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General Introduction




Motivations

The continuous rise in temperature of the planet is a major concern for humanity for a few decades.
The root cause of this is global warming. Global warming begins when sunlight reaches the Earth. The
clouds, atmospheric particles, reflective ground surfaces and surface of oceans then sends back about
30% of sunlight back into space, whilst the remaining is absorbed by oceans, air and land. This
consequently heats the surface of the planet and atmosphere, making life feasible. As the Earth warms
up, this solar energy is radiated by thermal radiation and infrared rays, propagating directly out to
space thereby cooling the Earth. However, some of the outgoing radiation is re-absorbed by carbon
dioxide, water vapours, ozone, methane and other gases in the atmosphere and is radiated back to the
surface of Earth [1]. These gases are commonly known as greenhouse gases due to their heat-trapping
capacity. It must be noted that this re-absorption process is good as the Earth's average surface
temperature would be very cold if there was no existence of greenhouse gases. The dilemma began
when the concentration of greenhouse gases in the atmosphere was artificially increased by
humankind at an alarming rate since the past two centuries 2016 is the hottest year ever recorded [2].
The most extensive source of analysis on the potential impacts of climatic change can be found in the
5" Intergovernmental Panel on Climate Change (IPCC).

An increase of 2°C compared to the temperature in pre-industrial times is seen by scientists as the
threshold. The increase beyond this is dangerous and possibly can initiate catastrophic changes in the
global environment. For this reason, the international community has recognised the need to keep
warming below 2°C [2].

At the global scale, the key greenhouse gases emitted by human activities are given in Figure 1, where
CO, accounts for about 76% of total greenhouse gas emissions. Among all these gases, carbon dioxide
(CO,) is the most important, both for its role in the greenhouse effect and for its role in the human
economy.

Nitrous F-gases
Oxide 2%
6%

Figure 1 Distribution of emission of greenhouse gases

Its concentration in the atmosphere is currently 40% higher than the beginning of industrialisation
began. Since 1751 the world has emitted over 1.5 trillion tonnes of CO, [3]. Fossil fuel use is the
primary source of CO,. Globally, economic and population growth continues to be the most important
drivers of increases in CO, emissions from fossil fuel combustion.



The distribution of CO, emission for 2016 is presented in Figure 2. The primary sources of greenhouse
gas emissions sector wise are electricity and heat (46%), transportation (22%), manufacturing (18%),
Residential building (8%) and rest by others. It shows that the transportation and power generation
sectors are major contributors to carbon dioxide (CO,) emissions.

100%
90%
80%

T0%
M Other sectors

60% Buildings

S0% ® Manufacturing & Construction

energy

40% M Transport

M Electricity & Heat Production
30%

20%

10%

0%
1990 1994 1998 2002 2006 2010 2014

Figure 2 Global distribution of CO, emission sector-wise [4]
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Figure 3 Distribution of CO, emission sector wise for France [4]
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Nevertheless, France emits relatively little CO, for power generation (Figure 3) thanks to nuclear
power. The share of transport, which relies almost entirely on the combustion of oil, is therefore
logically higher than at world level, at 41%. This share is constantly increasing, while the other sectors
have made notable efforts.

Transport remains very dependent on oil: oil-derived fuels account for 85% of energy consumption in
transport. Since 2018, oil consumption from transport has been on an upward trend at an average rate
of 2.2% each year. In Figure 4 we depict the absolute contribution of CO, emissions by source,
differentiated between gas, liquid (i.e. oil), solid (coal and biomass), flaring, and cement production.

100%

— - Flaring
. Cement
Gas
80%
60%
40% Qil
20%
—— Coal

0%
1802 1850 1900 1950 2000 2018

Figure 4 Distribution of CO, emission by fuel type for France[4]

Transport has been traditionally looked upon as a challenge in terms of reducing greenhouse gas
emissions, and a lot of effort has been rightly directed to solve this issue. Transport is a ‘system of
systems’ and resilience of each transport mode to the impact of future weather patterns along the entire
network of global supply chains warrants consideration so that impacts, risks and vulnerabilities across
transport modes are identified and addressed. There is, therefore, a major stake in reducing CO,
emissions, which can result in the reduction of fuel consumption of vehicles.

In 2015, road transport was responsible for almost 73 % of the total greenhouse gas emissions from
transport. Of these emissions, 62% were from passenger cars and two wheels, 11% from light
commercial vehicles and 25% came from heavy-duty vehicles in EU as shown in Figure 5 [5]. In a
world where oil tends to become scarce and expensive and where policies to reduce greenhouse gas
emissions tend to be implemented in many countries, the reduction of fuel consumption by motor
vehicles takes on an important dimension. Automobile manufacturers and tyre manufacturers have
long been interested in this issue.
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W Rail
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Figure 5 Distribution of CO2 in the EU in the transport sector [5]

Fuel consumption, and hence CO, emission in road transport, depends on several factors that relate to
the vehicles, the quality of the road, and their interaction. Fuel consumption is influenced by the
energy losses experienced at different levels in the vehicle (aerodynamic effects, tyre/road contact,
suspensions, etc.). According to [6], out of the energy output of fuel in a car engine, 33% is spent in
the exhaust, 29% in cooling and 38% in mechanical energy, of which friction losses account for 33%
and air resistance for 5% at 60km/h. By comparison, an electric car has only half the friction loss of
that of a car with a conventional internal combustion engine.

EXHAUST
33%
Useless
energy
losses Total
energy
FUEL COOLING losses
ENERGY 299,
100%
ENGINE
MECHA- FRICTION i
NICAL => LOSSES => TRANSM. 5% |
POWER 33% ROLLING ENERGY
38% RESIST. 11.5% TO MOVE
______ BRAKES 5% : THE CAR
AR DRAG 5% AIR DRAG 5% 21.5%

Figure 6 Breakdown of passenger car energy consumption, as approximated for a speed of 60km/h [6]

These energy losses experienced at different levels in the vehicle (aerodynamic effects, tyre/road
contact, suspensions, etc.). There are five resistive forces, which oppose the advancement of the car;
they are overcome by the fuel energy as shown in Figure 6.

Among all these resistive forces in a modern passenger car, depending on the driving conditions and
tyre specifications, about 20-30% (in Figure 7) of total fuel consumption is related to rolling
resistance [7]-[9]. Every day 2 million tonnes of fuel burns up to overcoming to rolling resistance
according to [7], hence contributing to CO, emissions. However, recent studies have shown that even
moderate decrease in rolling resistance allows for gains in fuel consumption. For instance, rolling
resistance related to the road surface is responsible for about 20% of the CO, emitted by a passenger
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car driving at 100 km/h [9]-[11]. In another study carried out in the United States [12], it is claimed
that a 10% reduction in the average rolling resistance promised 1 to 2% increase in the fuel economy.

80%

60% -

Rolling resistance forces |

® Internal frictional forces
- — = Aerodynamic forces
Inertial forces
o |

Urban Extraurban Major and minor Motorway
roads

n
Q
=S

Loss percentage
S
)
S

Figure 7 Percentage loss of vehicle energy with respect to different usage [1]

Tyres, which act as one of the most significant components in ground vehicles, account for 17-21% of
the total energy consumption [7], [12]. Therefore, there is growing interest and demand for customers,
tyre manufacturers, and governments to reduce the energy losses through tyres. According to the
experimental results in [13], the hysteretic losses of tyre compounds dissipate 90-95% of tyre losses.
Additionally, 2-10% of the losses are due to the tyre-road friction and 1.5-3.5% of the losses are due to
the aerodynamic resistance. This dissipation of energy in tyres is called rolling resistance.

Lowering or optimizing rolling resistance in pneumatic tyres can therefore greatly contribute to the
reduction of greenhouse gas emissions. Rolling resistance of pneumatic tyres has been the subject of
extensive study in the past. The rolling resistance of the vehicle is still rather unknown and research
should be conducted to be able to estimate it reliably and accurately. This accuracy is particularly
necessary at the scale of a single vehicle, considering that the rolling resistance coefficient is a
dimensionless quantity with an order of magnitude of 1 to 2% [14].

Physically, rolling resistance is unmeasurable. It highly depends on tyre parameters such as inflation
pressure, temperature, road surface type, and vehicle speed [7]-[9]. Correlations with various
parameters are found such as inflation pressure, tyre material properties and tyre temperature [15]-
[19]. Most of these studies use either experimental data, analytical derivations on equivalent structures
or finite element method (FEM) analyses to predict rolling resistance.

However, various measurement methods to measure the rolling resistance indirectly are described in
[9] and [20], such as trailers, drums etc. Indeed, at present, these methods are inaccessible and very
uncertain due to the quality of results, reproducibility of the measurements, limited to certain tyres and
the high cost of physical sensors attached to vehicle tyres. These measurements are done in standard
condition and controlled environment.

The last few decades have seen an increase in research on the development of driver assistance
systems. These systems can alert the driver upstream of danger, their fuel consumptions and, for some,
go as far as correcting the trajectory of the vehicle when it reaches, for example, critical situations for
the dynamics. An important challenge for the development of current vehicles and autonomous
vehicles is to ensure better energy management. The rolling resistance is one of the most important
parameters affecting the fuel consumption and the performance of a vehicle. So there is a need to
develop a system which can be installed on the vehicle itself to measure rolling resistance in real-time.
Thus, the lack of complete physical phenomenon of tyre-contact dynamics to estimate it accurately is
the main drawbacks.
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In order to solve this difficulty, dedicated works are done in [21] with the aim to estimate the rolling
resistance force by using virtual sensor based on the observer approach (sliding mode [22] and EKF).
Indeed, these applications have been far from conclusive, as it served only under simplified
conditions: on straight-line track at a constant speed and simplified tyre-road contact model.
Therefore, no work has been done to estimate the rolling resistance in real driving conditions with
experimentation validation.

Also, the influencing parameters such as the impact of road roughness and temperature are not
included as far as to our knowledge. Moreover, these studies did not account for the source of
incertitude, convergence and real-time estimation. Research in this area is still quite recent and much
work remains to be committed.

To address this problem, the adaptive gain nonlinear observer is explored for estimation of rolling
resistance under real driving conditions that take account of all the parameters. This is motivated by
the fact that the adaptive solution is the most suitable for the rolling resistance estimation because of
variable dynamics and continuous change in a situation during the real driving situation. Their
robustness to modelling error, parameter uncertainty and input noise used to detect the variation in the
input. Their advantages and disadvantages have allowed choosing the most effective solution
concerning accuracy, robustness and computing complexity.

The main objective of this thesis is to develop a system for the estimation of the tyre rolling resistance
of a vehicle in real driving conditions. An indirect approach using software sensors and variable gain
observers will be used. These observers will be based on the mathematical model of complete vehicle
model which will be coupled with the multi-physical tyre model. It will simultaneously consider the
various factors such as road roughness, tyre temperature etc. affecting rolling resistance and thus
ensure accurate and robust estimation in time. This approach should reduce the sensitivity to
measurement noise and ensure convergence in finite time of the numerical model. Particular attention
will be paid to the inclusion of infrastructure characteristics (geometry, surface properties) and thermal
properties in the model.

Methodology

The below-defined approach will make it possible to achieve the objective of the thesis in four steps
Figure 8:

o State of art highlights the influencing parameters of rolling resistance and helps us to identify
the most suitable approach with the help of a comparison study of different observation
technique for the thesis.

o Development of multi-physical tyre model based on the influencing parameters identified in
state of art. This model is coupled with a developed full vehicle model. The complete vehicle
model is validated numerically with the help of simulation software SCANeR Studio
(prosper).

e The synthesis of unknown input adaptive high gain observer for the estimation of rolling
resistance for regular systems and the singular perturbed system is done and validated
numerically. The methodology of the estimation is presented in Figure 9. From the
mathematical model of a full vehicle, the dynamic states of a vehicle are then reconstructed
and the tyre rolling resistance is estimated with the help of adaptive high gain observer.
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e The design of experiments is proposed for the offline experimental validation for developed
full vehicle model and the unknown input adaptive high gain observer for the estimation of
rolling resistance tyre force.

Step 1

>> Step 2

Step 3

Step 4

State of art on tyre rolling resistance, observers, tyre and vehicle models

Identification of

Development of

Synthesis of
observer &

estimation of tyre

rolling resistance

Numerical
validation of
observer

Figure 8 Thesis follow-up steps

fost multi physical
influencing tyre model
parameters and
measurement
method Development of
full vehicle
model
Comparison of
different )

. Numerical
observation .y e
techni validation of

echniques odel
Input

Drive control
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Thesis contributions

The contributions of this thesis are as follows:

e Develop the multi-physical tyre (MPT) model with longitudinal, lateral and vertical dynamics.
It integrates the mechanical, pneumatic and thermal physical phenomenon.

o Develop and validate a full vehicle dynamic model coupled with the multi-physical model.

o Develop in-situ experiments for the validation of the model and the approach of estimation of
the rolling resistance on an instrumented vehicle

e Demonstrate the most influential parameters of tyre rolling resistance force and validation of a
method to calculate the reference rolling resistance.

o Demonstrate the circumferential and lateral variation of tyre surface temperature.

o Develop and validate an adaptive, robust and reliable unknown input adaptive high gain
observer for the estimation of rolling resistance.

o Develop and validate an unknown input adaptive high gain observer for singularly perturbed
systems.

o Demonstrate the applicability of the estimator under real driving conditions.

o Develop parameter estimation methods for vehicle dynamic models using the estimated
vehicle states, and contrast the performance of these methods in several scenarios.

Organisation of report

This report is organised as follows:

Chapter 1 of the thesis presents a state of the art on tyre rolling resistance force and virtual sensors.
The first part addresses the tyre rolling resistance force by explaining fundamental concepts of
resistive forces applied on vehicle. It discusses the mechanism and influencing parameters of tyre
rolling resistance, which gives an overview of tyre rolling resistance force. Later it brings together the
existing models and different measurement methods of rolling resistance with its limitations and
advantages. The extensive comparison is presented for different measurement methods, which allow
us to position this thesis with respect to the work done in the literature. Concerning the thesis, the
virtual /software sensor or observer method is identified for estimating the tyre rolling resistance. This
state of the art on rolling resistance gathers the different models, measurement method and influencing
parameters from various literature studies. This will act as the base for further studies on rolling
resistance. The state of art on observer starts with the background and reviews the theory of non-linear
observers. It introduces the observability and stability of nonlinear systems. The synthesis of different
nonlinear state observer methods existing in the literature is presented, such as Kalman filter, high
gain, sliding and adaptive etc. We present an extensive discussion on different observer methods to
allow identifying the approach suitable for this thesis. In the third part, particular attention is given to
adaptive gain observer and the comparison study for the different adaptive gain observer on a quarter
car is presented. The chapter ends with a conclusion to support the suitable observation approach for
the thesis for rolling resistance estimation.

Chapter 2 is dedicated to tyre modelling. It starts with a synthesis of existing tyre contact models in
the literature. It provides us with a good overview of the advantages and drawbacks of existing
models. In addition to the definition of the forces and moment for each model, the steady-state
characteristics of these forces and moment are computed using Matlab/Simulink.  Moreover,
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numerical comparison of the models is presented in this chapter. This chapter attempts to provide a
critical review of the major findings. Also, an extensive reference is made to work carried out in the
area of tyre thermal models and pavement interaction, since it is an important factor in the tyre-force
generating procedure. The development of a novel brush-based multi-physical model is presented in
this chapter with numerical validation. The study of the impact of road surface texture taken into
account by the developed model is discussed at the end of the chapter.

Chapter 3 presents the vehicle modelling. It also introduces a brief synthesis of existing different
vehicle models. We discuss the development of the 3-D vehicle for the thesis. It starts with the general
hypothesis and coordinates transformation system. Given the complexity of the system, we resort to
the use of symbolic calculation software (Maple) to establish the dynamic equations. The coupling
with the developed multi-physical model is presented. These equations are developed in
Matlab/Simulink. To assess the degree of representativeness of the model, the model is compared to
the simulator SCANeR™ Studio (Prosper). Based on this, the numerical comparison between the
developed model and simulator is analysed.

Chapter 4 revolves around the synthesis of unknown input adaptive high gain observer. The synthesis
of this observer is motivated by the need to design an observer robust to noisy measurements, rapid
dynamics and modelling errors. After having recalled the conditions necessary for the synthesis of
nonlinear observers, we exhibit the observer synthesis from an observable form of nonlinear systems.
We also discuss the synthesis of the observer for singularly perturbed systems. We present an
application of developed observer on the full vehicle model to estimate tyre rolling resistance. We
discuss the very first results of tyre rolling resistance for regular as well as singular perturbed system.
The numerical validation of the estimation approach is also presented.

The objective of Chapter 5 is to validate the developed vehicle model and estimation approach of
rolling resistance. It is divided into two parts, first part addresses the practical part of our work; it is
dedicated to the experimentation and instrumentation. It presents the description of the experimental
site at University Gustave Eiffel and instrumented Clio 2 with various sensors. It also validates the
influencing parameters of rolling resistance which was discussed in Chapter 1. This chapter also
presents the method to measure reference rolling resistance. This is used while validating the
estimation approach in the next chapter. The relationship between tyre surface temperature and speed
is also discussed to conclude on singularly perturbed nature of the system. The second part presents
the experimental validation results of this thesis. It validates the vehicle model developed in Chapter
3 with a dedicated experimental campaign. The model is set up based on the real data provided by the
University Gustave Eiffel, Nantes acquired during test campaigns carried out on known tracks with an
instrumented vehicle (Clio 2). To assess the degree of representativeness of the model compared to the
real system, a validation process is presented. Based on this, comparisons between simulation results
and actual measurements are presented and analysed. In order to validate observers developed in
Chapter 4, we have proposed in this chapter an offline validation campaign. Therefore this chapter
also deals with the estimation of rolling resistance forces. This chapter shows that it is possible to
reconstruct the dynamic states of the vehicle and estimation of parameters using the adaptive gain
approach as well as singularly perturbed systems. The experiment results are presented with the major
ambition of validating the idea of this new concept of estimation of rolling resistance.

In the end, we conclude the thesis by summarizing the main results and suggesting possible directions
for future work.
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Chapter 1
State of art
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This chapter is divided into two parts first part provides an overview of rolling resistance. In section
1.1, we first identify five principle forces that contribute to CO, emissions and fuel consumption of a
vehicle. Section 1.2 is devoted to rolling resistance definition and rolling resistance mechanism and
influencing. An overview of the present rolling resistance coefficient model parameters and
measurement methods is also presented in section 1.2.4. The conclusion of this part is presented in
section 1.2.5. In the second part, the state of art on virtual sensors is presented. The observability on
nonlinear systems is presented in section 1.3.1 and stability is discussed in section 1.3.2. The canonical
form of the nonlinear system is presented in section 1.3.3. In section 1.3.4 literature review of
different nonlinear observers is done. The comparison study between different adaptive observer
techniques is presented in section 1.4.

1.1. Energy losses on a vehicle

As discussed above, energy losses experienced at different levels in the vehicle (aerodynamic effects,
tyre/road contact, suspensions, etc.). When a vehicle is moving forward there are several
resistive/frictional forces applied in the opposite direction of the motion as shown in Figure 10.

ion
pirection of Mt

] F inter“al

Figure 10 Resistive forces acting on a vehicle [1]

The five principle forces are identified and described below [7].

i.  Aerodynamic force (F,): It results from a vehicle’s movement through the air. It depends
on the size and shape of the vehicle. It is directly proportional to the air density (p), Frontal
area of the vehicle (4), aerodynamic drag coefficient (Cp) and square of speed (V). The
aerodynamic drag coefficient is the object’s resistance to movement through the air for a
given frontal area.

1
Fa = 5p-A.Cp. 2 1)

ii.  Internal frictional forces (Finterngr): It COrresponds to the friction of the drive train, i.e. in
the differential and wheel bearing together with the brake pad.
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iii.  Gravitational forces (Fy): It is only applied when the road is inclined. The greater the
gradient and vehicle mass, the greater the gravitational forces.
F, =M.g.sina (2)

where M is the mass of the vehicle, g is gravity, « is the angle of the gradient.

iv.  Inertial forces (Fiertiq): Inertial forces are the forces, which resist the acceleration or
deceleration of a vehicle. The greater the acceleration (or deceleration) we want to apply
to the vehicle, the greater the inertial forces acting on the vehicle. At a constant speed,
inertial forces are zero. It is also directly proportional to the vehicle’s mass, which is
roughly the vehicle’s mass plus an extra 4% due to rotational inertia. Inertial forces are
given by:

Finertia = Meq- 14 (3)

where V is the acceleration or deceleration, M, is the equivalent mass.

v.  Rolling resistance force (F..): It is defined as the energy consumed by a tyre per unit
distance. It is detailed in the next section.

These above-mentioned forces must be overcome to move forward the vehicle; this effort is provided
in the form of energy. This resistive force (Fgy,) is the sum of five principle forces is given by:

Fpy = B + Fy + Eg + Finternat + Finertia (4)

A large amount of energy is dissipated in the process of power generation and its transfer to advance
the vehicle. Rest of the energy is dissipated to overcome all these resistive forces. Vehicle generates
this power to move the vehicle by consuming fuel. Fuel consumption leads to the emission of CO,. So
the easiest way to reduce CO, emissions in a vehicle is to reduce its fuel consumptions. Hence rolling
resistance can play an important role to reduce fuel consumption by optimizing driving or by adjusting
its influencing parameters. So this work will be focussed on rolling resistance and in the next section,
a brief state-of-the-art dealing with the rolling resistance of the tyre is presented.

1.2. Rolling resistance overview

When rolling, a tyre is deformed by the load exerted on it, flattening out in contact patch. This
repeated deformation causes energy loss known as rolling resistance.

The part of the tyre which makes contact with the road is called the contact patch. The force
distribution within the contact patch as the tyre is rolling is not uniform [7]. The resultant force is
located in the front of the contact patch. This resultant force acts as a torque that opposes the wheel
rotation. This torque can also be represented by the rolling resistance force (F..) which has to be
overcome to maintain constant speed. The graphical representation of the mechanical manifestation of
rolling resistance is shown in Figure 11.
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Direction of rotation

Force distribution

Figure 11 Graphical representation of rolling resistance force [19]

Rolling resistance forces linearly depend on the applied axle load in the practical range of axle loads
[7]. Consequently, a dimensionless rolling resistance coefficient C,, can be defined in which F,
represents the axle load and F,.,. represents the rolling resistance force [7]:

Crr = % )
In parallel to this definition, we also find other definitions of the coefficient of rolling resistance, such
as “The coefficient of rolling resistance is a convenient concept since it allows one to compare various
tyres for use on the same vehicle. The load carried by a tyre will be the same on a given vehicle in a
given tyre position, so a comparison of the rolling resistance coefficients will show which tyre is the
most efficient for a given application. On the other hand, tests of tyre rolling resistance are usually
carried out at the tyre rated load or at some relatively large fraction of it, such as 80% of tyre rated
load. Direct presentation of the rolling resistance under these conditions is dependent on the load
carried by the tyre, which, of course, varies for different tyre sizes. Hence, the concept of the
coefficient is a generalizing and extremely useful one for both the presentation and interpretation of
data.” according to [23].

Various researchers such as [7], [18], [24] showed that the rubber elements deform in the contact patch
and thereby consume energy as a result of their viscoelastic properties. This energy is not fully
recovered when the elements return to the original state. The consumed hysteresis energy is converted
to heat. The amount of energy loss due to rubber element deformation depends on the tyre geometry,
tyre material properties, tyre temperature, tyre inflation pressure and road surface properties [19]. This
is explained in the next section.

1.2.1.Definition and mechanism

Rolling resistance is simply the manifestation of all of the energy losses associated with the rolling of
a tyre under load. Since most of the energy is dissipated through hysteretic losses as the materials of
the tyre are deformed, it is important to understand the various deformations that take place during
rolling. There are three important phenomena, which contribute to the rolling resistance. These
phenomena are mentioned by various researchers in [7], [8], [15]. The three physical causes of rolling
resistance given in these references are:

» The deformations of the tyre at contact patch which alone accounts for the 80 to 95% of
rolling resistance.
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» Aerodynamic drag of the rotating tyre, which accounts for between 0 to 15% of rolling
resistance.

> Slip between tread and road surface or between the tyre and when a tyre is rotating, which
lead to dissipation of energy and contributes to the rolling resistance. For a car running in a
straight line without acceleration or braking, it accounts for less than 5% of total rolling

resistance.
Tyre surface :

What i Tread Sidewall and bead area

Aerodynamicdrag = Slippage on : : ECIP

of the rotating tyre | road surface Repeated deformation leading to energy dissipation

Bending Compression Shearing Bending Shearing
w
Shearing and compression

Contribution <15% 60-70 % 20-30 %

to rolling resistance

Figure 12 Mechanism of rolling resistance force [1]

Tyre deformation constitutes a major part of rolling resistance and this is mainly due to the bending of
the tyre crown at the leading and trailing edge of the contact patch and bending or bulging out of the
side-wall because of the load on tyre structure, compression of the tread throughout the contact patch
area and finally shearing of tread and sidewall elements. These phenomena cause a deformation-
induced viscoelastic energy loss in the tyre [7], [15].

The carcass of the tyre is made of a belt with rubber beneath and above the belt while bending at the
leading edge or trailing edges of the contact patch it would mean rubber layer inside gets compressed
and the rubber layer outside this belt expands. Now this change in radius at the edges and rubbing of
layers will manifest itself in hysteresis loss and hence contributing to rolling resistance as explained in

81, [9].

In the case of braking or acceleration, the slip factor contribution to rolling resistance becomes
significant. There is a portion of the tyre where material shall stick to the road and the rest part of the
contact patch shall slip against the road surface. The rotational aerodynamic drag depends on the tread
design since the tyre has to overcome this to be able to keep rotating at a constant velocity. The
contribution of rotational aerodynamic drag becomes important at high wheel velocities [8], [9].

1.2.2.Influencing parameters of rolling resistance

Various factors affect rolling resistance like temperature, tyre dimensions, inflation pressure, normal
load, road profile and its characteristics and velocity. Over the years, many tests were performed in
laboratories and on test tracks to obtain data for comparison of rolling losses and effect on fuel
consumption. Many proposed models are polynomial expressions and include parameters like
velocity, normal load and inflation pressure [11], [25]. These expressions have coefficients that are
determined through curve-fitting to experimental values. This approach is specific for each type of
tyre and although it predicts an accurate representation, it does not provide a physical understanding of
tyre rolling resistance phenomena.
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In [8], the author investigates about mathematical models based on physical understanding and
literature review of tyre rolling resistance phenomenon. They have developed tyre model that explains
the influence of tyre inflation pressure, tyre size and normal load on rolling resistance coefficient with
certain assumptions, such as inflation pressure don’t change with deflection, tyre material and tread
pattern are kept constant, contact patch as a perfect rectangle, road type is fixed to a hard dry and flat
surface, Temperature is assumed to be constant, steady-state parameters and only free rolling cases.

In [16], the author presents the influence of load, inflation pressure, temperature, road wetness and
direction of tyre rotation on rolling resistance. Tests were performed with different test tyres and road
pavements to obtain representative results. In this section, the influence of different parameters on
rolling resistance is discussed.

1.2.2.1.  Tyre inflation pressure variation

Rolling resistance coefficient increases rapidly as tyre pressure decreases [16]. While a lower tyre
pressure reduces the compression of tread blocks in the contact patch, it also exacerbates tread bending
and shearing which result is an increase in rolling resistance mentioned in [7].

A similar trend has been seen in [8], it points out an interesting fact about tyre inflation pressure and
its dependency with kind of road surface as shown in Figure 13. Tyre rolling resistance decreases with
an increase in pressure on the hard road surface as other parameters are kept constant. As the pressure
increases, tyre holds its shape more firmly and vertical deflection decreases. Thus, the deformation of
rubber is lesser compared to that in a tyre with lower pressure. Hence the hysteresis losses reduce
thereby decreasing the rolling resistance in case of the level road surface.
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| | 1
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INFLATION PRESSURE

Figure 13 Effect of tyre pressure on the different road surface on the rolling resistance coefficient [13]

Authors in [16] illustrate that an increase in inflation pressure leads to a decrease in rolling resistance
coefficient. It pointed out one important observation that tyre with low rolling resistance (electric
vehicle) is rather insensitive to inflation pressure changes, while tyres having high rolling resistance
are very sensitive.

In Figure 14 similar trends are shown [16]. The change in C,,. with respect to tyre inflation pressure is
shown for different set of tyres and for different speed on a pavement DAC16r20 (replica of dense
asphalt concrete with 16 mm aggregate) on a drum.
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Figure 14 Inflation pressure influence on rolling resistance for speed 50 and 80 km/h Load 400 kg [16]

1.2.2.2. Load variation

According to [7], [8], tyre rolling resistance coefficient decreases slightly as load increases because of
visco-elasticity decreases as temperature increases. However, the rolling resistance force (the result of
load multiplied by the rolling resistance coefficient) increases with load. This is because a heavier load
causes more bending and shearing.
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Figure 15 Load influence on rolling resistance for speed 50 and 80 Km/h, inflation pressure 2.1 bar

The coefficient of rolling resistance varies with load changes with constant inflation pressure. In
Figure 15 the variation of coefficient of rolling resistance is presented for different tyres on pavement
APS4rl7 (replica of surface dressing 8/10 mm aggregate) which is a replica of surface dressing 8/10
mm aggregate. It has given very interesting results that increase of load is influencing rolling
resistance coefficient of one tyre and it does not influence another tyre on the same surface with
constant inflation pressure.

Test results from [16] show tyre inflation and tyre load are not independent variables. Higher load
requires higher inflation pressure in order to ascertain proper interface between tyre and road surface,
good fuel economy as well as optimal resistance to wear and damage.

1.2.2.3.  Speed variation
The rolling resistance of a passenger car tyre varies little with speed up to 80 km/h and then increases
significantly. This increase is due to the increase in aerodynamic drag of the rotating tyre (this force
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increases in proportion to the square of the speed) and the development of strong vibrations at high
speeds. The tyre becomes severely deformed, leading to greater energy dissipation [7].
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Figure 16 Effect of speed on the rolling resistance coefficient [1]

Tyre rolling resistance can hardly be explained purely with velocity. Change in wvelocity is
accompanied by a change in temperature. A model was developed to include changes in temperature
with the slow and fast change in velocity by [26]. But it is limited to the tyre shoulder temperature and
inside air temperature with a very simplified thermodynamic equation. The transfer of heat from the
tyre surface and carcass isn’t considered by the author. Therefore a model is needed which can predict
both tyre surface as well as tyre carcass temperature.

1.2.2.4. Road characteristics variation

There are different road characteristics, which have an impact on tyre rolling resistance. Here, before
discussing the impact the different road characteristics on rolling resistance, some road characteristics
definitions are given according to [27], [28].

a. Crossfall

The camber of a road has two uses. First, it allows the evacuation of rainwater when the slope of the
road is zero, so the minimum slope is set at 2.5% to fulfil this role in all circumstances. Then, it makes
it possible to reduce the tyre stresses on the side by taking up part of the lateral acceleration. The
maximum camber allowed on roads is 7%. It has an impact on the load transfer of the vehicle which
has a direct impact on the tyre rolling resistance.

b. Slope

The slope of the road is a factor on which it is much more difficult to state constraints. Indeed, this
slope is mainly due to the topology of the land on which the road is built and the work to be
undertaken to modify it or to avoid a structure.

The maximum slope is set from the vehicle dynamics for the different types of roads. Beyond the
slope itself, variations in this slope are subject to minima depending on the comfort of the driver and
the visibility distance. So the vertical acceleration is limited to g/40. This road characteristic mainly
influences gravitational forces and transfer of load at the back of the vehicle which leads in the
increase of the tyre rolling resistance force.
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The slope influences the vehicle dynamics in terms of load distribution, vertical dynamics and its
relationship to other modes. The latter are poorly represented in most models and are therefore not
taken into account.

c. Road profile

This variable represents variations in the height of the surface. These variations directly influence the
vertical dynamics of the vehicle. However, it will cause variations in the normal force at the level of
the tyre. It can vary the normal force by almost 5% at 20m/s speed. On roads more degraded, the
profile can locally vary the normal force very strongly, by more than 50%, thereby reducing the forces
that can be mobilized laterally or longitudinally [27].

d. Road roughness

Road surface texture and rolling resistance relationship have been studied by several researchers [11],
[16], [29]-[31]. Road roughness can be separated into different scales, unevenness, mega macro and
micro-texture. The illustration of the various scale of roughness is given in Figure 17.
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"Single chipping”

Figure 17 Illustration of the various scale of road roughness[29]

The macro-texture is defined as surface asperities that range from 0.1mm to 20mm in height and from
0.5mm to 50mm in width whereas the micro-texture is defined as the surface asperities that range from
0.00lmm to 0.5mm in height and less than 0.5mm in width (Figure 18). Unevenness is the
corresponding deviations with the characteristic dimensions along the surface of 0.5 m to 50 m [29].
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Figure 18 Road surface texture surface [32]

Road macro-texture is assessed through a parameter called mean profile depth (MPD) defined in
standard 1SO EN 13473-1 (Figure 19).

~ Mean Profile Depth (MPD) =
| Peak level (1st) + Peak level (2nd) _ Average level
{ 2

'Profile Depth (PD) Mean Profile Depth (MPD)
S Peak level (1st) 2 )

Peak level (2nd)
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Figure 19 Definition of road surface mean profile depth [33]

Rolling resistance is often considered to be affected by the rough end of the macrotexture, the mega
texture and the low end of unevenness as depicted in Figure 20 [29].
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Figure 20 Effect of texture on numerous phenomena as a function of wavelength range [19]
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Authors in [34], [35] stated that rolling resistance arises from hysteretic losses in the sidewalls and
tread band material, which experiences a deformation cycle every revolution of the tyre. There is an
additional small loss (approximately 10%) due to micro-slip in the contact patch between the tyre and
the test surface. Three major mechanisms exist by which the road roughness can produce additional
losses

> Excitation of the vehicle by road roughness, leading to energy dissipation in the suspension
dampers and frictional losses due to vibration.

» Hysteretic losses in the contact patch due to dynamic vertical deflection of the tyres, and
additional frictional losses in the contact patch due to micro-slip.

» Hysteretic losses in the tyre material due to the envelopment of the road roughness by the tyre,
which also causes further frictional losses in the contact patch due to micro-slip.

