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Tire thermal analysis and modeling

At Renault SA Innovative Chassis Department
Master’s Thesis in Automotive Engineering
SEBASTIEN CHALIGNE

Department of Applied Mechanics
Division of Vehicle Vehicle Engineering & Autonomous Systems
Chalmers University of Technology

ABSTRACT

Tires are of paramount importance in vehicle dynamics. They are the only vehicle’s
components in contact with the road and hence transmitting necessary forces and
moments for the vehicle to accelerate, brake and turn. So far, temperature influence
on tire behavior has not hold car manufacturers’ interest so much. Tire models were
usually limited to be mathematical models taking into account tire and axle geometry
mechanical properties, normal load and inflation pressure. However, some differences
appeared when comparing forces and moments estimated by tire models and
measured test data. Part of these differences is now believed to be due to variation in
tire thermal properties when the tire is subject to different stress types (slip and
camber angles, normal load, inflation pressure, vehicle speed...).

The aim of this study is to perform a thermal analysis of the tire. How its surface
temperature varies depending on various conditions and how these variations
influence the tire behavior will be of prior concern. Hence, some indoor tests will be
performed by positioning the tire on the MTS Flat-Trac® III tire test system and using
infrared sensors to measure the tire surface temperature. Experiments will be based on
an experimental design where all the parameters believed to have an influence on the
tire temperature will vary. Results will allow understanding which parameters are of
primary importance for the temperature and will also be used to build up an empirical
tire thermal effects model. This latter will be used in parallel with the currently used
Pacejka model and take into account the variation of tire performance in terms of
lateral forces. Eventually, the validation of the model will be done performing full
vehicle tests.

Keywords: Tire model, Thermal effects, Temperature influence, Lateral force,
Vehicle dynamics, Experimental design
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Notations

Roman upper case letters
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total

A

~<>§ *Sq "om %U %q S}

N

N

%‘Eﬁgﬂﬁﬂﬂ Cl}g@ff)“@iijﬁjyﬁjxﬁj

Contact patch area

Total tread area along the tire circumference
Tire cornering stiffness

Pacejka shape factor in pure transversal
Pacejka peak factor in pure transversal
Mean effect of a given parameter

Pacejka curvature factor in pure transversal
Pacejka slip stiffness factor in pure transversal
Longitudinal (propulsive) force

Lateral (side) force

Vertical (normal) load

Self-aligning torque

Tire inflation pressure

Longitudinal slip

Pacejka horizontal shift at the origin in pure transversal
Pacejka vertical shift at the origin in pure transversal

Tire tread temperature
Ambient temperature

Averaged tire tread temperature on a single sideslip stage
Temperature measured for a given parameter (experimental design)

Vehicle speed
Heat capacity

Roman lower case letters

t

Cp

q

Time
Specific heat capacity at constant pressure
Heat flux

Greek lower case letters

Slip angle
Steering angle
Camber angle

Tire rubber thermal conductivity
Tire/road grip — friction coefficient
Air density

Tire rubber density

Wheel rotational speed
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1 Introduction

Due to the increasing use of safety systems such as ESP and ABS and the need to
develop optimized strategies for these systems, it becomes very important for a car
manufacturer to be able to estimate the forces and moments a tire transmits to the road
with as much accuracy as possible. Therefore, developing a tire model that can
simulate these forces and moments as function of the solicitations the tire is going
through and its characteristics is of primary importance. However, currently used
models have shown a certain lack of accuracy in some specific cases. This lack of
accuracy is believed to be partly due to thermal effects. Actually, the tire tread
temperature is not constant on normal operating conditions and this latter induces
some changes in tire performance.

1.1  Purpose

The purpose of this project can be divided into two parts. The first part consists of
getting an understanding on how the tire tread temperature varies with the
solicitations it is going through and how this temperature affects its performances in
terms of transmissible lateral force. The objective of this step is to quantify the
influence of each input parameters (slip angle, vehicle speed...) on the tire
temperature and the force changes corresponding to a given temperature variation.
The second part consists of modeling the thermal effects observed in the first part.

The tire model used in this study being the Delft Tyre 96°[10] based on the Pacejka
magic formula, a final result for this project would be to develop a thermal effect
model consisting of a tire tread temperature model and a model of lateral force
variations due to the temperature. A possible implementation of such a thermal effect
model is illustrated below (grey blocks).

Model inputs (slip angle, camber angle,
normal load, tyre pressure, vehicle speed,
initial temperature)

Delft Tyre 96" model
(Pacejka Magic Formula)
. Corresponding variations on outputs ( :)
e Tire temperature model (AFx, AFy, AM2) +

¥

Cutputs (Fx, Fy, Mz)

Figure 1: Schema of a possible implementation of a thermal effect model

It has to be noted that the model represented in Fig. 1 is a long term objective. Within
the scope of this study, the outputs taking into account the thermal effects are only the
lateral tire force.
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1.2  Limitations

The main limitation of this study is that the Pacejka model is considered as accurate
only in steady-state and not in transient conditions. Hence, when experimenting on
tires in order to get an understanding on thermal effects, one has to pay attention to
keep the tire in steady-state operating conditions so that no discrepancy due to
transient conditions interacts. In this way, the variance observed between measured
force curves and modeled force curves will be entirely due to temperature effects.

A second important limitation is to conduct experiments in indoor. Actually, when
studying tire thermal properties, it is of prior importance for the tire to be in its usual
operating environment. For instance, when the tire is rotating on the Flat-Trac
roadway, there is no aerodynamic drag coming from the vehicle speed and no
wheelhouse to cover it. Hence, the surrounding environment is different and can play
a role in the tire surface temperature. In order to check if this affects the tire thermal
properties in a non negligible way, the final validation of the model will be done using
full vehicle experiments on road conditions.

1.3  Approach used

In order to understand how temperature and forces vary depending on operating
conditions, a design of experiment was built. Once this latter completed and test
profiles built, a single tire was positioned on an indoor tire test system to be tested.
Since this measurement bench named Flat-Trac is generally used to measure forces
and moments only, some infrared sensors measuring the tire tread temperature on the
top along the tire width were added.

Once all the data needed is obtained, the tire temperature and forces were simulated
using Matlab/Simulink. A sensitivity study was performed to determine the influence
of each input parameter on temperature as well that of temperature on tire
performance. Then it was possible to develop a thermal effects model. Some unknown
model parameters, such as friction coefficient variations with temperature were
determined experimentally using indoor test on Flat-Trac.

The final model validation has been done using full vehicle experiments on Renault
testing tracks. This final step allowed checking if the model was accurate in the real
tire surroundings.

1.4 Theoretical background

This part proposes a short review of the theory to be known in order to fully
understand the following study. In a first part, the tire and its basic characteristics and
properties will be described along with the hysteresis phenomenon. In a second part,
the Delft-Tyre model will be explained.
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1.4.1 Tire review and hysteresis phenomenon

The tire is one of the most essential elements in the automotive field. It plays a
preponderant role in car handling performance, road holding and driving comfort.
Excluding the aerodynamic drag force, every resistance forces come by the tire road
contact patch area. It is also via the tire that the vehicle can accelerate, decelerate or
turn. Actually, the tire transmits longitudinal and lateral forces coming from the
engine to the road. Furthermore, it has also to withstand the normal load and to assure
a first damping of the vibrations coming from the road to maintain a certain comfort
for vehicle occupants.

A tire is a very complex system. As shown by the illustration below, a tire consists of
a tread mainly made of rubber, some rigid steel belts that can be positioned in radial
or diagonal direction, a carcass made of rubber reinforced by glass fiber, nylon and
polyester. Bead allows the tire to be fitted into the rim, not represented here.

