions and next steps

The activity carried out in collaboration with Pirelli tyre SPA aimed to study the
thermal behaviour of sensorized tyres called intelligent tyres.

The so called Cyber™ Tyre project carried out by Pirelli allows the knowledge of the
main dynamic entities featuring tyre-road interaction by means of the installation of
suitable sensors inside the tyre.

Thanks to this solution Pirelli is now able to provide important information about
parameters that are related to the contact area such as contact forces, contact patch length,
deformed radius, centre of gravity position and surface texture changes.

The work consisted in the in the definition of a strategy for the introduction of thermal

dependence in the numerical model for the calculation of features currently implemented,
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such as for example the estimates of contact forces. The objective is to increase the
reliability of the estimate in all conditions, especially in cold tyre conditions.

For this purpose, a thermal model was first developed capable of providing the
temperature of some areas of the tyre starting from some sizes measured directly by the
Cyber™ Tyre (including the temperature at its position).

A series of tests were carried out both indoors and outdoors to characterize the various
phenomena of heat exchange (convection, conduction, heat generation, etc.).

Subsequently, the activity concentrated on the effect of temperature on the estimate of
the vertical load in conditions of pure rolling (only heat generation due to the viscoelastic
effect of the material).

Two correction strategies have been developed:

1. Direct introduction of the temperature in the calibration polynomial
2. Preliminary correction of the DR and use of the standard calibration
polynomial.

For both strategies, various temperatures corresponding to different areas of the tyre
were used.

Both strategies led to a clear improvement in the estimate. Between the two strategies,
the choice falls on the second as it results to be less invasive leaving the standard
calibration polynomial unchanged.

Figure 5.26 shows schematically, in the form of a flow chart, how the thermal model

is introduced into the cyber tyre measurement chain.

CYBER TYRE THERMAL MODEL
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Figure 5.27 — Input-output flow chart of the thermal model
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About the next steps:

1. validation of the methodology on tests with different vertical load values,
internal pressure and speed

2. Carry out a series of tests in different dynamic conditions in order to identify
the temperature that most correlates with the phenomenon.

3. Introduction of Friction power

4. Extend the study to other features such as lateral and longitudinal load
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Chapter 6

The Temperature influence on tyre/road

interaction curves

6.1 Introduction

In automobile racing world, where reaching the limit is the standard and the time
advantage in an extremely short time period is a determining factor for the outcome,
predicting in advance the behaviour of the vehicle system in different conditions is a
pressing need.

The tyre performance is widely influenced by its operating internal temperature
distribution and inflation pressure; the description from a thermodynamic point of view
of a tyre is therefore of fundamental importance as regards the dynamics of the vehicle.

In this view, the importance of having a model that estimates temperature distribution
inside the different tyre layers is evident, as well as the importance of defining how and
how much this temperature distribution affects tyre performance.

Pacejka’s Magic Formula tyre model is a standard in automotive word as a semi-
empiric model employed for predictive performance analyses. To more deeply predict
tyre behaviour, MF model must become sensitive to tyre temperature and inflation
pressure, meaning that MF interaction curves must be able to be drawn at different
temperature or pressure values.

However, the Pacejka’s Magic Formula, is able to describe the tyre dynamics in a very
strict range of operating condition (fixed temperature, internal pressure, asphalt
characteristics, wear level and so on).

Based on this, a formulation, called MF-evo, has been developed, able to consider the
internal air pressure and the temperature of the different layers, instantly changing the
dynamic characteristics of the tyre.

The additional physical variables are co-simulated thanks to specifically developed
tyre physical thermodynamic and grip model, able to estimate in real time the tyre layers’

temperature and the internal air pressure.
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The purpose of this work is a sensitivity analysis of the influence of a series of
quantities on the vehicle dynamic behaviour.

Numerous parameters are considered (tread wear level, specific thermal conductivity
and heat of the various layers etc.) which would require many tests.

The work was carried out in collaboration with VI-grade which provides a simulation
environment called VI-Car Real Time.

VI-CarRealTime provides a real-time vehicle simulation environment where the same
simplified vehicle model can be used by vehicle dynamics and controls engineers to
optimize vehicle and control system performance.

It is a Software-in-the-Loop simulations:

Stiffness

/]

dynamic model

Multi - physical \

Thermal model 'I‘
— Te Grip
S mperature and
Temperatixe ’ pressure effect on
estimation grip and stiffness
Forces

Figure 6.1 — Software in the loop simulation

6.2 Pacejka Magic Formula

This is a semi-empirical method that requires a campaign of experimental tests in order
to characterize the tyre-road system.

This model is very useful to simulate the steady-state behaviour by providing a set of
mathematical formulae, which are partly based on a physical background. It calculates
the forces (Fx, Fy) and moments (Mx, My, Mz) acting on the tyre under pure and
combined slip conditions, using longitudinal and lateral slip (%, ), wheel camber (y) and
the vertical force (Fz) as input quantities (Figure 6.2).

In addition to the Magic Formula description, a set of differential equations is defined,
representing the transient behaviour of the tyre with respect to handling at frequencies up

to 8 Hz [78] [79].
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Figure 6.2 — Input and Output variables of the Magic Formula Tyre Model

Before the description of the formulation, all the units of the parameters and variables

used in MF — Tyre, in agreement with Sl units, are provided:

Variable Type Name Abbreviation | Unit
Slip angle a
gt Camber angle y i
Longitudinal force E
Force Lateral force E, N
Vertical force E,
Overturning moment M,
Moment Rolling resistance M,, Nm
Self-aligning moment M,
Longitudinal speed Ve
Lateral speed v
speed Longitudinal slip speed Vi m/s
Lateral slip speed Viy
Rotational speed Tyre rolling speed Q rad/s
The general expression of the MF is [78]:
y(x) = D - sin[C - arctan{B, — E - (B, — arctan B,))}] (6.1)
with:
Y(x) =y(x) +S, (6.2)
x=X+S5, (6.3)
where:

® Y(x) isthe output (Fx, Fy or Mz)

e X isthe input (slip ratio or slip angle)
e B isthe rigidity factor

e ( is the shape factor

e D isthe peak value
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e E isthe bending factor
e S, isthe vertical shift

e S, isthe horizontal shift

The result, shown in figure 6.3, is a curve that passes through the origin (unless the
imposed translations), reaches a peak value and then assumes a horizontal asymptotic
pattern. The 6 coefficients listed above are called Pacejka’s macro parameters and govern
the trend of the curve.