Measurements in [16], [36] show that rolling resistance increases in proportion to the macro roughness
of the road surface. This is because the macro rough asperities deform the tread block surface
(indentation), causing local energy dissipation. The macro roughness of a road surface plays a role in
the tyre grip by helping water to drain off during rainfall. However, the tyre grip on wet roads is more
dependent on the micro-roughness of the road surface.

In [37] the impact of pavement properties on the vehicle rolling resistance is discussed. It has
presented an analysis of the comparison of current rolling resistance models from [14] and [15]. They
have assessed the vehicle fuel consumption due to rolling resistance.

It has also discussed the impact of pavement properties on rolling resistance as well as on fuel
consumption. Macro- texture, pavement stiffness, roughness, rutting and transversal slope of pavement
are identified as factors, which can influence rolling resistance.

Road surface wetness increases the rolling resistance coefficient with an increase in the thickness of
water film on the road. It is mainly due to the change in the temperature of the tyre during wet
conditions. It mentions that it decreases the tyre temperature up to 10°C in comparison to tyre
temperature during rolling on the dry surface according to [16]. Rolling resistance caused by
International roughness index (IR1) is dependent on speed. At a speed of 90 km/h, when IRI increased
but one unit the rolling resistance of car increased by 4.6% and if MPD increase by one unit the rolling
resistance for a car will increase by 15.6% [17].
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Figure 21 Rolling resistance coefficient as a function of MPD [29], [39]
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1.2.2.5. Ambient temperature variation

The internal temperature of a tyre fitted to a standard European passenger car in normal use usually
lies between 20 and 60°C when travelling, depending on the type of tyre, the way the car is driven and
ambient temperature. Naturally, the higher the ambient temperature, the nearer to the upper limit the
tyre internal temperature is likely to be. Within the tyre operating range, the amount of energy
dissipated by elastomers when subjected to repeated deformation decreases as temperature increases.
Rolling resistance is, therefore, lower when the ambient temperature is high. The variation in rolling
resistance as a function of temperature is not linear. However, between 10 and 40°C, a variation of
1°C corresponds to a variation in rolling resistance of 0.6 % [7].
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Figure 22 Effect of ambient temperature on rolling resistance [1]
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Figure 23 Influence of air temperature on rolling resistance for different tyres and different speeds [5]

According to the test report [16], tyre rolling resistance is influenced by tyre temperature and also by
pavement temperature. Rolling resistance coefficient decreases with increase in the temperature as an
increase in temperature increase inflation pressure of tyre in Figure 23 for different tyres and on
pavement DAC16r20 (replica of dense asphalt concrete with 16 mm aggregate).
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1.2.2.6. Tyre dimensions variation

The rolling resistance coefficient of a tyre decreases as its outer diameter increases. This is because the
bending of the tyre on entering and leaving the contact patch is less severe with a bigger diameter. In
[13], Wong has also shown from the experimental data that on a hard surface like concrete, the effect
is very less, however, at the medium to hard ground the reduction of the rolling resistance coefficient
with an increase in tyre diameter, with deformation surfaces, the effect is magnified [2] as shown in
Figure 24.
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Figure 24 Effect of tyre diameter on different road surface [13]

Increasing the tyre diameter by 1 cm reduces rolling resistance by about 1 % in Figure 25. Tyre sizing
is a critical operation involving not only rolling resistance but vehicle performance as a whole. It is,
therefore, necessary for tyre and car manufacturers to work closely together throughout the vehicle
design phase to choose the best possible options [1]. While varying the tyre size keeping other
parameters constant, for example, inflation pressure, longitudinal velocity, loading capacity and tyre
width, increasing tyre diameter decreases vertical deformation for the same contact patch length.
Decreasing vertical deformation means the low transition of the radius on the leading and trailing
edges of the contact patch and hence bending of tyre tread region is lower for the bigger diameter,
which results in lower hysteresis losses.
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Effect of the tyre's outer diameter on rolling resistance
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Figure 25 Effect of tyre diameter on rolling resistance[7]

In the above section, the impact of the influencing parameters of rolling resistance is discussed. The
vehicle load and inflation pressure have shown direct influence on rolling resistance. Speed has shown
its significant effect on rolling resistance after 100 km/h. The ambient temperature also influences the
rolling resistance. There is a lot of work done in literature [16], [29] to identify these parameters as
most influencing for rolling resistance.

The influencing parameters such as ambient temperature, load, speed, inflation pressure and road
roughness will be taken into account while modelling the tyre road contact model for the estimation of
rolling resistance in this work. This will help to evaluate the influence of these parameters on a large
extent in real driving conditions. In the next section, different models of rolling resistance obtained
from different studies are discussed.

1.2.3.Rolling resistance coefficient model

There have been several attempts to develop the rolling resistance coefficient model in the literature.
Three methods used to define the coefficient of rolling resistance. There are empirical, physical and
finite element models proposed in the literature. In this section, an effort is done to gather these
different models.

1.2.3.1. Empirical models

[17], [40] propose empirical models for rolling resistance based on different influencing parameters.
Experiments approaches were used to obtain these relationships. The author in [13] presents the
rolling resistance coefficient with squared speed term dependence, given as

C,r = 0.006 + 0.23.10 672 (6)

This is the simplest form to present the C,.which depends only on squared speed, which is
incomplete. The tyre manufacturer Michelin proposes a model of C,, that includes both linear and
squared speed dependence, given in [7]

Crr = Cr,iso + a(vz - vizso) + b(v - viso) (7)

30



where C, ;5, , @ and b are tyre dependent constants and v;s, = 80 [km/h].

The equation (7) is dependent only on speed but researches showed that temperature also has an
influencing action, therefore, another model in [41] is derived that includes both a velocity dependence
as well as a temperature dependence. But this model lacks the tyre surface temperature as it considers
inside air temperature of the tyre.

Crr = Crr(v: T) = Cro(T) + CrOl(v2 - vSZC) (8)

The temperature dependence of the rolling resistance is also discussed in [13]. It is shown that C,.,
decreases with an increasing tyre temperature. It is stated that C,,. = 0.020 when the tyre temperature is
0°C, and approaches C,,- = 0.007 as the temperature increases towards 80°C. However, the actual
value of C,, also depends on the type of tyre, the tyre thread and how worn the tyre is, as well as on
the road surface. In addition to two influencing factors another model of C,,. dependent on inflation
pressure is also presented in [41].

P a
Crr = (_) (Crrstatic + br (T — 25) + vaz) ©)

Pnom

where P,,,, is the nominal value of inflation pressure specified by tyre manufacturers, by and c,
empirical coefficients C,.stqtic 1S the static part of rolling resistance, which supposed to not change
during vehicle motion. This value depends on vertical load, road pavement, wheel alignment and tyre
material at 25°C. The dynamical part includes a first-order function of tyre temperature and vehicle
velocity second order with the assumption that P is driven by T through ideal gas law. The above
model also requires the coefficients, which can be communicated by tyre manufacturers only.

Some models have been proposed in the past on the empirical formula of C,., as a function of pressure
and speed only but requires the experimentations to identify the constants. In [42] the variation of
pressure and rolling resistance coefficient is given.

3.6\2
=) (10)

where v, is the longitudinal velocity (m/s) and p (bars) is inflation pressure.

C,, = 0.005 + (.01 +.0095 (vx x

The above models lack in considering the influence of road characteristics on rolling resistance, which
are also identified as the main influencing factor. The empirical model of the rolling resistance
coefficient proposed by [20] is assumed as a linear relationship between the rolling resistance
coefficient, C,,- MPD and IRI:

Crr(MPD,IRI,v) = CO + CMPD * MPD + CIRI * [RI + C‘U * U (11)

where C,, Cypp, Cig; and C,, are constants and v denotes the velocity. C, is the basic rolling resistance
coefficient, i.e. the rolling resistance on a perfectly smooth and even road surface.

MPD and IRI parameters are suitable for use in a prediction scheme for rolling resistance since they
would allow, in principle, a nationwide estimation of rolling resistance properties. In MIRIAM [10]
the equation for rolling resistance coefficient proposed is

C = 0.00912 + 0.00210. MPD + X.IRI (12)

31



where MPD is Mean profile depth in mm, and X is constant yet to be determined and IRI is road
unevenness/roughness index. The equation is based on light vehicle data. This model is useful over a
speed range of at least 50-110 km/h for the rolling resistance part of driving resistance.

The value of X is calculated by [17] using the controlled experiments, so the above model becomes

Crr = (0.00912 + 0.0000210 * IRl * v+ 0.00172 + MPD) (13)

The above model does not take into account pressure and temperature influence on the rolling
resistance. The main drawback of above mentioned different empirical model that it has constants
which require either experiments or tyre manufacturer to communicate them. Also, there does not exist
an empirical model which take into account all the influencing factors. It is required to have a model
which does not have constants to define and include all the influencing parameters.

1.2.3.2.  Physical model

Several tyre models are presented in the literature [43]-[46]. Common for most models, however, is
that the force from the rolling resistance of the tyres is modelled as the normal force on the tyres from
the ground multiplied with the rolling resistance coefficient C,.,.. The equation is given in [47] as

Crr = F../mgcosa = F../mg (14)

where C,.. is the rolling resistance coefficient, m is the vehicle mass, g is the gravity and « is the road
grade in percentage. Expressing « in percentage is common, not only in scientific publications but also
on road signs [48].

The major contributors to the creation of resistance to rolling of tyre on a straight and flat road surface
are energy dissipated in the process of rolling and aerodynamic drag. The energy absorbed in the heat
is a manifestation of hysteresis forces because of radial deformation of the tyre.

— e

Figure 26 Rolling resistance phenomenon [34]

This energy dissipation results in normal pressure distribution, higher in the forward portion of the
contact patch, where the tread elements are forced radially inwards; and lower in the rearward portion
of the contact patch, where the tread elements are forced radially outwards [49]. This leads to a
forward shift of the centroid of the normal pressure distribution, at a distance e in Figure 26, where the
horizontal and vertical forces applied at the wheel hub are reacted. A moment balance yields the
following relationship:

F.h—FEe=0 (15)
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E = h = Cyr (16)
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where h is the loaded radius of the tyre. It is not possible to calculate the parameter e physically. This
is the main reason the approximate value of C,, is used by the researcher. Since it is not possible to
calculate the parameter e physically this model cannot be used directly. The approximative values will
not give accurate results for the variation of different influencing parameters so the physical model
cannot be used in our work.

1.2.3.3.  Other models

Above mention, the approach is based on the force calculation. In literature, there are other approaches
such as finite element approach and bond graph approach.

Famous finite element model is MFT tyre which is industrialised and based on the finite meshing as
shown in Figure 27. In FEM (finite element method) rolling resistance can be defined as the power
dissipation Pdis at a certain axle load Naxle. The power dissipation depends on the resistant force
Frr acting on the wheel axle and the vehicle velocity v. In this study, the rolling resistance coefficient,
C,, is used to quantify rolling resistance [19]:

Fr  Pas 1

Crr = = .
rr Naxie Naxie v (17)

To assess the influence of road texture on rolling resistance, the vibrations in the tyre and the inherent
energy dissipation should be taken into account. FEM is used to take that in account in steady-state
conditions. It is impossible to implement on vehicle and it is very complex so we are not going to
consider FEM models for our thesis.

Another approach is called Bond graph form; it is a unified multi-energy domain modelling approach.
The bond graph as a modelling and simulation tool provides many possibilities; it allows both
causality and behavioural system analysis. From the behavioural point of view, a bond graph model
allows dealing with a lot of equations describing the dynamic behaviour of the tyre-road system by
using only one representation independent of the improved physical phenomena [50].

The bond graph is highly complex and required intensive computation. It is also a lumped parameter
model and cannot model non-energetic interactions and still need to develop. This approach is also
difficult to implement on the vehicle. Therefore, it is necessary to propose an innovative method for
rolling resistance studies of tyres that can be used for different purposes and under different
conditions.
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Figure 27 FEM Tyre model [19]

1.2.4.Rolling resistance measurement methods

Measurements of rolling resistance of tyres date back several decades but since a few years, a
systematic treatment has been attempted to establish standards for the measurement of rolling
resistance. Within recent decades, rolling resistance has been extensively and intensively studied in
both the tyre design and pavement design fields. Although several approaches have been proposed,
these could generally be summarised as experimental methods, numerical methods and virtual sensor
method.

1.2.4.1. Experimental methods

For experimental methods, comparison studies are mainly carried out based on various measurement
methodologies and results. Procedures for measuring the rolling resistance of pneumatic tyres are
specified by international standards. All standards are based on laboratory drum measurement
(explained below). The existing test standard includes two set by the Society of Automotive Engineers
(SAE), SAE J1269 [51] and SAE J2452 [52] and two set by the International Organisation for
Standardization (1SO), 1SO 18164:2005 [53] and ISO 28580:2018 [54] and ECE R117[55] regulation
from the United Nations Economic Commission for Europe (UNECE). All three organizations suggest
similar test equipment and methods. These standards are used extensively in the tyre and automotive
industries for rolling resistance measurement. The test standards for rolling resistance include four
measurement techniques to measure the rolling resistance force of a tyre, as classified by [9] (although
not all of them are in each standard). The comparison of the different standard can be found in [9].
These measurement techniques are:

Force - The force at the spindle is measured when the drum is rotated in a constant velocity.

Power - The electric power needed to maintain the drum rotation at a constant speed is measured.
Torque - The input torque needed to maintain the drum rotation at a constant speed.

Deceleration - The drum is firstly rotated up to a certain speed, the driving motor is then detached from
the drum, and the decay in the angular velocity is measured

oo ow

In each of these approaches, the raw measurement is converted into rolling resistance and the parasitic
loss is subtracted. Parasitic loss is the energy consumed by the system per unit distance, excluding
internal losses in the tyre. It includes sources of energy loss such as aerodynamic drag and bearing
friction.
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The various methods use these techniques for measurements of rolling resistance. The methods are
mainly grouped into five categories in [10]:

1. Laboratory drum (DR) method: Laboratory measurements made with test tyres rotating on
drums. The drums may be equipped with sandpaper or replica road surfaces, apart from the
steel surface of the drum. The tyre is held against the drum, which is run by a motor coupled
to it. The tyre’s rolling resistance applies a braking effect to the drum’s rotation, and this effect
is translated into measurements of forces, torques, decelerations, etc. Rolling resistance is then
calculated from these measurements. Figure 28 shows the configuration of this procedure.

In addition to the above-mentioned measurement techniques, the number of testing points can
also differ, depending on the test conditions. A single-point test includes only one setting for
tyre pressure and tyre load, while a multi-point test includes a series of settings of tyre
pressure and tyre load. Rolling resistance is then calculated from the regression of the multi-
point measurements.

Different testing standards ([51]-[54]) prescribe different numbers of testing points.
Limitation of this method is the inclusion of aerodynamic drag which is unrepresentative of
the real situation also mentioned by [10]. Several aspects of the drum testing procedure have
been investigated, such as inter-laboratory correlation in [15], [24] etc.

Test drum

Actuating Tire to be
cylinder tested

[~ |

Motor

Figure 28 Drum test to measure rolling resistance [8]

2. Trailer (TR) method: In trailer method rolling resistance measurements are made with test
tyre(s) in a special towed trailer while rolling at a constant speed. The trailer may be designed
either for passenger car tyres or heavy truck tyres. The measurement may be made either of
the torque on the test tyre, the towing force between towing vehicle and trailer, or the angle by
which the tyre vertical support is displaced when a rolling resistance force is acting in the
tyre/road interface. Several trailer equipment is available with different testing laboratories,
such as BASt, BRRC, Technical University of Gdansk (TUG) FKFS and IPW automotive
trailers etc. as shown in Figure 29.

The development of trailer method has been going on for three decades. [9] and [10] have
documented all the existing trailers in detailed. The measurement of rolling resistance of tyres
on the actual road as compared to laboratory drum method is the main advantage of trailer
method although it is limited to certain conditions. It has also reduced or eliminated many
disturbing factors such as transmission losses and air resistance in contrast with coast-down
methods. The above-mentioned trailers focus on the personal car, but recently BASt and
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Forschungsvereinningung Automobiltechnik (FAT) have developed a rolling resistance trailer
using truck and truck tyres [9].

Two European projects MIRIAM [29], [38] and ROSANNE [20] have made an extensive
comparative study between the BRRC, BASt, and TUG trailers on a test track in Nantes,
France, and showed overall good correlations with both macro-texture and mega-texture with
good short term repeatability. The comparison of the simulation model and TUG trailer
measurement is done in [30], [56] and a good correlation is found. It is also concluded by [36]
that the trailer measurements are a key component in creating a linear model for the rolling
resistance’s dependence on the road surface.

A problem with the trailer method is that it is unclear as to what extent road unevenness
influences the measurements in a representative way; essentially the part which causes energy
losses in the suspension. The wheel suspension may not be typical and it may even be blocked
during measurements. These issues are also mentioned by [36]. As [38] suggests, this should
be subject to further study. More generally, this also shows that further research and perhaps
trailer standardization are needed.

(@

Figure 29 Rolling resistance measuring trailers from different laboratories (a) BRRC (b) TUG (c) BASt (d)
FKFS

3. Coastdown (CD) method: A coastdown measurement on a road section is performed by
letting a selected test vehicle, equipped with selected test tyres, roll freely (clutch down, gear
in neutral position) between defined start and endpoints as defined in [10], [57]. The speed is
measured continuously along the road section. The acceleration is either measured directly or
is derived from the speed curves. A possible alternative is to measure the speed only at the
start and endpoints. The various resistive forces acting on the vehicle will make it slow down.
The rolling resistance is one of these forces. Air resistance is another major force. The larger
the rolling resistance the larger the retardation becomes. Normally, measurements are made in
both directions on the road, in an attempt to "average out" influences such as gradient and
wind and to get highly varying conditions. Nevertheless, ambient winds may not be too high.
This method does not yield any direct results on rolling resistance but must be fitted to a
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mathematical model by, e.g., estimating parameters with least-squares regression. The
formulation and complexity of the model may vary depending on the experimental setting,
sources of data, and so on. More details on modelling can be found in [11], [25]

By performing several coastdown measurements, under various conditions, it is possible to
distinguish and separate the contributions of the different resistances acting on the vehicle.
Thus, most of the air resistance can be separated from rolling resistance and by clever
measurement and analysis design, one can separate some other energy losses as well such as in
transmission and wheel suspension. The coastdown method is equally sensitive to various
influences as the trailer method since the rolling resistance is such a small component of the
total momentary forces. It requires very careful measurement and analysis design, as well as
experience and extensive competence. Its advantages are that it may equally well be
performed with heavy vehicles as with light vehicles (albeit less practical and more expensive)
and that also wheel suspension losses are measured.

The finding long tests site with stable characteristics such as the same slope, pavement
surfaces etc. is one of the major drawbacks of coastdown test as the results are based on mean
values. A serious disadvantage with the coastdown method, at least when applied to road
surface effects, is that it can be implemented in many different ways and that results may
differ for different implementations. The difficulty to trace any instability in results
(regression coefficients) to their sources (measurement errors) is further weakness of the
method. Extreme care must be taken in order to obtain reliable and stable results. Also, some
other difficulties concerning the design of measurements and analyses are discussed in [9].

Fuel consumption (FC) method: The tyre rolling resistance obviously affects the fuel
consumption [8], [19] but because many factors influence the energy loss experienced by a
car, it is difficult to pinpoint the rolling resistance loss in the fuel consumption method. Fuel
consumption method uses an especially instrumented test vehicle equipped with precision fuel
flow meters, from which rolling resistance may be calculated using fuel consumption/rolling
resistance model. Also, vehicle speed must be measured with high precision and ambient air,
fuel and engine temperatures should also be measured. Wind speed and direction affect results
and should be measured as well. In some cases, the airspeed at some points near the vehicle
may be measured. FC measurements are made between two defined points on the road, in both
directions, assuming a road is used with no or small gradients and bends with very high curve
radius. This method is sensitive to the condition of all parts of the power unit, apart from all
ambient and road parameters; especially wind conditions. The driver's skills to keep a constant
speed or the efficiency of a cruise controller are also potential error sources. In [17], [31], [37]
studies are done on the influence of road surface on fuel consumption. A variant of this would
be when using a vehicle not powered by fuel, such as an electric vehicle. Then the method
should be called Energy Consumption (EC) method instead.

The steady-state wheel torque (WT) method: This method was mainly developed in New
Zealand in the 1980s by [58]. The author in [10] explained that it essentially involves a test
vehicle (both a car and a truck have been used) being driven at steady speeds between 20 and
75 km/h. At each speed, the driving torque of one (driven) tyre, together with the relative wind
speed and direction are continuously measured. The latter are parts of an on-board
anemometry system by which air resistance is controlled. The driving torque is divided by the
dynamic tyre radius and corrected for the ambient wind to obtain the driving force required to
overcome all resistive forces except for driveline losses. It should be noted that this method
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measures rolling resistance including the contribution by suspension losses. The latter is one
of the advantages with the method; another advantage is that it may be used also with a heavy
vehicle. It shares the problems of the other methods, but in this case, the elimination of the air
resistance effect from the rolling resistance effect of the pavement is the major problem. For
this reason, high speeds are not useful.

These methods are generally used to evaluate the rolling resistance. Indeed, at present, these methods
are hardly accessible and exhibit some uncertainty due to the quality of results, reproducibility of the
measurements, limited to certain tyres and the high cost of physical sensors attached to vehicle tyres.
This is an experimental approach to calculate the rolling resistance coefficient in standard and
controlled conditions. Even though most of them are well established it has several limitations, such as
the feasibility for tyre or pavement studies. Also, it cannot provide insight into the rolling resistance
mechanism.

1.2.4.2.  Numerical methods

Numerical methods such as finite element (FE) analysis provide powerful tools for modelling and
predicting the rolling resistance. In [19], a non-linear steady-state rolling analysis of a FEM tyre model
is presented that is based on the Modal Arbitrary Lagrangian-Eulerian (M-ALE) approach. Moreover,
two principal components, the smooth road rolling resistance and the road texture-induced rolling
resistance, are studied. In another study [30], a waveguide finite element model is adopted to predict
the tyre energy loss resulting from the rolling resistance. In order to assess the influence of road
texture on rolling resistance, the vibrations in the tyre and the inherent energy dissipation should be
taken into account. FEM is used to take that in account in steady-state conditions.

For numerical methods, the simplifications of the material properties in the FE simulation are not
factual in real situations. The lack of proper instruments also causes difficulties in the validation of FE
models. It is impossible to implement on vehicle and it is very complex in nature and cost simulation
time. Therefore, it is necessary to propose an innovative method for rolling resistance studies of tyres
that can be used for different purposes and under different conditions.

1.2.4.3.  Virtual/software sensor methods

In modern-day automotive control [47], [59], the real-time estimates of the vehicle dynamic states and
tyre-road contact parameters are invaluable for enhancing the performance of vehicle control systems,
such as anti-lock brake system (ABS) [60]-[64] and electronic stability program (ESP). Today’s
production vehicles are equipped with on-board sensors (e.g. a 3-axis accelerometer, 3-axis gyroscope,
steering wheel angle sensor, and wheel speed sensors), which when used in conjunction with certain
model-based or kinematics-based observers can be used to identify relevant tyre and vehicle states for
optimal control of comfort, stability and handling. Vehicle state estimation is becoming ever more
relevant with the increased sophistication of chassis control systems.

Table 1 Comparison of rolling resistance measurement methods

Tyre design Pavement on- Hand on
Methods Conditions | . J'c 9¢519 Design vehicle : Cost Remarks
investigation | . D9 . experience
investigation | testing
Laboratory Different from
In
Drum Laboratory X the tyre-flat
method road case
Trailer On-Road X X Difficult for
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method the calibration
procedure
Difficult to
Coast- In consider
down Laboratory/ various
method On-Road influencing
factor effect
Energy
consumpti On-Road X Not accurate
on method
Numerical | On PC/On- x x Need more
method Road validation
Virtual
sensor On-Road X X X X X Under
development
method

Several authors have proposed online estimation schemes of rolling resistance, in addition to
parameters such as longitudinal stiffness, effective radius, tyre-road friction, and wheel slip using
nonlinear observation methods [42], [64], [65]. Observations techniques such as high gain [66], sliding
mode [21], [67], [68] and extended Kalman filter (EKF) [69] are also widely used to estimate vehicle
states and parameters. The characteristics of classical observers lie in the easiness of its implementation,
robust to modelling uncertainty and external disturbances. Whereas the main drawbacks of these
classical observation techniques are sensitive to measurement noise, lack of stability around real values
and take longer to converge to real values. This aggravates the situation, which has rapid dynamics in
real-time conditions. Therefore, it is necessary to propose an adaptive method for accurate estimation
rolling resistance studies of tyres that can be used for different purposes and under different
conditions.

The syntheses of different methods are presented in Table 1. The green colour means it satisfies our
need for the thesis. Since the motivation of this work is on vehicle real-time testing, the virtual sensor
method seems to be the best suited for the requirement (all green). In the virtual sensor method, it is
possible to take into account tyre-related as well as pavement design-related influencing factor while
estimating the rolling resistance. It has a low cost of implementation as well as easy hand on
experience. So the development of this method will be considered in this work.

1.2.5.Conclusion

In this section, the bibliographic study is presented on the tyre rolling resistance force. An important
challenge for the development of current vehicles and autonomous vehicles is to ensure better energy
management. It is concluded that the rolling resistance is one of the most important parameters
affecting the fuel consumption and the performances of a vehicle. The definition and mechanism of
rolling resistance were presented with the different influencing parameters. The main influencing
parameters are speed, load, tyre inflation pressure, and temperature and road roughness. If there is a
change in any above, mention parameters have a direct influence on rolling resistance. There is also
the interconnection of parameters such as load and inflation pressure. Speed has shown its significant
effect on rolling resistance above 100 km/h due to wheel aerodynamic effect. The influence of ambient
temperature on the tyre internal temperature and pavement temperature which influences rolling
resistance is also discussed.

The existing empirical rolling resistance coefficient models are presented which are mainly obtained
with correlation methods for controlled conditions. This is specific to a few tracks with limitations. So
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there is a lot to be done to account this in physical tyre model. The comparison of different rolling
resistance measurement method is done. Experimental methods are inaccessible and very uncertain
due to the quality of results, reproducibility of the measurements, limited to the specific and the high
cost of physical sensors attached to vehicle tyres. Numerical methods are also not suitable for on-
vehicle testing due to its complexity and simulation time. There is a little advancement in the real-time
estimation of rolling resistance. Indeed, these applications have been far from conclusive, as it served
only under simplified conditions: on straight-line track at a constant speed and simplified tyre-road
contact model. Therefore, no work has been done to estimate the rolling resistance in real driving
conditions with experimentation validation. Also, the impact of road roughness and temperature are
not included as far as to our knowledge. Moreover, these studies did not account for the source of
incertitude, convergence and real-time estimation. Research in this area is still quite recent and much
work remains to be committed.

To address this problem, the virtual sensors, type observer is explored in the next section for the
estimation of rolling resistance under real driving conditions that take account of all the parameters.

1.3. Virtual sensor background

Virtual sensors or observers are widely used to determine the state of a dynamical system when not all
components of the state are directly measured. Real-world dynamical systems and processes must
often be modelled by nonlinear differential equations, and the design of a specific nonlinear observer
is not a trivial task. Nonlinear observers have attracted great attention from the automatic control
community in recent years [47], [59], [66], [70]-[73]. This is due to the fact that in many real models,
some variables are very expensive to measure, and in certain cases, some variables are unmeasurable
because they lost their physical sense through mathematical transformations. Therefore, designing
state observers is a necessary step for diagnosis, control tracking, monitoring, and other control design
problems. For instance, in the field of autonomous vehicles in a platoon, measurement of some
variables, such as longitudinal distances, velocities and accelerations of other nearby vehicles, requires
significant expense. Some of the sensors, such as slip angle and roll angle, can be extremely expensive
to measure, requiring sensors that cost thousands of dollars [21], [74], [75]. Also, several important
tasks cannot be performed due to the unavailability of sensors at any cost. Because of the lack of a
general design method for nonlinear systems like in the linear case, several methods have been
developed in the literature, where each method corresponds to a specific class of nonlinear systems.

The construction of observers for nonlinear systems is very interesting and several methods are
available. The problem of state observation for nonlinear systems is of main importance in automatic
control. In recent years many contributions have been presented in the literature that solves the design
problem for classes of nonlinear systems. The field of state estimation of non-linear systems is still
largely open.

As discussed above several authors have proposed online estimation schemes of rolling resistance, a
few dedicated works are done in [21] with the aim to estimate the rolling resistance force by using
virtual sensor based on the observer approach (sliding mode [22] and EKF). Indeed, these applications
have been far from conclusive, as it served only under simplified conditions. Therefore, Estimate the
rolling resistance in real driving conditions using a suitable observer technique is the main goal of this
thesis. The comparison of different observer technique will allow us to identify the suitable
observation technique for this thesis. Before comparing different technique some preliminary
definitions and theorem are presented.
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1.3.1.0bservability of nonlinear systems

Intuitively, observability is concerned with whether, from observing sensor measurements for a finite
period of time, the state can be reconstructed for previous times. Observability or detectability of the
system to be estimated is an important property to ensure correct estimations from the observer. The
observability criterion states that if a system is observable, the dynamic states of the system can be
reconstructed from real measurements [76]. In the same place, several methods to determine
observability are presented. The Lie derivative to evaluate the observability of the nonlinear systems is
defined as:

Definition 1.1 Let f: R™ — R™be a vector field in R™ and let h: R™ - Rbe smooth scalar
function. Then, the lie derivative of h with respect of f is

n
oh
fi

Lch =Vh _6h =
s f_axf_ 16xi (18)

=

Remark 1.1(Dimensions) Let us consider the dimensions of the Lie derivative: f has components

[flgx)]
" rw (19)

and h associates a scalar to each point in R™. The Lie derivative is given by

oh oh [fl(x)‘
Lh= |2 .. —] : (20)
f
dx,q 0x, £,00
that is, the Lie derivative is a scalar.
Remark 1.2(Lie Derivatives of higher order) Note that, by convention, we let
h=L}h (21)
be the Lie derivative of 0¢" order. We can define higher order Lie derivatives, for examples
12h =2 [Ltn]f (22)
f dx LT
and so on. Note that if x = f(x), then
. 0hox 0Oh _ i
“oxot ax) "Lt
. 0
— 1 _ 72
h=o—[Lph]f = Lih (23)
k) — jk
h = L
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Definition 1.2 Consider the system described by the state equation

= fx,u) (24)
and the measurement equation
hy (x)
y =h(x) = (25)
h (x)

two states x, and x; are called distinguishable if there exists an input function u* such that

Xo # x1 = y(xo) # y(x1) (26)

That is, if the sensor readings are different, the states are also different. The system is called locally
observable at point x, if exits a neighbourhood of x, such that every x in that neighbourhood other
than x, is distinguishable from x.

Theorem 1.1 Consider the system described by the state equation

x=f(x,u) 27)
and the measurement equation
hy (x)
y =h(x) = (28)
h (x)

Let G denote the set of all finite linear combinations of the Lie derivatives of hy(x), ..., h,(x) with
respect to f for various values of u = u* constant. Let dG denote the set of all their gradients,

evaluated at x,. If we can find n linearly independent vectors within dG, then the system is locally
observable.

Let consider the single measurement case for illustration. We have

x=f(x,u
fx,u) 29)
y = h(x)
Taking successive derivatives of y yields
y=h= L?ch
y=h=Lth
P= (30)

y@-1 = L}‘_lh.

Let
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L¢h
Ix)=| : (31)
L ™'h

Expending in the first-order Taylor series about x, for u = u, yields

ol(x,ug)
[(x,up) = l(xg,ug) + “ox (x — xo) (32)
x X=X,
Then set
al(x,ugy)
dG =0 =————= (33)
Ox x=x

for local observability, the matrix O must have rank n.
1.3.2.Stability of dynamic systems

The stability of nonlinear dynamic systems is well defined in the literature [76], [77]. We consider the
case unforced, autonomous systems, described by

x = f(x) (34)

Let do not consider disturbances. In the first time, we restrict the analysis to systems that do not have
explicit time dependence. We consider equilibrium points of the system, obtained as described by
solving

flxe) =0 (35)

As previously, we then consider perturbations about the equilibrium points:

X =X, + 0x,

af
~ ox

af
" ox
If no eigenvalues of ] have zero real parts, local stability can be determined from the eigenvalues of J.
If at least one eigenvalue has zero real part, the centre manifold theorem can be used to determine

local stability. In this chapter, we examine the issue of global stability that will converge system to the
origin as local stability doesn’t ensure the stability of the entire system.

ox ox,

e (36)

3

e

Definition 1.3 (Stability in the sense of Lyapunov [99]) For simplicity, assume that we consider an
equilibrium point at the origin, x, = 0. (If this is not the case, the equilibrium point can be moved to
the origin through appropriate coordinate transformation). The equilibrium x, = 0 is stable if and
only if

Ve > 0,Vty = 0,36(€, ty) > 0: ||x(t)ll2 < 6 = ||x(®)]|, < eVt = ¢ (37)
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Furthermore, the equilibrium x, = 0 is asymptotically stable if and only if

1. x, = 0isastable equilibrium
2. Vty 20,38(t0) ¢ lIx(to)llz <6 = limyssoollx(Ol = 0

Finally, the equilibrium x, = 0 is uniformly stable if and only if

1. x, = 0isastable equilibrium
2. 8(ety) =6(e)

Figure 30 Stability in the sense of Lyapunov [99]

Definition 1.4 A scalar function is said to be positive definite if and only if V(0) =0 and V(x) >
0vx + 0.

Theorem 1.2 (Lyapunov second method) Consider the system described by

x = f(x,0), (38)
With £(0,t) = 0 vt. If a scalar function is defined such that:

1. v(0,t) =0,

2. V(x,t) is positive definite, that is, there exists a continuous, non-decreasing scalar function
a(x) suchthat «(0) = 0 and Vx # 0,0 < a(||x|) < V(x,t),

3. V(x,t)is negative definite, that is, V(x,t) < —y(llx]]) < 0,where y is a continuous non-
decreasing scalar function such that y(0) = 0,

4. V < B(||xl]), where B is a continuous non- decreasing function and g(0) = 0, that is, V is
decrescent, and the Lyapunov function is upper bounded.

5. Visradially unbounded, that is, a(||x||) = oo as ||x]|| = oo,

Then, the equilibrium point x, = 0 is uniformly asymptotically stable in the large, and V (x, t)is called
a Lyapunov function.