Tread Area

» Tread Block

~Grooves

Sipes
Shoulder
Cap Plies

= Steal Belts

Radial Plies

Bead Chalfers
; Bead

Figure 2: Tire general structure

The tread area is the part in contact with the ground when being at its bottom position.
Grooves allow draining the water in rain conditions. The carcass withstands the
normal load coming from the sprung mass of the vehicle.

As it can be seen in Fig.2, the dominant material used in tire constitution is the rubber,
an elastomeric material which the tire gets its adherence capacity from. The rubber is
a visco-elastic material, in other words a deformable material with an intermediary
behavior between liquid and elastic.

This kind of material can generally be modeled by a spring damper system. Actually,
when a compression-traction force is applied on such material as in tire rolling
conditions, the compression and then the return to the initial position occur with a
certain delay. This phenomenon is known as the hysteresis and consists in a partial
energy dissipation of the applied force. This hysteresis phenomenon combined with
other rubber properties make the tire a non linear and very complicated system to
model by mathematical equations.

The tire behavior also strongly depends on operating conditions such as vehicle speed,
inflation pressure and normal load as well as road surface conditions. Two physical
parameters very influent on tire rubber behavior are the cyclic frequency (here

CHALMERS, Applied Mechanics, Master’s Thesis 2011:02 3



proportional to the rotational speed of the wheel) and the rubber temperature, main
interest of this study.

At very low temperature, the rubber modulus (defined as the ratio stress/strain) is
high. The rubber has a rigid and brittle behavior like glass. On the other hand, at high
temperature, the modulus is low. In this case, the rubber is elastic and flexible, it is a
rubbery behavior. It is within an intermediary temperature range that the rubber is the
most viscous, around a temperature named vitreous transition temperature. In this
area, polymer chains are deformable enough so that the chain segments can move.
During these motions, these segments scrape together and against their surrounding
environment. This friction phenomenon produces a chain segment motion delay
(hysteresis). Thus, the rubber has a visco-elastic behavior. In this case, the hysteresis
losses reach a maximum as illustrated in Fig.3 [9]. Within this temperature domain,
the rubber used in tires operates in normal road conditions. In fact, its flexibility and
viscosity are the two key factors for a good adherence between the tire and the road.
In other words, the more hysteresis, the higher the tire road grip.

Tire rubber
operating domain

Hysteresis
peak

Rubbery
behavior

== Energy loss

« Rubber modulus

Vitreous transition
temperatiire Temperature

(for a given
frequency)

Figure 3: Tire rubber operating domain [9]

However, it has to be noted that the previous curves are valid only for a given
frequency. Actually, the vitreous transition temperature increases with the frequency.
Therefore, the hysteresis peak occurs for a higher temperature when the vehicle speed
increases. Theoretically, the energy loss due to the hysteresis is entirely dissipated by
heat production. Hence it is easy to understand that this phenomenon should produce
non negligible variations in tire tread temperature and therefore changes in tire
performance.

1.4.2 Delft-Tyre 96’ model

For a given tire and road conditions, tire forces and moments due to slip can be
estimated by a mathematical formula from the Dr. Pacejka named Magic Formula.
The Delft-Tyre 1996 [10] is an empirical tire model based on this formula written
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below for pure lateral solicitations. Details of the magic formula in steady-state
conditions in pure longitudinal and transversal directions can be found in Appendix
8.1.

F, = Fyo(a, v, Fz)
F,, =D, xsin"x(C,xtan™ (B, xa—E X(B, xa—tan" (B xa)))+S,, (1.1)

v

a=a +8,

As it can be seen from the formula above, the Magic Formula is an emphirical model
partly based on physical parameters. a and vy are the slip and the camber angles and Fz
the normal load. By, Cy, Dy and Ey are Pacejka coefficients identified experimentally
and Sny and Svy are respectively the horizontal and vertical shift at the origin.

Furthermore, in order to simulate the transient behaviour of the tire, a first order lag of
tire longitudinal and lateral deformations are introduced through two relaxation
lengths.

An example is shown in Fig 4. where a slip angle sweep (completed in 40 seconds)
has been performed on the MTS Flat-Trac tire test system. This allows the reader to
get an understanding on curve shapes that can be obtained using this magic formula.

5000 T T

T
! By
: | | L .
2000 - _ — Pacejka Model o e _ |
| /
|
1

Measurement

|
3000F - —— -1 ——__ [ Lo _d1__ S S -
|
|
|

2000

1000

0

Side forces [N]

-1000

-2000

-3000

-4000

-5000
-20

Slip Angle []

Figure 4: Comparison of Fy from Delft-Tyre model and measurements

Fig.4 shows that the Delft-Tyre model is accurate but could be better in two areas.
Actually, in the non linear domain for high slip angles, the model does not take into
account the lateral force loss occurring in the slip angle descending phase. It simply
estimates the average lateral force of the ascending and descending phase. It can
already be said that there must be some room for accuracy improvement in the non
linear domain by implementing a thermal effects model. It will be seen later on in this
study that this loss is due to an increase in tire tread temperature. Moreover, as said in
the limitations part, the transient behavior model could be improved. Actually, in the
linear domain, the model does not take into account the occurring delay in a proper
way.
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2 Literature survey on tire models

Several models used to model tire behavior exist and are very well-known by people
working in the field of vehicle dynamics. These models such as the brush model or
the TM-easy model are also taught in specialized universities. It has to be noted that
these models are usually empirical and not physical models. Hence, they have
numerous limitations. For instance, they omit to take into account certain physical
parameter such as tire tread temperature even if its influence is far from being
negligible. Therefore, it would be useless to this study to explain them further.

Very few tire models taking into account thermal effects are available in the literature
due to their confidential nature. Actually, car manufacturers and tire suppliers do not
communicate so much about their findings. Nevertheless, information on six tire
models called “thermo-mechanical” has been found. These models are named that
way because they take into consideration the mechanical and thermal behaviors of the
tire. This literature survey gathers information about three tire models and on how
thermal effects impact on tire performance and how this can be modeled using
different means.

2.1 TaMeTire model from Michelin

In 2007, Michelin Technologies wrote a patent protecting its TaMeTire (Thermal &
Mechanical Tire) model [4][5]. This model allows the tire forces and moments to be
estimated in real time for any type of vehicle maneuvers. Lateral force and self-
aligning moment are modeled with an impressively high precision for a huge range of
sideslip angles and in all cases of tire inflation pressure, speed, normal load and
camber angle a tire can be subject to. Furthermore, tire temperature and forces are
completely coupled. The main inputs and outputs of this TaMeTire model are
illustrated in the figure below.