The BCD product corresponds to the slope of the curve in the origin. C controls the
shape of the curve and governs the abscissa of the maximum and the curvature in its
surroundings. The shifts allow to translate the curve and to contemplate the contribution
of camber, hysteresis, asymmetry and taper of the tyre.

It is important to note that for C<1 the maximum value of the curve coincides with the

asymptote and that for E> 1 the curve degenerates (the model is infeasible).
Yy
X,
Sh L m ol 4 F[-x}

X
' Carctan(Bx ...)

Figure 6.3 — Curve produced by the original sine version of the Magic Formula

The expression just described allows to represent the characteristics of pure
interaction.

In combined interaction, at the same load, total sliding condition occur for smaller
value of slip (ratio or angle), since part of the available adherence is engaged by the
complementary interaction. This observation led to the development and implementation
of the "cosine version" of the Pacejka formula.

The first expression elaborated was:
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G = D - cos[C - arctan(B,)] (6.4)

With B, C, D and Sh distinct from the previously defined macro parameters. As shown
in Figure 6.4, parameter D represents the maximum value (slightly less than 1 in the
presence of offset), C determines the position of the horizontal asymptote placed at the

base of the curve, B governs the shape and intercepts with the axis of the abscissas.

:F h\
A N
2 X a ,-';‘\\_ ) [ l ;-\\(:f_f2
BC "Dcosf el ‘
Xpe
B=Carctan(Bx...) ~

Figure 6.4 — Curve produced by the cosine version of the Magic Formula

This expression is also known as the “hill function” due to the bell-like performance
that characterizes it.

Parameter G, multiplied by pure interaction, returns the combined interaction. This is
evidently a weight function, a reduction factor that has a physical sense only if it is within
the range [0,1].

The most recent expressions of the formula, particularized for longitudinal and lateral

interaction, are:

o cos[C,q - arctan{B, a5 — E,, (B, — arctan(B,,a,))}] (6.6)
e cos[Cyq - arctan{ByqSyxq — Exa(BxaShxa — arctan(BygSyxq)) ] .

o - cos[Cyy - arctan{B, ks — Eyy (Byiks — arctan(Byiks))}| 6.7)
vk cos[Cyk . arctan{BykSHyk — Ey (BykSHyk - arctan(BykSHyk))}]

6.2.1 Magic Formula Particularization
In general, the interaction characteristic, i.e. the law that binds the force (longitudinal
or lateral) to the slip (ratio or angle), varies according to the vertical load, the camber

angle, the inflation pressure, the spin. It also depends on the construction characteristics,
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the thermo-mechanical and tribological properties of the tyre, as well as on the road
surface conditions. The subject is further complicated by the non-linear behaviour of the
system under examination.

To introduce dependence on all these factors into the economy of the equation, the
macro parameters have been expressed as a combination of micro-parameters. Over the
last few years, the modelling work has been focused on the development and optimization
of the expressions that link macro and micro-parameters, without prejudice the general
formulation.

Before proceeding it should be noted that Magic Formula is defined in the privileged
reference system according to the 1SO convention.

MF-Tyre conforms to the TYDEX STI conventions described in the TYDEX-Format
and the Standard Tyre Interface (STI).

Two TYDEX coordinate systems with ISO orientation are particularly important, the

C- axis and W-axis systems as detailed in Figure 6.5.

? ) ' X

Ao

Figure 6.5 - TYDEX C —and W- Axis Systems used in MF-Tyre, according to TYDEX

The C-axis system is fixed to the wheel carrier with the longitudinal xc — axis parallel
to the road and in the wheel plane (xc— zc — plane). The origin O of the C-axis system is
the wheel centre.

The origin of the W-axis system is the road contact-point (or point of intersection) C
defined by the intersection of the wheel plane, the plane through the wheel spindle and
the road tangent plane. The orientation of the W-axis system agrees to ISO.

The forces and torques calculated by MF-MC Tyre, which depend on the vertical
wheel load Fz along the zw- axis and the slip quantities are projected in the W-axis
system. The xw- yw- plane is the tangent plane of the road in the contact point C.

The geometrical and kinematical quantities involved are so defined:

e V, wheel centre speed;
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e Vxand Vy, respectively longitudinal and lateral speed of the wheel centre;

e () the peripheral speed of the wheel around its own kinematic axis;

e Re, pure rolling radius;

e Vsx = Vx — QRe, longitudinal sliding speed, that is the speed difference
between centre and periphery of the wheel that occurs during the braking or
the acceleration phases;

e Vsy=Vy, lateral sliding speed, it occurs when the velocity vector does not lie

on the equatorial plane of the wheel, i.e. when the vehicle is engaged in a curve;

o K=-— % slip ratio, it constitutes the abscissa of the longitudinal interaction

¢ 9

characteristic (the “-” sign is introduced to have concord force and slip);

Vsy
vyl

characteristic;

e =arctan ( ) slip angle, it constitutes the abscissa of the lateral interaction

e y, camber angle;

e Fz, vertical thrust exerted by the road on the wheel in correspondence of the
contact patch, it coincides with the vertical load on the wheel centre;

e Fz, nominal load used in the parametric identification by the manufacturer;

e Arz0, scale factor of nominal (rated) load.

o [, =F Arz0, vertical load scaled;

o dFz= M, load increase with respect to the nominal condition (possibly

z0/

scaled).

Sometimes the interaction characteristics dictated by the MF are significantly far from
the experimental points detected by the telemetry. This is due to the impossibility of
faithfully reproducing in the laboratory the conditions of humidity, temperature, inflation
pressure, adhesion, wear, taper which the tyre is subjected once mounted on a real vehicle.