Remark 1.3 It is very important to note that Theorem 1.1 provides a sufficient condition, not a
necessary condition.

Remark 1.4 (Relaxed Conditions)

1. Asymptotic stability requiresV negative definite; stability requires V negative semi-definite.
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2. The condition that V be decrescent yields uniformity for time-varying systems.
3. Global stability is given by the radially unbounded condition.

Remark 1.5 The most difficult condition to obtain is that V be negative definite. In many practical
cases, V is negative semi-definite, that is, the equilibrium point is stable but not asymptotically stable.

1.3.3.Canonical forms of nonlinear system

1.3.3.1. Canonical form

Consider the following class of nonlinear system

x=f(x)+exu) (30)
y=CX)

where = [xq,x,,+,x,] € R® , the input u € U where U is a compact subset of R™, the output
y € R, Cis defined as:

C=1[10..0] (40)

The function ¢ (x, u) is assumed to be triangular with respect to x i.e.

o (u, x1)
@ (U, x1,X3)
p(x,u) = : € R" (41)
On-1(U X1, .o, Xp—1)

(W, Xy, o0, Xn)

There are a few hypotheses that need to be adopted before the synthesis of observer:
(H1) The function ¢ (x, u) is Lipschitz with respect to x uniformly in u where (u, x) € U x X.

(H2) The state x(t) and the control u(t) are bounded, i.e. x(t) € X and u(t) €U for t > 0 where
X c R™and U c RS are compact sets.

1.3.3.2.  Particular class of the canonical form

We address in this section a particular class of nonlinear systems which can be put in the previous
canonical form using an appropriate transformation. This class of systems has been studied in
particular by [78], [79] for the characterization of a class of uniformly observable systems.

x=1(x,u)
(42)
y =h(x) =1°(x;,u0)
where x = [x1,x5,-+,x,] ER®™ | and the output is ye R™, x, e R*,k=1,..,qn=

q —
Yp—ikandp =my 2my = - = my,.

The input u € U where U is a compact subset of R* is e set of absolutely continuous functions with
bounded derivatives of R*.

We assume that the function [ (x, u) has the following structure:
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1 (xq1,%5,u
/l (xl,xz,x3,u)\
I(x,u) = R™ (43)
19- 1(x, u)
19(x,u)
The following hypothesis (H3) is adopted for the synthesis of the nonlinear observer. It allows us to
say that the system is detectable [80], that is to say, that the non-observable poles are stable.

(H3) For 0 < k < q — 1 : the function x..; = 1*(x1, X3, ..., Xp, X1, w) Of R™+1 in R™ is injective.
Furthermore, we suppose that there exists a, 8 > 0 suchthatforallk € 0,...,q — 1,

Vx eRh,uelU (44)

0 < a?l o1k : )T alk ) < 71 5)
@y = 0Xp41 o 0Xp41 o) < B T

One introduces a change of coordinates which brings back the system (42) under the first canonical
form (39). Formally, the observer's equations in the original coordinates are given by considering the
pseudo-inverse of the matrix of the coordinate change function. Consider the following change of
coordinates:

o: R* - R™P

X1 Z1

X2 Z3
x=|: |>z=d(xu)=

Xq Zq

With

Zl = lo(xliu)
0
Zy = 9%, (xl,u)l (x1,x3,u)

< s (46)

Zy = Hq_zi(x w) | 1971 (x,w)
Lq kzoaxk+1 ' '

where z, e Rmfork = 1,...,q.

After hypotheses (H3) with an application of @ is injective.

We put A(x, u ) as the following diagonal matrix

_ <6l° a1° a1° 2 )
A(x,u) = diag | — (x, u) (x u)—(x u), .., I1 (x u) 47

0x4 = 06 Xje+1
This matrix makes it possible to carry out the change of coordinates and to obtain the following
relation:

AC,u)l(x,u) = Az + G(x,u) (48)
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A defined as follows is a block offset matrix:

O Im - Op
— : Om : mpxmp
A= 0. o I ER (49)
Om Om m

and G is a matrix given by the following equation:

0
6= ( 0 \ (50)
\ 1'[ o (x,u) | 19(x, u)/
0 Xie+1

Hypothesis (H3) implies that the matrix A(x, ) is invertible on the left, its inverse is noted A (x, u).
We, therefore, deduce that

I(x,u)= AT(x,u)Az + AT (x,u)G(x,u) (51)

The dynamics of z is given by

Z=—— (x wx +— s (x,w)u (52)

ou
After solving

(x,w)u

od P
z=Az+G(x,u) + (a (x,u) — Alx, u)) At (x,u)Az + — E»

by replacing

(acb > P ,
o(z,u) = Glo,u) + [ =—(,u) — Alx,w) | AT (¢, u)Az + — (x, u)u
ox ou

Using the adopted notations, the system (42) can be written in the new z coordinates in the following
form:

z=Az+ p(z,u)

(53)
y=C(2)

where C=(I,,, 0, ... 0,,) € R™ ™4,

The system (53) is in canonical form (42). Therefore, the observer (54) can be synthesized for this
system. Using hypotheses H1, the equations of this observer are written in the new coordinates as
follows:

2=A2+oGu) +k(¥,2) (54)
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Where Z = [zl,zz,u-,zq]T and the function x is the correction term, which ensures us the
convergence of estimated state to the real state despite the initial error. From

one gets

Z=—X->%X=

z=®(x,u)

0o . . [P . [od !

ox ox

So the observer for the system (42) can be written as

z =\ (p(Z,w) +Kk(y,2))

b= 12 )+[6¢]'1 .
x=1lXu % k(y,X)

1.3.4.Different nonlinear observers

(55)

(56)

In most applications, the process must be controlled or monitored in real-time and this requires being
able to access the variations as a function of time of the state variables. This access is not always
possible either due to the lack of suitable sensors or the high cost of some of these sensors. To
overcome this problem, a state observer (an estimator) is generally used to reconstruct unmeasured
state variables. The field of state and parameter estimation of non-linear systems is still largely open.
We will see that there is no universal method for the synthesis of such observers, various observation
techniques are discussed in the literature. The synthesis of possible approaches is given in Table 2, the
detailed explanation can be found in appendix A.

Table 2 Synthesis of different observation techniques

Observers Observer properties Limitations References
A set of mathematical equations that
provides an efficient computational
means to estimate the state of a process The major drawback of this
. Supports estimations of past, present, method is the lack of
Kalmanjiileer and even future states gue;raontie;;[ Sfagﬁ it; [811-{83]
Widely used in the industry
Implementation simplicity
independently of the system complexity
Technique is based on a change of Finding a non-linear
coordinates which makes possible to transformation that
Nonlinear transform a nonlinear system into a linearizes the system is not
transformation linear system. always evident, and this [84]-[86]
methods The state of the original system is constitutes the main
achieved using the reverse coordinate drawback of this method.
change.
Initialization of the
Extended Kalman filter and extended observer is also crucial
Luenberger observer are examples of The necessary condition
Extended these kinds of observers. cannot always be satisfied,
nonlinear The design of this type of observer also for instance with systems | [37]-[91]
observers consists of adding a second gain to the having high Lipchitz

Luenberger observer inside the non-
linear part of the system.

constant in this kind of
observer.
The estimation accuracy of
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the observers largely
depends on how well the
linearized model represents
the nonlinear dynamics.

This observer is based on the
observable canonical form.

High-gain observers are relatively
simple to design less complex
differential equations.

Stability guarantees for any arbitrarily

Design parameter is
generally carried out
through a try and error
procedure to get a
satisfactory compromise
between the accuracy of the
observer.

Sensitive to measurement

High gain ch_osen ir!itial conditions. noise. [66], [72],
I - Itis relatively fast and robust to model They suffer from the [78], [92],
Uncertalnty and external disturbances. 'peaking' phenomenon’ [93]
These observer's guarantee that the where, due to the high-
observer error is globally gain, there is an initial
asymptotlgally convergent to zero. sharp spike in the response
The eﬁectlyengss of such an observer of the state estimates. This
has been hl_ghllght_ed throygh_ many phenomenon can cause
successful industrial applications. instability for some types
of systems.
Sliding mode observers have unique The analysis of the average
properties, in that the ability to generate value of the applied
a sliding motion on the error between observer injection signal,
the measured output and the output of the so-called equivalent
the observer ensures that a sliding mode injection signal, contains
observer produces a set of state useful information about
estimates that are precisely the mismatch between the
commensurate with the actual output of model used to define the
the plant. observer and the actual
The ability to generate a sliding motion plant. ) o
Sliding mode on the error between the measured plant The discontinuous injection | (7], [68],
observers output and the output of the observer signals which were [94]-[97]
ensures that a sliding mode observer perceived as problematic
produces a set of state estimates that are for many control
precisely commensurate with the actual applications.
output. Lack of stability around
The main advantages are conservation real values and longer time
benefits of the sliding mode observer, to converge to real values.
its robustness and convergence in finite This aggravates the
time, reduction of the effects of situation, which has rapid
chattering and the improvement of the dynamics in real-time
performance of the observer. conditions.
Adaptive gain observers help to
estimate simultaneously the system
states and the unknown parameters.
The adaptive solution is the most The observer needs to
suitable variable dynamics and generate estimates of the
continuous change in a situation during vector ‘;f U“k”SW“
; the real situation. parameters an
MEETTE Their robustness to modelling error, unmeasured state [e6], 93],
observers components under noisy [98]-{107]

parameter uncertainty and input noise
used to detect the variation in the input.
The convergence of the proposed
observer is guaranteed under a well-
defined persistent excitation condition.
The structure of the proposed observer
is simple

environments
Not many application in
automotive industry
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A design function in the observer gain
which is calibrated through the choice
of a single design parameter.

Observers for
singularly
perturbed

systems

The above approaches presuppose the
availability of a dynamic process model
that does not exhibit time-scale
multiplicity

Singular perturbation technique is a
means of taking into account neglected
high frequency and parasitic
phenomenon into modelling systems by
decoupling the representation into slow
and fast time scales.

It should be emphasized, that the design
of nonlinear observers based on the
reduced-order model

The state estimation
problem becomes not only
theoretically challenging
due to the multiple
timescales but practically
an intriguing one.

Stiff dynamics, may lead to
ill-conditioned observer
gains and potentially
undermine the convergence
properties of an observer
designed for the full-order
singularly perturbed system

[108]-[119]

1.3.5.Conclusion

The observability and stability criterion for the nonlinear observers presented at the beginning of this
section allows us to ensure correct and stable estimations from the observer. Once the criteria are
satisfied, it ensures that the states of the system can be reconstructed from the real measurements. The
synthesis of different observation techniques outlined the advantages and disadvantages of existing
observer techniques. For example, the Kalman is most used due to its implementation simplification
but its main drawback lies in the lack of guaranteed stability. Similarly, the linearization technique is
also attracting but it is difficult to find the non-linear transformation that linearizes the systems. The
effectiveness of high gain observers has been highlighted through many successful industrial
applications. However, the main drawback of this observer is the design parameter that is generally
carried out through a try and error procedure to get a satisfactory compromise between the accuracy of
the observer and its sensitivity to noise measurements.

The main advantages are conservation benefits of the sliding mode observer, its robustness and
convergence in finite time, reduction of the effects of chattering and the improvement of the
performance of the observer. Whereas the main drawbacks of these classical observation techniques
are sensitivity to measurement noise, lack of stability around real values and longer time to converge
to real values. This aggravates the situation, which has rapid dynamics in real-time conditions. To
overcome this, an adequate strategy for using adaptive gain observers and identify the parameters of
the model in real-time is proposed. This is motivated by the fact that the adaptive solution is the most
suitable variable dynamics and continuous change in a situation during the real situation. Their
robustness to modelling error, parameter uncertainty and input noise used to detect the variation in the
input. This is achieved through the specification of a design function in the observer gain which is
calibrated through the choice of a single design parameter. This is also shown in the dedicated work
done in [120]. In this study, the comparison of two different adaptive gain observers is presented. This
study shows the high practical interest of adaptive high gain observer due to its robustness and finite-
time convergence modelling error, parameter uncertainty and input noise used to detect the variation in
the input. Its advantages and disadvantages have allowed choosing the most effective solution with
respect to accuracy, robustness and computing complexity.

As discussed previously, the objective of this thesis is to estimate the rolling resistance for a full
vehicle. To address this problem, the adaptive gain nonlinear observer is explored for estimation of
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rolling resistance under real driving conditions that take account of all the parameters. In the next
section, adaptive high gain [103] and adaptive second order sliding mode observers [121] are
developed for the application of estimation of rolling resistance on the quarter car.

This is motivated by the fact that the adaptive solution is the most suitable for the rolling resistance
estimation because of variable dynamics and continuous change in a situation during the real driving
situation. Their robustness to modelling error, parameter uncertainty and input noise used to detect the
variation in the input. Their advantages and disadvantages have allowed choosing the most effective
solution with respect to accuracy, robustness and computing complexity. The choice of a quarter car is
made to represents the standard trailer test of rolling resistance. The work is done in [120] mainly to
choose observer technique, which is most suitable to estimate the rolling resistance force in real
driving conditions.

1.4. Different adaptive observer techniques comparison

This section deals with the identification of suitable observation technique for estimation of the rolling
resistance of a tyre. Two nonlinear observers are developed for a quarter car model in order to get a
robust and accurate estimation of rolling resistance force [120]. In this section, the adaptive high gain
and the adaptive second order sliding mode techniques are compared. Their advantages and
disadvantages have allowed choosing the most effective solution with respect to accuracy, robustness
and computing complexity. Finally, simulation validation is carried out with software
MATLAB/Simulink and SCANeR Studio (vehicle dynamic software). This section presents the first
results of an original estimation of rolling resistance using adaptive gain observers.

1.4.1.Quarter car

In literature, a lot of quarter car models are available [21- 23] which are easy and simple to implement
in Simulink. In this section, we present the longitudinal dynamics of the quarter car model. The model
presented in [7] is a model for this application in Simulink.

Ri2

|
/ F
o

Figure 31 Longitudinal dynamics of a wheel [7]

According to Newton’s 2™ law, the longitudinal and rotational dynamics of the quarter car system in
Figure 31 can be represented by the following equation [21]:

{][) = I'— RE, — Cjw (57)

Mv, = E — Fg — Ey
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with v, as longitudinal speed, w angular speed of the wheel, I' torque applied at the tyre, F, is traction
force, F,; is aerodynamic force, E.. is rolling resistance force, J is the inertia of the wheel, M mass of
the quarter car and Cy is the friction coefficient of the wheel bearing.

In this model, the author considered single point contact between tyre and ground with constant
effective tyre radius and tyre pressure. The vertical displacement is also neglected. The numerical
validation of this model can be found in [120].

The quarter car can be written as state variables x = [x; x,]7 = [2 v,]7

J

o7 (F() = Fa(0) = )|

E ]
(I' = RE(x) — Crx1)
= | (58)

[EnN

1.4.2.0bserver design

In this section, the adaptive high gain observer and adaptive second order sliding mode observer are
designed for a quarter car model described above, which allow the estimation of rolling resistance. The
main idea is to understand the behaviour of different adaptive observer technique and compare their
performances. Firstly, the model is written under state space form and observability of the system is
analysed thanks to numerical evaluation technique.

1.42.1.  State space model

In this section, the state space representation of the model is given. To write the model here in the
dynamic equation of longitudinal and rotational, the dynamic of E.. is supposed to have a variation
and can be seen as unknown so we can write the dynamics as:

Frr =1(t) (59)
where n as bounded function.

The model can be written directly from equation (58) the state vector as x = [x; x, x3]7 =
[2 v, E..]T and u = T the torque, we obtain system as

(60)
Fe(x) = Fa(x) = xs)l
o :
The output is y = Q = x; we can write the x; as measured and u is known we can write the term
depends only on known variable

1
[ 7( RF, (x)—cfxl) H
=1
|—

1
7 (u — Crxy) (61)
So the system (60) can be written as
x=f)+Af+g90w (62)
with
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fl) = 0

| 0 | 0
Observability will be analysed on the system without incertitude and after input-output injection
9(y,uw)

| SRR ]l 0 G, 1
|

| ] [ _Txl +7u
,Af =101, 9(v,u) = (63)
|— Fe(x) — Fq(x) — x3) n

1.4.2.2.  Observability analysis

The observability condition of the system is verified as explained in section 1.3.1, which is based on
Lie derivatives of the outputs of the system.

{55 = f(x,u)
= h(x)
where x € R;, represent the state of the system, u€ R,, input and y € R;, the output of the system. For

each input u, a Jacobian matrix (¥) of output and its derivatives at state can be defined using Theorem
1.1

(64)

X
| e |
L:h —RF X
W(x,u) =| ! |= H | ] =) | (65)
|zt L RE)] |
The system (62) satisfies local observability rank conditions at x, if:
¥ (x,, oY
Rank [M] = nor det [—] #0 (66)
x dx

The state transformation proposed in [21] is applied on (64), the two adaptive gain observers are
proposed next.

1.4.2.3.  Adaptive high gain observer

An adaptive high gain based observer is proposed in [103] and [122] for the class of uniformly
observable systems which are observable for any inputs. The structure of observer for estimation of
rolling resistance, with the known longitudinal, angular velocity and torque with observation model
based on the adaptive gain higher order sliding mode can be written as from [122]:

An]—1
b= ) + 9w 2) - [""gg‘) AIB)KCTE (©
{6, = _%91(’5)(‘1(91@) -1 —-g®yUly®I); 6,(0)=1 (67)
M
g(t) =

. 1.t ~
1 + mln(p’meax(ojt_l‘)”y(t)llzdr

Where & = [R;,R,,*+,%,]€ R® with X = &-x where x and u is the state and input of the system; Matrix
K such that A — KC is Hurwitz; with € = [1 0 0] and A is deduced from f (x).

— }\min(Q)

Aas(S) and y: R —» R*, 5 = y(§)is a real-valued function satisfying the following properties:
max
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e y(0)=0
e IYy>0;Vy¥>0,0<y(@) < Vmax

Matrices S and A are defined as follows:

Let 6;: R —R, t —0,(t) be a real-valued function and let A(6;) be the following diagonal matrix:

1 1 1

/1(91) = dlag <—,—2, ’_n> (68)
016, 0,

D =diag(1,2,...,n) (69)

Consider the following algebraic Lyapunov equation

S+ATS+SA=CTC (70)

It was shown in [66] that the (70) admits a unique solution S, which is symmetric and positive definite
and whose terms can be expressed as follows:

SG, ) = (DD for1<i,j <n whereCP = _n (71)

’ b=z I " (n—p)'p!
The main feature of this observer consists of an appropriate calibration of the observation gain through
a single parameter governed by some scalar Riccati equation. It is time-varying with a dynamic which

allows it to be maintained at low values while the observer continues to provide accurate estimates.

1.4.2.4.  Adaptive gain second order sliding mode observer

A novel adaptive law for the gains of the second order sliding mode (SOSM) algorithm with only one
tuning parameter is designed via a so-called “time scaling” approach [91]. The structure of observer
for system (62) estimation of rolling resistance, with the known longitudinal, angular velocity and
torque with observation model based on the adaptive gain second order sliding mode can be written as
from [123]:

) ow1 !
f=f@ml+bﬂ u(e) (72)

Where p(.) is the SOSM algorithm given in [124],

t t
ue) = A(t)lelésign(e) + a(t)f sign(e)dt + k;(t)e + ka(t)f edt (73)
0 0

With e = (y — X) and the adaptive gains A(t), a(t), k;(t) and k,(t) are formulated as:

[(A(®) = 2v1®)
a(t) = apl(t)
74
{mm=mm> (74)
Uk (8) = ke, 20
where kg, 0y, ky,, and k, are positive constants to be defined and [(¢t) is a positive, time-varying,
scalar function. The adaptive law of the time-varying function 1(t)is given by:
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k, if lel #0
0, else

i = {

where k and [(0) are positive constants.

(75)

1.4.2.5. Simulation results and discussion

Simulation scenarios are divided into two parts. The first part consists of a comparison of estimation
of E., for two observers with SCANeR™ Studio (Prosper) for validation. SCANeR ™ Studio (Prosper)
[125] is a simulation software tool which analyses the dynamic behaviour of vehicles, developed by
the company OKTAL. It is explained in detail in section 3.2.4. In order to further evaluate the quality
of observer estimation, comparison of observer estimation of F,.,. for different parametric variations is
done in second part. To carry out the simulations the proposed observers are initialized by

50
£(0) = [16.66],91 =4 (76)
40

Different conditions are simulated on a passenger car in SCANeR™ prosper environment in order to
get input torque and measured velocities for observers.

The precision of the observer is evaluated by calculating the relative mean estimation errors:
Frr(ti) - F;r(ti)

1 N
g :—Z
Frr Ni=1 Frr(ti)

with ¢; is counted from the instant when estimated values start converging to real ones (approx. 5sec)
to 40 sec and N number of samples in this period. Different simulation scenarios are given in Table 3.

(77)

The first step is to verify the observability. The jacobian matrix is evaluated and the results are shown
in Figure 32. The determinant of jacobian matrix never equals 0 on the operating trajectories, it yields
that the transformation W(x) is invertible. It satisfies the above condition of (66) which defines that the
system (62) with measured variables is observable in operating conditions.

DeterminantJacobian
-0.88 1

-0.885 |
-0.89
-0.895

-0.9

Determinant Jacobian

-0.905 +

-0.91 .
0 2000 4000 6000 8000 10000 12000

Count

Figure 32 Determinant of Jacobian matrix
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Adaptive high gain
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Figure 33 Gain for adaptive high gain and SOSM observer

The adaptive gain from the adaptive high gain observer is varied from its initial value to a constant
value since there is no perturbation during the simulation in Figure 33.

For our simulations, we have used a full car model to simulate different conditions (see Table 3) and
measurements for a single drive wheel are considered for comparison. Hypotheses considered during
simulations are:

e Straight line track is considered.
e Constant speed, pressure, development radius and tyre temperature is considered.
e Road profile is considered as smooth.

The output from these 4 cases is directly injected into our observers with parameters. The results of
case 3 are discussed here. The comparison of adaptive high gain and adaptive SOSM is presented and
the results for case 4 we can find in the appendix G.

Table 3 Simulation test plan

Case Speed (Km/h) Road roughness (mm)
1 50 Smooth surface
2 80 Smooth surface
3 60 km/h with variance 0.1 km/h Smooth surface
4 50 km/h and accelerates in 10 sec Smooth surface
to 80 km/h.

1. Different cases simulation results

The simulation is done for all the cases (defined in Table 3) and relative mean errors are calculated
(see Table 4 Simulated errors of estimated values for two observers (Table 4). Only, the simulation
results from case 3 are presented here. In order to simulate sensor noise, a zero mean additive noise
with variance 0.1km/h is added to speed.
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In Figure 34 real values and estimated values from adaptive high gain (in red) and adaptive SOSM (in
black) are presented with real values coming from SCANeR™ (in blue). In Figure 35 the relative
mean error is given, for time 5 sec to 35 maximum errors is 6% only, which is acceptable. Estimated
values of rolling resistance are converging towards real values in 2 sec for adaptive high gain and 4
sec for adaptive SOSM. It means that adaptive sliding mode is taking long to converge to the real
values whereas adaptive high gain converges rapidly which is one of our criteria of comparison.
Estimation of adaptive sliding mode shows chattering and estimation from adaptive high gain is
smooth as seen in closer look in Figure 34 and Figure 35. Current gain values are a good compromise
between chattering and convergence for adaptive SOSM.

Fr estimation different techniques

Rolling resistance force
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Figure 34 Estimation results of rolling resistance for case 3

Other cases are simulated and results are shared in Table 4. In constant speed, both observers estimate
close to real values.
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Figure 35 Estimation errors for case 3

In a variation of speed lack of complete dynamics can be seen in the results. The gain parameter for
observers is changing with the variation but the estimated values of the observer are underpredicting
which can be due to lack of complete vehicle dynamics. The proposed model does not account for full
vehicle dynamics, it is obvious that we are going to see some differences in estimated and real values,
which become widen in variation case. This also justified that for robust and accurate estimation of

rolling resistance, a model must consider the complete physical phenomenon of tyre-road contact.

Table 4 Simulated errors of estimated values for two observers

Case &k HGD(%) S SMA(%)
1 1.79 1.42
2 1.81 1.03
3 271 371
4 1.41 1.73

2. Parametric study

Both observers have no information of dynamics of E., which induces uncertainty to the system. In
order to justify the quality of estimation, simulations with parametric variations are performed.
Supposing that initial parameters are standard cases, two types of parametric variation are proposed

below:

e Parametric variation 1: p = 0.8 and A, = 0.1.
e Parametric variation 2 : mass = 380 kg

Table 5 displays the values of the relative mean error of these two cases.

Table 5 Simulated errors of estimated values for two observers
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Case er:HGD(%) Crr SMA(%)

PV1 1.48 1.69
PV 2 1.90 111

Results from Table 4 and Table 5 conclude that both observers are estimating very close to real values
of F.. with a relative mean error (e HGD(%), €rSMA(%)) less than 5%. In robustness, both the
observers are showing same error results and it is difficult to choose one observer. In term of
convergence adaptive high gain observer is converging faster as compare to adaptive SOSM by 2 sec.
The adaptive high gain takes around 2 seconds to converge where adaptive SOSM takes 4 seconds.
This difference can be important while computation in real driving conditions where dynamics are
fast.

1.4.3.Conclusion

Two nonlinear adaptive high gain and adaptive SOSM are applied and compared in order to get a
robust and accurate estimation of rolling resistance force. The main goal is to identify suitable
observation technique for estimation of rolling resistance. This section presented the very first results
of the original estimation of rolling resistance using adaptive gain observers. This is a very promising
solution to use in real driving conditions. There is no significant difference in relative mean error
except convergence in these two observers and both can be used for the estimations. For all the cases a
quarter car used in this study, the two observers give similar results in terms of robustness and
precision with less than 5% relative error on the rolling resistance value. The adaptive high gain
method is better on cases 3 and 4 and not on cases 1 and 2. Cases 1 and 2 are carried out with a
constant speed and without measurement noise. Case 3 present noises (variance 0.1Km / h) and case 4
present a speed variation. In the simulation, the adaptive high gain method gives better results on cases
presenting noise or variations than the adaptive sliding mode method. It favours the strategy of the
adaptive gain solution, which has several advantages as discussed earlier. The comparison study
allowed us to consider the adaptive high gain observer that shows high practical interest due to its
robustness and finite time convergence modelling error and parameter uncertainty.

It remains to validate this observation/hypothesis on a complete vehicle. The estimation results should
be compared with experimental results before taking a final decision about the observers. Future
research will be conducted on completing the tyre-road contact model by adding phenomenon such as
road surface, temperature etc. The accurate estimation of rolling resistance also depends on
considering its influencing parameters into the model, so in the next chapter, the integration of
influencing parameters in the tyre model is presented.
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Chapter 2
Tyre modelling
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The objective of this chapter is to develop the multi-physical tyre model for this thesis. In order to
achieve this objective, different tyre-models categories are briefly analysed in section 2.1 and a
comparative study of the most significant models of each category is conducted. It provides us with a
good overview of the advantages and drawbacks of existing models. In section 2.2, the development of
a tailor-made multi-physical tyre model is proposed to fit the needs of this research work.

2.1. Different tyre models comparison

The tyre represents the only link between the vehicle and the ground, thus it is of extreme importance
to have good knowledge about its behaviour under different operating conditions. Great efforts have
been done by the automotive industry in the field of tyre modelling, thus an extensive bibliography is
available. Semi-empirical tyre models, such as Magic Formula, that fit to tyre test data were developed
to represent tyres in-vehicle dynamic simulations. With the improvement of computational power,
complex tyre models were studied in order to predict the force and moment characteristics of the tyre
based on its physical features and construction. While the later is widely used for ride, comfort and
durability purposes, the semi-empirical models are more common for dynamic handling simulations,
since the computational efforts are smaller.

Several tyre models have been developed in recent years, and they can be divided into empirical
models and physical approaches [43]. Each category has a different degree of complexity and
accuracy, hence they have distinct purposes. Figure 36 illustrates the main aspects that characterize the
different tyre-model categories.
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from experimental | | using similarity through simple through complex
data only method physical model physical model
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number of full
scale tests

complexity of formulations
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behaviour

—~——— empincal theoretical —_——

Figure 36 Tyre-model categories main characteristics[43]

From the right to the left, models are based more on full-scale tyre experiments and less on the
behaviour of the structure of the tyre. On the right, the theoretical models, which are also known as
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physical models, are more complex, because the tyre is described in details. The physical models are
appropriate for studying tyre construction and simulate the tyre’s behaviour.

There are two categories of physical models. The first is complex finite element models that are geared
towards the more detailed analysis of the tyre. These models are able to represent carcass deflection
and to determine the total forces and moment through the tread elements motion and the integration of
frictional forces. The models solve the deflection of the tread elements when they run through the
contact patch using an iteration process. In addition, these models are capable of handling non-steady-
state conditions. This type of tyre models has been used in [30].

The second category is that of the relatively simple physical models. These kinds of models help to
gain a better understanding of tyre behaviour since their simple equations provide accuracy. The best-
known model in this category is the “brush model” developed in [43], [45]. The four fundamental
factors that it represents are parabolic pressure distribution, frictional properties between tyre and road,
carcass flexibility, and compliance of the tread rubber. The LuGre Tyre model is a modification of the
brush model proposed by Canudas-de-Wit in [126]. Nowadays, studies [12], [13] based on the bond
graph approach are also using physical tyre model.

The empirical models are on the left-hand side of Figure 36. The first category uses the similarity
method. This means that these models can describe tyre behaviour through distortion and rescaling
and by combining basic tyre characteristics from measured data. They are also appropriate for real-
time computations, despite being simple models and not accurate. They are also called semi-empirical
models because they have some formulation based on physical models and yet they use measured data.
The main disadvantage these kinds of models presents is that they only describe steady-state Tyre
behaviour. The second category of empirical models contains Tyre models that describe the tyre’s
behaviour using only mathematical formulae that fit real test data. The best-known model is Pacejka’s
Magic Formula, a purely empirical model based on functions to describe the tyre forces and moment
at combined slip on the steady-state.

Degree of fit

Low dependency Independency
on number of from number of
experiments . Y full scale tests
Insight in tyre . Simplicity of
behaviour formulation
Less
computational
effort .
—+=Empirical models =w=Similarity based models Simple physical models =+==Complex physical models

Figure 37 Spider chart for different Tyre-model categories
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Table 6 Synthesis of different tyre models
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In Figure 37, spider chart is shown for different tyre model categories defined above. This shows that
each category has its own advantages and disadvantages. In this chapter, several tyre models from the
literature have been studied and compared to choose a suitable model for our work, the synthesis of
comparison is presented in Table 6. The detailed explanation on different models is given in the annex
B. A comparison of different existing tyre models has been realized and results are provided in the
following sections.

Longitudinal force for different tyre models

5000
4000 - P n
’ - —
) g
I
3000 ¢ 7
Z,
>
L
2000 - *
1000 L - = Magic |
LuGre
Dugoff
Brush
0 L L L L L L L L L

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Slip

Figure 38 Comparison of different tyre models (longitudinal forces)
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Figure 39 Comparison of different tyre models (lateral forces)
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For all the models studied above in Table 6, the formulation for longitudinal and lateral forces has
been presented. Then, using MATLAB, the formulation has been computed and the force versus slip
plots depicted. A comparison of the characteristics force of Pacejka, LuGre, Dugoff and Brush models
has been conducted. Pacejka model is considered as a reference here and other models are compared
with it. When other models are compared to the Pacejka’s magic formula the curve is not having an
exact similar shape. As compared models are physical models it is difficult to exactly fit the curve. In
Figure 38 and Figure 39 the curves of the brush model for the longitudinal and lateral forces have a
very similar shape.

The main conclusions that can be drawn from this comparison are summarized below in terms of the
strengths and weaknesses of the different models.The strength of Pacejka’s Magic Formula is that the
model best describes steady-state tyre behaviour. There is a lot of information about this model, and
many extensions have been done. On the other hand, the weakness of this model is that it does not
describe dynamic tyre behaviour. The model parameters do not have a physical meaning, since it
describes only the curve shape also need to perform a lot of experimental tests to calibrate the model.

The LuGre tyre model strength is that it describes both steady-state and dynamic tyre behaviour.
Finally, its weakness is that many improvements are needed in order to extend its application range.

In fact, Brush model is very comparable with results of magic formula. Nevertheless, this
representation is more realistic, because of the more advanced vertical pressure distribution [132]. So
this model is most suitable for our work. But the requirement for this work is to include the impact of
infrastructure and thermal effect make us search model which can account this impact.

When a tyre is rolling on a surface, rubber compounds are deformed principally by the load exerted on
it, flattening out in contact patch. This deformation is due to rubber viscoelastic properties and results
in energy dissipation in the form of heat [133]. This energy dissipation and heat generated due to
contact forces directly influence the tyre rubber temperature. The temperature dependence of the
viscoelastic properties of tyre rubber has a significant influence on its hysteretic friction. Many
researchers have shown that the coefficient of friction of viscoelastic tyres skidding/rolling against a
pavement macro-texture varies with temperature[134], [135]. It is common knowledge that tyre
performance is heavily affected by the tyre temperature, which is a function of the rolling speed,
sideslip, ambient temperature and longitudinal slip[136], [137]. [134] Presented a review on
parameters influencing measurements and tyre-pavement friction model and underlined the influence
of temperature on friction. Currently, analytical tyre models used for the vehicle dynamics simulation
do not take into account the variation of the model parameters as functions of the tyre
temperature[138]-[143].

Sophisticated thermo-mechanical models have been developed to predict the accurate tyre temperature
[133], [144]-[147]. These models are based on the finite element approach [133], [147]-[149]. They
can predict the accurate tyre temperature, but they require significant computational power, in addition
to a large amount of information related to the internal structure of the tyre. The other finite elements
models for specific study such as to understand the impact of rain intensity or hot climatic conditions
on friction while taking pavement properties into account has been developed by [146], [147]. In this
work, only dry road condition has been considered.

In literature, a few single bristle brush-based thermal models have been already developed in [150]-
[155]. However, there are still some modifications that can be done on these models to improve their
accuracy or better explain involved physical mechanisms. So a choice of an analytic model based on
brush model is done, according to the following criteria:
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e The representative of the tyre- road contact model of reality,
e The multi-physical model with longitudinal, lateral and vertical dynamics.
e A model integrating all the physical phenomena (mechanical, pneumatic, thermal).