* Longitudinal slip Sx
+ Slip angle a

= Camber angle y » Longitudinal force Fx
» Normal load Fz + Lateral Force Fy
+ Vehicle speed V TaMeTire « Self-aligning moment Mz
- Tire inflation pressure P model « Tire surface and internal
« Ambient and road temperatures VPRI
i + Effective radius Re

« Initial tire temperature + Specific

’ parameters
+ Time t

Figure 5: Michelin TaMeTire model - Inputs and outputs [4]

This model consists of three different interacting sub-models: a mechanical model, a
local thermal model estimating the tire/road grip variation in function of the tire
temperature p(T) and a global thermal model predicting the sheer module 1(T) still in
function of the tire temperature. Only the two thermal models, main interest of this
study, will be dealt with in the following.
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Radiation exchange phenomena being neglected, they are based on three heat
exchange phenomena illustrated as follows depending on tire exchange areas:

Figure 6: Michelin TaMeTire model - Heat exchanges [5]

Where region 1 is dominated by forced convection to the surrounding air, region 2 by
conduction to the track (adherent part) and region 3 by conduction due to friction
(sliding part). The tire internal temperature is calculated from the tread surface
temperature using the first principle of thermodynamics [4] and can be written as
follows:

oT A o°T q
—= X -
Ja  p,Xxc, x> pXc,

(2.1)

This way of modelling the tread temperature along with a complicated mechanical
model allows predicting the lateral force with an excellent accuracy as it can be seen
on the following graph. The orange arrow shows the influence of the normal load Fz
and the blue one emphasizes the influence of the tire tread temperature. In fact, one
can observe in the decreasing slip angle phase a drop of lateral force compared to the
increasing phase. This is due to the temperature increase in high slip angle cases.

121

osf
Decreasing

'

B
0Bk Fz= 7800N ﬁ\ .

%\

Fy/Fz

0.4+

0.2f

U 1 1
-15 -10 45 1]

slip angle (deg)

Figure 7: Michelin TaMeTire model - Lateral forces measured and modeled [4]

2.2 T3M from Tiiv Siid Automotive

Tiv Sitid Automotive is a technical consultant and an independent partner in the
research and development field for the automotive industry. In the United States in
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2005, after the explosion of a few tires causing fatal car accidents, they developed a
tire model taking into account the temperature and named 73M Dynamic Tire
Temperature Simulation. This model is used in series with CarSim and is
implemented in Matlab/Simulink. CarSim is an advanced software developed by
Mechanical Simulation Corporation that simulates the dynamic behaviour of
passenger cars and road conditions. Hence, it includes a tire model. As it can be seen
on the Simulink picture below, a temperature model for each tire is linked to a CarSim
block and the output temperature goes back to the tire model in CarSim as an input to
be taken into account.

Figure 8: T3M - Simulink model [6]

This model estimating the tire tread temperature is included into each blue block on
Fig. 8, each one representing a tire. After going into this temperature model in depth,
6 input parameters have been identified.

Tire tread temperature a time step earlier
Normal load Fz

Slip angle o

Camber angle y

Vehicle speed V

Longitudinal slip Sx

The following graph shows the tire surface temperature during a five minute test. The
variance between the measured and the estimated temperatures is very low and never
goes up to 4°C even for very high tire temperatures.
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CO)[6]

2.3 Toyota tire lateral force model

The Toyota model [8] is based on the Pacejka’s magic formula. In contrary to the
TaMeTire model, it estimates only the tire lateral forces Fy in taking into account the
tire surface temperature. The thermal model used here is based on two assumptions
that allow doing an energy balance at the tire contact patch. Actually in this paper,
they state that heat exchanges within the studied tire are located in the exact same
contact patch point and take place at the same time. Considering this and that the heat
flux q is equal to the energy flux due to the tire action on the road, the energy balance
in a specific contact patch point can be written as follows.

dT
Wxgzq—/lt XA, X(T-T,)=F,XVxa-A,xA4,%x(T-T,) (2.2)

This equation gives a relationship between the tire tread temperature T and the lateral
force Fy. It has to be noted that the heat capacity W and the thermal conductivity A are
determined experimentally. Ta, Acp, V and a are respectively the ambient temperature,
the contact patch area, the vehicle speed and the slip angle. Then, as explained earlier,
the magic formula is used to determine the lateral force Fy. However, it can be seen
that the Pacejka coefficients used are not constant but function of the tire temperature
T.

By performing a slip angle sweep from -20 to 20° with two different speeds (in order
to check transient properties of the model with 4 and 40 second manoeuvres), the
lateral force and temperature curves obtained by measuring and by the model can be
plotted in function of the slip angle as below and compared.
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Figure 11: Toyota model - Fy and T modeled

By comparing the lateral force graphs above, it can be observed that the model
predicts the force accurately. Regarding the temperature model, its accuracy seems to
be relatively lower but it remains very satisfying considering the studied system, the
tire. Another thing that can be seen is that for the slip angle sweep of 4 seconds, the
transient conditions imposed to the tire create an important delay and the lateral force
is not equal to zero when the slip angle returns to zero. In that case, hysteric
phenomena are important and the rubber cannot return to its initial position in such
short time.

2.4  Summary

As a conclusion of this literature survey, it can be said that there are several ways to
model how the tire behaves with a variation of its temperature. Actually, some
physical and empirical based models have been investigated. Moreover, the influence
of the tire tread temperature on the tire behavior has been emphasized and one can
already say that its role is preponderant in the non linear domain (high sideslip). For
instance, the TaMeTire model analysis has shown that the temperature cannot be
neglected in the non linear region by comparing it with normal load effect (Fig. 7 [4]

[5D).
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3 Materials

In this study, two different test approaches will be used. Actually, in a first step,
indoor experiments will be performed in order to get a basic understanding of how the
tire temperature varies with the solicitations the tire is going through and what
corresponding changes occur in tire performance in terms of the ability to generate
lateral force. These indoor experiments will be conducted on a tire test system and
will also be used in the model development phase. Then, as a second step of this
study, the validation of the developed model will be done using outdoor full vehicle
tests.

This part describes the measuring devices and testing machines that are used as well
as protocols followed during experiments.

3.1 MTS Flat-Trac III CT

The experiments on tires that have been conducted during the first part of this study
were done indoor using a test bench named Flat-Trac. The MTS Flat-Trac III CT
(Cornering and Traction) tire test system is designed to perform force and moment
testing of passenger car and light truck tires for the acquisition of cornering force data
for vehicle handling models and tire characterization. The Flat-Trac bench is shown in
the pictures below. It comprises a robust A-frame tire carriage on a stiff structure,
advanced measurement devices and a revolving stainless steel roadway providing a
flat surface for tire testing. This flat surface is supposed to simulate a high friction
coefficient of around 1.

Figure 12: MTS Flat-Trac at the Renault test center of Aubevoye

This machine features an automated control system that allows using a personal
computer to configure test profiles and analyze the measured data. Designing needed
test profiles is simply done using Excel sheets. Main control parameters are slip and
camber angles, roadway speed, normal load, longitudinal slip ratio and tire inflation
pressure. These control parameters allow the Flat-Trac to reproduce many kinds of
road conditions a tire can go through. More experimental conditions can also be
reproduced as for instance a slip angle sweep or a tire radial deflection.
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3.2 Infrared temperature sensors

A previous thesis project [2] at the Renault chassis department is to develop a means
of measuring the tire tread temperature on the MTS Flat-Trac with a high enough
accuracy and for a limited cost. Among pyrometers, thermocouple and thermal
camera, infrared sensors have been chosen.

Nevertheless, a pre-study has been done with a thermal camera lent by another
department but retrieving the data for the post-processing was complicated. Moreover,
the surrounding environment was hazardous (rubber projection, smoke...) and it was
too risky for the camera lens. Therefore, this measurement system has been
abandoned quickly.

The infrared sensors used during this project come from Micro-epsilon Optris [14]; a
company specialized in infrared temperature measurement devices. The complete
specifications can be found in Appendix 8.2. Another infrared sensor used by Renault
was available, the Texys [15] but its specifications are unfortunately unknown.

According to this previous project [2], the maximum temperature difference measured
around the tire circumference is not up to 1°C. Obviously, this is not significant
regarding sensors accuracy of +/-2°C. When conducting experiments on the Flat-Trac
bench, three infrared sensors could be used. Therefore, it has been decided to measure
the temperature only at the top along the tire width as on the following picture.