To buffer this problem, scaling factors have been introduced that allow modulating
macro parameters and modifying the shape of the curve due to experimental data. They
are indicated with the letter A and are listed in the table below [80] [81].

The default value of these factors is set equal to one (except Auy which equals zero if
not used). For example, to change from a relatively high friction surface to a law friction

surface the factor Aux and Ay may be given a value lower than unity.
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Table 6.1 Scaling coefficient, pure slip.

Mame used in tire

Name: property fils: Explanation:

i_.-_._. LEAC Scale factor of nominal {rated) load
Aey LCX Scale factor of F, shape factor

Ao LMUX Hcale factor of F peak friction coefficient
Ag, LEX Bcale ctor of F, curva Factor

Agy LKX Seale factor of Fy slip stiffiess

A, LHX Scale factor of F otal shift

Ay LVX Scale factor of F vertical shift

A LGAX i [ cambber for £,

Ay LCY v of F shape factor

i LMUY or of F, peak friction coefficient
Ay LEY o of F ture factor

"1,!;. LEY o o F : stiffness
A, LHY s of F b | shift

Ay LVY or of F, vertical shifi

‘1:\ LAY o of camber for F,

A LTR 0T 0 k of pnewmatic trail
’1\;.- LRES o for offset of residual torgque
A LGAL or of camber for Af.

A LMX Seale factor of overturning couple

At LVMX Scale factor of Mx vertical shift

Ay LMY Seale factor of rolling resistance wrque

Table 6.2 — Scaling coefficient, combined slip.

Mame used in tire

Mame: property file: Explanation:

Ao LXAL Scale factor of alpha influence on F,
A LYKA Sc »f alpha influence on F.
A LYYRA S¢ tor of kappa induced F,

A LS5 Scale factor of Moment arm of £,

Table 6.3 — Scaling coefficient, transient response.

Mame used in tire

MName: prop fila: Explanation:

Aow LSGKP Seale factor of Relaxation length of Fx
A LSGAL 5S¢ or of Relaxation length of Fy
Ao LGYR Scale Tuglor of gyroscopc orgue

6.3 MF-evo scheme

MF model provides a set of scaling factors that has been introduced to consider the
influence of several external overall parameters such as road roughness, weather
conditions and suspension characteristics. These scaling factors are important for a
correct prediction of tyre-road contact forces but are not a function of the tyre itself.

Pacejka MF standard model does not consider the thermal effect, thus has constant tyre
characteristics, meaning that if we consider a long run from a track session slip angle
would have no reason to increase from one lap to another. Instead, the rise in temperature,
with increasing lap number, leads to a decrease in cornering stiffness, which means that
in order to have the same lateral force magnitude at the same curve the value of the slip
angle must be gradually greater (figure 6.6).
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Figure 6.6 — Slip angle (time history)

Developing a multi-physics tyre model, that considers how its dynamics is influenced
not only by dynamic and kinematic parameters but also by thermodynamic ones, is
strongly necessary to have a complete picture of the factors that affects tyre performance.

The MF-evo version is able to modify the tyre behaviour on the basis of the thermally
enriched dynamic state, making possible to consider, in real time, the variations in
coefficients by means of pre-identified embedded analytic functions, developed in

collaboration with Vehicle Dynamics UniNa Research Group (figure 6.7).

MF-ID tool

Multi-physical
dynamic model

Figure 6.7 — MF-evo scheme

The variations of tyre characteristics due to temperature and pressure effects are
obtained modifying the scaling factors based on the weighting functions of grip and
stiffness in dependence on temperature and pressure, allowing to reproduce the variation
of forces throughout the whole thermodynamic working range, making Pacejka MF-evo

model sensitive to tyre temperature internal distribution and inflation pressure.
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The possibility of simulating the interaction forces that the tyre exchanges with the
ground throughout the whole thermodynamic working range is of fundamental
importance in view of identifying the range of temperature and pressure in which grip
performance is maximized.

6.3.1 Temperature effects

The importance of a tyre thermal model additional outputs can be easily deduced from
figure 6.8 and figure 6.10 (normalized because of confidential agreement), where the tyre
tread temperature, not available from the sensor data but provided by a tyre thermal
modell, deeply modifies the tyre dynamic behaviour [82].

The difference in terms of interaction curves can be appreciated highlighting a stiffness
decrease due to a higher tyre temperature for both longitudinal and lateral tyre interaction

Curves.

1 100

Lateral interaction - Rear Longitudinal interaction - Rear

e
A

a["C]

Fy [
)

e fatl

m -0 0 0 10 Ful
shp angle ) slip ratio [%)

Figure 6.8 — Temperature effect on lateral and longitudinal interactions

Reference temperature used to underline the stiffness-temperature correlation is Tread
Core temperature. Tread Core (in red, Figure 6.9) is situated between Tread Surface (in
blue) and Tread Base (in black), whereas Tread Base represents the part of the compound
in direct contact with the tyre belt layer.

By means of a tyre thermal model, it is possible to predict the temperature gradient
with a high level of accuracy within the entire tyre structure. Starting from the model
outputs in terms of temperatures and local thermal exchanges, the physical considerations
particularly suitable to distinguish the optimal thermal range of each compound and the
variation of tyre dynamic behaviour due to the thermal effect, can be further performed.



140

RIB 1 Tread Surface
Tread Core
Tread Base

Figure 6.9 — Tyre thermal model — temperatures scheme.