In the next section, a multi-physical tyre model is developed, which requires a negligible increase of
the computational power effort within a vehicle dynamics model. It will consider the effects of
temperature and surface texture on the tyre. The aim is to contribute to a better understanding and
modelling of the tyre—road pavement interaction. This tyre-road interaction model can be used for
friction estimation as well as rolling resistance estimation. The objective is to use it for rolling
resistance estimation. However, for full vehicle dynamics simulation, tyre modelling simplifications
are necessary in order to keep the model as simple and as fast as possible.

2.2. Development of Multi physical tyre (MPT) model

In this section, the development of multi-physical tyre model is explained. It is called multi-physical
because it includes the mechanical and thermal physical phenomenon. This model is made out of two
blocks i.e. mechanical block and thermal block which are interacting with each other via temperature-
dependent parameters to give tyre forces, moments and tyre temperatures as output as shown through
the flow chart (Figure 40).

| : :
Input I Multi physical Tyre model |1 Output
| !
Tyre ) l
Geometry, Stiffness... Mechzmlcal ‘ * Tyre forces
Vehicle I mode I * Moments
Mass, Velocity... I
Road I I
Roughness ... I |
Environment | : T N
Ambienttemp ... | Thermal EEAREISEALE
I s ¢ Tyre surface
Model

* (Carcass

Figure 40 Multi physical tyre model

2.2.1.Mechanical model

As discussed in [43] the brush tyre model is a well-known physical model. It provides a good platform
for tyre model development as there is the possibility of dealing with the force generation mechanisms
of the tyre using mathematical representations to obtain solutions either analytically and numerically
through simulation.

This mechanical block is based on the basic theories of the brush tyre model as well as earlier efforts
in developing related tyre models [44], [46], [138]. These models are the extension of the basic brush
model represented in Figure 41, which mainly consist of two zones: adhesion and sliding. The
topology of the model is defined by the tyre radius, rim width, aspect ratio and side-wall inclination. In
order to enable a realistic model of the tyre-road contact, the rubber properties have been implemented
in all three directions, i.e., longitudinal(x), lateral (y) and vertical (z) directions. Also, the rubber
treads are assumed in the form of individual bristles using a finite number of bristles that touch the
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road plane as explained in Figure 42. This approach is motivated by the work done in [156]-[158].
However, as shown, unlike the basic brush tyre model where the tyre width is disregarded. The multi
bristle model considers a finite number of lines parallel to each other in order to resemble the tyre
width and the bristles are spread over these lines along with the contact patch. So the tyre is modelled
as a rigid ring with bristles.

Carcass

Sliding zone Adhesion zone

Xs

Transition point

Figure 41 The brush tyre model[159]

The carcass and belt construction of the tyre are assumed to have no damping and the belt is assumed
as a rigid ring to which the bristles are connected. Flexible carcass in the lateral direction based on the
model suggested in [138] is also included in calculating the force distribution over the contact patch. It
is considered mainly to take into account the contribution of dynamic manoeuvres and wheel
alignment settings on the tyre deformation. The anisotropic nature of tyre treads is taken into account
by the incorporation of individual damping ¢ and stiffness k for bristles inx, y and z directions and
their values are taken from literature mainly from [158].

In order to resemble the hysteresis characteristic of rubber material of the tyre, bristles were modelled
as “3 parameters Maxwell model” (Figure 42), which is used in the tyre model. Studies such as [158]
show that this is the best representation of a tyre tread which can also work for high-frequency
solicitations/excitation. Therefore, the resultant force of each bristle is derived as

Fiy = FYf M = x,y,2) (78)

where FV¢ is the viscoelastic force and F* are tyre forces which are calculated using equation (79)

Fpe(8,8) = — éFve(t) + % 5(6) + (2k)8 (79)

The friction between road and tread is not easy to model; it is a function of the rubber compound, the
pattern of the tread as well as the road, the relative velocity of the surfaces. In original brush model the

67



friction is modelled with just two parameters; the static friction and dynamic friction. When the
resultant force is greater than the product between the vertical force and static friction acting on the
bristle, the resultant force is limited by the dynamic friction. In this work, dynamic friction is used. It
is a function of the sliding velocity between the tread and the road (tip of bristle).

Hsy) = He(xy)
2.5
1+ [V /Vstree)|
where vy, ) is sliding velocity of the surface in contact in longitudinal and lateral directions, iy,

is static friction, uc(yyy is friction at the asymptote and vy, () is the Stribeck velocity. The sliding

forces are calculated using the slip projection approach (SPM) given in [132]. The above given
dynamic friction example is shown in Figure 43.

.u(vs(x,y)) = Hex,y) + (80)
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Figure 42 Schematic of (a) Multi-bristles brush model with 3 parameters Maxwell model [160] (b) Wheel
reference coordinate system
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The input parameters of the model are the tyre geometry including rim and tyre width, side-wall
length, and tyre radius. It also consists of the tyre characteristics including stiffness, damping, and load
sensitivity factors, which can be modified based on empirical data. Also, external tyre parameters are
defined by the side-slip angle, the longitudinal slip and the camber angle. The model is parameterized
with m number of lines where each line contains n number of bristles, which are assumed here to be
massless. The state of each bristle is numerically calculated and updated during the process of rolling.
The mechanical block model, in turn, gives the global forces and moments (longitudinal and lateral
forces, overturning and aligning moments).

S0 8 % =+ 2 o 2 4 & 8 10
vs[m/s]

Figure 43 Dynamic friction model example values taken from [160]

The above multi bristle model can describe well the different dynamics and it gives a better
understanding of tyre mechanics. However, it is based on some simplifications, which can be
improved to get more accurate results and integrate more parameters which can influence friction. As
discussed above friction is widely influenced by parameters such as road roughness and temperature.
The model mentioned above is operated at a constant temperature. Next section is devoted to the
development of a thermal model to consider the temperature effect.

2.2.2. Thermal model

In this section, the thermal model for a tyre is developed. It is a function of tyre forces so that variation
of temperature is taken into account for any vehicle manoeuvres (rolling, braking and accelerating).
We assume heat exchanges in a tyre as represented in Figure 44. The thickness of tyre is divided into
two layers: the outer one simulates tyre treads and inner one simulates area near the carcass. The tyre
during the rolling phase is subjected to three main phenomena: heat production, heat exchanges and
cooling.

2.2.2.1. Heat generation
The production of heat in the contact zone is mainly caused by the frictional forces in the sliding zone
[150], [151].

QFriction forces = QFx,tire + QFy,tire (81)
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The generation of longitudinal force and lateral force provokes the dissipation of energy in the contact
area.

QFx,tire = Alvasxl
QFy,tire = AleUsyl
Where Fy is the tyre longitudinal force, v, is the tyre longitudinal slip velocity, Fy is the tyre lateral

force, vy, is the tyre lateral slip velocity, and h is the thermal exchange coefficient between the tyre

and the air ambient. The A coefficient is an effective ratio of heat taking into account the proportion
actually received by the tyre during contact (part being transferred to the surrounding air). In his
research [151] ideally places this value between 0.5 and 0.8. In our case, a value of 0.55 is chosen
based on the tuning of simulations using the trial and error method with experimental results.

(82)

——)

Direction

pambient,Carcass

pFriction forces pa\mbient,tread

Figure 44 Heat exchange model between tyre and road

2.2.2.2. Heat exchange

In this model, heat exchange is considered between road, tread and carcass. This is mainly due to the
temperature gradient in the respective surface. It is described as Qconduction 1N the model. The
conduction of road is not considered previously in studies such as [150], it is added in this model to
complete the conduction.

In practice, the heat exchange is happening in the adhesion region in the contact area. Since adhesion
comes before the sliding zone where the absence of sliding makes temperature unchanged. This area is
characterized by a heat exchange coefficient widely discussed in [21] and [22]. We define hereafter:

Qconduction = he¢ (Ttrack - Ttread) *Scont — kc(Ttread - Tcarcass) * St (83)

where h, track-tyre exchange coefficient in W/m2K , k. is thermal conductivity in W/mK, Tgpqcr 1S
road temperature, Tipeqq 1S tyre tread temperature, S.,,: iS the surface area of contact, T,;cqss 1S
temperature near tyre belt and S; the total surface area of the tyre.
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2.2.2.3. Cooling by convection force

The forced convection Qampienttread @ad Qambientcarcass are due to the relative movement of the air
relative to the wheel given its rotational movement during the rolling phase. According to the studies
of [151] and [161], it is possible to bring out a thermal resistance for this purpose:

thTCdSS (Tambient - TCCLTCGSS) * Sconv

Qambient,carcass

(84)
Qambient,tread = htread (Tambient - Ttread) * S cony
kg V.1\%%71
h=-"24 [0.318 (—) ] (85)
L v

where k,;,- is the thermal conductivity of the air, L is the characteristic length, V speed in m/s and v
kinematic viscosity of the air, h.4-cqss belt-ambient exchange coefficient in W/mzK, h;,..,q ambient-
tyre exchange coefficient in W/m2K, S..,,,, is the surface area of in contact of the tyre and ambient air.

2.2.2.4. Loss of heat by the viscoelastic effect

Another source of loss of heat is a heat flux (Qggp) related to the dissipations due to cyclic
deformation during rolling also called strain energy loss. This contribution is related to the tyre rolling
resistance coefficient.

Based on the literature, it is very difficult to evaluate this loss of energy. We have assumed a simple
and common material which constitutes the tyres namely SBR vulcanized. The law of WLF on
viscoelastic materials offers us the possibility of obtaining an average temperature of the materials
corresponding to the current thermal stress and its frequency of use. More generally in the case of a
tyre, Alfredo Corrolaro [161] proposes an approach to estimate the SEL.

This contribution of dissipation of energy entirely heats the tyre. Qg is calculated as a function of
tyre angular speed and Moment M,,.

QsgL = Myw (86)

M, is calculated as a function of longitudinal force (Fy), w is rotational velocity and loaded radius
(Ry) to simplify Pgg; calculation.

M, = F,R, (87)

After considering the above-mentioned phenomenon we can apply the first principle of
thermodynamics to the system. The thermal model is represented by equation (88) and (89).

charcass

mecy T = Q.S‘EL,C + kc (Ttread - Tcarcass) * St + Qambient,carcass (88)
thread

myCy dt = QSEL,t + QFriction forces + Qconduction + Qambient,tread (89)
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2.2.3.Integration of thermal model

The multi-bristles-brush-model has been modified so that it can take into account the effect related to
the variation of the temperature of the components. The coupling of the mechanical block and thermal
block of Multi physical tyre model (Figure 40) is done through the parameters which are influenced by
temperature. In particular, two parameters can be subjected to variations as functions of temperature:

e The friction coefficient p, (different in longitudinal and lateral directions) between the tread
and the road pavement.
o The stiffness cpy, cpy (different in longitudinal and lateral directions) of the bristles.

The adhesion part is described with the bristle stiffness and the sliding part of the contact patch is
described by the equation of the dynamic friction coefficient. This equation is introduced by [162]. It
can be seen that equation takes into account the relation between the effect of velocity and the effect of
temperature on the viscoelastic properties of rubber.

2
Ug = Hpgse + (l’lpeak _ ‘ubase)e_(Kshape(10910(775)_Kshift(Ttread_TREF))) (90)

Hpase Static coefficient of friction, upeq, maximal coefficient of friction for vy, Typeqq tyre surface
temperature, v sliding speed and Ty is the initial tyre temperature,

Dynamic friction model is already used in the multi-physical model which is a function of sliding
velocity. This equation requires significant numbers of parameters which are difficult to measure. For
the simplification, equations (91) & (92) are implemented into the model. The variation of the friction
coefficient can be considered as a function of the estimated temperature of the tread (so it is subjected
to high dynamics), whereas the variation of the stiffness of the brushes can be considered as a function
of the temperature of the carcass. In the case of the multi-bristles-brush model:

Cpx,py = Cpx_ref,py_ref + kcp (Tcarcass - TO) (91)

Mxy = HUxrefyref T ku (Ttread - TO) (92)

Tereaa aNd Teqrcass are the actual tyre surface temperature, T, is a reference value for the
temperature, fiy ref.y rer ANA Cpx rerpy rep are reference values for the friction coefficient and the
stiffness of the brushes defined for a reference temperature T, , k., and k, are the coefficients which
express the amount of variation of brush properties (friction and stiffness) as functions of temperature.
The tuning of equations (91) and (92) is done with the experiment in a straight line and at a constant

velocity. It is necessary because these constants depend on the tyre considered for the experimental
results.

The above multi-physical tyre model is then integrated with a quarter car model; the wheel is
connected to the suspended mass via suspension. The suspension is modelled as spring and damper.
The vertical force from the wheel model represents the input for the quarter car model (Figure 45) and
it gives as output the position of sprung mass:
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K susp _ ) Csusp

Zt, Zt, Zt

Figure 45 Quarter car model with integrated Multi-physical tyre model

The equations for a quarter car are written as:

FSprung = Ksusp (Zt - Z) + Csusp(zt - Z)
Msprungi = P.'sprung - Msprungg (93)

munsprungzt = (F z Fsprung) - munsprungg

With Fgppng suspended vertical force, Mgy, qng Suspended mass, mysprung UNsuspended mass, F,
normal force, z, wheel vertical position, z suspended mass vertical position, K, stiffness of
suspended mass and Cg,,s, damping of suspended mass.

2.2.4.Sensitivity study and simulation results

In this section, a sensitivity study is done for above presented quarter car model including developed
multi-physical model. The variations of different parameters are taken according to the literature
representing real conditions. These variations are done separately for different blocks of quarter car
and multi-physical tyre model. In Figure 46 parameters are varied for the mechanical block of the
model where longitudinal, lateral and vertical rigidities of bristles have been varied up to 30%, which
is how tyre rigidity varies with usage in different conditions. From Figure 46 it is concluded that the
behaviour of our model respects the change in these parameters. Suspension parameters and load have
been also varied for a quarter car model. The model is still responding to these variations.
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Figure 46 Sensitivity study for the mechanical block of the multi-physical tyre model
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Another sensitivity study was done for the thermal block where longitudinal slip load are varied

respectively. It reproduces the change in tyre surface with respect to the change in the longitudinal slip
or tyre load. Results are shown in Figure 47 and Figure 48.
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Figure 47 Sensitivity study on slip variation for the thermal block of the multi-physical tyre model
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Figure 48 Sensitivity study on load variation for the thermal block of the multi-physical tyre model

Another sensitivity study was done to evaluate the evolution of temperature with speed. Two
phenomenal of thermal effect (heat generation and cooling) have been studied on the thermal model.
Speed is varied to understand the variation of temperature with respect to speed. In Figure 49 the
temperature variation for two different speeds (60km/h and 80km/h) is given. It also confirms that the
model is able to reproduce the temperature variations due to heat generation induced by the speed
changes. This is due to the heat generation due to the change in speed.
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Figure 49 Tyre tread surface and Carcass temperature for variation of speed from 60 to 80 Km/h

The second simulation for a free-rolling tyre with variable speed and at constant normal load for our
thermal model is done. This simulation represents the cooling phenomenon. For time less than 20
seconds speed is kept constant to 25 m/s whereas it is varied from 25 to 1 m/s in the next 60 sec. We
obtained the same trends in the results shown in Figure 50 than in the literature [161]. In literature,
the difference between tread and surface temperature is around 5°C whereas our model exhibits
differences lying between 4°C to 10°C from Figure 49 and Figure 50. The temperature difference can
come from some approximation done for the parameters used, as not all the parameters such as (v, h.)
were available for simulations.
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Figure 50 Thermal model simulation results for variable speed
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2.3. Influence of road surface texture on the MPT model

In this section, the influence of various road surface textures on the MPT model is discussed. The
deformation of bristles in contact area for different road roughness is compared. The influence of
speed on the contact area for different road roughness is also discussed.

These simulations are done to understand the impact of road roughness on the deformation of bristle
and loss in contact area as roughness increases which has a direct impact on friction and rolling
resistance. It is difficult to get the 3D scan of real test surface for simulation; therefore a 3D randomly
rough isotropic artificial road surface is modelled with MATLAB at the different macro-texture. It
simulates the surface topography/roughness using fractals. It uses the Fourier concept (specifically the
power spectral density) for surface generation. The artificial road surfaces with a standard deviation of
Omm, Imm and 1.5mm for MPD, Hurst exponent of 0.5, 40 cm is the length of the final image are
generated mainly to represent real test surface. This was given as input for the multi-physical tyre
model to get tyre footprint under static and dynamic conditions. Simulations done in static condition
presents “percentage (%) contact area” of three different surfaces obtained with the model (Figure 51).
It can conclude from Figure 51 that there is a loss of 2% of bristles in contact patch for higher
roughness (i.e. 1.5mm). This is not significant in dry conditions but it can have an important impact in
wet conditions.

Macro roughness Omm (MPD) 1mm (MPD) 1.5mm (MPD)

Contact area 100% bristles in contact | ~99.2% bristles in contact ~98.6% bristles in contact
= 5 8 ¥ 2m ’ o
el | {; r .
=8 & % & b= o -
¥ & D% - e
1 / o J - -
i ¥ ao / e ‘
A V1 E |-
= ,44 LN ~ = ‘

ximl

Figure 51 Contact patch deflection at different road roughness

The result of the dynamic simulation is given in Figure 52, where the evolution of contact area with
speed is calculated. In literature, the evolution of the contact area with respect to speed was presented
experimentally by [163], which concluded that there is no change in the contact area in dry condition.
Similar results were obtained with the multi-physical tyre model.
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2.4. Conclusion

The synthesis of different tyre models concludes that even though the strength of semi empirical
model such as Pacejka’s Magic Formula is that the model best describes steady-state tyre behaviour,
but its empirical nature is the main drawback as it requires many experiments to calibrate it each time
and for each tyre. The physical model such as brush model is very comparable with results of magic
formula. Nevertheless, this representation is more realistic, because of the more advanced vertical
pressure distribution. It fits our requirement for estimating rolling resistance. But it lacks to include the
thermal effect. The finite element based sophisticated thermo-mechanical models developed in
literature predict accurate tyre temperature, but they require significant computational power, in
addition to a large amount of information related to the internal structure of the tyre.

The multi-physical tyre model presented in this chapter is an indispensable tool to have accurate
results since the tyre tread’s and carcass’s temperature have a great influence on tyre road interaction.
The contact forces reach their maximum values only in certain ranges and decrease significantly at
high temperature. The ability to predict the tyre tread surface temperature affects both the force-
producing capabilities of the tyre and the life of the tyre. The physical nature of the model allows us to
minimize the number of input parameters required to feed the model as compared to finite element
model. The model needs preliminary adjustments before it can be used in normal driving conditions.
The impact of the road surface is also very well taken into account by the model. It can be concluded
from Figure 51 that there is a loss of 2% of bristles in the contact patch for high roughness (i.e. MDP =
1.5mm). This value is not significant in dry conditions but can have an important impact in wet
conditions. Also, the simulation results of the evolution of the contact area with respect to speed given
by the developed model are coherent with the literature. The experimental validation of the model will
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be presented in chapter 5. It confirms that the model is also able to take into account the effect of
different road textures. So this chapter concludes that this is a physical model which takes into account
the influencing parameters of rolling resistance. In the next chapter, this tyre model will be coupled
with the vehicle model. So the next chapter will focus on the development of a full vehicle model, to
be used for estimating the tyre rolling resistance based on the estimation technique developed in
chapter 1.

80



Chapter 3
Vehicle modelling
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This chapter gives an overview of different vehicle models that exist in literature and discusses the
vehicle models required for estimation. As discussed in the literature, no single approach is likely to
cover a wide range of vehicle manoeuvres. Accordingly in this chapter, we focus exclusively on the
modelling of full vehicle dynamics. The model is obtained by stating the two fundamental principles
of dynamics and by writing the forces and moments acting on the vehicle in the correct frame of
reference. To complete the developments, the MPT tyre modelled in chapter 2 is coupled with the
vehicle model. In this chapter, a brief synthesis dealing with vehicle models is presented in section 3.1.
Then, a tailor-made full vehicle model is developed in section 3.2. Our MPT model is also coupled in
this section. In the end, the numerical validation of the developed model is presented in section 3.2.4.

3.1. Different vehicle model comparison

In literature, vehicle dynamics has been the subject of numerous research studies [43], [70], [164]—
[170]. These studies were performed to model a vehicle in order to develop observers, on-board
estimators, driver assistance or suspension control. The vehicle is a very complex nonlinear
mechanical system and the representation of the road tyre contact is not simple. The models used are
either very complex or too simplified. In the first case, it is relatively difficult to identify all the
parameters involved in the model considered. While in the second, we neglect several phenomena
whose actions can be important and call into question the validity of the approximation made. This
requires the definition of a nominal dynamic model useful for the simulation of the behaviour, the
observation and the control of the vehicle [64], [74], [171]. The use of a nominal model is justified by
assumptions related to the structure of the vehicle and its environment. These assumptions make it
possible to reduce the complexity of the model while remaining faithful to reality. Indeed, the
possibility of treating the different aspects separately and the reduction in the number of state variables
to be used give a nominal model for the vehicle.

Dealing with vehicle dynamic problems, there are several models to choose from the simplest quarter
vehicle model to the more complicated three-dimensional vehicle model. Each of them has its scope of
application and degree of precision. Simplified models like two-dimensional (2-D) dynamic models
and bicycle models are often used for these purposes. However, it is not possible to analyse rolling and
pitch motions of the vehicle body or to examine the effect on safety and ride quality with respect to the
variation of the wheel load if a 2-D dynamic model is used. Various approaches for 3-D vehicle
models have been presented by [172]-[175]. In those models, the variation of gravity depending on
the vehicle posture, change of tyre force to wheel load, the nonlinear relationship between tyre slip
angle and tyre force, and the interaction of lateral and longitudinal motions may be neglected to
simplify the model. There are a few commercial software packages available for 3-D dynamics
analysis, for example [125], [176], [177]. These models are useful for analysing dynamic behaviours
of the vehicle but are too complex to use for control system design. The quarter vehicle model is the
simplest one among models suitable for studying only the vertical dynamics of the vehicle. The half
vehicle model adds pitch characteristics compared to the quarter vehicle model, and the full vehicle (or
four wheels) model adds the roll motion compared to the half vehicle model. The calculation amount
will increase with the complexity of the model. Even the full vehicle model is still a kind of very
simplified model of a vehicle. However, as the complexity increases, so do the computation time and
the complexity to analyse the results. The synthesis of different vehicle model is presented in Table 7,
more details are given in the appendix B.
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Table 7 Synthesis of different vehicle model in the literature

Vehicle Associated motions and Degree of Comments
models Freedoms(DoFs)
2 DoFs model

Quarter Car
[178], [179]

e One for the body motion and the
other for the tyre.

Simplest model to simulate the response of
the vehicle to road disturbance

All wheels can be moved independently
Only vertical dynamics considered

Bicycle
model/Half
car model
[180], [181].

2 DoFs model
¢ Include yaw rate and lateral
motion

e The vehicle has a constant speed.

3-DoFs model,

e The lateral motion, yaw rate and
roll motion are considered as the
DoFs of the handling system

4 DoFs model

e Include bounce and pitch of the
body and wheels,

The vehicle is cut along the main axes of
symmetry (longitudinal and lateral).
Suspensions can be study side by side or axle
by axle.

In the first case, the rolling motion is
neglected and in the second case, the effect of
the pitch.

Do not consider roll dynamics

Do not represent the full vehicle dynamics

7 DoFs model
e Bounce, roll and pitch and the
motions of the four wheels

7 DoFs model is the best precision to simulate
the dynamics of the suspension system if the
vehicle has a constant speed with no steering

e Ride dynamics considered angle
Full car gle. _ .
model[182] |~ 8 DoFs o - However, these assumptions are not valid in
* Lateral, longitudinal, roll and yaw most cases of vehicle manoeuvring.
motions, and four DoFs for wheel | - The effect of the coupling between the ride
motions and handling systems is neglected.

e Handling dynamics considered

In this work, a full model is required which can be able to simulate all vehicle manoeuvers and
consider the effect of pavement. In this model, all possible Degrees of Freedom (DoFs) of the dynamic
model of the vehicle, the coupling between the DoFs and kinematic constraints effect among all
wheels are considered. In the next section, a full 3-D vehicle model is developed with the help of
model presented in the literature. It is mainly inspired by two models [183], [184]. In order to
reconstruct the essential dynamics in cornering manoeuvres, to estimate the tyre forces and to identify
parameters by use of the techniques of observers, the model is developed with a configuration of a
vehicle representing a passenger car with 15 DoF.

3.2. Development of 3-D vehicle model

In this section, a comprehensive 15 DoF vehicle model including three-dimensional dynamic
behaviours of the sprung mass, suspension, forces and moments on the tyres is developed. The
dynamic model equations are basically derived using Euler’s and Newton’s rules. Three coordinates
and rotation matrices are first defined. Motion equations of the body are represented and then the
multi-physical tyre model is combined with them. The full vehicle dynamic model developed here is
implemented in SIMULINK. The block diagram of the model is shown in Figure 53. The hypotheses
for developing vehicle model and transformation matrix are presented first.
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Figure 53 Block diagram of the 3D vehicle model

3.2.1.Different hypothesis for vehicle model

The vehicle is a very complex mechanical structure made up of many elements. For simple modelling,
we consider the vehicle to be composed of five different sub-systems: chassis translation, chassis
rotation, suspensions, steering angles and wheel rotations. To arrive at a nominal model of the
vehicle's dynamic behaviour, simplifications related to the geometry, kinematics and dynamics of the
links are necessary. Thus, we admit a certain number of hypotheses in order to minimize the
complexity of the work. Thus, the assumptions proposed below help to reduce the complexity of the
system while ensuring a certain degree of realism and modelling accuracy. These assumptions are as
follows:

Hypothesis 4.1. The body is seen as a rigid body in a 3D representation;
Hypothesis 4.2. Each wheel is a rigid body in rotation with respect to its axis;

Hypothesis 4.3. The kinematics of the wheel/chassis linkage is summarized by the degrees of
freedom that appear as a result of the following actions: the steering wheel, the suspension travel and
the dynamic rotation of the four wheels around their axis;

Hypothesis 4.4. The road is considered to be flat.

Hypothesis 4.5. The wheel/ground contact is assumed to be punctual and located in the plane
of symmetry of the wheel.

Hypothesis 4.6. The wheels always remain in contact with the road.
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3.2.2.Coordinate system and transformations

Figure 54 Vehicle Axis System 1SO 8855-2011

Three moving coordinate systems are given in Figure 54. The equations are derived in the vehicle-
fixed frame , which is rotated with an angle i, the yaw, about the z-axis of the inertial frame, earth-
fixed frame I, yielding the rotation matrix

Ry (p) =

cos(y) —sin(yp) O
] (94)

sin(yp) cos(y) O
0 0 1

Moreover, the pitch 6 is defined as a rotation about the y-axis of V, giving the chassis system C, with
the rotation matrix

cos(8) 0 sin(6)
RY(6) = [ 0 1 0 ] (95)
—sin(d) 0 cos(6)
Finally, the body system B is defined by a rotation of an angle ¢, the roll, about the x-axis of C:
1 0 0
RE(9) = [0 cos(¢) —sin(d))] (96)
0 sin(¢p) cos(¢)

3.2.3.Vehicle model

As, it is assumed in the previous section that the vehicle is composed of five rigid bodies; a sprung
mass and four unsprung masses, and the vehicle body is connected to four wheels by springs and
dampers at each corner. We consider that the vehicle body (sprung mass) has five DoF, by which
longitudinal, lateral displacements and roll, pitch, and yaw motions at the centre of gravity (CoG) are
described. Each suspension is assumed to be modelled by one DoF. It is also assumed that the
dynamic motions of four wheels can be described by two DoF for each front wheel and by one DoF
for each rear wheel Figure 55.
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Figure 55 A three-dimensional dynamic model of full vehicle

3.2.3.1. Equation of motion

The dynamic model of the vehicle body is developed in this subsection.
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Figure 56 A dynamic model of the full vehicle. The wheels are numbered from the front left wheel to the rear
right wheel [184]

Since the vehicle body is assumed to be rigid, the equation of motion can be described by using
Newton’s rule, which requires being aware of the total amount of forces and moments acting on the
COG. The translational motion acting at the COG (C) is given by Newton’s equation [172] as follows

Uy = vy + h(sin(8) (Y2 + $% + 62) — sin(¢) P — 2 cos(Pp) Py
— cos(8) cos(¢)B + 2 cos(8) sin(¢)f¢ + sin(P) sin(¢) ¢)
N (Fx — E,) (97)

m
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vy, = =1, + h(—sin(8) cos(¢) Y — sin(¢)y? — 2 cos(6) cos(¢) Oy

+ sin(6) sin(¢) dpy — sin(p) $? + cos(8) $) + Fy ~Fa) (98)

m

Where h is the height of COG, Fy, Fy are longitudinal and lateral tyre forces, F, is aerodynamic force
and m is the mass of vehicle.

Now, we can write the dynamic equations of the vehicle body [172]. The rotational motion of the body
is given by Euler’s equation [172] as follows:

Y= (MZ — h(Fy sin(¢) + Fy sin(8) cos(d))))
/ (Iyy sin(0)? + cos(6)? (Iyy sin(¢)? + 1, cos(¢)2)) (99)

6 = (—Kg6 — Dg6 + h(mg sin(0) cos(¢p) — Fx cos(8) cos(¢))
+ (3 sin(8) cos(0) (I + cos(p)? I,,) — ¢ cos(6)? Ly
+ sin(¢)? sin(8)? I,,, + sin(6)? cos(¢)? I,,,) (100)
— 6(sin(8) sin(¢) cos(®) I,,))) /(L sin($p)? + L, cos($)?)

¢ = (—K¢¢ — D¢<f> + h(Fy cos(@) cos(¢p) + mg sin(¢))

+ YL, ( sin(¢p) cos(¢) cos(8) + ¢ sin() sin(¢) cos(¢))

+ 16 (cos(¢)? I,y + sin(¢)? IZZ)) (101)
/(Lx cos(6)? + 1), sin(8)? sin(¢)? + I, sin(6)? cos(¢)?)

Where the moment of inertia matrix in the body frame is given by

Ly 0 0
0 I, 0 (102)
0
3.2.3.2.  Model of the independent suspension system

We consider that the suspension system of the vehicle is composed of four sets of spring-dampers
connected at each corner, and the vehicle body is supported by them independently. The vertical
motion of a tyre is assumed to be an ideal spring. The unsprung masses are regarded as separately
lumped bodies between an individual suspension device and a tyre, as shown in Figure 57.
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Figure 57 Independent suspensions

In Figure 57, the displacements h. represents the vertical displacement of the COG (C) and hg; are

those variables at four points of action. h;j indicates the vertical variations of the road surface, which
are measured at the centre of tyre contact. Also, the vertical displacements of the equivalent unsprung

mass (m,;) are defined by hy,. The spring constant k,, represents the tyre compressibility. A suspension
device is represented in the schematic diagram by a dashpot symbol with friction constant ds; and
spring with constant kig;.

The vertical forces acting on the points C; of the vehicle body via each suspension device are given by

Fpei = —ksi(hei — hyyi) — dsi(hei — hyyi), i = 1,2,3,4 (103)

The force F, obtained by (103) is used for computing the forces and moments of the vehicle body.
The vertical forces in the z-axis are caused by the gravity of equivalent unsprung mass (m;) are given
by

FZTi = _kw(hwi - hn'), i = 1,2,3,4 (104)

This wheel load will be used for computing the tyre forces later (using Multi physical tyre model).
Applying Newton’s second law of motion to each unsprung mass yields the following suspension
model: fori=1, 2, 3, 4,

Myl = —ky (hyi — Api) + kg (hey — hyy) + dgi (e — hyyi) + Frgwis i=1234 (105)

where F,g,,; is gravitation force.

3.2.3.3. Tyre ground interaction

The wheels are modelled as rotating masses with drive/brake torques and road contact tyre forces.
When initiating the brake or drive pedal torque is induced over the wheels, here referred to as T,
which makes the wheels decelerate or accelerate due to the longitudinal component of the tyre force,
Fywi, and the moment by the rolling resistance force F,,;. Therefore, applying Newton’s equation
results in.
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LyW; = Ty — (Fxwi — Frri) Ry, i = 1234 (106)

Where the rolling resistance force is mainly due to viscoelastic properties of the rubber compounds,
used to make tyres. When they are deformed, they tend to dissipate energy in the form of heat. When
rolling, a tyre is deformed by the load exerted on it, flattening out in the contact patch. This repeated
deformation causes energy loss known as rolling resistance. Similar to traction force, rolling resistance
force is also a product of normal force F,,,,; and rolling resistance coefficient C,,;.

FErri = CrriFawi (107)

Wheel Aligning Torque (Mz)
Heading
3 . o Camber angle
w3
n X
Y Longitudinal Force (Fx)
$ - . 'y )
a; ™
° Rolling Resistence Moment (My)
a, C a,
s B -
3 - Lateral Force (Fy) v y
w2 _
" \_/ o\ Slip angle
P b _(/) Normal Force(Fz)
i Wheel Velocity
i
% ==k
b Lateral Rolling Moment (Mx)
(1‘ - % ‘\\'I\gvl Heading
(a) (b)

Figure 58 (a) Tyre slip and steer angles on the wheel-fixed frame[183] (b) Wheel reference coordinate system

We first define several variables and parameters used for the tyre model. As shown in Figure 58, the
velocity vector of the centre of tyre contact of the i tyre is denoted by (vy,vy), fori = 1,2,34. The
slip angle (108) o; represents the angle from the wheel heading to the travel direction of the centre of
tyre contact. The steering angle &y, is the angle between the projection of a longitudinal axis of the
vehicle and the wheel heading. The longitudinal slip (109) of the tyre is denoted by «.

a; = —tan~1 (v, vy) (108)
it

g, = 2 w® . w& (109)
X

where R,, is an effective tyre radius which is also defined as a function of F,,,,;

Ry =Ry + f(Fowi) (110)
where R, is static tyre radius.

Among various forces acting on the vehicle, the tyre force is the most dominant. Thus, the more
accurate the tyre model, the better a model will result in the vehicle dynamics. The tyre force is a
nonlinear function of slip angle, side-slip angle, physical properties of the tyre, running conditions,
and so on. It can be classified into the lateral tyre force and longitudinal tyre force. The Multi physical
model [185] presented in the previous chapter is reduced to single bristle to gain in simulation time
and constant temperature for calculating longitudinal and lateral forces from the tyre.
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Fy = Ff M =xy,2) (111)

where FV€ is the viscoelastic force and F* are tyre forces which are calculated using equation (112)
using Crank and Nelson method.