Then, in order to have only one temperature value to study, an average of these three
temperatures will be calculated. Why it is possible to do that will be explained further.

An important parameter to pay attention to when positioning the sensors is the focal
distance between the tire surface and the sensor lens. In fact, this distance determines
the area (point) where the temperature is measured and an optimal value exists for this
distance. As it can be observed from the left picture above, sensors from Texys
(placed in the centre) and from Optris (outer and inner sides) have different optimal
distances. Furthermore, another constraint is that sensors need to be positioned
perpendicularly to the measured tire surface.

As every type of sensor, infrared sensors need to be calibrated. This is done using an
oven where a piece of tire rubber is placed in. After having programmed the oven to a
chosen temperature and the temperature inside becomes constant, the temperature is
read using a thermocouple. Then, assuming that the piece of rubber has the same
temperature as the surrounding air within the oven, the infrared sensor is positioned to
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measure the temperature of the piece of rubber in order to check the tension indicated.
Therefore, a relationship between the tension and the rubber temperature is found for
one point. This process is to be iterated for several temperatures in order to find a
calibration curve. Obtained calibration curves can be found on the graph below.
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4 +{ « Optris 1 sensor -
+ Optris 2 sensor Y= 0-02355X + OAOV
1 | —— Lingaire (Texys sensor) R =09998
35 o . V=0 OS0SR-S
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Figure 13: Infrared sensor calibration curves

Regarding infrared temperature sensor measurement errors, they are mainly due to
three different factors.

e Infrared sensor accuracy with an error of about +/- 2°C on the indicated
temperature value.

e Tire tread grooves that slightly modify the focal distance during cornering
(especially for high slip angles). Thus, the focal distance is not always optimal.

e Aggressive environment due to dust, smoke and rubber particles that might
stay in suspension, reflect light to the sensor lens and hence introduce
discrepancies in the measurement data. In order to minimize this phenomenon
occurrence, a blowing air nozzle is used to get rid of the rubber particles on
the sensor lens.

Other sources of errors are usually systematic and usual for any types of experiments.
It has to be noted that the indicated temperature precision is not so high considering
the numerous sources of errors. Therefore, the precision objective for the temperature
model that will be depicted later has to be set in consequence.
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3.3  Full-vehicle equipment

In order to validate the thermal effects model on vehicle at the end of this study, some
full vehicle tests have been performed on Aubevoye tracks. The same physical
parameters of these used on the Flat-Trac bench needed to be measured and therefore,
it was necessary to equip a vehicle with proper measurement systems. The test setup
will be quickly explained in this part.

The measurement system consists of four devices: two GPS (Global Positioning
System) antenna, an IMU (Inertial Measurement Unit), a dynamometric wheel and
infra-red sensors. The dynamometric wheel consists of strain gauges measuring forces
in the three space directions. The IMU is a combination of accelerometers and
gyroscopes measuring orientations, velocities and accelerations in all directions. By
combining these three types of device, it is possible to measure every tire model
inputs such as slip and camber angles for instance. The slip angle is measured with an
accuracy of +/- 0.1° and does not depend on road irregularities.

The three infra-red sensors measure the tire tread temperature. However, it was not
possible to install a nozzle to blow air on the sensor lenses as on the Flat-Trac bench.
Therefore, a problem occurs with dust and rubber particles. Hence, the set up is
slightly different and uses small mirrors with a 90 degree inclination to prevent this
phenomenon from happening. Moreover the wheelhouse is also protected by a brush
to prevent gravel projection on sensor lenses.
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4 Sensitivity study

In this part, a sensitivity study will be performed. This study is aimed to analyze how
the tire tread temperature varies with different input parameter variations and how this
temperature variation impacts on tire behaviour in terms of transmissible lateral force.

4.1 Design of experiment

In order to properly design an experiment, it is of paramount importance to have a
good understanding of the studied system. Fig.14 illustrates the studied tire with
possible input parameters that one can command on MTS Flat-Trac tire test system
and measured output parameters.

Surrounding environment

= Ambient temperature Ta

= Roadway termperature Th

Inputs Outputs
Slip angle o

Camber angle vy \ " Longitudinal force Fix

Longitudinal slip Sx
—————— Transversal force Fy
MNormal load Fz

Pressure P "f ——» Temperature T

Speed V

Tire characteristics J

= Type
= Dimensions

Figure 14: Studied system (tire)

The main purpose of this design of experiment is to understand how the temperature 7'
is influenced by variations of the input parameters. Therefore, input parameters are
changed in a defined way when conducting experiments on Flat-Trac. This way
depends on several things as for instance the measurement system performance and
which input parameter should be modified more often.

Prior to define the experimental design, a pre-study has been done aimed to validate
the choice of averaging the three measured temperatures to get a single tire tread
temperature value. In others words, even if this tire temperature measurement
technique is used by many, the objective of this pre-study is to validate the test setup
defined previously [2]. Hence, a test profile in which temperature variations on both
inner and outer tire sides occur was built. It has been decided to perform a test with
four different conditions of camber and slip angles (a = -/+5° and y = -/+5°). This test
profile is represented in Fig. 15 and allows a strong solicitation of both tire sides and
thus checking if the average of the measured temperatures is similar in different cases.
Furthermore, this test could also allow reducing the number of tests. Actually, it is
possible to check the influence of the slip and camber angle signs which could be
negligible. This could be interesting for this study since one could consider only the
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absolute value of the angles, thus reducing the total number of experiments
conducted.

10 T
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Figure 15: Slip and camber angles profiles (measurement system validation)

When the temperature measured by the three infrared sensors is averaged in each of
the four cases, it has been noticed that the temperature in cases 1 and 4 are identical.
The same similarity can be observed in cases 2 and 3. The maximum difference is less
than two degrees and therefore less than the IR sensor accuracy, which means that this
difference is not significant. Therefore, this measurement test setup can be used for
the purpose of this study. Moreover, the similarities between cases 1 and 4 and cases 2
and 3 shows that the sign of the camber angle has no effect on the tire tread
temperature. For this reason this sign will be neglected in the following (except for the
model validation part) and only absolute camber angle values will be used.

The next step is to design the experiment for pure transversal solicitations (the
longitudinal slip is controlled and kept to zero). As seen previously, the five input
parameters that can affect the tire temperature are the slip angle a, the camber angle v,
the normal load Fz, the tire inflation pressure P and the vehicle speed V). The method
used is the complete factorial design. The principle of this type of experimental design
is to make input parameters vary on two levels: a high level (+) and a low level (-).
This allows reducing considerably the total number of experiments to conduct. The
following table contains variation domains and chosen levels for each input
parameters.

Table 1: Design of experiment (variation domains and levels)

Variation domain Low level High level Unit
Slip angle a [-18; 18] 0 -+ 5 °
Camber angle y [-5; 5] 0 5 °
Speed V [0; 150] 30 110 km/h
Normal load Fz [2000 ; 8000] 2500 6000 N
Pressure P [1,8; 3,4] 1,8 3,4 bar

These variation domains mark the boundaries of an experimental domain in which
linear and/or quadratic dependencies between the tire tread temperature and input
parameters exist. To keep this assumption valid, high slip angle level is set to 5°
(instead of 18°) to stay in the linear region. Eventually, the design of experiments
consists of 32 cases. The most complicated input parameters to change should be
modified as less as possible during tests. For instance, the needed time to increase the
tire inflation pressure from 1.8 to 3.4 bars is more important than the time needed to
vary the camber angle. In the right order, the slip angle will be modified the most
frequently, then the camber angle, the normal load, the speed and finally the pressure.
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The complete test matrix summing up the experimental design is detailed in Appendix
8.3.