Thanks to the availability of the tread temperature, it is possible to obtain much more
correlations, from which optimal thermal range can be identified. Tread temperature
offers the best results concerning the correlation stiffness-temperature as well as grip-
temperature (figure 6.10, normalized because of confidential agreement); in fact, the
external surface temperature varies with fast dynamics, which does not allow to modify
in so short time the whole tread characteristics, while the inner liner temperature varies

too slowly to condition the tyre performance instant by instant.
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Figure 6.10 — Temperature effect on lateral and longitudinal grip

In figure 6.10 acquired data have been coloured from blue to red with increasing slip
angle for the lateral grip and slip ratio for the longitudinal one.
6.3.2 Pressure effects

Changing inflation pressure even affects tyre force and moment characteristics. This
happens because changes in inflation pressure alter the size, shape and contact pressure

distribution in the footprint of the tyre. In general, increasing inflation pressure will cause
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the size of the footprint to shrink, raise the contact pressure near the centre of the footprint
and allow less tyre distortion (less footprint shape change).

Tyre-road pure lateral interactions of rear-axle acquired data at three pressure levels
have been plotted with different colours in figure 6.11 (normalized because of

confidential agreement).
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Figure 6.11 — Pressure effect on lateral interaction

A decrease in inflation pressure increases the lateral force capability of the tyre and
thus the cornering stiffness, due to the increase of tyre’s footprint. On contrary, a decrease
of contact length (smaller surface area) results in a decrease of cornering stiffness [83]
[84].

Meanwhile, a lower air pressure often brings to lower forces after the peak value, when
sliding velocity begin to play a dominant role in tyre road interactions.

Increasing pressure also reduces the longitudinal force capability and the braking
stiffness of the tyre, as it is shown in Figure 6.12 (normalized because of confidential
agreement) where pure longitudinal interaction for acquired data have been displayed.

The influence of inflation pressure on the peak grip coefficient value doesn't seem to
be very dominant with respect to internal temperature distribution. We could say that in
a specific temperature range, increasing inflation pressure reduces both lateral and
longitudinal grip as a results of contact patch reduction.
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However, it’s difficult to highlight this dependence on experimental data from
handling track session since the rise in temperature leads to a direct increase in pressure
too and it’s not possible to discriminate the two effects. Laboratory tests should be carried
out in order to study the way tyre performance is affected by tyre pressure while keeping

the temperature in the different layers steady.

Longitudinal Rear

T T : .
. st pressure level g ‘.' o '_ e
. 2nd pressure level 3 o . S e
Ry -
¢ drd pressure level eonls -

05

Fx [-]
=}

06~

slip ratio [%]

Figure 6.12 — Pressure effect on longitudinal interaction

During handling track session temperature and pressure are two phenomena closely
linked to one other. As a result, with increasing pressure the temperature window in which
tyre reach its maximum performance increase (Figure 6.13, normalized because of

confidential agreement).
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Figure 6.13 — Maximum grip-temperature variation with pressure
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6.3.3 Grip Analysis

It is possible to say that grip depends on both tread-surface and tread-core
temperatures.

The tyre external surface temperature varies with faster dynamics, which is not well
correlated with the grip variation which does not show fast dynamics. This means that the
surface temperature is not able to modify in so short time the whole tread mechanical
characteristic. The grip shows an excellent correlation with a temperature weighted
averages between tread surface and tread core, the tread-core layer shows a slower
dynamic, so the mean average temperature dynamics have the same trend of the grip. The
tyre frictional behaviour can be practically linked to the tread core-surface weighted
averages temperature which can be used to optimize the compound mechanical
characteristics starting from its thermal behaviour. The above temperature can clearly be
evaluated only by means of a specific tyre thermal model.

After a sensitive analysis, the most suitable temperature to identify the grip variation

is a weighted average between tread-surface and the tread-core, in particular:

Terip = 0.25- Tireaa surface +0.75 - Tiread core (6-8)

The trend of the grip shows the presence of a temperature range in which grip reaches
its maximum values. With the aim of modelling the noted trend, grip law as function of
temperature has been assumed as a Gaussian function. Moreover, Gaussian function for
each pressure level shows its maximum value at increasing temperature values as pressure
increases.

Both lateral and longitudinal grip analysis has been done. Figure 6.14 shows the grip
values as a function of temperature and inner air pressure variation (All plots are
normalized for industrial confidentiality agreements).

It is possible to consider also the inner air pressure variation influence on grip level.
In this case, a bidimensional model has been considered.

The identified functions are characterized by assuming a unit value at the maximum
performance-temperature and pressure. In this way, it is possible to scale the Pacejka
curves, identified at about maximum performance-temperature and pressure levels, and
to get the interaction forces at any temperature or pressure value, multiplying the scale
factor LMUY for lateral interaction and LMUX for longitudinal interaction by the gain-

function output corresponding to that temperature or pressure value.
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6.3.4 Stiffness Analysis

It is possible to say that cornering stiffness and braking stiffness depend on both tread-
base and tread-core temperatures. Thus, reference temperature for stiffness functions
identification has been evaluated as a weighted average of tread-base and tread-core

temperature, provided by the tyre thermal model:

Tsrippness = 0.7 * Tireaa surface + 0.3 Tiread core (69)

Per each temperature, pressure and load range, the linear range of tyre-road interaction
has been isolated. Stiffness values have been identified as the slope of straight lines fitting
the representative points (Figure 6.16, normalized because of confidential agreement).
The colour of the experimental point is in function of the temperature, high-temperature

condition in red, low temperature in blue.

Lateral Interaction

Figure 6.16 — Cornering stiffness identification

Per each load range, the slope has been represented as function of temperature and
pressure (Figure 6.17).

The functions displayed assume a unitary value in correspondence with maximum
performance-temperature and pressure and allows to scale Pacejka curves depending on
the temperature and pressure level by multiplying the scaling factor LKY for lateral

interaction and LKX for longitudinal interaction.
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Figure 6.17 — Cornering and braking stiffness law

6.4 Introduction to VI-CarRealTime

VI-CarRealTime is a real-time vehicle simulation software based on a simplified 4
wheels model featured by 14 degrees of freedom (6 for the body and 2 for each wheel).
For each wheel it is possible to enable an additional longitudinal degree of freedom
(further 4 DOFs when the feature is activated for all the wheels). The software GUI is
divided into 3 main sections: build, test and review. The build mode allows to import and
modify the vehicle model or” system” which is further organized into “subsystems”
representing the main vehicle components. A short description of the model subsystems

is given in the following [85].