Fve(s,t) = —SF"e(t) + %6&) + (2k)68 (112)

Where damping ¢ and stiffness k for bristles in x, y and z directions and their values are taken from
literature mainly from [158].

The total forces acting on the vehicle are found from force equilibrium in the x and y-directions, see
Figure 56:

FX = Fxl COS((Sl) - Fyl Sin((sl) + sz COS((SZ) - Fyz Sin(82) + Fx3 + Fx4 (113)
Fy = Fy15in(8;) — Fyq cos(81) + Fyy sin(6;) — Fyp cos(8;) + Fyz + Fyy (114)

By performing torque equilibrium around the vehicle z-axis we find that

My = l¢(Fyy sin(8;) + Fyp sin(8,) + Fyy cos(8;) + Fy, cos(83))
+ W (—Fy1 c0s(8;) + Fyy c0s(8;) + Fy sin(8;) — Fy; sin(8,)) (115)
- lr(Fy3 + Fy4) — Wy (Fy3 + Fya)

F., F,, and F; in Figure 56 are the individual axis components of gravity in the ground frame, Then the
resultant moments acting on the vehicle body are M,,, M,, and M,.

3.2.4.Validation and simulation results

In this section, the validation of the full vehicle model is presented with reference simulator
SCANeR™ Studio (Prosper). SCANeR™ Studio (prosper) [125] is a simulation software tool which
analyses the dynamic behaviour of vehicles, developed by the company OKTAL. It is based on
accurate, detailed and efficient methods and an ergonomic interface (see Figure 59). Prosper database
includes several mathematical models for car, trucks and trailers and a convenient tool for analysing
vehicle dynamics, developing passive and active safety systems (controller), performance
characteristics evaluation, etc. For virtual model development, it provides an efficient set of tools for
engineers to quickly evaluate complete vehicles, its sub-components (suspension, tyre, braking), and
active controllers (ACC, ESP, ABS...) in complex driving environments.
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Figure 59 Interface of SCANeR™ Studio (Prosper)

Seven different test scenarios are constructed to validate our model. These scenarios cover different
speed and manoeuvres. The test scenarios are given in (Table 8).

Table 8 Test conditions

Test no. Trajectory Speed (Km/h) Comments
1 Straight line 50 Constant speed
2 Straight line 80 Constant speed
3 Curve at 220m 40 Constant speed
4 Curve at 220m 60 Constant speed
5 Curve at 220m 80 Constant speed
6 Curve at 320m 40 Constant speed
7 Curve at 320m 60 Constant speed
8 Curve at 320m 80 Constant speed
9 Chicane 60 Constant speed
10 Straight line Acceleration & Braking Variable speed
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The above scenarios were simulated in SCANeR Studio (prosper) simulator and compared with the
developed model. The classical approach has been used for comparison as shown in Figure 60. Steer
angle and torque was given as input to the model with the same input parameters and initial conditions
as used for simulation as Prosper (SCANeR Studio). The validation is demonstrated by comparing the
roll, pitch and yaw rate and trajectory of the model with Simulation results of Simulator Prosper.

Input
f parameters 1
Prosper *m Full vehicle
Simulator model

Vx, £ Vx, 2

Comparison

|

Results

Figure 60 Methodology of model validation

In this section, the comparison results of the above defined test scenarios are presented. The model's
results are compared with simulator values. The validation of the model is evaluated by calculating the
relative mean errors of speed and position vectors:

ref (t;) — model(t;)

N
1
ME = N; ref (t,)

With ¢t; is counted from the instant when model start converging to real ones (approx. 2sec) to end of
simulation and N number of samples in this period.

<10% (116)

Here the simulation results for test scenarios 1, 7 and 10 are presented. The rest can be found in the
appendix D. However a summary of all the test scenarios is presented.

e Car moving at 50 km/h in a straight line

In this simulation, the car is moving in a straight line and with constant velocity. It is concluded from
Figure 61 and Figure 62 that for a straight line our vehicle model is following the curves coming from
the simulator Prosper. The roll, pitch and yaw are very small as the vehicle is moving on a straight
line. The comparison shows good trends with a relative mean error of less than 2% for parameters.
This little variation in magnitude of the developed model can be explained by the fact that it is more
simplified by comparison with simulator Prosper. It can be concluded from above Figure 62 that our
vehicle model is showing good behaviour and validated for straight-line simulations.
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Figure 62 Comparison of speed variables between Prosper and model for vehicle moving in a straight line at
50 km/h
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e Vehicle moving on a curve with constant Radius of 320m at 60 km/h

In this test, the car is moving in a curve with a constant radius of 320m and a constant speed. The
results are presented in Figure 63 and Figure 64. It is observed from Figure 63 that model trajectory is
following the simulator results. The comparison shows good trends with a relative mean error of less
than 8% for all the parameters. This variation in magnitude remains correct as the developed model is
simplified when compared to the simulator Prosper. It can be concluded from above Figure 64 that our
vehicle model is exhibiting good behaviour and validated for curve manoeuvres.
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Figure 63 Comparison of position variables between Prosper and model for vehicle moving in a curve of 320m
at 60 km/h
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Figure 64 Comparison of speed variables between Prosper and model for vehicle moving in a curve of 320m at
60 km/h

e Vehicle accelerating and braking in a straight line

The comparison results of this test scenario are presented in Figure 65 and Figure 66. The trajectory of
the vehicle is followed. The errors are less than 5% except for the acceleration manoeuvres where the
error in the velocity is going up to 6.5%. The difference is due the complexity of simulator as
compared to developed model. It can be concluded from above Figure 65 that our vehicle model is
showing good behaviour in manoeuvres and validated.
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The relative mean errors are presented in Table 9 for all the scenarios of simulation.

Table 9 Summary of results in a relative mean error (RME) for test scenarios

Test no. Trajectory Speed (Km/h) R?){Erg,l/lo) Comments
1 Straight line 50 <2 Good results and good dynamics
2 Straight line 80 <2 Good results and good dynamics

The model shows good results and
3 Curve at 220m 40 <5 dynamics except for the RME for
Yaw and lateral speed is < 8%.

The model shows good results and
4 Curve at 220m 60 <6 dynamics except for the RME for
Yaw and lateral speed is < 8%.

The model shows good behaviour
and dynamics except for the RME
for Yaw and lateral speed is <
12%.

5 Curve at 220m 80 <8

Good dynamics behaviour, More
6 Curve at 320m 40 <5 error is seen on yaw rate and
lateral speed but < 5%.

Good dynamics, More error is
7 Curve at 320m 60 <8 seen on yaw rate and lateral speed
but < 7%.

The model shows good behaviour
and dynamics except for the RME
for Yaw and lateral speed is <
11%.

8 Curve at 320m 80 <8

Good dynamics behaviour, More
9 Chicane 60 <6 error is seen on pitch rate and
lateral speed but < 10%.

The model shows good dynamics
<5 except for the RME for Yaw and
lateral speed is < 7%.

Acceleration &

10 Straight line Braking

3.3. Conclusion

The overview of already existing vehicle model in literature tells that these models are specific to
some application. For example; the simplest models are the quarter vehicle models which are suitable
for studying vertical dynamics of the vehicle. The bicycle model is to include pitch characteristics and
the full vehicle (or four wheels) model adds the roll dynamics compared to the half vehicle model.
Even the full vehicle model is still a kind of very simplified model of a vehicle. But the calculation
amount will increase with the complexity of the model.

In this chapter a full model is developed which is able to simulate all vehicle manoeuvers. The tyre
model developed in chapter 2 is also coupled with this model. This model is developed in order to
develop observers and estimators for estimating rolling resistance. The numerical validation of FVM
(full vehicle model) is done with the help of Prosper (SCANeR Studio). The overall relative mean
errors of all the scenarios are less than 8% as shown in Table 7. This is in the acceptable range as the
magnitude is very small for the absolute values. The difference is mainly due to the simplified nature
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of the developed model as compared with the complex simulator model. So we can conclude that the
comparison results are following the simulator results with good dynamic behaviour. The
experimental validation of this model will be presented in chapter 5. This developed model will be
considered as a system for the development of unknown input adaptive high gain observer to estimate
tyre rolling resistance. This will be presented in the next chapter.
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Chapter 4
Synthesis of adaptive nonlinear
observers
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The comparison done in chapter 1 allowed us to consider the adaptive high gain observer that shows
high practical interest due to its robustness and finite time convergence modelling error and parameter
uncertainty. Its advantages and disadvantages have allowed choosing the most effective solution with
respect to accuracy, robustness and computing complexity. This motivates us to develop the unknown
input adaptive high gain observer for estimating tyre rolling resistance force. Therefore the unknown
input adaptive high gain observer is designed in this chapter for regular systems as well as singular
perturbed systems. The interest in the singular perturbed systems arises with the fact that it is possible
to consider the parameters with slow and fast dynamics in the system. The adaptive gain approach is a
novel approach for the unknown input observers in the automotive domain.

In this chapter, the development of the unknown input adaptive high gain observer for full vehicle
model is presented. The chapter starts with the formulation of the main objective as the estimation of
the rolling resistance force in section 4.1. Section 4.2 is dedicated to the synthesis of the observer for
regular systems and singularly perturbed systems. The application on the full vehicle model is
presented in section 4.3. Simulation results are discussed in relation to the observer efficiency and
robustness.

4.1. System description and problem formulation

In chapter 2 and chapter 3 the modelling of the full vehicle is done. This full vehicle model is
considered as the system for the development of the observer. The block diagram of the system is
given in Figure 67; the mathematical model of full vehicle is defined as the system for the observer
design. This model is validated numerically in chapter 3.

_______________ -
Input : 3D vehicle model : Output
|
Steering angle, I :
Torque , load, ] [ .
road profile ... I Suspension I Accelerations
: p— 1 * Speeds
: E— ey ||+ Position
: I * Roll
| 1 I+ Pitch
| =) : * Yaw
Tyre Model == I
I I
L e e e e e e e e e e e m - J

Figure 67 Block diagram of the complete vehicle model

The full vehicle model which is defined in chapter 3 can be written in the below form:
x = f(x,u) (117)

Where X is the state vector and u is the input vector. f is the function of are the matrices dependent of
state vector i.e. (x) and input vector (u). The state vector is defined as

X = [Ttread:Tcarcass:W11W2:W3:W4:vx:vy:1/): ¢:6]T (118)
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With the variables Treqq) Tearcass are tyre surface and carcass temperature respectively,
w1, Wo, W3, W, as angular speed, vy, v, are longitudinal and lateral speeds, Y, b, 0,1, p, 0 represents
yaw pitch and roll rate and angle respectively. The parameters are defined previously in chapter 3.

FO,w) = [(Qsere + Qrriction forces T Qeonduction + Qambient treaa)/MeCt
(QSEL,C + ke (Tereaa — Tearcass) * St + Qambient,carcass )/ mecy,
(Tyw1 — (Fxw1 — Crr1Faw1)Ri1) /1w
(Tywz — (Fxwz = Crr2Faw2)Ri2) /1w
(Tyws — (Fxws — Crr3Faw3)Riz) /1w
(Tywa — (Fxwa — CrraFawa)Ria) /1w

Uyl/J + h(sin(0) (2 + $% + 62) — sin(¢) P — 2 cos(¢p) Py
— cos(8) cos(¢p)8 + 2 cos(6) sin(¢)0¢ + sin() sin(p) ) + (Fy — F,)/m

—v, ) + h(—sin(8) cos(¢) P — sin(¢)yh? — 2 cos(6) cos(¢) O3 + sin(6) sin(¢p) ¢y — sin(¢) ¢
+ cos(8) ) + (Fy — E,)/m

(Mg — h(Fy sin(¢) + Fy sin(8) cos(§)))/ Iy sin(8)? + cos(6)? (Lyy sin($)? + L, cos()?))

(—Kg6 — Dg6 + h(mg sin(0) cos(¢p) — Fx cos(8) cos(¢))
+ () sin(8) cos(8) (I, + cos(Pp)? I,,,) — ¢ cos(0)? L, + sin(¢)? sin(6)? I,
+ sin(8)? cos(¢)? I,.,)
— 6(sin(8) sin() cos(¢) I,,))) /(L sin($p)? + I, cos($)?)

(—K¢¢ — D¢<;IS + h(Fy cos(0) cos(¢p) + mg sin(¢))
+ 1L, (3 sin(¢) cos(¢) cos(8) + ¢ sin(0) sin(¢) cos(¢))
+ 6 (cos(¢)? Iy, + sin(¢)? IZZ))
/(Lx cos(6)% + L, sin(6)? sin(¢)? + I, sin(6)? cos(¢)?)]”

Considering the full vehicle model with hypotheses exposed in the previous section, the physical
domain defined for this system is:

D=x|0<w; <£150rad/s,0 < v, <200km/h,0 < |Fppi| < E (119)
wherei = 1,2,3,4.

The collective objective with respect to the full vehicle model can be summarized in the following
formulation of the problem. Let the relative mean rolling resistance coefficient error denoted by eg;.
and E7***is upper bound of rolling resistance coefficient. The estimation technique of rolling
resistance that ensures:

leprr (O] < 10% Vty 2t > 0and Fp < B¢ (120)

where tr, tare end of simulation and time respectively.
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In the next section, the development of the observer is presented based on the above defined system
and problem formulation in equation (120).

4.2. Development of adaptive observers for nonlinear systems

This section is dedicated to the development of unknown input adaptive observer for nonlinear
systems. The development is divided into two parts. First, the development of the observer for the
regular system is presented and then the observer for the singular perturbed system is developed.

4.2.1. Unknown input adaptive high gain observer for regular systems

In this section, an observer is proposed to reconstruct the unknown state variables of the vehicle from
the available measurements as shown in Figure 68. This is based on the use of adaptive high gain
approach, knowing to be robust versus parametric uncertainties, modelling errors and disturbances as
given in [120], [186], [187].

The aim of novel unknown input adaptive high gain observer is to estimate simultaneously the state
(x) and the unknown input (%) applied to a physical system using measured input (u), measured
output (y) and a knowledge model (3)) of the system. Firstly, the model is written under state space
form and observability of the system is analysed thanks to numerical evaluation technique. The
synthesis of the observer is presented in this section for the class of nonlinear systems with unknown
input.

4.2.1.1. State space model

The initial model is written as:

x=f(x,u) (121)

Firstly, the model is written under the state space form. The unknown parameters here are assumed as
unknown input. The state space variable is defined in equation (121). The measured input matrix is
given by

U= (U, Uy, e, up)" (122)
The unknown parameters are considered as unknown input here, so the function defined as

U= f(ly, Uy, -+, Up)" (123)

Finally, the measured output of this model is:

y=0wnY2Ym)" (124)

After substituting (122), (123), (124) in (121) the complete nonlinear state space model of the model is
defined as:

5 {x;i‘(g‘c;cu) + G(wu (125)
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Figure 68 Unknown inputs adaptive high gain observer principle

4.2.1.2. Observer synthesis

The synthesis of the observer is presented in this section for the class of nonlinear systems with
unknown inputs. Before presenting the proposed observer, let us introduce some definitions, notations
and hypothesis. Let be a class of nonlinear systems whose measures are not affected by the unknown
inputs. We assume that part of the state is directly measured. The nonlinear state space model of the
model is given by

5 {;; z ]; gcx, u) + G(Wu (126)

X = (’;:) € R™ is the state vector, so the part x! € RP is measured and X € R*? . w € R™ is
unknown state vector of input and u € U is known input vector. U is the set of absolutely continuous

functions with bounded derivatives of R* in U a compact set of R* and y € RP is the output vector.

In the unknown inputs observer theory, the state has to be separated into two parts x = (x*, X)T where
x! = yare measured and X are unmeasured states. The breakdown of the state into measured and
unmeasured parts leads to the breakdown of the state function

frew) _ o,
Fo(x, u)> ER (127)

where f1(x,u) € RP and fx(x,u) € R"™P. In the same way, the function G (u) is a matrix made up
of two parts

flxu) =<

G'(w)

Gl = (Gx<u>

) € Rm (128)

where  G'(uw) € RP*™ and Gy(u) € R®P>*™  Finally, the observation matrix is
C=(, 0 - 0,) e RP<™.

2t = et X, u) + Gr(w)u
YIX = fi(xL X, u) + Gy (w1 (129)
y =Cx?!

For the synthesis of a nonlinear unknown input adaptive high gain observer to reconstruct the state and
the unknown inputs of the above system, the following hypotheses must be satisfied:
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(H4) The matrix G1(w) is of full rank in columns for all ¢ > 0. This means that it can be divided
according to

ot — (€70 ¢ goem
W ={g ) €8 (130)

The first part Gl(u) € R™*™ is a full row matrix m <my, <p. That is, rank(Gi(u)) =
rank(G(w)) = rank(CG(w)) = m,vu € U and Vt > 0. The matrix G'(u) € R™*™is also such
that there are two positive reals aG and G and that forallu € Uandallt > 0.

(H5) The derivative with respect to the time of the unknown input u is the unknown function and
must be uniformly bounded, that is to say, Vvt > 0, sup || — || pil where pii > 0 is some
unknown real number.

m1 is the smallest number of rows in the matrix for which the matrix remains of full rank m1 <
m0 < p whatever the command applied. Thus, the decomposition of the matrix G1(u) of the
equation gives us the following structures of the state and the state equation.

51
X = (X) where x1 € R™, X € RP~™ (131)

o) fHow)
X, u) =
fx(x,w) (132)
where f1(x,u) € R™, fy(x,u) € RP~™
(H6) There exist a semi-positive definitive matrix P(t) € R P)*(=P) gych that
° 30(1,0(2; vt = 0: alln_p < P(t) < (len_p

e da; >0; Ju € U;Vx! < RP;VE € RV P:

T
P+ P (ﬁ— P )i> (Zf’; Y )i> P() < ~ash, (139

Notions and generalities for the candidate observer are given below:

e 0,(t) be areal-valued function and let A, (6,) be the following diagonal matrix:

(6,) =di L ! 134
4,(0,) = diag 91 9 -'Bln (134)

e Let S be the unique solution of the algebraic Lyapunov equation.

S+ATS+SA=CTC (135)
where the unknown is the matrix S, the matrices A and C are defined in (40). It was shown in [26] that
the equation (135) admits a unique solution S, which is symmetric positive definite and whose terms
can be expressed as follows:

SG,j) = (DEDCIT for1<ij<n (136)

i+j-2
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n!
(n-p)'p!’

where CF =

With the help state transformation presented in equation (56), the adaptive high gain observers are
proposed next for a canonical form.

Under above-mentioned hypotheses and proposition, the observer based on the adaptive high gain with
unknown input can be written as from [188]:

State:
(. . ~ oy}
! xt=f (&5 Xu)+ G Wi + 6, [6_)(]
ATHODSTHC (v = &Y (137)
L}? = fX()/C\l,X, u) + YX(u)ﬁ + 291(}1 - 5@1)
Unknown estimation:

i=062(G'(W*(y— &Y (138)
Adaptive gain:
(91 = ——91(t)(a(91(t) -1 - g®yUIy©®I)
{ 6,(0)>1
|40 M (139)
U 1+ min(o, L e IFOI2dT

Where & = [&1,%,,+,%,]T € R® where x and u is the state and input of the system; 6, is adaptive
}\mm(Q)

gain of the observer. p = G
max

and y:R - R*,5 = y(9) is a real-valued function satisfying the

following properties:

e y(0)=0
e I >0;,vy>0,0<y@) < ¥Vmax
e Concerning the function v, it was specified as follows in this application:
71>
1+ Iyl?
From the equation of the system in (129) and (137) the observation errorise = X = X — x.

Y@ = (140)
4.2.2.Adaptive high gain observer for singularly perturbed systems

The observer design problem for linear two-time-scale systems has been widely studied since its first
introduction by [119]. In this section, the unknown input adaptive high gain observer for the singular
perturbed system is presented. The singular perturbed systems exhibit a fast and slow dynamic. The
initial nonlinear system is given by:

= f(x,u) (141)
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Since the singular perturbed system is considered, the initial system is represented in the slow reduced
system and fast reduced system.

Xs = fs(xs,2,u) (142)
xp = ez = fr(xs,2,u) (143)

For the above representation we consider the nonlinear singularity perturbed systems in the following
form:

xs = fs(xSJ Z, u) = al(xs)+a2 (XS)Z + bl (xs)u (144)
ez = fr(x5,z,u) = az(xs)+as(xs)z + by (x)u + es(2)u (145)

where x; € R™ is slow state variables, z € R™ are fast state variables of the system and the input is
presented by u € R, € is a small parameter supposed to be known and constant. a;(.), b;(.) and s(.)
are smooth vectors on their arguments.

Assumption 1: Let us assume that in the context the matrix a,(x)zis non-singular in the study
domain.

It should be stressed that the system (144) and (145) represents a singularly perturbed system. An
advantage of this representation is the possibility to decompose the real system into two subsystems of
lower order and to assign state feedback for each lower-order subsystem.

In the first step, the manifold of the fast states is designed based on the reduced slow subsystem. The
derivation is defined below.
4.2.2.1.  The slow reduced systems
The slow manifold which is slow dynamics is defined by:
M, ={Z € R™: z = h(x, us, €l, ..., )} (146)

which is said to be an invariant manifold for (144) and (145) if the manifold condition given in [116],
[118] is true, that is:

u§+ 1

S% [a;(X)+a,(x)z + by (X)u] + €

0x 0(ud)

=az(x)+as(x)z + by(X)u + es(z2)u (147)

Equating this equation term by term in &, we obtain a solution of the following form:
h(x,ug, €1, ..., &) = h°(x,us) + eht(x, us, 1) + £2h?(x, u, U, iig) + -+ (148)

The reduced slow dynamics is obtained by setting € = 0 in equation (148) and solving with respect to
z an algebraic-type vector equation, one obtains the so-called quasi-state solution zg:

z§ = h%(x, us) = —[ag(x)]Has (xs) + by (x)u] (149)
Substituting z; to z into (148), we obtain the slow reduced dynamics at order 0 in € as:
Xs = fo(xs) + gs(xs)ug (150)

where
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fs = a1(0)—a()[as(x)]  as (xs)
gs = b1(x)—az(0)[ay(x)] 7 by (xs)

Remark: To improve the approximation order in € , we can substitute h(x, ug, €, ..., €) at any prefix
order of approximation to z in equation (144). This gives the slow dynamic on the basis of which a
slow control can be designed up to any fixed order of approximation with respect to . An iterative
approach can be used in (150).

4.2.2.2.  The fast reduced system

The fast reduced system or boundary layer system is obtained by transforming the slow time scale t of
the original system (144) and (150) to the fast time scale:

t—t
r=—"2 (151)
&€
Applying the usual change of state:
n=z-hxu) (152)
We can express the original system in the fast time scale as:
dx
i gla;(x)+ay(x)z + by (x)u] (153)
dn oh%dx 0h°dug
—_—= — — |+ 154
== @, 0On + by () (u — ) + esu — |-+ ———= | +0(e) (154)

where (u —ug) = uy is the fast control. Assuming % = 0 (slow control constant in the rapid time-

scale) we obtain the fast reduced system, for ¢ = 0:

dn
dr = a,(xs)n + by (xs)uf (155)

4.2.2.3.  Observer synthesis

Our system is composed of two time scale slow and fast, so as the need to design two adaptive
observers separately for the reconstruction of all the slow and fast dynamics. Therefore the adaptive
observer is developed for slow reduced systems to estimate the state and unknown input observer is
developed for the fast reduced systems.

As the state space model of the system is considered in equation (117):

x=fl,u)+Gcwu
z{y A (156)

We divide the system into two-time scales as shown in (157)

Xs = f(xg,z,u) + G(z,u)
X =€z = f(x5,z,u) + G(z,u)u (157)

Now applying adaptive high gain observer for the slow reduced systems given in [120],
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~ -1
a;;xs] AL(0)KCT (t)
o, = —%Gl(t)(a(el(t) -1 —g@yUF®D); 6:(0) =1 (158)
M

');C\S = f(jc\s: u) + G(u: 555) - [

g(t) = ; 0,(0) =1

. 1 ¢t ~
1+ min(p, 7 fyaxcor 17O I2dT

where x¢ and u is the slow state and input of the system; Matrix K such that A-KC is Hurwitz and 6,
lmin(Q)
Amax(S)

is the adaptive gain of the observer. u = and y:R —» R*,j = y() is a real-valued function

satisfying the following properties:

e y(0)=0
e IYy>0;V9¥>0,0<y(@) < Vmax

e Concerning the function v, it was specified as follows in this application:

RTIE
YO = 1151

Above defined unknown input adaptive high gain observer from equations (137-139) are applied for
the fast reduced systems

A1 11(%. 51, €22, Gl .
P <Z> - < 1 (85, €27, €2 “)> + < é“)> f + 0,07 (WATH(0,)ST1CT (21 — 21)

(159)

J; 0
A2 lZ AS' '\1’ '\2, 53 GZ
s(z ) = (%5, £2 ;GZ €2 + ;(u) f+20,Y2(w)(zt - 2Y)
24 19(e2,u) G9(u) (160)
6, = ~56:(0(a6:(® — D~ gOYUFOD); 6,(0) =1
M
gt = ; 0,(00>1

, 1 ¢t ~
1 + mln(p’ Tfmax(o,t—T)”y(t) ||2dT

where z and u is the slow state and input of the system and 6, is the adaptive gain of the observer.
— xmin(Q)

= € is a small parameter supposed to be known and constant. It is defined as

e = }\min(f(xs’ Z, u))
Amax (f (x5, 2, 1))
where A is eigenvalues of matrix f(x, z, u).

(161)

In this section, the unknown input adaptive high gain observer is designed successfully for regular
systems as well as singular perturbed systems. These different techniques for observing the state and
unknown inputs will be applied in the following section to the problem related to the estimation of
rolling resistance.
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4.3. Application on the full vehicle for estimation of tyre rolling resistance

In this section, the application of above-developed observers on the full vehicle model for the
estimation of tyre rolling resistance is presented. The numerical validation is also presented for each
case.

4.3.1.Estimation of tyre rolling resistance for regular systems

The above-developed observer is applied to the full vehicle model defined in section 4.1. The system
is said to be a regular system if thermal dynamics are not considered. This is supposed to have slow
dynamics. A dedicated study is done in the next chapter to conclude on this. So in this section, the tyre
temperature variation is not considered here. The model is written under state space form and
observability of system is analysed.

4.3.1.1. State space model

In this section, the state-space model representation is presented for the above-developed vehicle
model. The initial model is written as in equation (117):

x=f(x,u) (162)

The state variables of the model defined now with respect to the vehicle body reference frame are
represented by vector x as follows:

x = [wy, wa, ws, wy, vy, vy, ¥, $, 6,1, qb,e]T (163)
With the variables wy,w,, w3, wy as angular speed, vy, v, are longitudinal and lateral speeds,
P, §, 6,1, ¢, 0 represents yaw pitch and roll rate and angle respectively.

Firstly, the model is written under the state space form. The rolling resistance is assumed here as
unknown input. By assembling the chassis dynamics and the wheels dynamics with tyre/road force a
complete state-space model of the vehicle is obtained. The state space variable is defined in equation
(163), for the sake of simplicity forces are also assumed as measured input in first simulations. The
measured input matrix is given by

u = (F,F,FE,8Tyw)" (164)

The rolling resistance force is considered as unknown input here, so the function defined as

u= f(Frrl’ Frrz' Frr3’ Frr4—)T (165)
Finally, the measured output of this model is:

y= (W1, W3, W3, Wy, Uy, vy; lP)T (166)
After substituting (164), (165), (166) in (162) the complete nonlinear state space model of the vehicle
is defined as:
x=f(xuw+6wu
Z{ y = Cx (167)
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4.3.1.2. Observer synthesis

The synthesis of the observer is presented in this section for the class of nonlinear systems with
unknown input as described in the previous section. Before presenting the proposed observer, let us
introduce some definitions, notations and hypothesis. Let be a class of nonlinear systems whose
measures are not affected by the unknown inputs. We will assume that part of the state is directly
measured. The nonlinear state space model of the vehicle is given by

> {a; Z 1; gcx, w) + G(wu (168)

X = (’;:) € R™ is the state vector, so the part x* € RP is measured and X € R*? . 1 € R™ is
unknown state vector of input and u € U is known input vector. U is the set of absolutely continuous

functions with bounded derivatives of R* in U a compact set of R* and y € RP is the output vector.

In the unknown inputs observer theory, the state has to be separated into two parts x = (x,x,)7
where x* = y are the measured variables and X = (¢, 8,1, ¢, 6)" the unmeasured variables. The
breakdown of the state into measured and unmeasured parts leads to the breakdown of the state
function

fleowy
. (x’u)) €R (169)

where f1(x,u) € RP and fx(x,u) € R™P. In the same way, the function G (u) is a matrix made up
of two parts

f(x,u)=<

_ (W nxm
Gw) = ( G, (u)> €R (170)

where  G'(u) € RP*™  and Gy(uw) € R™®P>™  Finally, the  observation  matrix
isC = (Ip Op Op) € RpPX1.

xt=f1(xh X, u) + Gr(w)u
Z X=fx(x1,X,u)+Gx(u)ﬁ (171)
y =Cx?!
Once the system is in this form, we can directly apply the unknown input adaptive high gain observer.

Under the above mentioned hypotheses and proposition detailed in section 4.2.1.2, the observer based
on the adaptive high gain with unknown input can be written as from equation (137-139):

State:

. _ R o1}
e FHEL R u) + 61 Wi + 6, [g]

ATHO)STICT (- £1) (172)
X = £ (&L, %, %) + Yy (Wil + 26, (y — 21)
Unknown estimation:
U= 02(6*"w*(y— &Y (173)

110



Adaptive gain:

. U -
(91 = —591(t)(a(91(t) -1 - g®rUIF©®ID)
{ 91(33[ z1 (174)
lg(t) = —1 -
k 1 + mln(p’Tfmax(ojt_'r)”y(t)llzd‘[
X1
where X = X:Z € R™ where x and u is the state and input of the system; 8, is adaptive gain of the
Xn
observer. u = Amin(® 5ng :R—R",§=y(§)is a real-valued function satisfying the following properties:
Amax(®) & Y
e v(0)=0

e I>0;v§>0,0<y(7)y

max

e Concerning the function v, it was specified as follows in this application:

e
=—— 175
O =TT e

From the equation of the system (171) and (172) the observation errorise = X — x.

Where:
G(u) = (Tywl = Ry Few)/Iw + (RisFow1) /1w (Tywz = RipFxw2) /1w + (RizFpw2) /s (Tyw3
- Rl3wa3)/Iw + (RI3FZW3)/IW; (Tyw4— - Rl4—wa4)/Iw
(Fx — Fy) (Fy)
+ (R14sz4)/1wiTa:7i M,

fA(2%,u) =[050;0; 09,
+ h(sin(8) (B2 + ¢ + 02) — sin(@) ¥ — 2 cos($) bt
- cos(é) cos(¢3)§ + 2 Cos(é) sm(qg)é(f) + sin(é) sin(@) (f)) ; ﬁylf)
+ h(sin(B) (B2 + ¢ + 02) — sin(@) ¥ — 2 cos($) bt
— cos(8) cos($)6 + 2 cos(8) sin($)8¢ + sin(6) sin(P) (]3) ; (MZ
- h(FX sin(¢3) + Fy sin(é) cos((f))))
/(Iyy sin(@)2 + cos(@)2 (Iyy sin(qS)2 +1,, cos($)2)>]
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fx(a?l,)?, u) = [(—Kgé - Dgé + h(mg sin(é) cos(cﬁ) —Fy cos(é) cos(dA)))
+ 1 (P sin(8) cos(8) (Iuy + cos(@)” Iy ) — b cos(8)” Ly + sin()” sin(8)" L
+sin(9)” cos(4)” L., )
— 8(sin(8) sin(4) cos(¢) Iy2)))
/ (Iyy sin(@)° + Lz cos($)"): (—Ky$ — Dy
+ h(Fy cos(é) cos(cf)) +mg sin((ﬁ))
+ 1y, (@ sin(@) cos() cos(8) + ¢ sin(8) sin(@) cos(4))
+38 (cos($)’ I + sin()’ IZZ))
/ (Ix c05(8)° + Ly sin(8)° sin(@)” + I, sin(9)” cos($)" ) ;1; 6; ]

- I -
92 (Ewll szl (Wl - Wl)

-
Il

Considering a nonlinear system in equation (168), for each input u, a matrix W of output and its
derivatives of state can be defined:

[ 7]
_| Leh |
Y(x,u) = | | (176)
L} ~*h]
X1
[(Fxl - ﬁlel)Rl/Iw'l
Y(x,u) = : (177)
- e
(Fx4- - ﬁ4FZ4)Rl/IW'
The system (28) satisfies local observability rank conditions at x,, if:
¥ (x,, ov
Rank [M] =n=4ordet [—] +0 (178)
d0x dx

Invertibility of analytically establish matrix W(x) is difficult to compute. Thus, the invertibility of
Y(x) is numerically evaluated. If its jacobian never equals 0 on the operating trajectories, it yields that
the transformation W(x) is invertible.

Hypothesis (H4) is verified because rank(G*(u)) = 4. The unknown inputs are caused by a physical
and mechanical phenomenon. In normal conditions of use, the unknown inputs have bounded time
derivatives. Hypothesis (H5) is checked. The hypothesis is verified.
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4.3.1.3. Numerical validation

As it has been shown in chapter 3, the vehicle model is correctly configured and validated. In this
section validation of observer for estimation of rolling resistance is presented. The numerical
validation done using vehicle simulator SCANeR™ (Prosper) is presented.

The validation of observer is done numerically with the help of SCANeR studio. Then, offline
experimental validation is done on University Gustave Eiffel test tracks (see chapter 5). In this section,
the estimation of each observer with the real value of F.. for each case is compared. The precision of
the observer is evaluated by calculating the relative mean estimation errors:

Frri(ti) - Frri(ti)

1 N
Sy
Frri N = Frri(ti)

With t; is counted from the instant when estimated values.

< 10% (179)

Different conditions are simulated on a passenger car in SCANeR™ environment in order to get input
torque measured velocities and forces for observers. Based on the above mentions hypotheses, two
simulation scenarios were performed and then compared with the results of the observer. The different
test scenarios are given in Table 8.

e Case 1: Car moving in a straight line at 50 km/h.