4.2  Parameters influence on tire temperature

Experiments were conducted with a single tire, a Continental Contact Premium 2
205/60 R16 96V Extra Load. Once experiments completed, temperature data were
post processed to plot tire surface temperature curves for every cases as below.
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Figure 16: Temperature results for all conditions of the experimental design

The following step consists of calculating the influence of input parameters and their
interactions on the tire tread temperature. The method used is very simple. For each
32 cases, the measured tire temperature is averaged. Then, for each input parameters
and interactions, the formulation below is used to calculate the mean effect of the
input parameter Pi on the temperature.

i+=16 i-=16

4 Tpi+ - ZTpF
EP — _i+=1 i-= (41)

2. pi

where:

e P isan input parameter or interaction between two parameters
e Tpit is the temperature obtained when the parameter P takes its high level value
e Tpi- is the temperature obtained when the parameter P takes its low level value
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e The sum of pi here is equal to the number of cases, 32.

Once the effects calculated, the following histogram can be plotted. It allows to check
easily which input parameter is very influent on the temperature and to quantify its
effect.

Influence on tire temperature

A1 \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
SA IA \ Fz P SA/IA SA/V SA/Fz SA/IP IAIV 1A/Fz |A/IP Fz/V VIP Fz/P

Figure 17: Diagram of effects on temperature in pure transversal direction

One can see that the slip angle is by far the input parameter that is the most influent
on the tire tread temperature. This is probably due to the sliding phenomena between
the tire and the road surface when the slip angle differs from zero. In fact, the more
slip angle increases, the more the tread temperature increases.

The second most influent parameter is clearly the vehicle speed. The tricky thing
about the speed is that according to the diagram above, it seems that an increase of
speed results in an increase in temperature. However, this is true only when cornering
(o #0). When cornering, the tire tread temperature increases a lot with the speed. This
can be seen with the interaction SA/V on the diagram. When rolling in straight line,
the vehicle speed has no significant effect on the temperature. It has been seen while
testing that an increase in speed makes the temperature slightly decrease due to an
increase in cooling phenomena (rotating drag) by forced convection with the
surrounding air.

The normal load and inflation pressure are two parameters with a similar influence on
the temperature. They are non significant (see Table 2) especially in straight line
rolling. However, on Fig.16, it seems that an increase in pressure or normal load
increases the temperature while cornering. Regarding the camber angle, its influence
is negligible as well. This is due to the fact that when the camber angle is modified, a
rise of the outer side temperature occurs but an equal decrease of temperature occurs
at the inner side. Therefore, the averaged temperature remains quasi constant. It will
be seen later that this phenomena is not of importance when considering the tire
behavior.

Table 2 shows which input parameter is significant. To date, the sensor measurement
error is about +/- 2°C and the effect error is calculated by AE = %— = 0.354 with
n

n=32 here.
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Table 2: Significant effects on temperature

Mean effects Significant effect?
Slip angle 3.39 Significant
Camber angle 0.34 Non Significant
Speed 1.19 Significant
Normal load 0.35 Non Significant
Pressure 0.35 Non Significant

4.3 Temperature influence on tire transversal behavior

In this part, the tire tread temperature influence on the lateral force will be studied. In
other words, the question “How does the lateral force Fy vary with the tire
temperature?” will be answered. This analysis is divided into two parts. The first part
consists of a literature survey and the second of experiments on a tire to study the
lateral force variation with the tire temperature.

4.3.1 According to the literature

According to several sources [1][4][5][6][8], the maximum transmissible tire lateral
force decreases with a tread temperature increase. It is important to note that for a
given normal load (which is the case here), this maximum lateral force is proportional
to the tire/road grip. Actually, it is equal to the tire/road grip p times the normal load.
Therefore a first conclusion is that the grip is function of the tire temperature which
coincides with information found when studying the TaMeTire model from Michelin

[5].

The following histogram illustrates how the maximum lateral force decreases with the
temperature. This decrease can be quantified to about 9.5°C/N.

= =000

M Temperatun

Figure 18: Maximum lateral force Fy in Newton versus tire temperature in °C [6]

The second parameter varying with the tread tire temperature is the tire cornering
stiffness. Actually, according to Tiv Siid Automotive [6], the cornering stiffness
decreases strongly with the temperature (35% of the initial cornering stiffness at
ambient temperature with an increase of 75°C of temperature). The histogram below
illustrates this statement.
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Figure 19: Tire cornering stiffness versus temperature [6]

4.3.2 Flat-Trac experiments

In order to check the conclusions from the previous part, some experiments on the
Flat-Trac bench has to be conducted. The objective of these experiments is to quantify
the maximum lateral force and cornering stiffness variations as function of the tire
temperature. To achieve this, the idea is to perform constant slip angle stages in order
to increase the tire temperature. Hence, six different slip angle stages have been
performed by the tire for two different speeds. The camber angle is kept to zero and
the normal load and the inflation pressure remain constant during sideslip stages.
These choices of test profiles have been made considering the temperature sensitivity
study results in the transversal direction. The figure below illustrates the
measurements performed for the 8 degree sideslip stage at 110 km/h.
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Figure 20: Lateral force and temperature results at 110 km/h
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In these graphs, the interesting area to look at is the time period where the slip angle is
constant from 338 to 343 seconds. A non negligible decrease of lateral force of about
350N can be seen when the tire is heating up. Its temperature goes from 46 to 86°C so
the decrease of lateral force is around 8.75N/°C for a constant slip angle, which is
very close to what has been observed in the earlier work [6].

The lateral force and the tire cornering stiffness as functions of the temperature within
the five second period where the slip angle is constant (same case as previously) are
plotted on the following graphs.
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Figure 22: Cornering stiffness variation as function of the temperature

As highlighted by the red fitted curves, both parameter variations are linear. Even if
this is not shown here, the same conclusion can be drawn for all tested slip angle
values (from 2 to 18°). The tables below sum up the slopes found in each tested
condition for the lateral force and the cornering stiffness.

Table 3: Slopes of Fy (Temperature)

Slip angle [T — 2 5 8 -8 12 18
50 km/h 44 26 | 144 | 113 | 103 | 117
S e 110 km/h 6,2 101 | -8.8 83 8.0 6,9

Table 4: Slopes of cornering stiffness (Temperature)

Slip angle [] — 2 5 8 -8 12 18
50 km/h 2.2 20| 18 | 14 | 09 | -07
e ] 110 km/h 27 20 | 1.3 10 | -07 04

As it can be seen from these tables, the decrease of transmissible lateral force is not
constant and varies depending on conditions. There is unfortunately no obvious
tendency that could allow an understanding on how the temperature makes the friction
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coefficient to decrease. Regarding the cornering stiffness, a conclusion can be drawn.
Actually, an increase in temperature for a small slip angle (linear domain) implies an
important reduction in tire cornering stiffness. However, in the non linear domain, the
decrease in cornering stiffness is lower when the temperature increases. With less
certainty, one could also observe that for a high vehicle speed, the derivative of the
cornering stiffness in function of the temperature decreases faster than for low speed.
This means that in the linear domain, the cornering stiffness reduction will be greater
at high speed but in the non linear domain, it will be lower. These conclusions along
with the fact that both parameters decrease linearly with the temperature will allow
developing a thermal effects model based on the currently used Pacejka magic
formula and taking into account the variation in lateral force due to the tire tread
temperature.
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5 Tire thermal model development

As seen in Fig.1, the thermal effects model can be implemented in the Delft-Tyre
model by developing a temperature model and a thermal effects model. The
temperature model estimates the tire tread temperature as function of the inputs
defined previously in Fig.14. The thermal effects model estimates the variation in
lateral force due to the temperature and is implemented in series with the temperature
model.