6.4.1 Reference system

The reference frames used in VI-CRT [86] are consistent with the standard 1SO 8855
and the SAE recommended practice.

The coordinate systems needed to describe the motion of the vehicle are a global

reference, a body fixed system and one system fixed in each of the wheel hubs.
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Figure 6.18 — VI-CRT - Body fixed reference frame

6.4.2 Body-fixed coordinate systems

The vehicle model movements are described with respect to the global frame that does
not accelerate and does not rotate. The body-fixed frame is integral to the vehicle and is
centered in the mid point of the front tyres contact patches. The X axis points towards the
front of the vehicle, the Y axis toward the left and the Z axis is oriented to form a right

hand reference system.

6.4.3 Wheel coordinate system
It is defined as a triad with the origin coincident to the wheel center and the same
orientation as the body-fixed frame. The reference system (ISO-C axis system) that is

adopted is depicted in Figure 6.19.

? reference sidewall position
\ ; left
)

drgction of
WHEEL velocity

Figure 6.19 — Wheel reference frame
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6.4.4 Front and rear suspension
In VI-CarRealTime the suspensions subsystems are described using a conceptual
approach. There are no physical parts representing the system but each kinematic quantity
is described by means of lookup tables expressed as a function of the vertical wheel
jounce and, eventually, the steer angle.
Regarding the suspension kinematics and geometry, the user can describe:
e Track width
e Wheel centre longitudinal and lateral position
e Wheel orientation: camber, toe, side view (caster) angle
The effect of compliance, other than kinematics, is considered: for each kinematic
entity (position and orientation) a specific spline describes the variation of that quantity
as a function of the considered ground force (Fx, Fy, Mz, Fz). The effect of compliance
is introduced by exploiting the superposition principle: for each suspension entity, the

overall value is computed as:

€= €+ Z €ic (6.10)
i=1

Where the first term is the kinematic value of the considered entity for a given
suspension jounce while the second term is the sum of the effects of all the forces acting
on the tyre in the considered while.

Spring elements can be defined by specifying a spline representing the spring
characteristic and it is possible to set spring preload, free length and compression ratio
(ratio between wheel vertical jounce and spring deflection).

In a similar way, dampers can be represented by a curve that describes the applied
force as a function of the damper velocity.

Anti-roll bars are also included into the model and implemented describing the vertical
anti-roll force versus wheel vertical displacement. The effect is introduced as a pair of
opposite vertical forces acting between the left and right wheel centre and the sprung part
of the body.

Finally, jounce and rebound bumpers can be described by specifying the clearance and

the force versus jounce spline.



149

Suspensions are obviously one of the main components influencing vehicle safety and
handling so they’ll play a key role during the model validation that will be presented later

on.

6.4.5 Steering system
The steering subsystem in VI-CRT is described in the same way as the suspensions.

This means that specific curves can be defined in order to characterize:

e Steer wheel angle versus steer at ground

e Left and right camber angle versus steer wheel angle

e Left and right wheel longitudinal and lateral position

e Caster and kingpin angle as a function of the vertical wheel jounce and steer
wheel angle

e Steering compliance

6.4.6 Body

The body section describes all the mass properties of the vehicle under examination.
In particular, the section is divided into subsections through which the user can describe
the properties of the vehicle starting from the sprung mass and inertia tensor until the
aerodynamic characteristics of the car. It is also possible to modify the vehicle load
conditions by placing additional masses where desired. This latter feature was the one
that has been used to simulate the various vehicle configurations, while developing the IP

logic.

6.4.7 Powertrain

The powertrain subsystem can be characterized by editing the related subsections that
allow to model:

e Engine torque curve

e Vehicle drivetrain and differential

e Gear ratios

e Clutch
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6.4.8 Front and rear wheels
Front and rear wheels are mainly described by a specific (”.tir””) input file, in which all
the coefficients describing the tyre characterization are contained. Additionally, mass

properties and wheel radius expressed as a function of wheel centre height can be defined.

6.4.9 Brakes

Braking system parameters can also be edited. Among those, brake pressure
distribution (the equivalent of a mechanical distributor), friction coefficient between pads
and disc, piston radius and pressure gain are the most significant ones.

6.5 Sensitivity analysis description

The analysis is carried out using the VI-CRT tool called max performance. This event
in VI-CarRealTime is used to define dynamic limit velocity profile on a given track.

The event uses a specific static solver (VI1-SpeedGen) to compute a velocity profile
and then it uses the dynamic solver to verify if the computed speed profile is feasible. If
the velocity path is unfeasible (maximum path distance exceeded, zero velocity etc.) the
solver turns back to the static and computes a new velocity profile, modifying only the
portion nearby the unfeasible point. The process is iterated until a feasible velocity profile
is found. Basically, the vehicle model used for static prediction has no suspensions and
inherits all properties from the full VI-CarRealTime model. The effect of aero forces is
considered, and the effect of suspension jounce is considered by the presence of ride
height maps.

Figure 6.20 shows the simulation scheme.

The various simulation-steps are as follows:

e Path Segmentation: The path is divided into a series of sections and the
curvature is evaluated (Figure 6.21).

e Speed Profile generation: VI-SpeedGen algorithm is used to compute a static
speed profile on a given trajectory. It uses a simplified model with respect to
the one used in standard dynamic events. The simplified vehicle has no
suspensions and inherits all the properties from the full VI-CarRealTime
model. The effect of aero forces is considered and the effect of suspension
jounce is taken into account by the presence of ride height maps. Starting from

the input trajectory, the algorithm recognizes the apex of all the curves and
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computes the static limit speed for each apex assuming that the vehicle is in
pure lateral. From the local curvature and after computing the maximum lateral
force (acceleration) the vehicle can sustain, it's possible to compute the
maximum speed in pure lateral conditions. (Figure 6.22 a).