The comparisons of observer results with prosper for case 1 is shown in Figure 69, Figure 70 and
Figure 71. The good reconstruction of state variables by the observer is done and also the estimation of
rolling resistance. The errors (Figure 71) for the reconstruction is less than 1% for the state variables
and between 1-7% relative mean errors in the estimation of rolling resistance for each wheel. It can be
concluded that the unknown input adaptive high gain observer for the regular system is validated for
straight-line simulations.

245 7 0
- = =prosper
- - -obs 5
0 695  _ oo --
-] —_ —
[ S S ° = -10
= £ -
:';’ 24 £ 6o £
-
5 ” '
1
6.85 2pl====fococl--.
23.5 6.8 -25
0 10 20 30 0 10 20 30 0 10 20 30
Time(s) Time(s) Time(s)
0 0 0
5 -5 5
Z-10 Z-10 Z 10
g | € | ¥ o
i 150 o 1 (rags -3 O
n
1
20 T T S -20 -20
-25 -25 -25
0 10 20 30 0 10 20 30 0 10 20 30
Time(s) Time(s) Time(s)

113



line)
. :d_u"_ _____________ 5 x10%
ghmmmmmmmmmm e — oo
- — prosper w
,'?-1 - — obs E 3
E 22
= O <
2 21
>
0 PR S NP R P ———
.3 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time(s) Time(s)
5 8
5 x10 1 x10
L]
]
z o°m 7 05
T I 5
£ 5 g
T T
B g °
£10 z
] S
o x -0.
E 45 0.5
-20 -1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time(s) Time(s)

Figure 69 Comparison between Prosper results and observer estimation of rolling resistance (Case 1: straight

Figure 70 Comparison between Prosper results and observer estimation (Case 1: straight line)
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Figure 71 Estimation error results of the observer (Case 1: straight line)

Case 2: Car moving at constant radius at 320m.
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The comparisons of observer results with Prosper for case 2 are shown in Figure 72 and Figure 73.
The good reconstruction of state variables by the observer is done and also the estimation of rolling
resistance. The error (Figure 74) for the reconstruction is less than 1% for the state variables and errors
in the estimation of rolling resistance for each wheel varies between 1-5% but the relative mean error
is less than 5%. It can be concluded that the unknown input adaptive high gain as it gives ey <
10% .
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Figure 72 Comparison between Prosper results and observer estimation of rolling resistance (Case 2: Circle)
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Figure 73 Comparison between Prosper results and observer estimation (Case 2: Circle)

115



Omega Vx

1 1 150 Frr front left tire
0.8 0.8
P —_ ~ 100
0.6 o6 S
S S s
i 04 i 0.4 W 50
1
0.2 0.2 :
\
0 P e = - 0 _____________ 0 " —————————————
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time(s) Time(s) Time(s)
150 Frr front right tire 150 Frr rear left tire 150 Frr rear right tire
.
n
—1004 | ~ 100 A1oof:
c\g Ny n\° 1! n\e 1
=g . =g . =g
o X o . o !
= . = . = !
w 50 . w s50f, w 50!
1 1 :
1 1 \
| ! 1
) S A 0 ‘== - o= = 1) R N
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time(s) Time(s) Time(s)

Figure 74 Estimation error results of the observer (Case 2: Circle)

4.3.2.Estimation of tyre rolling resistance for the singular perturbed system

In this section, the full vehicle model is considered as the singular perturbed system. This is mainly
due to the consideration of tyre surface and carcass temperature; this is slow dynamics as confirmed
from, the frequency analysis of experimental results in section 5.4.3.

4.3.2.1. State space model

The initial nonlinear system is given by:

x = f(x,u) (180)
Where x is the state vector and u is the input vector. f is the function of the matrices dependent of
state vector i.e. (x) and input vector (u). The state vector is defined as

X = [Ttreaar Tcarcass W1, W2, W3, Wy, Uy, Uy, v, $,0,9,¢,0]" (181)

With the variables Tireqd, Tearcass are tyre surface and carcass temperature respectively,
Wy, Wy, w3, wy as angular speed, v,, v, are longitudinal and lateral speeds, v, ¢, 6,1, ¢, 6 represents
yaw pitch and roll rate and angle respectively.

Since the singular perturbed system is considered there is the possibility to decompose the real system
into two subs systems of lower order described in the separate time scale, so the initial system will be

represented in the slow reduced system and fast reduced system. So we can write the initial system x
by dividing in two-time scale (xg,z) as
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x = f(x5z,u) (182)
The initial system is divided into x; = (Ttreads Tearcass) Tor the slow dynamics system and z =
f (w1, Wa, wa, Wy, v, vy, 9, $, 6,9, ¢, 0) for the fast dynamics systems. The singular perturbed system

is considered so the initial system will be represented in the slow reduced system and fast reduced
system.

J'CS = fs(xs: Z, U.) (183)
xp =€z = fr(xs,2,u) (184)

For the above representation we consider the nonlinear singularity perturbed systems in the following
form:

x5 = fs(xs,2,u) = aq(x5)+a (x)z + G (X)u (185)
ez = fr(xs,z,u) = az(xs)tas(x:)z + G(xX)u + es(z)u (186)

The system can be represented in above mention singular perturbed system form, the matrices are
defined below.

where
fs(xsz,u) = ((QSEL,t + QFriction forces T Qconduction T Qambient,tread)/mtct
(QSEL,C + kc (Ttread - Tcarcass) * St + Qambient,carcass )/mccv)
with
a, (xs) = ((Qconductian + Qambient,tread)/mtct; (kc(Ttread - Tcarcass) * S
+ Qambient,carcass)/mccv)

a (xs)z = ((QSEL,t + QFriction forces)/mt Ct; QSEL,C/mCCV)

Gy (xg)u = ((QFriction forces)/mtct; 0)
and fr (x5, z,u) is defined in equation (186)

(Fy = F) ()

as (xs) = (_Rllwal)/Iw; (—RizFxw2)/1w; (_Rl3wa3)/Iw; (_R14wa4)/1w; m m

ay(x)z = (P + -5 —vp -+, - (I cos(0)? + 1, sin(0)? sin(¢)? + I, sin(6)? cos(¢)?))

G(xs)u = ((Tywl)/lw + RiFow1)/Lw; (Tywz)/lw + (RizFzw2)/1; (TyWS)/Iw
+ (RisFpw3)/1w; (Tyw4)/lw + (RiaFzwa) /1 0; 0; 0)

The state space form of the initial system can be written as

5 {x ;I(gc),cu) + G(wu (187)
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where u = (F,F,, F, 6, Tyw)" and unknown input #@ = f(Cyp1,Crr2, Crr3,Crrg)” the measured
output y = (wy, Wy, W3, Wy, Uy, 0y, y)T. Since the system is divided into two-time scales. So the state
space of two-time scales can be written as

X5 = fs(xg,z,u) + G(z,0) (188)
xr = ez = fr(x5,z,u) + G(z,u)u (189)

4.3.2.2.  Observer synthesis

The observer for slow and fast reduced systems are defined separately. The adaptive high gain
observer is applied to slow reduced system as shown in equation (158).

o -1

. T o¥x
X = [AT"ead ] = fi(Xs,Z,u) — [ 7% S] A71(6,)SCTx ()
T,

N

carcass

6, = —%91@)(61(91@) - 1) —g@®yUIF®IN); 6:(0) =1 (190)
M

gt) = ; 0,(0)>1

. 1 ¢ ~
1 + mln(p’ T fmax(o,t—T) ”}I(t) ||2dT
Where

0¥xs _ (QSEL,t + QFriction forces T he(Terack) * Scone + Reread (Tambient) * Sconv)/mtct

6555 (QSEL,C + hcarcass (Tambient) * Sconv )/mccv

s[4 Jlameat-[ )
1

-1 2

The unknown input adaptive high gain observer developed in section 4.2 is applied for the fast
reduced system.

A1 1re ool a2 1
e (Zf> - (ll(xs’”o’ ~ ’“)> + (G é”)f + 0,AF (AT (8,)STCT (21 — 2Y)

(22> 12(%,, €21, €22, €23u) G?*(u)
& = : -|— E

: f+20,¢ () (2" - 2Y)
19(&2, 1) Gi(w) (191)
6, = —50,(0(a(0,(0) - 1) — gOYUFOI): 0,(0) = 1

M

g = 1+ ; 02(0) =1

L+ min(p, 7 fopgscormy 1P OII2de

where z and u is the fast state and input of the system and 8, is the adaptive gain of the observer.
= %. € is a small parameter supposed to be known and constant. It is defined as

~ Amin(f (x5, 2,1))

 Amax(f (x5, 2, 1))

Where A is Eigenvalues of matrix f(x, z, u).

= 0.0005 (192)
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4.3.2.3.  Numerical validation

In this section validation of observer for estimation of rolling resistance for the singular perturbed
system is presented. As discussed previously the numerical validation of observer is done with the
help of SCANeR studio (Prosper). Same conditions as previously are simulated on a passenger car in
Prosper environment in order to get input torque, steering angle and measured velocities for observers.

e Case 1: Car moving in a straight line at 50 km/h.

The comparison of observer results with Prosper is shown in Figure 75, Figure 76, Figure 77 and
Figure 78. In Figure 75 the results of the slow manifold are presented. The tyre surface temperature is
estimated with the adaptive high gain observer. The error for tyre temperature is less than 3% for the
tyre surface temperature and less than 4% for tyre carcass temperature. In Figure 76, Figure 77 and
Figure 78 the results of the fast manifold is presented. The good reconstruction of state variables by
the observer is done and also the estimation of rolling resistance. The errors (Figure 78) for the
reconstruction is less than 1% for the state variables and 5% relative mean errors in the estimation of
rolling resistance for each wheel as mentioned in the problem formulation. It can be concluded that the
unknown input adaptive high gain observer for the singular perturbed system is validated.
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Figure 75 Tyre surface temperature state estimation comparison and percentage relative mean error (Case 1:
straight line)
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Figure 76 Comparison between Prosper results and observer estimation of rolling resistance (Case 1: straight
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Figure 78 Estimation error results of the observer (Case 1: straight line)

e Case 2: Car moving in the curve at a constant radius at 320m.
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Figure 79 Tyre surface temperature state estimation comparison and percentage relative mean error (Case 2:
Circle)
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The comparison of observer results with Prosper for case 2 is shown in Figure 79, Figure 80, Figure 81
and Figure 82. In Figure 79 the results of slow dynamics are presented. The tyre surface temperature is
estimated with the adaptive high gain observer. The error for tyre temperature is less than 12% for the
tyre surface temperature and less than 5% for tyre carcass temperature. In Figure 80, Figure 81 and
Figure 82 the results of the fast manifold are presented. The good reconstruction of state variables by
the observer is done and also the estimation of rolling resistance. The errors Figure 82 for the
reconstruction is less than 5% for the state variables and less than 8% relative mean errors in the
estimation of rolling resistance for each wheel as mentioned in the problem formulation. It can be

concluded from the results that the unknown input adaptive high gain observer for the singular
perturbed system is validated.
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Figure 80 Comparison between Prosper results and observer estimation of rolling resistance (Case 2: Circle)

Unknown input adaptive high gain observer is successfully applied here. The precision of these
observers is proved through simulation results. The observer reconstructed well the state variable with
an error of less than 5% when compared to Prosper. The estimation errors for rolling resistance are
less than 5% for straight line and 8% for the curve manoeuvres. It is not very significant as the
magnitude of the rolling resistance force is not very high. The relative mean error is less than 10%
allows us to validate the observer numerically.
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Figure 82 Comparison between Prosper results and observer estimation (Case 2: Circle)

4.4. Conclusion

The unknown input adaptive gain observer for the estimation of tyre rolling resistance force is
developed for the regular system and singularly perturbed systems. This chapter presented the very
first results of the estimation of rolling resistance using adaptive gain observers for full vehicle and
validated numerically. This is a very promising solution to use in real driving conditions. The

experimental validation of these developed observers is presented in Chapter 5.
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Chapter 5
Instrumentation, Experimentation and

Validation
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In this chapter instrumentation of test vehicle, design of experiments, post-processing of data and
validation of above develop models are presented. The chapter starts with the description of the
experimental site of University Gustave Eiffel in Nantes in section 5.1. The instrumentation of the test
vehicle is also presented in section 5.1. The design of experiments (DoE) is discussed in section 5.2
and the realisation of experiments and their post-processing are discussed. The novel method for
calculation of rolling resistance and its validation is done in section 5.3. The extensive study on the
variation of tyre surface temperature is presented in section 5.4. The experimental validation of the
developed model and observers are detailed in section 5.5. Section 5.6 summarized the main
conclusions of this experimental work.

5.1. Instrumentation

In this section, the description of the test site and instrumentation of test vehicles are presented.
Various sensors are mounted on the vehicle to respond to the needs to validate the models.

5.1.1.Experimental site description

Experiments were done on University Gustave Eiffel test track shown in Figure 83 for the top view
and Figure 84 for the detailed view. It has been specially designed for the testing, calibration and
certification of equipment for measuring surface characteristics (skid resistance, texture, rolling
resistance, noise).
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Figure 83 Photograph of test tracks at University Gustave Eiffel (top view)
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Figure 84 Detailed different test track at University Gustave Eiffel, Nantes [10]

The straight part forms the “test area” and contains 12 different pavement surfaces distributed in 4
parallel lines. The characterisation of test tracks used in the experimentation is given in Table 10. The
below-mentioned test tracks were chosen for experiments because they cover a wide range of
macrotexture (MPD) and a moderate range of road evenness (IRI) to focus on the effect of
macrotexture on rolling resistance of tyres as defined in chapter 1.

Table 10 Characterization of test surfaces

Section Mix type Photo MPD(mm) IRI

L1 Epoxy Resin 0.11 1.15
(smooth)

C1 Fine Surface 0.33 1.83
Dressing
0.8/1.5 mm

L2 Sand Asphalt 0.71 1.68
0/4
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El Dense 0.87 1.87
Asphalt
concrete 0/10

(new)

E2 Dense 1.12 1.59
Asphalt
concrete 0/10,

(old)

E3 Stone mastic 1.13 1.60

asphalt 0/10

M1 Very thin 1.42 1.59
Asphalt
concrete 0/10,

class 1

M2 Very thin 1.30 1.69
Asphalt
concrete 0/6,

class 2

F High Skid
Resistance
Surface 1/3
«COLGRIP®©

1.42 1.41

»

A’ Coarse 3.08 2.15
surface

dressing 8/10

5.1.2.Test vehicle and sensors

The instrumented vehicle Clio 2 of University Gustave Eiffel is used for the experiments. It is
mounted with Michelin energy saver 185/60 R15 tyres. Instrumented vehicles are equipped with
different types of sensors that are controlled periodically in order to verify the reliability of the data
provided by them. Calibrations and verifications are carried out internally or externally depending on
the possibilities of implementing the various procedures. The sensors installed on the vehicle are:
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Figure 85 Univ. Gustave Eiffel instrumented vehicle with mounted sensors

e Accelerometers

The accelerometers that are mounted on a wheel of the Clio are Sensorex single-axis sensors (a single
measurement axis). It measures in this configuration the vertical accelerations of the wheel flares and
has a measuring range of +/- 10g (g being the acceleration of gravity equal to 9.81 m.s?). Their
bandwidth is between 0 and 600 Hz.

Front wheel

Rear wheel

Figure 86 Accelerometer position
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e Inertial unit

The inertial unit is a multi-axis measuring instrument (three axes of measurement) brand Crossbow
model VG700AA-201. It is mounted inside the vehicle, under the dashboard and very close to the
centre of gravity of the vehicle (see Figure 87).

Three accelerometers measure the acceleration of the vehicle along three orthogonal axes (X, Y and Z)
which form a direct trihedral and with the earth as reference. These have a measurement range of +/-
29 (g being the acceleration of gravity equal to 9.81 m.s2).

Figure 87 Inertial unit position

e Steering angle sensor

The direction of the vehicle is equipped with a Vischay potentiometer which indicates a tension, this
one is converted in degree by the software. (see Figure 88)

Figure 88 Mounted steering angle sensor (a) Sensor position (b) Initial position
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e Speed sensor

The Clio 2 is equipped with a Corrsys Datron Sensor S-400 cortex. It is placed under the vehicle at the
location of the spare wheel. The sensor s-400 is a non-contact optical speed sensor. It analyses the
variations of the spatial frequency produced by the movement of the microstructure of the road. The
signals are then conditioned to give velocities in the two directions (longitudinal and transverse).

Figure 89 Speed sensor

e Data acquisition system

The vehicle is instrumented with National Instrument cDAQ-9138 data acquisition system. It contains
8 Slot Compact DAQ Controller, Celeron 1.06 GHz controls the timing, synchronization, and data
transfer between C Series I/O modules and an integrated computer. It incorporates a Celeron processor
and 32 GB of non-volatile storage for data logging and on-board monitoring. The cDAQ-9138 offers a
wide variety of expansion and standard connectivity options, including USB, Ethernet, RS-232 serial,
RS-485 / RS-422 serial, and MXI-Express. The cDAQ-9138 combined with eight C Series 1/0
modules for CAN recording and measurement, analogue 1/O, digital 1/0 and counters/timers.
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Figure 90 Data acquisition system

o Tyres

Initially, it was planned to use different rolling resistance tyres in experiments. But due to climatic and
time constraints, all the experiments were done on a single type of tyres. In this DoE the tests are done
with tyre Michelin energy saver 185/60 R15 mounted on both axle of the vehicle. These tyres are
known for less rolling resistance due to its material composition. According to the tyre manufacturer,
various technologies used to create the energy Saver tyre that is both efficient, with good grip and
which provides the vehicle with low fuel consumption thanks to its latest generation silica contained in
its rubber and to the deep ribs of its tread.

5.1.2.1.  Focus on tyre instrumentation

Particular attention was given to the instrumentation of tyre. Since the validation of the multi-physical
model required the temperature sensors installed on the tyres in addition to the dynamometric wheel.
The special device was designed in-house by Technician Sebastien Buisson to mount MB Flex
infrared sensor on the tyre. The tyre deformation sensor for the calculation of rolling resistance is also
installed.

e Dynamometric wheel

The Clio 2 is equipped with 50 kN dynamometer sensor data type RoaDyn S625 from KISTLER
[189]. This sensor gives forces and moments in three directions at the wheel centre as reference. It is
mounted at the front right wheel. The RoaDyn S625 wheel force transducer (WFT) has a modular,
versatile design for mounting on hubs and rim geometries. Four 3-component strain gage load cells are
connected by adapter parts to a rim and the vehicle hub. The signals are amplified immediately in the
load cells and fed via short cables to the wheel electronics. Here they are filtered, digitized and coded.
The data stream is transmitted via a rotor/stator pair to the wheel inner side, transformed in the on-
board electronic unit and output to a data acquisition device.
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Figure 91 Dynamometric wheel mounted on the front right tyre
e Temperature sensor

The instrumented vehicle is mounted with infrared temperature sensors OPTCSLT10 at the opposite
side of the contact patch. The infrared temperature sensor has a £1 °C of accuracy. The maximum
temperature it can measure is 350°C. There are 5 sensors mounted on the vehicle. The four sensors are
measuring the tyre temperature and one sensor (in blue) is measuring the pavement temperature.

(a)

Figure 92 (a) Infrared temperature sensor (b) Mounted sensor position on the vehicle

Front

__/
Rear
- "

(b) B Sensor Position on
wheel

Another kind of temperature sensors mounted on the vehicle is MB Flex infrared sensor for multi-
beam flexible system by Texys. This sensor also has an accuracy of 1 °C and can measure from 20°C
to 200°C. It has CAN type output.
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Figure 93 MB Flex infrared sensor for multi-beam flexible system
e Tyre deformation sensor

It is necessary to use an external sensor to measure the tyre deformation. This is a LK-G157 laser
sensor from Keyence Corporation (see Figure 94) Its measuring range is + 40 mm and has an output of
+10.8 volts.

Figure 94 Tyre deformation sensor

5.2. Design of experiments

In this section, the planning of experiments is presented. As discussed above the design of experiments
have four objectives:

o Calibrate and tune the parameters of the MPT model as well as the FVM vehicle model.
¢ Validate the developed vehicle model experimentally.

¢ Validate the novel method to consider as reference for rolling resistance measurements
e Validate the approach of estimating the rolling resistance of the full vehicle.
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To attain the above objectives two DoE were carried out. In the first DoE, the goal is to calibrate and
tune the model and validate the developed vehicle model experimentally. The vehicle has a standard
load (i.e. 1502 Kg) and pressure condition (i.e. 2 bars and 2.2 bars in front and rear tyres respectively).
While planning the DoE to validate the vehicle model, the main idea is to cover different manoeuvres.
Therefore 10 different test scenarios are constructed to validate our model. These scenarios cover
different speeds and manoeuvres. The test scenarios are given in Table 11.

Table 11 Proposed 1* Test scenarios (DoE) to validate the vehicle model

Test no. Trajectory Speed (Km/h) Comments Repetition
1 Straight line 50 Constant speed 10
2 Straight line 80 Constant speed 10
3 Curve at 220m 40 Constant speed 5
4 Curve at 220m 60 Constant speed 5
5 Curve at 220m 80 Constant speed 5
6 Curve at 320m 40 Constant speed 5
7 Curve at 320m 60 Constant speed 5
8 Curve at 320m 80 Constant speed 5
9 Chicane 60 Constant speed 10
10 Straight line Acceleration & Braking Variable speed 10

In the second DoE, the goal is to validate the novel method to calculate the rolling resistance
experimentally with determining the influence of different factors and also to validate our approach to
estimate rolling resistance.

The rolling resistance is influenced by several factors such as speed, pressure, temperature, road
roughness etc. The focus is given to these factors while designing the experiments. The five principal
factors which have been identified based on the state of the art (in chapter 1), as being able to have a
direct or indirect influence on the result, and which have also been selected for testing, are recalled
below.

Tyre inflation pressure
Load

Speed

Surface roughness
Ambient air temperature

o s wDd e

These factors influence rolling resistance with different magnitudes. These factors have been varied
accordingly. The variation of parameters depends on the limitations of experimental conditions.
Different manoeuvers are also added during the design of the experiment to understand the loss of
energy because of the lateral deformation of the tyre tread.

Table 12 Influencing Factors with different scenarios on Michelin energy saver 185/60 R15

Factors ‘ Scenarios
‘ - Constant speed

Speed - Variable (brake and acceleration)
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Road surface
characteristics

Inflation pressure
‘ Load

Manoeuvers

‘ Ambient air temperature

- Smooth (L1, L2, C1, M3)

- Intermediate( E1, E2, E3, M1,M2,F)
- Rough (A”)

- 2.2 bar

- 1.5 bar

- 3.3 bar

- Standard (1290 Kg)

- Loaded (1550 Kg)

- Straight Trajectory

- Chicane Trajectory

-~20°C
- ~40°C

- Curve (220m and 320m)

A plan was developed by varying the factors selected (detailed above) and by voluntarily retaining, in
order to limit the number of scenarios (while maintaining a sufficient level of robustness of the plan)
and with 10 repetitions. A complete factorial design with 6 factors at average 3 levels and 10 tests per
scenario required 410 tests with limitations of the experiment site. The DoE of 410 tests is proposed
below for the realization:

Table 13 Proposed 2™ Test scenarios (DoE) for rolling resistance validation

TESt. Description Test track Speed Lol Load AT ElT
scenarios pressure Temp
. . L1, L2, C1, M3,
1 . omalgft ine E1,E2,E3, M1, |50Kmh | 22b | Standard | ~20°C
P M2, F, A’
- Straight line L1, 12,C1, M3,
2 - Constant speed E1, E2, E3, M1, 80 Km/h 2.2b Standard ~20°C
P M2, F, A’
- Straight line
3 - Constant speed L1,E2,MI,A’ | 50Km/h | 22b | Standard | ~40°C
- High ambient air
temperature
- Straight line
4 - Constant speed L1,E2,MI,A’ | 80Kmh | 22b | Standard | ~40°C
- High ambient air
temperature
- Straight line
- Constant speed 1.3b, —ono
5 - Tyre pressure E1, E3, M2 50 Km/h 2.2b.3.2b Standard 20°C
variation
- Straight line
- Accelerate 0 to 100 . °
6 Km/h and Brake to 0 Cl,El, E3, M2, F, | Variable 2.2b Standard 20°C
km/h
- Straight line
7 - Constant speed E2, M1, 50 Km/h 2.2b Loaded ~20°C
- Vehicle load variation
- Chicane 60 & 80 o
8 - Constant speed E3,A,E2,M3 Km/h 2.2b Standard 20°C

5.2.1.Post-processing and analysis of experimental data

The analysis and post-processing of the data are done using MATLAB. The step-wise analysis of the
data is provided below:

1. Raw data file

135



The output file is given in “.txt” format. This contains the measurements of all the sensors. It has 65
columns from different sensors.

2. Extracting an excel file

In this part, the file is extracted from the formatted file for the analysis. The start of the test track was
identified with a position of the sensor, which is represented by the pick in the column named
“Cellule” as shown in Figure 95. This is the actual length of the track and data is extracted only for
this reason in the file.

7 T T T T
< >
6 Test Track i
length
5 i
Sat -
2
St ]
2r ,
1r _
I I I [
O 1 L 1 1 1
0 2 4 6 8 10 12
Time (s)
Figure 95 Cellule sensor for pointing out the start of the test track
3. Filtering

Filtering is one of the important aspects of data processing. During experiments, data are sampled at
100 Hz and contain a lot of noisy signals. It is very important to identify the cut off frequency. A
comparison is done to identify the cut-off frequency as shown in Figure 96. After taking all this into
account, a low pass Butterworth filter of order 2 with cut-off frequency 2 Hz is chosen to filter the
experimental data. Finally, after all the above steps the data are ready for analysis.

136



200 Different cutoff frequency comparison for filter
T T T T T T

Raw data
12Hz
5H=z

100 = 2Hz I

T.Iy Y A T T |

Fx(N})

-100 A\

-200

-300

-400 . !

Time(S)
Figure 96 Different cut-off frequency comparison for low pass Butterworth filter
5.3. Reference tyre rolling resistance

It is known fact that the experimental validation of estimation of rolling resistance is difficult as it is
impossible to get an absolute rolling resistance value for specific tyre and it requires a dedicated
rolling resistance measuring equipment such as trailer [20]. Since the objective of the thesis is to
estimate the rolling resistance on the real vehicle, the use of the trailer for validation is not
recommended as it does not match the real vehicle conditions. In various studies [8], [21], [69] in
literature the experimentation validation approach has never been used before. In this section, the
method of calculating the rolling resistance force on the real vehicle with the help of the
dynamometric wheel is discussed. The impact of influencing factors is also discussed to validate the
method of calculation.

To measure the rolling resistance on the real vehicle, a method is developed and validated relatively
with the help of results obtained in the Project ROSANNE [9], [29].

5.3.1.Reference rolling resistance method

The method which is proposed here calculates the rolling resistance force using rolling resistance
moment. It can be indirectly called the longitudinal drag force.
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Fdrag

Figure 97 Relationship between M,, and F,.qg4

When a torque is applied to the rim in braking or traction the contact patch is deformed and the tyre
reacts with a longitudinal force so that

E..
My = FaragRL == (193)

E, is longitudinal force, R is the effective loaded radius, w is angular velocity and Ej ;s dissipation
rate. We can also write it again as

M,
Fdrag =F, = R, (194)

L

Frr

Crr =— 195
™= (195)
Since we calculate the loaded radius for with the help of tyre deformation sensor we can use equation
(194) to calculate the longitudinal force Fg,.q4 Which is nothing but rolling resistance force. We can

also calculate the coefficient of rolling resistance using equation (195).
5.3.2.Loaded radius calculation

In these experiments, Michelin energy saver 185/60 R15 is used as mentioned. It has unloaded radius
(Rp) of 300mm. The standard inflation pressure of 2.2 bars is used to inflate the tyre. The loaded
effective radius (R;) is calculated using equation (196) during the experiments.

R, = Ry static £ deformationdynamic (196)

Where Ry, stq¢ic is static loaded radius and deformationgynamic is the change in tyre deformation
during rolling and it is measured using tyre deformation sensor during experimentations. In Figure 98
the measurement of tyre deformation sensor is shown. The negative sign represents the decrease in the
static loaded radius. The peaks in the figure are mainly due to change in the test track or if sensor
encountered some hole. The static loaded radius (R}, s¢4tic) iS Calculated as 290mm.
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Figure 98 Tyre deformation and effective radius measured during experiments
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Figure 99 Tyre deformation mean in percentage for different conditions
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In Figure 99 the percentage of deformation is given for different conditions of experiments. The error
is the standard deviation (10 repetitions) of the measured values. In Table 14, the calculation of the
loaded radius is shown. This is used for calculation in equation (194) of rolling resistance force.

Table 14 Loaded radius used in the calculation

Conditions R; static (MmM) Mean Tyre def. (%) | Ry (mm) R; = Function of Rg
(300mm)

Standard 290 0.86 292.5 ~0.975Ry

Over inflation 290 2.03 296 ~0.986Ry

Under inflation 290 -2.40 283 ~0.943R.

5.3.3.Rolling resistance influencing factors

In this section results using a novel method are presented. The results for different influencing
parameters are presented separately. The main focus is on calculating the coefficient of rolling
resistance and its coefficient of variation. The mean values with a standard deviation of each
influencing parameter are presented here. In the end, the overall results are discussed.

5.3.3.1. Influence of ambient temperature on Crr

It is very difficult to vary the ambient temperature but it was a very hot summer afternoon. The tests
for lower temperature were done early morning and for higher temperature in the afternoon with a
significant temperature difference ~20°C. The results are presented separately for different speeds and
4 different test tracks.

s Speed 50km/h

The results for 50 km/h are shown in Figure 100. The other parameters were kept constant for the test
vehicle as shown in Table 13. It is concluded from Figure 100 that for higher ambient air temperature
the Crr is lower as compared to lower ambient air temperature. The temperature of the tyre surface is
observed with ~20°C more for higher ambient air temperature. It means that there is a direct effect of
ambient air temperature for lower speed on rolling resistance. The 15°C increase in tyre surface
temperature decreases the rolling resistance up to 5% for lower speed.

Table 15 Parameter table ambient air temperature

Parameters Tyre inflation Load Speed Ambient air Test track
pressure temperature
Varied X
Constant X X X X
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The results for the different test track at 80 km/h are shown in Figure 101. It is concluded from Figure
101 that it is difficult to differentiate the impact of ambient air temperature for higher speeds. The
temperature of the tyre surface is observed with ~10°C more for higher ambient air temperature. It
means that for higher speed the effect of ambient air temperature is not significant on rolling
resistance. It is mainly due to the lower gradient (the difference between tyre surface temperature and
ambient air temperature) of tyre surface temperature which is due to the cooling of the tyre with air
current at high speed.

The synthesis of the mean value of Crr for different tracks at 50 km/h is given in Figure 102. The trend
matches the literature results. At lower speed, the trend is fully representative of the literature whereas
at the higher speed we cannot differentiate two ambient temperature conditions. It can be explained
with the gradient between the tyre temperature during morning and afternoon at different speeds. It is
observed that the gradient is ~20°C for 50 km/h and ~10°C for 80 km/h.

So it is important to include the impact of tyre surface temperature while estimating the rolling
resistance of the tyre. The MPT model defined in Chapter 2 allowed us to take this effect into account.

Influence of different ambient air temperature on Crr for
different surfaces at 50Kkm/h
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Figure 102 Crr trend for different surfaces at different ambient air temperature for 50 km/h

Since the ambient air temperature and tyre surface temperature influence directly the rolling resistance
force and coefficient, therefore the correction of temperature is implemented for the rest of the
analysis. The temperature correction is done according to ISO standards [20]. The rolling resistance
force and the coefficient is calculated at 25°C using the equation (197). The values of constant K; is
taken from the [29] for the same tyre. The coefficient K, is obtained by simple arithmetic calculations
based on the slope and intercept values of the linear regression lines approximating the temperature
influence on rolling resistance.

142



F,
Fras = [ 1+ Ke(tamp = 25)], Cras = (197)
z

Where K; is coefficient of temperature influence, 1/°C, F,,5 is rolling resistance force at 25°C, and
tamp 1S the air temperature in °C.

5.3.3.2. Influence of tyre inflation pressure on Crr

In this section, the inflation pressure of the tyre is varied as given in Table 16. The other parameters

are tried to keep constant and inflation pressure is varied to two different values. The inflation pressure
is measured before and after the test.

Table 16 Parameter table tyre inflation pressure

Parameters | Tyre inflation | Load |Speed |Ambient air | Test track
pressure temperature

Varied X

Constant X X X X

The results are shown in Figure 103. The rolling resistance is calculated using the method as described
above. It is concluded from Figure 103 that there is a direct impact of inflation pressure on the rolling
resistance force. The underinflated tyre (1.3 bar) has high rolling resistance coefficient as compared to
over-inflated tyre (3 bar). The tyre surface temperature for both inflation pressures is around 42°C but
the corrected rolling resistance is calculated with the help of equation (197). The tests are done on 3

different test tracks and the influence of inflation pressure has been same for 3 test track as shown in
Figure 104.
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Figure 103 Bar plot of mean rolling resistance at 50 km/h on the E1 test track and coefficient of variation
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Figure 104 Corrected rolling resistance coefficient for different tyre inflation pressure on different test tracks

Mean value of Cr25 (coefficient of rolling resistance) is observed as 0.053+0.003 for under-inflation
and 0.051+.003 for over inflation. Since the difference in Cr25 is not significant therefore it is difficult
to separate the rolling resistance coefficients for different inflation pressure. This is same for the
different test tracks (see Figure 104). This may be due to the difference between pressure which isn’t
significant during rolling as tyre surface temperature is higher for the underinflated tyre and it can
increase the tyre inflation pressure. Therefore it is important also to monitor the tyre pressure during
the rolling which can play a significant role in tyre rolling resistance. In Figure 104 the Cr25 at 2.2
bars is slightly less than values at the 3.3 bars; this is mainly because the tests at 2.2bar were done at a
different day, and it affects rolling resistance as the ambient temperature was lower on that day.

5.3.3.3. Influence of vehicle load on Crr

As shown in Table 17 load of the test vehicle is varied. Additional ~200 kg (as it was possible to add
only two more passengers) is added to the test vehicle. The rolling resistance force and coefficient are
calculated. The results are shown in Figure 105. It is shown in Figure 105 the Crr is lower for the
loaded vehicle which is coherent with the literature results. The Mean value of Crr (coefficient of
rolling resistance) for loaded is 0.039+0.004 and 0.041+003 for normal condition. Since the increased
load is not significant on each tyre it is difficult to separate two cases.