5.1 Tire tread temperature model

Two different approaches have been used in order to develop the tire tread
temperature model. The first approach was to build a model completely physical
based on a power heat balance between the tire and its surrounding environment.
However, it will be seen that this approach did not provide satisfying results.
Therefore, a second approach was to build an empirical model based on tire inputs
with sensitivity coefficients to be determined experimentally.

5.1.1 Physical temperature model
The first approach was to derive a physical model based on a power heat balance

between the tire tread surface and its surrounding environment. The studied tire can
be represented by the scheme below and the heat balance can be written as follows.

qoconv + ¢abs = ¢cond + ¢gen

¢conv = h X (Atotal - Acp )X (T - Ta )
Pabsorbed
qocond = _ﬁ“ X Acp X a_T (5 1)
ox

Pronvection

=pXV XcX B_T
goabsorbed IO a t

wgenerated =4 X V

Pronduction

Figure 23: Scheme of the studied tire (heat balance)

Assuming that the road surface temperature is at ambient temperature, the heat
balance equation to be solved can be written as below with p the air density, V' the
volume, c¢ the specific heat capacity, / the heat transfer coefficient, Acp the contact
patch area, V' the vehicle speed, 4 the thermal conductivity, g the heat flux and 7, the
air temperature.

prchaa—f—hx(A —A )X =T,)=gxXV —=AxA4,x(T-T,) (5.2)

total

Then, by assuming that the generated heat flux is entirely due to the friction between
the tire and the road, one can write:
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gXV =F XOXRX« (5.3)

with o the rotational wheel speed and R the effective wheel radius.

Hence, the final equation can be written as follows:

Wxa—T—hx(A
ot

total

—A)X(T =T)=F,x@OXRXo—AxA4,x(T-T,) (5.4)

This is a first order linear differential equation. Therefore, its solution is an
exponential function of time which is not ideal especially for long simulations. As
expected, this solution depends on the slip angle and the vehicle speed, the two most
influent input parameters seen in the sensitivity study.

K
-K K, i
T(t)=—2+(T,,, +—>)xe" (5.5)
2 KZ
K =W (5.6)
KZ = hx (Atotal - Acp )_ /1)( Acp

K, =F XoxXRxa-T,xK,

where the unknown parameters W (heat capacity), h (convection coefficient) and A
(heat conductivity) are to be determined experimentally and the estimated temperature
can be plotted to be compared with Flat-Trac measurement data.
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Figure 24: Example of physical temperature model result

However, once the unknown coefficients identified, the result is not satisfying as it
can be seen on the graph above. The model accuracy is not acceptable and it gets even
worse for a long time simulation. Because of this conclusion, another approach has
been used and will be explained in the following part.

5.1.2 Empirical temperature model

The second approach was to derive an empirical temperature model based on input
parameters (slip and camber angles, vehicle speed, pressure and normal load).
Basically, the tire temperature can be estimated in real time by a quadratic function
represented by the formula below.
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P +Y Y CPP +C,

i=1 j=2

5
T(t=n)=C,T(t=n-1)+» C,P’+

5
i=1 i=l1

with Ck some constant unknown coefficients to be determined experimentally during
indoor experiments on the Flat-Trac bench and Pi input parameters.

5.1.3 Coefficients optimization

In this tire tread temperature model, around twenty unknown coefficients are to be
determined experimentally. The cost function f to be optimized as close to zero as
possible was:

N2 Twia =T

o

It is important to determine unknown coefficients on test profile including as many
solicitations a tire can go through as possible. In this way, the model should be
accurate enough for different types of operating conditions and therefore more robust.
For this reason, the test profile consists of different types of solicitations.

%100 (5.7)

Once the coefficients are optimized, the estimated temperature can be plotted to be
compared with the measured temperature.
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Figure 25: Tire temperature model results
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As it can be seen, the tire temperature model accuracy is very satisfying. The
instantaneous error never goes up to 10°C (less than 20% for the relative error) and
the mean error is equal to 1.39°C on this profile. As explained earlier, the model has
to be accurate in static and transient conditions. Fig.26 shows a zoom in on the graph
above where these two conditions occur. It can be seen that the tire tread temperature
model behaves very well in both conditions.
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Figure 26: Temperature model results (Zoom in static and transient conditions)

Furthermore, as seen earlier, the tire tread temperature increases strongly and makes
the lateral forces decrease in the non linear domain. Therefore, it is of paramount
importance to estimate the temperature accurately for large slip angles. Fig.28 shows
that the temperature is well estimated for different slip angle profiles and values.
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Figure 27: Temperature model results (zoom in non linear region)
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As a conclusion to this part, one can say that this tire tread temperature model is
accurate enough to be used as the input temperature 7' of the thermal effect model
estimating the variation of lateral force due to the tire temperature. This thermal
effects model is depicted in the next part.

5.2 Lateral force model with thermal effect

As seen in part 4.3, in the transversal direction, two different tire parameters vary
linearly with the tire tread temperature. These parameters are the maximum lateral
force and the tire cornering stiffness. In the Pacejka magic formula, these two
parameters are respectively represented by the coefficients Dy and Ky. These
coefficients are constant and determined experimentally using a standard procedure.

5.2.1 Model construction

From the conclusions drawn previously and from the literature, the decrease of lateral
force is linearly dependent on the tire temperature 7. Therefore, it can be taken into
account by making the coefficients Dy and Ky decreasing with the temperature as
below.

D,(N)= (D, 2 T.T,)

oT
an
K,(I)=f(K g~ T.T,) (5.8)
y C,xD(T)
Where:

e Dy0 and Ky0 are the peak constant values of the tire lateral force model and

the cornering stiffness (in steady state without thermal effects)
ou . . . . .
o s the change in maximum lateral force that the tire can transmit to the

oT

road with the tire surface temperature

P

is the change in cornering stiffness with tire surface temperature

e Tm is areference temperature

The two derivative unknown parameters are to be determined experimentally and
correspond to the slopes described in part 4.3 when performing constant sideslip
stages. As seen previously, values for those parameters are not constants and depend
on the vehicle speed and the slip angle. This is partly a reference temperature Tm has
been added. Actually, this temperature is a function of the vehicle speed and the slip
angle. In that way, Pacejka’s coefficients are function of the variation of temperature a
tire goes through.
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After including the new coefficients function of the temperature, the Magic Formula
for the lateral force becomes:

F (a,T)=D,(T)xsin" (C, tan” (B (T)xa— E (B, (T)xa—tan" (B, (T)x)))+S,,
a=a +8,

The following step is to optimize the unknown parameters so that the difference
between the measured lateral forces and the estimated lateral forces will be as small as
possible.

5.2.2 Coefficients optimization

In the thermal effects model, only two unknown parameters are to be determined
experimentally. A standard test procedure from Renault [2][3] has been used to
optimize these two parameters. This procedure is generally used to characterize a tire
in pure transversal direction and in steady-state condition. Using this procedure,
transient phenomena were avoided and only the thermal phenomena were taken into
account by the optimization. The cost function f representing the temperature error to
be optimized as close to zero as possible was:

r= \/Z(Fymodel _Fyrgf') «

\)Z:Fyref2

Once these two parameters are optimized, the following graphs have been obtained
(Figs. 29, 30 and 31). The currently used Pacejka model without thermal effects is
represented by the black curve, the Pacejka model with thermal effects by the red
curve and the measured lateral force by the blue curve. To get an idea of the
solicitation the tire went through during this test, the green curve shows the slip angle
(times 100). This test is a slip angle sweep from -18° to 18° keeping all other input
parameters constant. In such a case, the tire temperature climbs very quickly as it can
be seen in the following graph.