Once the speed in each apex has been computed, the forward integration phase
computes the maximum acceleration the vehicle can sustain from each apex
forward. Since the apex is the point with minimum speed, after the apex the
vehicle must accelerate and the acceleration performance of the vehicle are
retrieved from tyre and powertrain of the main vehicle. With such assumption,
it's possible to draw the speed curve (red curve in the Figure 6.22 b) from each
apex forward. The backward integration phase computes the maximum
deceleration the vehicle can sustain from each apex backward. Since the apex
is the point with minimum speed, before the apex the vehicle must be in
deceleration and the deceleration performance of the vehicle are retrieved from
tyre and brake system of the main vehicle. With such assumption, it's possible
to draw the speed curve (blue curve in the Figure 6.22 c) from each apex
backward. Finally, red curves and blue curves are connected and smoothed in
order to obtain the final static speed profile.

e VI-Driver Iterations: Dynamic model is used to perform a validation on the
static speed profile prediction.

e Detected unfeasibility reason: to detected unfeasibilities, the checked
parameters are the Path distance, Yaw rate limits and the longitudinal speed
threshold.

e Change SpeedGEn Params: The process is iterated until a feasible velocity
profile is found

The vehicle used is the standard one made available by the software, the characteristics
of which are shown in Figure 6.23.

The output quantities such as accelerations etc. are measured with respect to a
reference system with origin in the centre of gravity as shown in Figure 6.24.

The standard use of the software allows you to use a tyre model by loading a tir file.

This type of analysis, however, is conducted using the tyre model described in 6.3.
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Figure 6.20 — Simulation scheme

It is therefore an advanced Pacejka model in which the effects of temperature on the
response of the tyres and therefore on the dynamic behaviours of the vehicle are also
considered.

For this purpose, the work carried out with the Vi-Grade company was to integrate the
Vi car real time software, a thermal model and an evolved Pacejka model, both developed
by the vehicle dynamics group by UniNa.

It is a software in the loop logic whose scheme is shown in Figure 6.1.

Figure 6.21 — Path segmentation



153

VI-CRT full (Séa“nf:"ffe"e)“m" Forward Backward Flying lap
Ui X, . .
model i i Integration Integration o Closed roads
* No Long =
* Preprocessing Acceleration * Tire Limits » Brake System * Connect Initial

*Ride Height * Max Vel (with Tires * Powertrain limits limits and Fmalr
Maps in Pure Lateral) acceleration
* Initial Velocity

Figure 6.22 — Steps of Speed Profile generation Algorithm

Wheebsse | 2920.0
Ohasss Complarce
e e [ orson [ Lateret Bendng [ verscal Bendng
Retanonal Stétness 0 50 1o
Retstonsl Davong fom o1 loor

) Al [ Laterat ] verneal
Transiatonal Saffness [19 | B8 %)
Trangatons Demorg [o.01 001 | ooy
X Y b4
Complance Locason BT | lon [atxa04
Mass and lnerte
L' ] Frent Rew

C6 longtudingl £ont whed detance | 1566.29 15662 LA

G lateral positon 20 20 2

CG heght 413,904 ETLECR EHE )
Mass 113746 NN s

D 158605000.0 BIHATE BoOwWe
tyy 772502000.0 2 0.0 .0
lzz 0 0 0
Dey 1805600,0 S8aLe wWanL0

1] -30065100.0 -19030650.0 S5
Iyz 93840 AL 294913

Figure 6.23 — Vehicle parameters
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Figure 6.24 — Reference system for measurements

An investigation is carried out on the influence of some parameters of the tyre response
and therefore on the behavior of the entire vehicle.
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The parameters taken into consideration are:
e Tread surface wear: its effect on the thermal response of tyres
e Kk tread surface: thermal conductivity of the tread surface
e cv tread surface: thermal specific heat of the tread surface
e stiffness law of MF-evo
e grip law of MF-evo
e road temperature

e external tem perature

The reference simulation has the following parameters:

Table 6.4 - Reference simulation parameters

T ambient (°C) 15
T road (°C) 15
Initial T tyre (°C) 15

Initial inflation pressure (bar) 1.3

Each simulation consists of 15 laps on the default circuit made available by the

software:
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Figure 6.25 — VI track

The following quantities are evaluated:
e Time Laps
e Temperature trend

e Understeer angle
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The understeer angle is defined as [87]:
8y = Swheet — Oaker (6.11)

where:
®  S,nee IS the steering angle of the front outside wheel

®  Saer IS the Akerman steer angle: 8., = %

e [is the vehicle wheelbase

e RisdefinedasR = %

e u isthe longitudinal speed

e risthe yaw rate

Starting from the understeer angle definition, is possible to define the quantity

understeer gradient as [1]

_ d((swheel — aAker)

K = S (6.12)

The table 6.5 shows the test plan carried out.

Table 6.5 — Test plane

ambient Temperature | road Temperature
°C

6.5.1 Reference Conditions

The tyre used in the simulations has the following characteristics:
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e optimum temperature range: 50 = 100 °C

e optimum pressure range (at Temperature max performance): 1.1 + 2.2 bar
The figure 6.26 shows the MF-evo law.
Figure 6.27 shows the simulation results in terms of lap time

T('C) P (bar) T(c) p (bar)

tateral grip law longitudinal grip law

Figure 6.26 — MF-evo law

Time lap (s)
o

Figure 6.27 — Time Lap (Reference conditions)

The maximum lateral acceleration relative to each track sector was evaluated and the
average between these values was subsequently considered (Figure 6.28).

Finally, the understeer gradient is shown in Figure 6.29.
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Figure 6.29 — Understeer Gradient (reference conditions)

6.5.2 Tread surface wear effect
Figure 6.9 shows the discretization of the tyre thickness in:
e Tread surface
e Tread core
e Tread base
Starting from the nominal thickness of the tread surface, the effect of wear is studied
by introducing a reduction of this thickness by 25% and 50%:

Table 6.6 — Tread surface thickness

Wear % | Tread surface thickness (mm)
0 5.500
25 % 4.125

50 % 2.750
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It should be noted that the effect of the wear introduced, which affects only the thermal
behavior of the tyre and therefore does not consider all the other effects introduced by it.