Table 17 Parameter table tyre load

Parameters | Tyre inflation | Load |Speed | Ambient air | Test track
pressure temperature

Varied X

Constant X X X X
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Figure 105 Bar plot of rolling resistance, tyre temperature and coefficient of variation
5.3.3.4. Influence of vehicle speed on Crr

The test is done for two different speeds (50 km/h and 80 km/h) as shown in Table 13. These
speeds are chosen as they are used in standard rolling resistance test. The results are shown in
Figure 106 for different test tracks. It is concluded that speed has a direct impact on rolling
resistance force. The mean value of corrected Cr25 (coefficient of rolling resistance) is varied
from 0.052 to 0.071 at 80 km/h and from 0.031 to 0.049 at 50 km/h. It is also remarked that the
temperature of the tyre surface is also higher for the high-speed condition which is mainly due to
an increase in energy dissipation and increase in the number of cycles of deformation. The higher
magnitude of Cr25 for 80 km/h is also influenced by the aerodynamic force of the tyre as it is
directly impacting rolling resistance.

Table 18 Parameter table speed

Parameters | Tyre inflation | Load |Speed |Ambient air | Test track
pressure temperature

Varied X

Constant X X X X
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Figure 106 Bar plot of tyre rolling resistance force, coefficient and tyre temperature for different surfaces in
increasing order of MPD

The rolling resistance force and coefficient are calculated for different speeds on different road
surfaces. The characteristics of road surfaces are given in Table 10 in increasing order of MPD (i.e;
macrotexture). It is seen from Figure 106 that Crr has the same tendency as we change the surface. In

Figure 107 the trend is shown for two different speeds and it is coherent with the results in the
literature [36].
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Figure 107 Corrected Crr trend for different surfaces at 50 km/h and 80 km/h

5.3.3.5. Influence of road surface roughness on Crr

The test is done for different macro roughness surfaces and international roughness index as given in
Table 10. L1 is a smooth surface whereas AP is a very rough surface. In this section road surface
impact on rolling resistance is discussed for different vehicle speeds at 25°C (corrected temperature).
The other parameters were kept constant as shown in Table 19.

Table 19 Parameter table different roughness surface

Parameters Tyre inflation Load Speed Ambient air Test track
pressure temperature
Varied X
Constant X X X X

The results are presented separately for two different speeds and the corrected rolling resistance
coefficient is calculated with the help of equation (197) at 25°C temperature.

<+ Speed at 50 km/h

The results for different test track at 50 km/h are shown in Figure 108. The rolling resistance
coefficient (Crr) of L1 is lowest and A is highest in all the surfaces although there are some outliers
such as surface E1 which is due to the age of the test track (more than 20 years). The coefficient of
variation given in Figure 108 allows us to have confidence in the conclusion.
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Figure 108 Bar plot of rolling resistance, tyre temperature and coefficient of variation

In Figure 109 and Figure 110 the trend with respect to different MPD and IRI is given. This trend is
consistent with literature results [36].
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Figure 110 Crr trend for different surfaces at 50 km/h for different IRI values
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¢+ Speed at 80 km/h

The results for different test tracks at 80 km/h are shown in Figure 111. In Figure 112 and Figure 113
the trend with respect to different MPD and IRI is given. It has also shown the same trend as at 50
km/h. The weak linear regression MPD is observed at both speed (see Figure 109 and Figure 112) and
similar weak linear regression is also seen in the literature [36]. This is due to the fact that there are
other texture scales involved in the rolling resistance force generation. As the texture is composed of a
range of scales each of which contributes differently to the generation of forces at the tyre-road
interface shown in [190]. An approach of multi-scale analysis of road roughness can improve this
regression.
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Figure 111 Bar plot of rolling resistance, tyre temperature and coefficient of variation
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5.3.4. Validation of reference rolling resistance

The calculation of rolling resistance and the study of the impact of influencing parameters was done in
this section. The above results are consistent with the results of the literature [36] (Mainly ROSANE
project) presented in chapter 1. The magnitudes of the values given above are the corrected mean
values of rolling resistance with standard deviation. It is important to keep in mind that experimental
data contain measurement noise and the small difference is not significant to separate the results and
make a concrete conclusion. The influence of tyre inflation pressure and load is difficult to assess as it
is difficult to separate the values. The influence of speed is visible although it is still necessary to
consider the role played by aerodynamic force at wheel level. The ambient temperature results are also
in accordance with literature [36]. The expected results are also obtained for higher speed where the
change is not identified as significant. The trend related to the impact of road roughness is consistent
with literature results except the values coming for the E1 test track. Initial inspection shows that
ageing of test track put E1 as outliers but further analysis is needed to identify the exact reason for this
outlier. This validates that the selected influencing parameters of rolling resistance. The magnitude of
Crr for different MPD is also compared with the Crr in ROSANE project. The values obtained here are
smaller than the values obtained in ROSANE project by the factor of 10. This is mainly because the
values measured in ROSANE project are on different tyre, load, pressure and on the dedicated trailer
which minimises parasitic losses.
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Figure 114 Normalized Crr trend for different test surfaces

Therefore to avoid the influence of these factors the normalised values of Crr is calculated to assess
the effect of MPD on the trends with literature. The trends on different surfaces for different speeds
are compared with the trends given by ROSANE project. In Figure 114 the normalized Crr evolution
is presented. The trend results from the literature are presented in Figure 115. These trends from
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experiment results are coherent with the trends from literature [36]. It validates our assumption and
method to calculate the rolling resistance.
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Figure 115 Rolling resistance coefficient as a function of MPD from [36]
5.3.5.Conclusion

In this section, the post-processing and analysis of DoE are done. The objectives of the experiments
were to identify the method to calculate the rolling resistance coefficient, to study the influence of
several parameters and compare the results with the trends seen in the literature. The calculated rolling
resistance force will be used as the reference while comparing it with an estimated value in the next
chapter. The syntheses of all the influencing parameters are presented below.
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Figure 116 Syntheses of comparison of DoE results and literature results

Crr trends in
)

DoE results

The trend of the influencing parameters shows similar trends as studies are done in literature except
for the tyre inflation pressure and load. This is due to the fact that the range of variation load and
inflation pressure was too small to entail significant effect on rolling resistance in our experiments.
The small tool for the extraction and filtering of data is also developed during this post-processing.
The detailed study on tyre temperature variation will be done in the next section.
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5.4. Experimental investigation of the variation of tyre surface temperature

In this section, the experimental investigation of the variation of tyre surface temperature is presented.
There are two objectives to this study. The first objective is to evaluate tyre surface temperature
variation with respect to the position of the sensor on the vehicle as well as on the tyre itself. This will
conclude on circumferential and lateral direction variation of tyre surface temperature on the tyre. The
second objective is to identify the relationship between vehicle speed and tyre surface temperature.
This is important to identify the singularly perturbed nature of our systems. The tyre surface
temperature variation with respect to vehicle manoeuvres and pavement temperature is also presented.

5.4.1. Tyre surface temperature variation in different conditions

In this section, the tyre surface temperature evolution is shown for various sensors installed on the
vehicle (see Figure 117). The analysis is done for the DoE presented in Table 13.

Front axle T1

T2
T2
=)
Rear axle
G (© Sensor position on tyre Sensor position at pavement

Figure 117 Tyre temperature infrared sensor installed position on the vehicle

In Figure 118 the main comparison scenarios between the sensors are shown. The temperature
difference between T1 and T2 is circumferential variation. The temperature difference between T2 and
T5 will permit to confirm the hypotheses that the temperature is the same on a given axle. The T2 and
T3 difference will allow monitoring the temperature difference between pavement and tyre.
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Figure 118 Description of sensor comparison between positions

5.4.1.1. Variation at a constant speed

In this test, the vehicle is moving in a straight line at a constant velocity. The distributions of tyre
surface temperature for two different speeds during the test are presented in Figure 119 and Figure
120. The distribution is concentrated for 50 km/h whereas it is dispersed in two places for 80 km/h.
This is mainly due to the ambient temperature. During the 80 km/h tests, the ambient temperature is
appeared more dispersed between 16°C and 25°C whereas it was stable around 25°C for 50 km/h.
Therefore the mean values are compared with the standard deviation to understand the evolution of
temperature at two speeds (see Figure 121). The tyre surface temperature is higher for 80 km/h by 5°C
which is mainly due to faster dissipation of energy from deformation. It is also seen that the
temperature of the pavement is higher at 80 km/h. This shows that there is more transfer of heat to the
pavement through convection for higher speeds.
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The temperature difference between the sensors is given in Figure 122 and Figure 123. When the
vehicle is travelling at 50 km/h in a straight line, the differences are constant and under the threshold
of 1°C which is less than the accuracy of the sensor whereas for the vehicle travelling at 80km/h in a
straight line, the temperature measured by T1 sensor shows higher temperature than T2. It is also
concluded that the temperature of pavement was lower than the tyre surface by 2°C for higher speed.
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Figure 122 Mean temperature difference for different sensor positions at 50 km/h
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Figure 123 Mean temperature difference for different sensor positions at 80 km/h

5.4.1.2. Variation at different ambient temperature

The tests were done at two different ambient temperatures and the results are shown in Figure 124 and
Figure 125.
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Figure 124 Impact of variation speed on tyre surface temperature at 20°C ambient air temperature

It can be concluded that at low ambient air temperature vehicle at 80 km/h exhibited higher tyre
surface temperature when it is compared to vehicle moving at 50 km/h. A difference of 10°C is seen
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between the two speeds, whereas at higher ambient air temperature (around 40°C), a significant
increase is seen in tyre surface temperature when it is compared to low ambient air temperature. This
is due to the less cooling of tyre surface temperature due to hot ambient air and pavement. On the
contrary, there is no significant difference in tyre surface temperature for both speeds; it is due to the
saturation of temperature achieved at a higher speed. During these experiments sensor T3 was faced
toward the tyre sculpture so we couldn’t measure the pavement temperature.
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Figure 125 Impact of variation speed on tyre surface temperature at 40°C ambient air temperature

5.4.1.3. Variation on different test surfaces
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Figure 126 Mean tyre surface temperature for different surfaces as 50 km/h
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Figure 127 Temperature difference for different sensor positions for different test tracks at 50 km/h
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Figure 128 Circumferential tyre surface temperature variation for different test tracks at 50km/h

In this section, the tyre surface temperature variations on different test tracks are analysed (see Figure
126 and Figure 129). The results are presented for two different speeds. The tyre surface temperature
for different test tracks is directly influenced by the ambient temperature. The ambient temperature is
varying in the range of 10°C to 25°C. Therefore, the significant impact of different macro roughness is
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difficult to assess. In case of the same ambient temperature of test track F and A, the tyre temperature
increases slightly on high roughness surfaces. The pavement temperature is also influenced by the
ambient temperature and its exposition directly to the sunlight; therefore some test surfaces
temperature is higher than the tyre surface temperature.

The comparison between different sensor measurements at 50 km/h is also done and the results are
given in Figure 127 and Figure 128. The temperature difference between pavement and tyre surface
varies up to 11°C (test track L2). This is mainly due to the higher ambient temperature. The
circumferential temperature variation of the tyre during the test is also analysed (see Figure 128). The
temperature difference between T1 and T2 is less than 2°C. Therefore it is difficult to make any
conclusion on circumferential variation at 50 km/h.
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Figure 129 Mean tyre surface temperature for different surfaces as 80 km/h

The tyre surface temperature at 80 km/h is higher than the tyre surface temperature at 50 km/h of all
the test surfaces (Figure 130). The tyre surface temperature at 80 km/h is also influenced by the
ambient temperature and cooling due to air current. At the same ambient temperature for test track (E,
E3, M2, A), the impact of road roughness is also seen on the tyre surface temperature, the tyre surface
temperature increasing with the increase in the road roughness. The circumferential temperature
variation is presented in Figure 131. The temperature measured by T1 is greater than T2 by 1°C to 5°C
on different test tracks; it means tyre surface temperature is higher near the engine as compared to near
contact area. This is contrary to literature but after investigation, it is found that the T2 is measuring
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the temperature in tyre groove whereas T1 is measuring on the tyre surface. So it is difficult to
conclude on the circumferential temperature variation.
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Figure 130 Temperature difference for different sensor positions for different test tracks at 80 km/h
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Figure 131 Circumferential tyre surface temperature variation for different test tracks at 80 km/h

5.4.1.4. Variation at different vehicle manoeuvres

The tyre surface temperature variations for three different manoeuvres (lane change according to 1ISO
standard, turns, acceleration and braking ) are analysed. During these manoeuvres either the heat is
generated or tyre is exposed to cool down.

i.  Lane change at 60 km/h

The variation of tyre surface temperature is shown in Figure 132. It can be seen an increase and
decrease in the tyre temperature during the lane change manoeuvres. The tyre surface temperature
varies between 39°C and 44°C. The pavement temperature is higher than the tyre surface, it is due to
the higher ambient temperature or the fact that the test surface was exposed directly to the sunlight.
The tyre surface temperature increases up to 5 °C during manoeuvres. The variations are shown in
Figure 133 conclude that the circumferential variation goes up to 5°C, the temperature variation on the
same axle is less than 1°C whereas on different axle goes up to 5°C. The temperature of pavement is
greater than 10°C of tyre surface temperature. Therefore it is important to monitor the tyre surface
temperature during manoeuvres.
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Figure 132 Variation of mean tyre surface temperature for lane change at 60km/h
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ii.  Acceleration and braking
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Figure 134 Variation of mean tyre surface temperature for acceleration and braking
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Figure 135 Temperature difference for different sensor positions for acceleration and braking

The variation of tyre surface temperature while accelerating (from 0 to 80 km/h) and braking are
analysed, the results with speed variation are given in Figure 134. During acceleration, the tyre surface
temperature is decreasing whereas it is increasing rapidly during the braking phase. It is decreasing
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during acceleration due to the cooling from air current and increasing as a result of the heat generation
due to friction between tyre—pavement interactions. The tyre surface temperature increases up to 10 °C
during some manoeuvres. This test is done on the test track “F” (Table 13). The results on other test
tracks can be found in the appendix F. The variations shown in Figure 135 led to conclude that the
circumferential variation goes up to 6°C during braking; the temperature variation on the same axle is
less than 1°C whereas on the different axle it goes up to 8°C. The temperature of the pavement is less
than 10°C of tyre surface temperature. This manoeuvre will be used to evaluate tyre surface
temperature and speed relationship.

iii.  Curve with constant radius and speed

The tyre surface temperature for a cornering manoeuvre is also analysed as shown in Figure 136.
When the vehicle is moving in the curve the tyre surface temperature varies up to 5°C. The variations
are shown in Figure 137 and we can observe that the circumferential variation goes up to 8°C, the
temperature variation on the same axle is less than 4°C due to the turning manoeuvre whereas on
different axles it goes up to 10°C. The temperature of pavement is higher than the tyre surface
temperature by 10°C. This is due to the fact that the test surface was exposed directly to the sunlight.
This means that the tyre surface temperature increases during manoeuvres which can influence the
rolling resistance of the tyre.
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Figure 136 Variation of mean tyre surface temperature for vehicle moving in curve 220m at 80 km/h
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Figure 137 Temperature difference for different sensor positions in curve 220m at 80 km/h

In this section, the variation of tyre surface temperature in the lateral direction is presented. The
installation of MB Flex temperature sensor is shown in Figure 138. This mounting instrument
designed and copyright by Mr Sebastien Buisson was presented in chapter 5. The measurement point
on the tyre surface is also given in Figure 138. These measurement points are considered along the
width of the tyre. The results for DoE presented in Table 11 are discussed here.

=

Figure 138 MB Flex sensor measurement points front and top view

Variation for various test track with different roughness

In this section, the result of tyre temperature variation in the lateral direction for a test track is
discussed. The test is done on various test tracks at a constant velocity. Here, the results on the M3 test
track at a constant speed of 80 km/h are presented (see Figure 139, Figure 140 and Figure 141). The




measurement points are shown in Figure 140. The temperature at the centre of the tyre contact area is
6°C higher than the temperature at the edges (see Figure 141). The point R3 has shown less
temperature, it is due to the location of measurement point which is in the groove of the tyre (Figure
140). The polynomial fit of degree 2 which gives the best fit is calculated with regression for the
variation of tyre surface temperature along with the tyre width as shown in Figure 140. This
polynomial curve of tyre surface temperature could be explained by the parabolic load distribution
therefore the heat generation due to hysteresis is higher at the centre of the contact patch and lower at
shoulders. The impact of different road roughness on lateral tyre surface temperature variation is
difficult to assess due to the varying ambient temperature.
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5.4.2.2.

Variation at a constant speed

50 Lateral tyre temperature variation different surface at 50km/h
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Figure 143 Tyre surface mean temperature curve fit for different test tracks at 80 km/h
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The results of the lateral variation of the tyre surface temperature for the various test tracks at 50 km/h
and 80 km/h are analysed and presented in Figure 142 and Figure 143. The variation follows the same
trend as previously, the shoulders have less temperature as compared to the middle of the tyre. The
temperature at the centre of the contact area is 6°C higher for all test tracks at 50 km/h as well as for
80 km/h. It means the heat generation is concentrated at the centre of the tyre contact area as more
deformation is occurring.

5.4.2.3. Variation at different vehicle manoeuvres

In this section, the lateral tyre surface temperature variation for three different vehicle manoeuvres is
presented. First, the results for lane change manoeuvres are analysed and presented in Figure 144 and
Figure 145. During the manoeuvres, the temperature increases up to 4°C, this is higher than the
accuracy of the measurement. The tyre surface temperature at the centre rib of the tyre is higher than
the temperature at the tyre shoulder rib by 7°C. This seems constant throughout manoeuvres.
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Figure 145 Mean Temp of tyre surface in the lateral direction for lane change at 60 km/h

In Figure 146 and Figure 147 the results for the acceleration and braking is presented. The cooling due
to air current is seen during acceleration and generation of heat due to friction during braking. The tyre
shoulder temperature cools down by 3°C and centre rib cools down by 1.5°C during acceleration.
During braking tyre surface temperature increases by 2°C on tyre edges and 10°C at the centre rib.
During acceleration, the tyre surface temperature at the centre of the tyre is just 4°C higher than tyre
edges but during braking, the difference rises up to 12°C. The variation of tyre surface temperature is
similar to the circumferential variation presented previously. This variation is in line with the
hypotheses in the literature.
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Figure 146 Variation of lateral mean tyre surface temperature for acceleration and braking
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Figure 147 Variation of lateral mean tyre surface temperature for acceleration and braking

The results of the curve with 220m radius at 80 km/h manoeuvre are presented in Figure 148 and
Figure 149. During the manoeuvres, the temperature increases up to 7°C. The tyre surface temperature
at the centre rib is high than tyre edges by 10°C. This high temperature is seen due to the high ambient
temperature on the day of the test.

In three different types of manoeuvres (discussed above), the tyre surface temperature is increasing
during manoeuvres. It is mainly due to the heat generated either due to the friction or tyre deformation.
The temperature increases up to 10°C. The lateral tyre surface temperature variation study allows us to
understand the variation of temperature along the width of the tyre. It can be concluded that the tyre
surface temperature is lower at shoulders rib by 6°C as compared to the centre rib of the tyre. It is due
to heat generation from higher deformation at the centre rib. So our work needs to monitor the tyre
surface temperature as it influences directly rolling resistance. In the experiment results of rolling
resistance in section 5.3.3.1, it is shown that the decrease in rolling resistance up to 3% with 10°C
increase of tyre surface temperature.
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5.4.3.The relation between tyre surface temperature and speed
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Figure 150 Comparison of circumferential and lateral variation of tyre surface temperature for varying speed
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In this section, the relationship between tyre surface temperature and vehicle speed is presented. The
acceleration and braking manoeuvres are used to identify the relationship. The data acquisition system
from instrumented vehicle and HBM are synchronised before the analysis with the help of z
accelerometer. In Figure 150 the circumferential and lateral measurements are presented for
accelerating and braking manoeuvres. When comparing both, the measurements of all the sensors
show the same trends and dynamics. The sensor T1 and R2 are measuring the tyre surface temperature
at the same rib on the tyre. On comparing these two it is found that the temperature measured by MB
Flex is higher than tyre surface temperature. This is due to the sensor distance from the tyre rib. The
MB Flex sensors are located closer as compared to T1 due to the installation constraints on the
instrumented vehicle.

In Figure 151 the tyre surface temperature and vehicle speed relationship are analysed. During
acceleration T1 and T2 varies with speed with linear regression of 0.95 and 0.57. It is found that the
tyre surface temperature varies very slowly as compared to the speed of the vehicle. It means that
thermal dynamics are slower than the mechanical one. Also during braking manoeuvers, the tyre
surface temperature increases with decreasing speed with a negative slope. The variation for tyre
surface temperature is slower than the speed variation. The variation of tyre surface temperature
between T1 and T2 is linear for the lower temperature. This conclusion will be used in the next section
for the validation of the tyre model in section 5.5.1.1.
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Figure 152 Vehicle speed and tyre surface temperature relationship with lateral variation

The variation of tyre surface temperature along with the width of the tyre (outside rib to inside rib)
with speed is also studied. In Figure 152 the relationship between the tyre surface temperature for the
different sensor on tyre width and vehicle speed are presented. During accelerations, the linear
regression coefficients are ranging between 0.86 and 0.95. It can be concluded that the temperature
varies very slowly as compared to the speed of the vehicle at any point along the width of the tyre. It
also confirms the previous hypothesis that temperature has slow dynamics. Similar results are found
during braking manoeuvers with a negative slope.
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5.4.4.Conclusion

The evaluation of tyre surface temperature is done successfully in this section. The syntheses of the
tyre surface temperature and different comparison results are given in Table 20.

Table 20 Synthesis of tyre surface temperature in different Scenarios

Tyre Tyre
) Tyre surface Temperature between temperature temperature
SIS temperature variation Tyre and pavement on the on the Same
different axle axle
-The tyre surface temperature is -At 50km/h the pavement -At 50km/h no -The temperature is
higher at 80km/h than 50km/h and tyre temperature is the difference same on both tyre
-The temperature difference is same, -At 80km/h, the of the axle
Constant 5°C -At 80km/h, the pavement front axle tyres is
speed temperature is higher by 2°C | hotter by 3°C
due to high ambient
temperature
-The variation tyre temperature -The temperature varies -No significant -The difference is
for different test tracks is similar depending on ambient difference is seen under the accuracy
to ambient temperature at temperature of the sensor
50km/h -Some pavement are hotter
-So it is difficult to assess the than tyre surface
Different influence of road roughness on temperature by 10°C
tyre surface temperature -In some cases, the tyre
test track -Whereas at 80km/h the tyre surface is hotter by 5°C
surface temperature is increasing | -This is due to the ambient
with the increase in the road temperature and direction of
roughness on a few tracks, thisis | sunlight
due to the higher pavement
temperature
-During all the manoeuvers the -During lane change and -The front axle -No significant
tyre surface temperature in the curve manoeuvres the always has high difference is found
range of 5to 10°C pavement was hotter than tyre surface for lane change
-This increase in tyre surface tyre surface temperature in temperature due to | manoeuvres
temperature due to more the rage of 7 to 10°c presence of engine | -The difference up
Vehicle deformation from lateral -This is due to the high heat, also the to 5°C seen for
manoeuvres, or the heat ambient temperature and manoeuvres braking and curve
manoeuvr - . . . .
generation due to the friction sunlight during summers (steering angle, manoeuvres
es -1t is also found that during -During acceleration and Fy) applied to -1t is mainly due to
acceleration the tyre tends to braking the pavement was front axle only the sensor

cool down due to the cool air
current.

cooler than tyre surface
temperature by 7°c average.
-This is because the test was
done in the early morning.

measuring point
changes due to
steering angle

The tyre surface temperature increases up to 5°C for the high speed. The tyre surface variation due to
different road roughness is difficult to assess since the ambient temperature varies significantly. The
surface temperature increases up to 10°C for different vehicle manoeuvres. The temperature difference
between pavement and tyre surface is also significant in some cases and influencing directly the tyre
temperature. The tyre temperature on the front axle is always greater than the rear axle due to the
engine heat contribution. The impact of heat is also seen in the circumferential temperature variation.
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The syntheses of circumferential and lateral variation of tyre surface temperature with respect to
speed, test tracks and vehicle manoeuvres are presented in Table 21. The lateral temperature variation
study concludes that the temperature of the centre ribs of the tyre is always higher than tyre edges by 6
to 10°C. It is concluded from this study that tyre surface temperature is influenced by speed, pavement
temperature, ambient temperature and vehicle manoeuvres.

Table 21 Synthesis of circumferential and lateral variation of tyre surface temperature

Tyre surface temperature variation

Circumferential

Lateral

Speed

-Same magnitude of temperature for T1
and T2 at 50km/h

-T1>T2by 2.2°C at 80km/h

-At constant speed no significant
circumferential variation is found in
experiments. Also, T2 is measuring the
temperature at the tyre grooves and T1 at
the tyre surface.

-At 50km/h and 80km/h, the same range of
variation is seen along the width of the
tyre.

-The temperature as the centre ribs is
higher than shoulder rib by 6°C.

- The lateral temperature variation is found
and coherent with the literature

Different test

-The difference is under accuracy range at
50km/h

-At 80km/h the difference rises to 5°C for
some test tracks.

-This is maybe higher engine temperature

-The temperature is higher for high
ambient temperature

-Again the mean difference between
temperature as the centre ribs are higher
than shoulder rib by 6°C.

track at high speed
-The difference due to groove and surface
should also be taken into account
-During lane change manoeuvres the -During lane change and curve
T1>T2 in the range of 5°C. manoeuvres temperature as the centre ribs
-During braking this difference goes up to are higher than shoulder rib by 7 and 6°C
7°C. respectively.
-During curve it goes up to 10°C. -During acceleration this difference is 4°C
Vehicle - It is due to high ambient and pavement and in braking, it rises to 12°C. due to
manoeuvres temperature. friction

-T1>T2 conclude on the circumferential
variation as temperature increasing at T1
due to engine heat

-The lateral variation is conclusive for the
tyre surface

-1t edges are cooler than the centre of the
contact area due to less deformation.

It is concluded that the tyre surface temperature is the same on the both tyre of the same axle. This
conclusion on the same axle is useful for the experimental validation observer as the tyre surface
temperature estimation is done for all four tyres and the sensors were installed only on three tyres. The
linear regression confirms that the circumferential and lateral tyre surface temperature varies linearly.
The relationship between tyre surface temperature and speed conclude that the temperature varies
slowly as compared to speed. Therefore with thermal dynamics the system becomes singularly
perturbed systems. Therefore, the systems must be divided into two timescale dynamics. Slow
dynamics from the thermal model and fast dynamics for the rest of the systems.
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5.5. Experimental validation

There are two main problems discussed in this section. Firstly, the experimental validation of the
model developed in this thesis is exposed. Then, the validation of the observer technique to estimate
experimentally rolling resistance is detailed.

The model developed in this thesis (Chapter 2 and 3) is made up of two modules, the Multi physical
tyre model (MPT) and the vehicle model which need calibration and validation. The validation of the
MPT model requires the tyre temperature measurements performed with infrared temperature sensors.
The vehicle model requires a good knowledge of the dynamical behaviour through various sensors
installed on the instrumented vehicle.

5.5.1.Model validation

In this section, the experimental validation of the full vehicle model is presented. Ten different test
scenarios were constructed and described in Chapter 3 (see Table 10) to validate our model. These
scenarios cover a wide range of speeds and manoeuvres. Experiments were performed for the above
scenarios and compared with the developed model (Figure 60). Steer angle and torque was given as
input to the model with the same input parameters and initial conditions as used for simulation as
Prosper (SCANeR Studio).

[IlStrun:lented # Measurements
vehicle !!

Initial
conditions and
parameters

; Full Vehicle |:> Simulation J

model results

| Torque and steering angle |

Comparison
results and error

Figure 153 Methodology of model validation

The validation of the model is evaluated by calculating the relative mean errors of speed and position
vectors:

N
B 1 ref(t;) — model(t;)
ME = N; ref (¢;)

With t; is counted from the instant when model start converging to real ones (approx. 2sec) to end of
simulation and N number of samples in this period.

(198)

The validation is of the tyre model is done first.
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5.5.1.1. Validation of the MPT model

In this section, the experimental validation of multi-physical tyre model is presented. The temperature
sensors were calibrated before mounting on the vehicle. The longitudinal force is directly measured by
the dynamometric wheel mounted on the front right tyre.

In reality, it is difficult to measure the tyre temperature in the contact zone experimentally because of
measurement complexity and price. In Figure 154 the exact point of measurement by the infrared
sensor (blue circle) during experiments is shown. The above-developed model can estimate the tyre
temperature in the contact zone as shown in the red circle in Figure 154. To match the exact
measurement point (blue) by developed model, an additional cooling effect is added to the model. To
represent this cooling effect, simple cooling law (199) has been developed. This law takes into account
the increase in the area of cooling due to tread structure, interior conduction of heat from carcass and
tread surface and transfer of heat in the ambient environment. The cooling due to inside air is not
considered here.

PR . '-\,.»ff"p’ I"’

RN

Figure 154 Cooling of a tyre contact (red) to measured point (blue)

To construct a law, two zones of cooling are assumed; one is linear which is at lower temperature
difference and the other one is nonlinear at higher temperature difference represented in Figure 155.
The linear variation is validated and confirmed from the results obtained in section 5.4.3. This cooling
mainly depends on rubber properties, tyre void ratio and rubber material. It is very difficult to
characterize the rubber parameters to consider the cooling in the nonlinear region as shown in Figure
155. So cooling law is developed which is based on the “Newton’s law of cooling” for the linear
region which follows linearly the cooling of the tyre surface. The corrected temperature by cooling
law is given by

Tnew =Tomp + (Tsurf - Tamb)e_rt - K(Tsurf - Tcarcass) (199)
With Ty, is ambient temperature, Ty, tread surface temp at contact (red circle), Tggcqss IS Carcass

temperature,  convection coefficient air and surface, t time and K internal convection coefficient. The
temperature calculated after applying this law is shown in black colour in figures.
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Temperature at measured point

>

Temperature at tire contact
Figure 155 Cooling behaviour of contact temperature (hypotheses)

Therefore the results will be compared after applying the above developed cooling effect.

In order to validate the model, the longitudinal force and tyre surface temperature have been analysed.
Vehicle speed and torque are used to calculate the tyre forces and tyre surface temperature. Here the
simulation results for test scenarios 1 and 10 are presented.

e Car moving at 50 km/h in a straight line

In this experiment, the car was moving in a straight line and with constant velocity. Figure 156
exhibits the comparison between experimental (in blue) and simulated (in red) values of longitudinal
forces. The standard mean error between longitudinal forces is less than 5%.
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Figure 156 Comparison of tyre forces between model and experimental at 50 km/h

In Figure 157, the tyre surface temperature comparison between the developed model and
measurements is shown. After considering the cooling effect as mentioned above, temperature
calculated by model (in black) is compared with measured tyre surface temperature (in blue) by an
infrared sensor which gives a standard deviation of 0.87°C. In Figure 157 the speed is given in orange
colour which is constant. It is concluded from Figure 156 and Figure 157 that the model is giving the
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same magnitude of longitudinal forces and tyre surface temperature with an error of less than 10%.
Therefore, the model is validated for straight-line manoeuvres.

Comparison between model and expermental values

Speed(Km/h)
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—— Contact Temp
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Time(s)

Figure 157 Comparison of tyre surface temp between model and experimental at 50 km/h

e Vehicle accelerating and braking in a straight line

In the second test condition, the test vehicle was accelerated from 0 to 115 km/h and then braked until
stop (Figure 158). This test experiment is done to analyse the heat generation while accelerating and
braking and also the cooling effect after braking. Figure 158 shows the comparison of tyre forces. The
longitudinal force given by the tyre model presents the same behaviour as experimentally measured
tyre forces with a standard deviation of 10%.
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Figure 158 Comparison of tyre forces between model and experimental for accelerating and braking

The result of the tyre surface temperature comparison is presented in Figure 159. The measured tyre
temperature (in blue) and tyre tread temperature calculated by the model (in red) show the same
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dynamics. The tyre surface temperature calculated by model (in black) is compared with measured
tyre surface temperature. The relative mean error of comparison is 2.8°C. The error is mainly in
braking manoeuvres (see Figure 159). During braking, the heat is generated in the contact zone and
dissipated when the tyre reaches the measured zone. Since the results of both test conditions are in the
accuracy range of the infrared sensor and less than 10%. Therefore it can be concluded that the above
developed multi-physical tyre model is validated experimentally.
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Figure 159 Comparison of tyre surface temperature between model and experiment for accelerating and braking

5.5.1.2. Validation of the full vehicle model

In this section, the experimental validation of the full vehicle model is presented. The comparison
results for test scenarios 1, 7 and 10 are presented. The other tests can be found in appendix E. The
validation is demonstrated by calculating relative mean error (<10%) when comparing longitudinal
and lateral speed, the roll, pitch and yaw rate and trajectory of the model with experimental results.

e Car moving at 50 km/h in a straight line

In this experiment, the car was moving in a straight line and with constant velocity. We can conclude
from Figure 160 that for a straight line our vehicle model is following the curves coming from
experiments. The roll, pitch and yaw are very small with a negligible difference, it is mainly assumed
to be due to the noise in the measurements. The comparison shows good trends with a relative mean
error of less than 5% for parameters. This little variation in magnitude of the developed model can be
explained by the assumptions done regarding dynamical behaviour. It can be concluded from above
Figure 160 that our vehicle model is showing good behaviour and validated for straight-line
manoeuvres.
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Figure 160 Results comparison between model and experimentation for straight line

e Vehicle moving in constant Radius of 320m

In this test, the car was moving on a curve with a constant radius of 320m. The results were compared
and presented in Figure 161. It is observed from Figure 161 that model results are showing the same
dynamics as the experimental results. The comparison shows good trends with a relative mean error of
less than 5% for parameters. This variation in magnitude isn’t very alarming as the developed model is
more simplified as compared to the real vehicle. It can be concluded from below Figure 161 that our
vehicle model is validated for cornering manoeuvres.
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Figure 161 Results comparison between model and experimentation for a circle with radius 320m (Test 2)

e Vehicle accelerating and braking in a straight line

The comparison results of this test scenario are presented in Figure 162 The errors are less than 7%
except for the braking manoeuvres where the error in the velocity is going up to 14%. The difference
is mainly due to the noise in the experimental values and simplification of the model as compared to
the real vehicle. The values for roll, pitch and yaw rate are also following the same trend but there is
more noise in the measurements which can explain the gap. It can be concluded from the above Figure
162that our vehicle model is showing good behaviour in manoeuvres and validated.
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Figure 162 Comparison of speed variables between experiments and model for the vehicle is accelerating and
braking

In this section, the experimental validation of FVM (full vehicle model) is presented. The MPT model
is validated by presenting the comparison of forces and temperature. The full vehicle model is
validated by comparing longitudinal and lateral speed, the roll, pitch and yaw rate and trajectory of the
model with experimental results. The relative mean errors of all the parameters are less than 10% as
shown in results. This is under the criteria defined for the thesis and in the acceptable range as the
magnitude is very small for the absolute values. The difference is mainly due to a few simplifications
of the developed model by comparison with a real vehicle with noise in measurements. So we can
conclude that our model is exhibiting a comparable dynamic behaviour than the real car.