100 (5.9)
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Figure 28: Tire temperature for a SA sweep
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Side forces [N]

In the first lateral force graph, the consideration by the thermal effect model of the
lateral force decrease due to an increase in temperature is clearly visible. The basic
magic formula seems to take the average for a slip angle solicitation and
underestimate the lateral force in the sideslip increasing phase and overestimate it in
the descending phase.

5000 T 1
Actual model w/o temperature effect
4000 Model with temperature effect
3000 Measured
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Figure 29: Comparison models for SA sweep (Fy vs time)
The following graph illustrates the instantaneous error between the measured lateral
force and the two models (with and without thermal effects). It can be seen that the
accuracy of the model which takes into account the tire temperature is better than the
basic Pacejka magic formula. Actually, the mean error is about two times less for this
test (98N with thermal effect against 194N for Pacejka).
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Figure 30: Comparison models for SA sweep (Instantaneous errors)

Fig. 31 still illustrates the measured and modeled lateral forces during the same test
but in function of the slip angle. This allows identifying the loss in lateral force a tire
can produce due to an increase in tread temperature during the descending phase.
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Figure 31: Comparison models for SA sweep (Fy vs SA)

To conclude with these graphs, one can say that the precision of the model with
thermal effects is better than the basic Pacejka magic formula, in particularly in the
non linear domain (greater than +/-4°). The decrease in lateral force due to the tire
temperature is taken into account very well.

Regarding the linear domain, the mean temperature Tm is almost the same as the
instantaneous temperature T. Therefore, the model with thermal effects behaves as the
Pacejka model since the difference of these two temperature values is almost zero.
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6 Extension of the model to vehicle use

In order to extend the thermal effects model validity to vehicle use, full vehicle tests
on Renault tracks have been performed. The vehicle and its equipment have been
depicted in the materials part.

The main difference between these vehicle tests and the tests performed on the Flat-
Trac bench is mainly the tire surrounding environment. Actually, in road conditions,
aerodynamics phenomena due to the vehicle speed occur. Hence, the tire tread is
cooled by convection. This phenomenon does not occur when performing Flat-Trac
experiments because the tire has no translational speed. Moreover, some thermal
effects due to the dissipated heat from the engine can heat the ambient air in the
wheelhouse. On the Flat-Trac bench, the surrounding air is controlled and kept
constant.

Therefore, these two phenomena could modify the tire tread temperature and the
temperature model does not take them into account as it has been developed on the
Flat-Trac bench. In other words, the model may not be accurate enough for vehicle
use. Thus, the objective of this part is to quantify how important the surrounding
environment influence is on the tire temperature and a way to go from the Flat-Trac
model to a vehicle model will be described.

6.1 Ambient temperature and aerodynamics influences

In order to study the ambient temperature influence on the tire tread temperature and
to find a relationship between the wheelhouse air and tire tread temperatures, a static
test (vehicle at rest) have been performed with the thermal engine running. The engine
temperature increasing progressively, the wheelhouse air temperature increases as
well. Test results are illustrated on the following graph. The black curve represents the
engine temperature, the blue one the wheelhouse air (ambient) temperature and the
red one the tire tread temperature.
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Figure 32: Ambient temperature influence (static test)

34 CHALMERS, Applied Mechanics, Master’s Thesis 2011:02



As it can be observed, the ambient temperature increases along with the engine
temperature. This ambient temperature makes also the tire tread temperature increase
slowly. From about 50 minutes of test, one can observe temperature variations due to
the cooling system ventilator switching on and off. This latter moves the hot air
coming from the engine to the wheelhouses. Therefore, the ambient air temperature
increases and decreases quickly. The following picture is a zoom in in Fig. 32 and
illustrates this phenomenon.
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Figure 33: Zoom in static test

Fig. 33 shows that an increase of the ambient temperature makes the tire tread
temperature increase instantaneously. On the contrary, a decrease of the ambient
temperature makes the tire tread temperature decrease instantaneously. It can be
concluded that the ambient temperature influence is important and that the tire tread
temperature model used on tracks should take into account this parameter.

Regarding the tire cooling by forced convection due to acrodynamics effects, it can be
taken into account by modifying the sensitivity coefficient values for the vehicle
speed. Actually, this cooling is only function of the vehicle speed. During the thermal
analysis on the Flat-Trac bench, the vehicle speed influence was non negligible and
positive. An increase in speed resulted in an increase in tire tread temperature. On
vehicle, an increase in speed makes the tire temperature decrease due to an increase in
cooling by convection. The vehicle speed influence becomes therefore negative.

6.2 Temperature modeling

As described in the previous part, the tire tread temperature model developed on the
Flat-Trac bench can be adapted to full vehicle use by taking into account the ambient
temperature in the wheelhouse and by modifying the sensitivity coefficient values for
the speed. These coefficients have been optimized on two laps of the behavior track at
the Renault test facility. Measured and estimated temperatures are represented in the
Fig. 34.
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Figure 34: Temperature model on tracks (Optimization)

The relative error between both temperatures on this test profile is 1.26% (0.37°C for
the absolute error), which is very satistfying. In order to validate this model and check
its precision and its robustness, a test on the constant radius area (R = 50 meters) has
been performed at high speed (around 65 km/h) to obtain a slip angle of around 6°.
The measured and estimated temperatures are illustrated below.
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Figure 35: Temperature model on tracks (Validation)
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The tire tread temperature model precision is satisfying on this profile as well. In fact,
the relative error is 1.32% (0.59°C for the absolute error). Therefore, this model can
be used when using the thermal effects model on tracks.

In terms of lateral force variation, the modeling principle remains identical. The two
thermal coefficients estimating the derivatives of the friction p and the tire cornering
stiffness are optimized for the track model. Unfortunately, one can observe that the
tire temperature on two laps of behavior track does not increase enough to have an
important effect on the lateral force, except between 130 and 150 seconds where the
temperature reaches 44°C (see Fig. 34).
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Figure 36: Lateral force model (2 laps of behavior track), ThermoTire is the name for the Pacejka
model with thermal effects

The following graph is a zoom in on Fig. 36 for the time interval 125 to 170 seconds.
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Figure 37: Zoom in of lateral force model (2 laps of behavior track)
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It can be seen that when the tire temperature is high enough, the thermal effects model
allows having a better precision for the lateral force. Actually, the mean absolute
errors on these 2 laps are 494.7N for the actual model and 491.5N for the thermal
effects model. These 3 Newtons are ‘gained’ only in the time interval where the
temperature increases between 130 and 150 seconds.

6.3 Conclusion

The tire tread temperature can be modeled by using the same method that is used on
the Flat-Trac bench. However, it is necessary to take into account the wheelhouse air
temperature and to modify the sensitivity coefficient values relative to the vehicle
speed.

The lateral force variations can be modeled as on the Flat-Trac bench without any
modifications. The thermal effects model allows improving the model precision when
a change in tire temperature occurs. Nevertheless, it has been seen that it would be
necessary to perform some more constraining and longer tests in order the tire
temperature to have a more important effect on the lateral force.
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7 Conclusion

In order to attain the objectives, several steps were needed to go through. Actually, at
the beginning of this study, a thermal analysis of a tire has been performed on a Flat-
Trac bench. It has allowed getting an understanding on the tire temperature influence.
In fact, it has been seen that the correlation between the tire tread temperature and its
performance in terms of forces is significant.