Figure 6.30 shows the simulation results in terms of lap time.
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Figure 6.30 — Time laps for different wear levels

Figure 6.31 and 6.32 show the temperature trend, evaluated by 6.8 and 6.9, during the
15 laps while the figure 6.33 shows the inflation pressure trend.
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Figure 6.31 — Temperature stiff trend (Wear effect)
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Figure 6.32 — Temperature Grip trend (Wear effect)
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Figure 6.33 — Inflation pressure trend (Wear effect)

Figure 6.34 shows comparison of lateral accelerations while figure 6.35 shows the
comparison between the understeer gradient.
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Figure 6.34 — Average max lateral acceleration compare (Wear effect)
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Figure 6.35 — Understeer Gradient compare (Wear effect)

The analysis shows the following results:
e the reduction in thickness causes a greater rapidity to reach the maximum
performance temperature
e as wear increases, the operating temperature decreases

e as wear increases, understeer decreases

6.5.3 Conductivity surface effect
Starting from the nominal value of conductivity surface, the effect of + 25 % and

+ 50 % variations are studied (Figure 6.36).
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Figure 6.36 — Surface conductivity trend

Figure 6.37 shows the simulation results in terms of lap time.
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Figure 6.37 — Time laps for various k

Figure 6.38 and 6.39 show the temperature trend, evaluated by 6.8 and 6.9, during the
15 laps while the figure 6.40 shows the inflation pressure trend.
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Figure 6.38 — Temperature stiff trend (conductivity effect)
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Figure 6.40 — Inflation pressure trend (conductivity effect)

Figure 6.41 shows comparison of lateral accelerations while figure 6.42 shows the

comparison between the understeer gradient.
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Figure 6.41 — Average max lateral acceleration compare (conductivity effect)
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Figure 6.42 — Understeer Gradient compare (conductivity effect)

The analysis shows the following results:

e reducing the conductivity, there is a slight increase in the operating temperature

e there are no noticeable variations in terms of lap time

6.5.4 Specific heat surface effect

Starting from the nominal value of the specific heat surface, the effect of £ 25 % and

+ 50 % variations are studied (Figure 6.43).
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Figure 6.43 — Surface specific heat trend

Figure 6.44 shows the simulation results in terms of lap time .

140
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Figure 6.44 — Time laps for various cv

Figure 6.45 and 6.46 show the temperature trend, evaluated by 6.8 and 6.9, during the
15 laps while the figure 6.47 shows the inflation pressure trend.

[ standard conditions == =T max performance ov 25% ov -50% ov+25% ov +50%
L FR
100 150
R L e
80 1
— ~~ 100
9 60 B g
£ £
B 40 i @
- 5
20 1
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 9200
Time (s) Time(s)
RL
120 T T T T T T T T

T stiff (°C)
T stiff (°C)

00 1|;U 2(;0 3(;0 M;O 51;0 6(;0 7|;D 8(;0 9200 DU 100 200 300 400 500 600 700 800 900
Time(s) Time(s)
Figure 6.45 — Temperature stiff trend (specific heat effect)
I itions == =T max cv -25% ov -50% ov +25% ov +50% |
FL FR
100 120

T grip (°C)
T grip (°C)

0
100 200 300 400 500 600 700 800 9200 0 100 200 300 400 500 600 700 800 9200
Time (s) Time(s)

RR
150 T T T T T T T T

T grip (°C)
T grip (°C)

100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 9200
Time(s) Time(s)

Figure 6.46 — Temperature grip trend(specific heat effect)
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Figure 6.47 — Inflation pressure trend (specific heat effect)

Figure 6.48 shows comparison of lateral accelerations while figure 6.49 shows the
comparison between the understeer gradient.
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Figure 6.48 — Average max lateral acceleration compare (specific heat effect)
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The analysis shows the following results:
e as the specific heat increases, higher temperatures are reached
e as the specific heat increases, the best lap time is reached first, but quickly
moves away from the max performance condition
6.5.5 MF-evo stiffness law effect
As described in 6.3.4, the effect of temperature on stiffness is introduced by resizing
the Pacejka curves through multiplicative functions that act on LKY for lateral interaction
and for LKX for longitudinal interaction.
These functions can be represented as a function of temperature and pressure as shown
in the figure 6.50.
The effect of the grip and stiffness function are shown in the figure 6.51.
The effect of three coefficients governing the laws is studied (figure 6.52).
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Figure 6.50 — Cornering and Braking stiffness function
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Figure 6.51 — Temperature effect on the longitudinal/lateral grip and braking/cornering stiffness
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Figure 6.52 — Effect of coefficients on the function stiffness

Figure 6.53 shows the simulation results in terms of lap time.
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Figure 6.53 — Time laps for various stiffness coefficient 1
Figure 6.54 and 6.55 show the temperature trend, evaluated by 6.8 and 6.9, during the
15 laps while figure 6.56 shows the inflation pressure trend.

Figure 6.57 shows comparison of lateral accelerations while figure 6.58 shows the
comparison between the understeer gradient.
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Figure 6.54 — Temperature stiff trend (coeff 1 stiffness law effect)

‘7re!erence conditions Coeff, 25%

Coeff, +25% mm

=T max performance (coeff, +25%) ==

=T max performance (coeff, 25%)

FL

o 100 200 300 400 500 600 700 800
Time (s)

RL

900

T grip (°C)

o 100 200 300 400 500 600 700 800
Time(s)

900

100 200

300 400 500 600 700 800 900
Time(s)

RR

T grip (°C)

100 200

300 400 500 600 700 800 900
Time(s)

Figure 6.55 — Temperature Grip trend (coeff 1 stiffness law effect)

‘ standard conditions == = p max i, 25% i, +25%
FL FR
19 22
18
17
IR SN/ I A
a
15
14
13 - .
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Time (s) Time(s)
RL RR
17 T T 19 T T T
1.8
Y RS S S — ol
1.7
S1s S16pm = = — e
a o
15
14
1.4
13 13
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900