The tire tread temperature is mainly influenced by the sideslip angle. Actually, the
relative motion between part of the tire tread and the road surface implies important
friction phenomena increasing the tire temperature.

An increase of temperature introduces a non negligible decrease of transmissible
forces for given operating conditions. This decrease occurs mainly in the non linear
regions (slip angle up to around 4° in transversal direction) and is due to a linear
decrease of two parameters in function of the tire temperature, the friction coefficient
u and the tire cornering stiffness.

The experiments results have led to a thermal effects model that can be implemented
in parallel to the Pacejka magic formula (see Fig.1). This thermal effects model
consists of two sub-models. The first model estimates the tire tread temperature in
function of the operating conditions and the second estimates the lateral force
decrease occurring due to the temperature increase. These two models are
implemented in series together and in parallel to the Pacejka magic formula to
estimate the lateral force (see Fig.1). In the linear region (down to 4° of slip angle),
the thermal effects model is not so useful because the temperature does not increase
much. The temperature is less influent on tire forces and its effect can be neglected. In
that case, the thermal effects model behaves almost exactly like the “basic” magic
formula.

In order to extend the thermal effects model validity to a vehicle use, a set of full-
vehicle experiments has been performed. Some differences have to be taken into
account. Actually, on the Flat-Trac bench, the ambient temperature is controlled and
constant which is not the case in on-road conditions. Moreover, the aerodynamic
effects are different since the wheel on the Flat-Trac bench has no longitudinal speed.
Therefore, these on-road tests allow the tire surrounding air temperature influence as
well as aerodynamics effects to be quantified. Finally, the thermal effects model has
been modified to be used in real tire operating conditions.

As a future work, further more constraining and longer tests should be done because
the thermal effects are less due to aerodynamic effects. Then, the thermal effects
model could be extended in the longitudinal direction when experimental materials
allow it. Then, a study could be performed in order to model the transient behaviour
of the tire. Nowadays, the Pacejka magic formula is accurate only in steady-state
conditions.
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Appendices

Appendix A: Delft-Tyre model details in x and y directions

Steady-state longitudinal direction (pure slip)

Figure 38: Pure braking/traction condition from [10]

Fx :FXO(SX’FZ)

F,=D,sin|C, tan"{B,S, — £,(B.S, —tan" (B,S, ))}}+ S,.
S . =8,+S,,

My = (SVx + KxSHx )RO

With:
Cx = PCxl 'ﬂ'Cx
Dx = /’lx 'FZ

ﬂx = (PDxl + PDx2 dfz )ﬂ',wc

Ex = (PExl + PExZ dfz + PEx3 'a,f‘z2 ){1 - PEx4'Sgn(Sx)}'ﬁ”Ex
K, =F, -(Ple + P, df, )‘exp(PKx3 'df)‘le

Bx :Kx /(CxDx)

St = Py + P 'dfz )'/’le
Sy =F, (PVxl + By 'dfz )-/?'Vx ﬂm

With

Pey Shape factor C
PP Peak factor D
Pros Proys Press Py Curvature factor E
Pes Pio > Prs Slip stiffness BCD
P> Py Horizontal shift H
B> B Vertical shift V
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Steady-state lateral direction (pure sideslip)

Figure 39: Pure cornering condition
Fy :Fyo(aay’FZ)
Fo,=D, sin[Cy tan™' {Byay -E, (Byay —tan™ (Byay ))}]+ Sy,

y

o, =a+S,
Y, = VA
With:

C, =Py A,
D, =u,F,

t, =Py, + Popdf 1= Py, A,

E, =Py + Poy df ) 1= (P + Py, Jsenle, 14,

K, = Py, Fyg.sinf2tan ™ E, /Py, Fyy A W= P |7, M A,
B, =K,/c,D,)

SHy = (PHyl + PHyZ'dfz + PHy3 '7y)‘/,lHy
Sy, = Fy(Py, + By df. + (B + Pyydf. )y, Vo A

With

P Shape factor C
Pt Py s Prys Peak factor D

Ppys Py Pryss Py Curvature factor E
Pis Py s Py Slip stiffness BCD
Pyt Py s Py Horizontal shift H
P,,y1 s P,,y2 ,P,,y3 , P,,y . Vertical shift V
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Appendix B: Infrared temperature sensors specifications

Measurement specifications

Model

Optical resolution
Temperature range
Spectral range

System accuracy ?
Repeatability
Temperature resolution ?

Response time

Transmissivity/gain !
Signal processing '

Certificate of calibration

CS-5F10-C1

10:1

-20 to 350°C
8 to 14um
+15% or =15°C
+0.75% or =0.75°C

0.2°C

30ms to 999s (90%), adjustable
Emissivity/gain 0.100 to 1.100 (adjustable via 0 to 5V DC input or software)

0.100 to 1.100

peak hold, valley hold, average

Electrical specifications

Qutputs/analog

Qutputs/digital optional USB or Alarm

Inouts programmable functional input for external emissivity/ambient temperature adjustment
npLts (0 to 5VDC), hold function or RS232 / USB (optional) communication

Cable length 1m (standard), 3m, 8m, 156m

Power supply

Environmental rating
Ambient temperature
Storage temperature

Relative humidity

optional

Oto5VorOto 10V
1/10/100 mV/ °C

15méA (5 to 7¥DC), BmA (12 to 28VDC)

General specifications

IP 65 (NEMA-4)
-20°C to 75°C
-20°C to B5°C

10 to 95%, non condensing

Vibration IEC 68-2-6: 3 G, 11 to 200Hz, any axis
Shock IEC 68-2-27: 50 G, 11ms, any axis
Weight h8g
* adjustable via software
2 ambient temperature: 23 £5°C; whichever is greater; object temperature =0°C
2 temperature of the object <100°C and time constant =0.2s
Specifications optiques
5 Hn D:s =101
diam. spot = ¥ 10 20 34 a0 50 =50 fa
distance D D 100 200 300 400 S00 S00 700
CS avec optique standard SF
Dimensions/ Raccordements
max. 4
- -
¥ ! 5-24\DC . 506
| L = white
M ] CSmicro ouT sl N uss PC
b ; | electronics L b 1 | Interface
) i T Schigid Bk Schieid
w©
" 10 = L
& - - g o~
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Table legend:
e -+ signs represent high level value of input parameters or interactions

e - signs represent low level value of input parameters or interactions
e [. = interaction between two input parameters

The 32 cases are divided into 8 principal tests during which the normal load, the
vehicle speed and the inflation pressure are kept constant. Only the slip and camber
angles vary as illustrated by the following graph. The slip angle is represented by the
blue curve and the camber angle by the red one.
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Figure 40: Slip and camber angles from the experimental design

According to the conclusion from previous projects [2], the tire temperature can be
‘reinitialized’ tending to a value between 30 and 35°C depending on previous
solicitations the tire went through. To reach this value, the tire needs to roll in straight
line for some time without any change in input parameters. Therefore, between each
32 cases, the tire rolls in straight line for 40 seconds without slip or camber angle and
with no input parameter variation.

To date, the table below sums up the different levels taken by the input parameters.

Table 5: Values taken by input parameters from experimental design

Low level - High level + Unit
Slip angle a 0 -+ 5 °
Camber angle y 0 5 °
Normal load Fz 2500 6000 N
Speed V 30 110 km/h
Pressure P 1.8 3.4 Bar
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