Time(s)

Time(s)

Figure 6.56 — Inflation pressure trend (coeff 1 stiffness law effect)
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Figure 6.58 — Understeer Gradient compare (stiffness law coeff 1 effect)

e substantially the coefficient 1 represents the max performance temperature
e Alower T max performance allows you to reach the best lap time first
e if the thermal regime away from which temperature, you risk worsening

performance too much

EFFECT OF COEFFICIENT 2
Figure 6.59 shows the simulation results in terms of lap time.
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Figure 6.59 — Time laps for various stiffness coefficient 2
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Figure 6.60 and 6.61show the temperature trend, evaluated by 6.8 and 6.9, during the
15 laps while figure 6.62 shows the comparison between the understeer gradients.
Figure 6.63 shows comparison of lateral accelerations while figure 6.64 shows the

comparison between the understeer gradient.
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Figure 6.60 — Temperature stiff trend (coeff 2 stiffness law effect)
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Figure 6.61 — Temperature grip trend (coeff 2 stiffness law effect)
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Figure 6.64 — Understeer Gradient compare (stiffness law coeff 2 effect)

The analysis shows the following results:

e the coefficient 2 represents the asymptotic value of the curve
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e as this coefficient increases, performance deteriorates
EFFECT OF COEFFICIENT 3

Figure 6.65 shows the simulation results in terms of lap time.
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Figure 6.65 — Time laps for various stiffness coefficient 2

Figure 6.66 and 6.67 show the temperature trend, evaluated by 6.8 and 6.9, during the

15 laps while the figure 6.68 shows the inflation pressure trend.
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Figure 6.66 — Temperature stiff trend (stiffness law coeff 3 effect)
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Figure 6.67 — Temperature grip trend (stiffness law coeff 3 effect)
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Figure 6.68 — Pressure trend (stiffness law coeff 3 effect)

Figure 6.69 shows comparison of lateral accelerations while figure 6.70 shows the
comparison between the understeer gradient.
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Figure 6.70 — Understeer Gradient compare (stiffness law coeff 3 effect)
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The analysis shows the following results:

the coefficient 3 represents the slope of the curve

as coefficient 3 increases, performance deterioration is anticipated

6.5.6 MF-evo grip law effect

The effect of two coefficients governing the laws is studied (figure 6.71).
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Figure 6.71 — Effect of coefficients on the function grip

Figure 6.72 shows the simulation results in terms of lap time.

Figure 6.73 and 6.74 show the temperature trend, evaluated by 6.8 and 6.9, during the
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Figure 6.72 — Time laps for various grip coefficient 1

15 laps while the figure 6.75 shows the inflation pressure trend.
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Figure 6.73 — Temperature stiff trend (grip law effect)
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Figure 6.74 — Temperature grip trend (grip law effect)
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Figure 6.76 shows comparison of lateral accelerations while figure 6.77 shows the

comparison between the understeer gradient.
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e substantially the coefficient 1 represents the max performance temperature

e Alower T max performance allows you to reach the best lap time first

e if the thermal regime away from which temperature, you risk worsening
performance too much

e as the coefficient 2 increases, the curve widens and the range of max

performance increases
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6.5.7 Road Temperature effect

The simulated road temperatures are:

e 15°C
e 45°C
e 65°C

Figure 6.78 shows the simulation results in terms of lap time while the figure 6.79,
6.80 and 6.81 show the temperature (evaluated by 6.8 and 6.9) and pressure trend, during
the 15 laps.
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Figure 6.78 — Time laps for various road temperature
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Figure 6.79 — Temperature stiff trend
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Figure 6.81 — Pressure trend (T road effect)

Figure 6.82 shows comparison of lateral accelerations while figure 6.83 shows the

comparison between the understeer gradient.
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Figure 6.82 — Average max lateral acceleration compare (Temperature road effect)
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Figure 6.83 — Understeer Gradient compare (T road effect)

The analysis shows the following results:
e as the road temperature increases, the achievement of the max performance
zone is anticipated
e as the asphalt temperature increases, the operating temperature increases with
a consequent deterioration in performance
6.5.8 External temperature effect
The simulated external air temperature are:
e 15°C
o 35°C
o 45°C

Figure 6.84 shows the simulation results in terms of lap time.

58

Time lap (s)
a
g
@
T

57—

laps

Figure 6.84 — Time laps for various ambient temperature

The figure 6.85, 6.86 and 6.87 show the temperature (evaluated by 6.8 and 6.9) and
pressure trend, during the 15 laps.
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Figure 6.88 shows comparison of lateral accelerations while figure 6.89 shows the

comparison between the understeer gradient.
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Figure 6.88 — Average max lateral acceleration compare (ambient temperature effect)
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Figure 6.89 — Understeer Gradient compare (ambient temperature effect)

Similarly to the road temperature:
e asthe ambient temperature increases, the achievement of the max performance
zone is anticipated
e as the ambient temperature increases, the operating temperature increases with

a consequent deterioration in performance

6.6 Conclusions

A sensitivity analysis of the influence of a series of quantities on the vehicle dynamic

behaviour was conducted.
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A series of parameters are considered:
e Wear
e thermal conductivity of tread surface
e specific Heat of tread surface
e stiffness law of MF-evo
e grip law of MF-evo
e road temperature
e external temperature

The work was carried out in collaboration with VI-grade which provides a simulation
environment called VVI-Car Real Time.

The simulations consisted of a series of laps on a track, then evaluating the response
of the vehicle with the tyre temperature evolution.

For this purpose, a tyre model called Mf-evo has been implemented which considers
the thermal effects in terms of stiffness (cornering and braking) and grip (longitudinal and
lateral).

The comparison quantities taken into consideration were:

e Time laps
e Average of max lateral acceleration
e Understeer Gradient
The tool can be useful:
e to tyre makers to simulate the effect of changes made to tyres
e motorsport teams to simulate the various thermal conditions and choose the
best configuration

The next steps will concern the introduction of the main effect of wear and therefore

of the reduction in performance caused by it.
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