5.5.2.Experimental validation of rolling resistance estimation

In this section, the experimental validation of observers developed in chapter 4 is presented. In order
to validate the observer, the rolling resistance force is compared with the experimental rolling
resistance force presented in the previous chapter. The precision of the observer is evaluated by
calculating the relative mean estimation errors:

N
i =N
eFrri_N. .
l:

Frri(ti) - ﬁrri(ti)
Frri(ti)

(200)
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with ¢; is counted from the instant when estimated values.

Due to the availability of the single dynamometric wheel on the instrumented vehicle, the reference
rolling resistance force is available only for the front right tyre. Therefore validated FVM model is
used to calculate rolling resistance forces for the rest of the tyres. The front right tyre force is
compared with forces given by dynamometric wheel on various test tracks. The results are presented
in Figure 163and Figure 164. The relative mean error for this comparison is less than 10% for 50 km/h
and 80 km/h. This also validates the forces for the rest of the tyres. Therefore it will be used for the
calculation of reference rolling resistance for other tyres on the vehicle. The methodology of
comparison and estimation is presented in Figure 165.

Comparision of Fx on L1 test track at 50km/h
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Figure 163 Comparison of longitudinal force between model and experiment for different test tracks at 50 km/h
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Comparision of Fx on L1 test track at 80km/h
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Figure 164 Comparison of longitudinal force between model and experiment for different test tracks at 80 km/h

In order to implement the previous observer on the vehicle, it is necessary to measure the torque
applied to the wheel, the angular speed of the wheel and the vehicle speed. The signal is accessible on
the data acquisition system. This is an offline validation for the real driving condition in which initial
parameters, torque, steering angle and measured velocities are given as input for observers. The
scenarios for validation are presented in Table 11. Only two estimations of each simulation scenarios
are presented here. The observer is compared with the real value of F,.,. for each case. The precision of
the observer is evaluated by calculating the relative mean estimation errors as shown in equation
(200). The other results can be found in appendix H.

During numerical validation, the tyre effective radius was available in data but in experiments, it is
difficult to measure effective radius for all the tyres due to complex installation and no physical sensor
is able to measure it directly. Therefore, in addition to the estimation of rolling resistance forces, the
tyre effective radius is also estimated as unknown input.
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Figure 165 Methodology of estimation and comparison

5.5.2.1. Estimation of tyre rolling resistance for regular systems

The observer presented in section 4.2 is validated here. It is based on the complete vehicle model. The
state variables of the observer are represented by a vector X as follows:

IO

- T
55 = I:WlJ WZI W3J Wll-ﬁ ﬁXP ﬁyﬁ wl ¢P 9' IIJP ¢' 0] (201)
With the variables w,, W, w3, w, as reconstructed angular speed, 9, ?,, are reconstructed longitudinal

and lateral speeds, 1, ¢, 8,4, &, 8 represents yaw pitch and roll rate and angle respectively.

The rolling resistance and effective tyre radius are considered as unknown input here.

= f(Crrlv érer Crr3’ Crr4’ ﬁfl’ ﬁfr' ﬁrl' ﬁrr)T (202)

Also, the measured outputs are:

D

Y = (Wy, Wa, W3, Wy, Uy, vall')r )" (203)
The observability condition is satisfied. The same initial conditions are used for both model and
experiments. The initial conditions for the observer are:
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B ~ 2 T
55(0) — Wl (O)' WZ (O)' W3 (O)' W4 (0)1 ﬁx (0)1 ﬁy (0)1 ED(O): ¢(O)' 9(0)' 0,0,0 (204)
,0,0,0,0,10,0.290,0.290,0.290,0.290,5

e (Case 1: Car moving in a straight line at 50 km/h.

The comparisons of observer results with experimental results for instrumented vehicle moving in a
straight line are analysed here. The good reconstruction of state variables is done by the developed
observer with a relative mean error less than 1% as shown in Figure 166. The estimation of rolling
resistance for each tyre is presented in Figure 167. The relative mean error of rolling resistance
estimation for each wheel is less than 10% (see Figure 168). Some peaks in the relative mean error are
seen which is due to the noise in the data. This validates the observer for the straight line conditions as
it satisfied the criteria of validation in equation (120). The adaptive gain and zoom on its variation
during simulation is also presented in Figure 169. The comparison of the estimated tyre radius with
measured tyre radius is also presented in Figure 170. The relative mean estimation error for the tyre
radius is less than 1%. It is concluded from the results that the developed observers are validated
experimentally for the straight-line.
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Figure 166 State variable comparison and error between experimental results and observer (straight line)
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Figure 167 Comparison between experimental and estimated rolling resistance force (Straight line)
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Figure 169 Adaptive gain and zoom on adaptive gain (straight line)
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Figure 170 Comparison between experimental and estimated tyre effective radius (Straight line)
e Case 2: Car moving in constant radius at 320m at 80 km/h

The comparisons of observer results with experimental results for instrumented vehicle moving in a
curve at constant speed are presented here. The good reconstruction of state variables is done by the
developed observer with a relative mean error less than 2% as shown in Figure 171 and Figure 172,
The comparison of estimation of rolling resistance with experimental values for each tyre is presented
in Figure 173. The relative mean error of rolling resistance estimation for each wheel is less than 10%
(see Figure 174). This validated the observer for curve manoeuvres at a constant speed as it satisfies
the criteria of validation i.e. relative mean errors less than 10%. The adaptive gain and zoom on its
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variation during simulation is also presented in Figure 175. The comparison of the estimated tyre
radius with measured tyre radius is also presented in Figure 176, the relative mean estimation error
less than 5%. It is concluded from the results that the developed observers are validated

experimentally for the curve manoeuvres.
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Figure 171 State variable comparison and error between experimental results and observer (curve with 320m
radius at 80km/h)
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Figure 175 Adaptive gain and zoom on the adaptive gain observer (curve with 320m radius at 80 km/h)
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Figure 176 Comparison between experimental and estimated tyre effective radius (curve with 320m radius at
80 km/h)

5.5.2.2.  Estimation of tyre rolling resistance for the singular perturbed system

In this section, the full vehicle model is considered as the singular perturbed system. This is mainly
due to the consideration of tyre surface and carcass temperature; this has slow dynamics.

The state vector is defined as
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a ~ ~ ~ ~ ~ ~ ~ ~ T A A A T

X = [Ttreaar Tearcass) W1, W, W3, Wy, Dy, Dy, Y, 0,0,9, 9, 0] (205)
Where the variables Tyeqq) Tearcass are state estimation of tyre surface and carcass temperature
respectively, With the variables w,,Ww,, w3, w, as reconstructed angular speed, 7,,7, are

reconstructed longitudinal and lateral speeds, ), ¢, 6,1, $,8 represents yaw pitch and roll rate and
angle respectively.

The rolling resistance and effective tyre radius are considered as unknown input here.

u= f(érrli érrzi érr3f érr4f ﬁﬂ; ﬁfrr ﬁrlr R\rr)T (206)
Also, the measured outputs are:

Y = (Wy, Wp, W3, Wa, Uy, Uy, P, )T (207)
The initial conditions for the observer are

> > = T
R Wl (0); WZ (0); WS (0); W4 (O)I i}x (O)I i}y (O)I lp(o)l ¢(0)1 9 (0)1 0:0:0
2(0) = 10,0,0,0,10,0.290,0.290,0.290,0.290,5, (208)
273,300,1,273,300,1,273,300,1,273,300,1

e (Case 1: Car moving in a straight line at 50 km/h.

The comparisons of observer results with experimental values for case 1 are analysed here. In Figure
177 the results of slow dynamics are presented. The tyre surface temperature is estimated with the
adaptive high gain observer. The relative mean error is less than 1% for the tyre surface temperature.
In Figure 178 the results of fast dynamics are presented. There is a good reconstruction of state
variables by the developed observer. It is confirmed with a relative mean error which is less than 1%
as shown in Figure 178. The estimation of rolling resistance for each tyre is presented in Figure 179.
The relative mean error of rolling resistance estimation for each wheel is less than 10% (see Figure
180). The adaptive gain and its variation during simulation are also presented in Figure 181. The
comparison of the estimated tyre radius with measured tyre radius is also presented in Figure 182. The
relative mean estimation error for the tyre radius is less than 1%. The comparison results in term of
relative mean error are under the criteria of validation, therefore it is concluded from the results that
the developed observers are validated experimentally for the straight-line.
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Figure 182 Comparison between experimental and estimated tyre effective radius (Straight line)

Case 2: Car moving in constant radius at 320m at 80 km/h

The comparisons of observer results with experimental values for case 2 are analysed here. In Figure
183 the results of slow dynamics are presented. The tyre surface temperature is estimated with the
adaptive high gain observer. The relative mean error is less than 1% for the tyre surface temperature.
In Figure 184 the results of fast dynamics are presented. There is a good reconstruction of state
variables by the developed observer. It is confirmed with a relative mean error which is less than 0.5%
as shown in Figure 184 and Figure 185. The estimation of rolling resistance for each tyre is presented
in Figure 186. The relative mean error of rolling resistance estimation for each wheel is less than 10%
(see Figure 187). The adaptive gain and its variation during simulation are also presented in Figure
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189. The comparison of the estimated tyre radius with measured tyre radius is also presented in Figure
188; the relative mean estimation error for the tyre radius is less than 1%. The comparison results in
term of relative mean error are under the criteria of validation, therefore it is concluded from the
results that the developed observers are validated experimentally for the cornering manoeuvres.
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Figure 190 The total mean estimated rolling resistance for different test tracks at a different speed

The impact of road roughness was presented in section 6.3 and concluded on an increase of rolling
resistance with an increase in road roughness. In order to validate the impact of road roughness on
rolling resistance, the tyre rolling resistance is estimated for different test tracks with the help of
developed observer. The different road profiles are also given as input with other parameters to
estimate the rolling resistance. The estimated mean rolling resistance of complete vehicle is calculated
for different test tracks and speed. It is presented in Figure 190. It validates the impact of speed on
rolling resistance as it increases with increase in the speed. It also validates the impact of road
roughness considered by the developed observer. The rolling resistance increases with an increase in
road roughness. The regression coefficients are 0.19 (resp. 0.23) at 50 km/h (resp. 80 km/h) (see
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Figure 190). The regression is indeed weak because there are many external factors on test tracks
which can contribute to rolling resistance (such as degradation of test track due to old age, dust or
temperature of test track etc.) but the general trend of the curve is increasing. The normalised
estimated mean Crr (see Figure 191) is also compared with the trend obtained during experiments (see
Figure 114 and Figure 115). Both curves seem to show a trend of increase in Crr with an increase in
road roughness. Nevertheless, these results need to be confirmed by considering higher road roughness
values.
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Figure 191 Normalised estimated mean Crr for different road roughness at a different speed (observer)

Estimation of rolling resistance for all the wheels of a vehicle independently was the main goal. The
nonlinear observer is applied in order to get a robust and accurate estimation of rolling resistance
forces. The unknown input adaptive high gain observer for regular systems and singularly perturbed
systems is successfully applied here. The precision of these observers is proved through the simulation
results presented above. Its robustness is used to detect the variation in the input. The observer
reconstructed well the state variable with an error of 1% maximum in offline experimental validation.
The accurate estimation of the rolling resistance force is done by the developed observer. The
estimation error is less than 10% for both cases. This is a very promising solution to use in real driving
conditions. These two observers are experimentally validated. The difference in the estimation of the
two observers is very small and difficult to separate in the above cases. Table 22 summarises the
overall performance of these observers. The developed observers take into account the impact of road
roughness. The results presented in Figure 190 and Figure 191 validates it. Despite weak regression,
the trend shows an increase in rolling resistance with an increase in road roughness.

Table 22 Global performance of developed observers
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Observer

Regular system

Singularly perturbed system

A good estimation of Frr and R for
all the tyres

Good reconstruction of all the state
variables

Tyre surface temperature is also
estimated using state estimation
Consider more influencing factor
of rolling resistance (Temperature,

Advantages Consider the mechanical speed, road roughness)
influencing parameters (speed, A good estimation of Frr and R for
road roughness etc.) all four wheels
Easy to implement as compared to Good reconstruction of all the state
singularly perturbed systems variables
!Do not consider _tyre ter_nperature Complex model as compare to

- m_flu_ence on rolling resistance; regular systems
Limitations Difficult to separate the Two-time scale are more

temperature effect during

complicated to handle

experiments

5.6. Conclusion

The experimentation site is presented first with the characterization of test tracks. The detailed
instrumentation of Clio 2 is also discussed with its various mounted sensors. The two different designs
of experiments (DoE) and its realization is described. In the first DoE, the goal is to calibrate and tune
the model and validate the developed vehicle model experimentally. The other objectives of the
experiments were to identify the method to calculate the rolling resistance coefficient, to study the
influence of several parameters and compare the results with the trends found in the literature. The
calculated rolling resistance force was used as the reference while comparing it with an estimated
rolling resistance force. The evaluation of tyre surface temperature is done successfully. The extensive
study on variation of tyre surface temperature concluded that the tyre surface temperature varies
linearly in the circumferential and lateral direction. The syntheses of the study were presented. It is
also concluded that the variation of tyre surface temperature is slower than the variation in vehicle
speed. Therefore the system with thermal model becomes a singularly perturbed system. This
calculation of tyre surface temperature was also used in the experimental validation of the observer.
The developed vehicle model and tyre model was experimentally validated successfully with the
relative mean error is less than 10%. The unknown input adaptive high gain observer for regular
systems and singularly perturbed systems is successfully applied and experimentally validated. The
precision of these observers is proved through the simulation results presented above. Its robustness is
used to detect the variation in the input. The observer reconstructed well the state variable and
accurate estimation of the rolling resistance force is done by the developed observer. The relative
mean estimation errors are less than 10% and less than the defined criteria. In Table 22 the overall
performance of these observers are summarised. The develop observers also take into account the
impact of road roughness. The comparison shows similar trends as in the literature. Therefore the
developed observers are validated successfully while taken into account the impact of roughness and
tyre temperature. This is a very promising solution to use in real driving conditions.
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Chapter 6
Conclusion and perspectives
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In this section, some conclusion and recommendation of future work are presented.
6.1. Conclusion

The primary objective of this thesis was to develop a system for the estimation of the tyre rolling
resistance of a vehicle in real driving conditions. An indirect approach of nonlinear unknown input
adaptive gain observers is used. These observers are based on the mathematical model of complete
vehicle. Particular attention is paid to the inclusion of infrastructure characteristics (geometry, surface
properties) and thermal properties in the model. The multi-physical dynamic nature of tyre road
contact model let us considered the various influencing factor of rolling resistance such as road
roughness, tyre temperature etc. This approach ensured us an accurate and robust estimation in time. It
reduces the sensitivity to measurement noise and ensures convergence in finite time of the numerical
model.

The state of art on the rolling resistance force is done in the first part of chapter 1. It is concluded that
the rolling resistance is one of the most important parameters affecting the fuel consumptions and the
performance of a vehicle. The definition and mechanism of rolling resistance are presented with the
different influencing parameters. The main influencing parameters are speed, load, tyre inflation
pressure, temperature and road roughness. If there is a change in any above mentioned parameters,
they have a direct influence on rolling resistance.

The existing empirical models of rolling resistance coefficient are presented. These models are
obtained with correlation methods for controlled conditions. This is specific to a few tracks with
limitations. The comparison of different rolling resistance measurement method concluded that the
experimental methods are inaccessible, uncertain, low reproducibility of the measurements and the
high cost of physical sensors attached to vehicle tyres. Due to these limitations, the syntheses of
different methods conclude that the virtual sensor method seems to be the best suited for the
requirement. In the virtual sensor method, it is possible to take into account tyre-related as well as
pavement design-related influencing factor while estimating the rolling resistance. It has a low cost of
implementation as well as easy hand on experience. Therefore this method was developed in this thesis.

The state of art presented in the second part of chapter 1 outlined the advantages and disadvantages of
existing observer techniques. The advantages of the adaptive gain observer are discussed and
identified. This motivated us to develop adaptive gain observer for estimating tyre rolling resistance
force. Two nonlinear observers adaptive high gain and adaptive sliding mode observer were applied
and compared in order to get a robust and accurate estimation of rolling resistance force.

In the simulation, the adaptive high gain observer gave better results on cases presenting noise or
variations than the adaptive sliding mode observer. The comparison allowed us to consider the
adaptive high gain observer that shows high practical interest due to its robustness and finite-time
convergence modelling error and parameter uncertainty. But it remained to validate this observation
on a complete vehicle. The accurate estimation of rolling resistance also depends on considering its
influencing parameters into the model; therefore in chapter 2 the development of multi-physical tyre
model was done. The brief literature review on the existing tyre models presented at the starting of
chapter concluded that semi-empirical model such as Pacejka’s Magic Formula was the model that
best describes steady-state tyre behaviour but it cannot be used in this thesis as its weakness of not
describing dynamic tyre behaviour and requiring a lot of experiments to calibrate. The finite element
based sophisticated thermo-mechanical models developed in literature predict accurate tyre
temperature, but they require significant computational power, in addition to a large amount of



information related to the internal structure of the tyre. The physical model such as brush model is
very comparable with results of magic formula. Nevertheless, this representation is more realistic,
because of the more advanced vertical pressure distribution. It fits our requirement for estimating
rolling resistance. But it lacks to include the thermal effect. Therefore brush model based multi-
physical model is developed. The physical nature of the model allows us to minimize the number of
parameters required to feed the model. The multi-physical tyre model presented in this chapter is an
indispensable tool to have accurate results since the tyre tread’s and carcass’s temperature. So this
chapter concluded that the developed physical model takes into account the influencing parameters of
rolling resistance. In chapter 2 a full model is developed which can simulate all vehicle manoeuvers
and consider the effect of pavement. The tyre model developed in chapter 2 is also coupled with this
model. The numerical validation of FVM (full vehicle model) is done with the help of SCANeR
Studio (Prosper). The overall relative mean errors of all the scenarios are less than 8% as shown in
Table 7. The difference is mainly due to the simplification of the developed model by comparison with
the complex simulator model. So we can conclude that the comparison results are following the
simulator results with good dynamic behaviour. This developed model will be considered as a system
for the development of unknown input adaptive high gain observer to estimate tyre rolling resistance.

The development of multi-physical tyre model is one of the major contributions of our work. On the
other hand, the synthesis of non-linear observers is another major contribution of our work. This work
has aimed to synthesize observers who estimate the non-measurable quantities (effective radius,
rolling resistance force) using exclusively measured quantities (angular velocities, vehicle speed and
motor torque).

The development of unknown input adaptive gain observer for the estimation of tyre rolling resistance
force is done in chapter 4. The adaptive gain approach is a novel approach for the unknown input
observers in the automotive domain. This chapter presented the very first results of the estimation of
rolling resistance using adaptive gain observers for full vehicle and validated numerically. The choice
of unknown input adaptive gain observer technique was made for its well-known characteristics of
robustness, precision and the convergence. The results show a satisfactory estimation of the effective
radius and/or rolling resistance force. In each case, we have carried out a study of the observability of
the identified different observation models.

In the first part of chapter 5, the design of experiments (DoE) is done. It also focused on the
instrumentation of the vehicle with the mounted sensors. The objective of DoE was to calculate the
reference rolling resistance coefficient, to study the influence of parameters, to compare the results
with the trends in the literature and to validate the developed models. The calculated rolling resistance
force was used as the reference while comparing it with an estimated rolling resistance force. The
extensive study on variation of tyre surface temperature concluded that the tyre surface temperature
varies linearly in the circumferential and lateral direction. It also concluded that the variation of tyre
surface temperature is slower than the variation in vehicle speed. Therefore the multi-physical nature
of the model is considered as a singularly perturbed system. The developed vehicle model and multi-
physical tyre model was experimentally validated successfully with the relative mean error of less than
10%. The unknown input adaptive high gain observer for regular systems and singularly perturbed
systems is successfully applied and experimentally validated. The precision of these observers is
proved through the simulation results presented above. Its robustness is used to detect the variation in
the input. The observer reconstructed well the state variable and accurate estimation of the rolling
resistance force is done by the developed observer. The develop observers also take into account the
impact of road roughness. The comparison shows similar trends as in the literature. Therefore the

208



developed observers are validated successfully while taken into account the impact of roughness and
tyre temperature.

6.2. Perspectives

The work done in this thesis is original since a little work has been done on the estimation and
experimental validation of rolling resistance for a vehicle in real driving conditions. Despite the
significant amount of work done in this thesis, there is still an area of improvements and additional
research work. In light of the results obtained in the course of our work, a certain number of
perspectives can be drawn.

6.2.1.Modelling

Additional work can be proposed on short term dealing with the multi-physical model. The model can
be improved by implementing a flexible carcass along the vertical and longitudinal direction. In the
thermal model, the cooling from the air inside the tyre isn’t considered in this work and it might be
interesting to explore and include this effect in the thermal model. This could improve the accuracy of
the model for the estimation of tyre temperature. It is also possible to include a model to estimate the
length of the contact area. It is considered as constant in this work because in dry road conditions the
variation can be neglected but for the wet condition is it important to integrate a physical model of
contact length as it varies with the thickness of water on the road as demonstrated by [159]. There
exist the empirical models of contact length is also proposed in the literature [191] can be investigated
initially.

The multi-physical model developed in this thesis is valid only in the dry condition. In literature, the
authors in [36] have shown that water film on the pavement increases passenger car tyre rolling
resistance considerably. The authors believe that slightly wet road surfaces increase the cooling effect
on the tyre thus decreasing its temperature and increasing rolling resistance. A change of tyre
temperature by just 4°C may lead to certain tyres to a 6% increase of tyre rolling resistance. When
there is more water on the road the cooling effect is even stronger and on top of this, certain energy
must be supplied by the tyre to pump-away water from the tyre/road interface region leading to further
increase of rolling resistance[36]. Therefore it is indispensable to improve the developed model to
work in wet condition. It is recommended to integrate the hydrodynamics model into the model. The
hydrodynamic model previously developed by [159] at University Gustave Eiffel can be investigated
for the integration. One of the main hypothesis in the thesis is that the vehicle is running on a levelled
road. In reality, the environment may include difficult features such as undulating terrain and
deformable surfaces. Therefore, the improvement of the vehicle model can also be done by including
the load transfer phenomenon. There are two main types of load transfer exist; lateral load transfer and
longitudinal load transfer. Lateral load transfer occurs during cornering and is the shift of mass across
the wheels due to the centrifugal force and the lateral acceleration. The longitudinal load transfer
occurs when a car is accelerating or braking. It is necessary for the stability of the vehicle.

6.2.2. Experimentation

This thesis is enriched with more than 420 experiments and in literature, this kind of vast
measurements campaign for the validation of rolling resistance estimation is rather rare. During the
thesis, particular attention was given on the instrumentation of the vehicle for the validation of the
multi-physical model and vehicle model. In our experimentation, we used external temperature sensors
to measure the temperature at the tyre surface. It is mainly due to the complexity of experimentation
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which is not complex to install and cheaper. Therefore the tyre surface temperature in the contact zone
is still difficult to measure. Validation of the multi-physical model using temperature sensor embedded
in tyre temperature is the future prospect of this work. This is possible by instrumenting the tyre with
thermocouples, accelerometers and “rotating collector SR20AW” which allows the transmission of
measurement signals from a rotating element to an acquisition system. This will measure the
temperature of the tyre carcass, air inside tyre and inflation pressure. It will help make more concrete
conclusion of variation of rolling resistance with tyre temperature and inflation pressure.

In this thesis, experiments are done only one kind of tyre i.e. Energy saver which has low rolling
resistance tyre. The literature has highlighted the effect of the rheological characteristics of the rubber
of tyres on the rolling resistance [7]. Therefore the experiments with different tyres (high rolling
resistance) could be interesting for comparison in future.

6.2.3.Estimation technique

The developed model still depends on more number of parameters than classical brush model, like
dynamic friction between tread and road, rheological characteristics (tyre stiffness) of the rubber.
These parameters are not easily available and need tyre manufacturer to communicate. Therefore the
parameters estimators and identification technique should be explored to reduce the number of input
parameters.

We have worked with singular perturbed system in this thesis and applied the existing technique in the
automotive application. This approach should be explored further. For example, the estimation
approach for the singular perturbed system is developed for continuous systems; it is possible to
explore the application for discrete systems. In this work, the 100Hz sampling frequency of data
acquisition is used for all the sensors, but in reality, the acquisition frequency of slow dynamics
systems is far less than the fast dynamic systems. Variable sampling frequency can affect the accuracy
of the rolling resistance estimation using the singular perturbed technique but while working in a
discrete domain it can avoid the influence of sampling rate. Further research should focus on the real-
time implementation of the observer in order to verify the influence of sampling rate, measurement
noise, simplifying modelling assumptions and saturations.

6.2.4.Real-time estimation

Despite the whole work done during this thesis, only the offline validation of rolling resistance
estimation was performed. Even though the offline validation gives promising results it is impossible
to be very conclusive on the real-time estimation because we didn’t go until the end of the validation
procedure due to time constraint. Therefore, the next step of validation will be the real-time estimation
of rolling resistance. But the above-recommended improvements will increase the complexity of the
model which will impact on the real-time estimation of rolling resistance therefore a balance is needed
to be found between the model and real-time estimation. Further integration of the proposed
approaches on-board a vehicle for online validation and accompanied by a robustness analysis. This
can be extended to the application on trucks and an autonomous vehicle in future. The collaboration
between University Gustave Eiffel and Cerema can continue to work together on this aspect in future.

In the end, the optimization algorithm should be proposed to reduce the rolling resistance in real
driving conditions. It can be implemented for driving assistance systems (ADAS) for Eco driving.
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Appendix

A. Different Observers for nonlinear systems

In most applications, the process must be controlled or monitored in real-time and this requires being
able to access the variations as a function of time of the state variables. This access is not always
possible either due to the lack of suitable sensors or the high cost of some of these sensors. To
overcome this problem, a state observer (an estimator) is generally used to reconstruct unmeasured
state variables. The observer is an algorithm which provides an estimate X(t) of the state x(t) of the
system, from the measurements of the output y(t) and the input w(t).

The field of state and parameter estimation of non-linear systems is still largely open. We will see that
there is no universal method for the synthesis of such observers, the possible approaches are:

i. Kalman filter

The first one which has met a great success in the past is based on the Kalman filter which is used as a
nonlinear observer [81]-[83]. The attractiveness of the Kalman filter is mainly due to its
implementation simplicity independently of the system complexity. Nevertheless, a major drawback of
this method is the lack of guaranteed stability.

ii. Nonlinear transformation methods

This technique is based on a change of coordinates which makes it possible to transform a nonlinear
system into a linear system. Once the transformation has been carried out, the use of a linear observer
(Luenberger or Kalman filter) will suffice to estimate the state of the transformed system, therefore the
state of the original system using the reverse coordinate change. A Luenberger-type observer is
designed and sufficient conditions for the asymptotic stability of the error can be derived. Thus, the
resulting class of systems constitutes a subclass of triangular systems with the particularity that
nonlinearities only depend on the measured inputs and outputs.

iii. Extended nonlinear observers

Above method has been extended by [81], [82]. Later [78], [83] considered the method of linearization
by a nonlinear change of coordinates, so a Luenberger-type observer can be developed for such
systems. [79] has also developed an observer for non-linear systems in this sense. This is the case of
the extended Kalman filter and the extended Luenberger observer, the gain of the observer is
calculated using the linearized system around the estimated trajectory. It is further developed as
generalized Luenberger observers [88], [89]. In this case, the design of this type of observer consists
of adding a second gain to the Luenberger observer inside the non-linear part of the system.

iv.  High gain observers

This observer is based on the observable canonical form. The pioneer contribution has been made in
[66] where the authors gave a necessary and sufficient condition giving rise to the well-known single
output triangular canonical form. This canonical form is composed of a fixed linear dynamics
component and a nonlinear triangular controlled one. Using this canonical form, the authors have
designed a high gain observer under some global Lipchitz assumption on the controlled part. The gain
of the proposed observer is issued from an algebraic Lyapunov equation that can be explicitly solved.
The main characteristic of the high gain observer proposed in [66] lies in the easiness of its
implementation since the observer is a copy of the model with a gain whose expression is explicitly
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given. Moreover, the tuning of the observer is achieved through the choice of a single scalar design
parameter. A different non-linear observer called high-gain observer based on the approximate
annulation of non-linearity was presented by [192] and was then improved by [66], [193].

The effectiveness of such an observer has been highlighted through many successful industrial
applications [66], [188], [194], [195]. There is however the main drawback of this observer that is
worth to be noticed, namely the specification of the design parameter is generally carried out through a
try and error procedure to get a satisfactory compromise between the accuracy of the observer and its
sensitivity to noise measurements.

v.  Sliding mode observers

Sliding mode technique has been the focus of growing literature since the work done by [97]. Sliding
surfaces have been first used for the development of feedback controllers [94], [196]. Next researchers
have tried to exploit their excellent robustness and performance properties to design linear and
nonlinear sliding observers [67], [68], [94]-[96]. The fundamental difference between a sliding mode
observer and other observer approaches is that in other approaches the observer reconstructs the
original state vector asymptotically, however, in sliding mode approach a suitable discontinuous
output injection is used to guarantee finite-time convergence by a deliberate induction of an attractive
hyperplane. Robustness, insensitivity properties and simplicity of design make sliding observers a
powerful approach. Analysis and comparison of several types of observers can be found in [78] [87]
showing that a sliding mode observer is a good approach from the point of view of robustness, ease of
design and overall evaluation. The concept of higher order sliding mode has been introduced by [197],
the principle of action has, through corrective discontinuous terms, the higher order derivatives of the
measurement error y. The main advantages are conservation benefits of the sliding mode observer is
its robustness and convergence in finite time, reduction of the effects of chattering and the
improvement of the performance of the observer.

vi.  Adaptive observers

Another kind of observer for joint estimation of missing states and constant parameters in linear and
nonlinear state-space systems has motivated a lot of work, for adaptive control, or recently fault
detection and isolation in dynamic systems. Some early works on adaptive observers for linear
systems can be found in [101]-[106] while more recent results are reported in [103], [104], [198],
[199]. These authors consider systems that can be transformed into a certain canonical form. The
adaptive observers help to estimate simultaneously the system states and the unknown parameters.
These methods do not require the considered nonlinear systems to be linearizable, instead, they
assume the existence of some Lyapunov functions satisfying particular conditions. A very few results
are available in the literature that addresses state and parameter estimation in the presence of nonlinear
parameterizations [98], [99], [107]. Nonlinear parameterizations are inevitable in many realistic
dynamic models, even in the case where only a few state variables are considered. When considered,
the nonlinear parameterization assumes, as the linear one, that the unknown parameters appear in the
model through functions that are known, i.e. these functions do not involve non-measured states.
[103], [200] propose an approach which allows the design of adaptive observers for a class of
uniformly observable nonlinear MIMO systems with general nonlinear parameterizations. Two main
features of the proposed approach are worth to be mentioned. Firstly, the convergence of the proposed
observer is guaranteed under a well-defined persistent excitation condition. Secondly, the structure of
the proposed observer is simple and it can be used with different observers among which adaptive high
gain like observers [66], [93], [100] and adaptive sliding mode like observers [94]. This is achieved
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through the specification of a design function in the observer gain which is calibrated through the
choice of a single design parameter.

vii.  Observers for singularly perturbed systems

A great number of today's problems are brought about by present-day technology are highly complex
and large in dimension by nature. A major difficulty in control system design is to reconcile the large-
scale and fuzzy real problems with the simple, well-defined problems that control theory can handle.
The usefulness of the singular perturbation approach to overcome these difficulties is evident from the
results surveyed in [116]. The suggested observer approach is based on a two times scale separation of
the observer error dynamics, where the subsystem in the fast time scale is caused by a high-gain
injection, and the error dynamics in the slow time scale is designed such that, together with
interconnection conditions, the complete system is asymptotically stable. Hence, the considered
approach can also be regarded as a high gain observer design. However, here it is not assumed that a
linear system dominates the nonlinearities. On the contrary, the equivalent expression of the high-gain
injection term, (i.e. the slow manifold) which can be obtained from the collapsed fast subsystem, is
exploited to construct nonlinear observer injections for the slow subsystem. In that manner, additional
information about the unmeasured states might be obtained and employed for the observer design.

In the literature, singular perturbation techniques related to observer design can be found where
observers are designed for classes of nonlinear singularly perturbed systems [108], [109], [112]-[115],
or in controller-observer schemes for nonlinear singularly perturbed systems [117], [118]. Approaches,
where the singular perturbation method is used to establish the observers are rarely considered. An
early approach for linear systems can be found in [119]. However, all the above approaches
presuppose the availability of a dynamic process model that does not exhibit time-scale multiplicity (a
process dynamic response characteristic that naturally arises in a multitude of applications), and most
importantly, the sensor dynamics is not integrated into their respective observer design frameworks,
and thus its impact on the viability and performance of the proposed observer remains inevitably
unaddressed. The state estimation problem becomes not only theoretically challenging due to the
multiple timescales but practically an intriguing and important one. Indeed, one could in principle
realize the design of the nonlinear observer through the restriction of the process dynamics on the slow
manifold (the reduced-order process dynamic model), and thus capitalizing on all the computational
and analytical advantages that the lower-dimensionality of the problem of interest brings, followed by
a detailed, rigorous and insightful analysis on the impact of the ignored fast dynamics (otherwise
known as “parasitic”’) on the convergence properties of the reduced-order observer [116]. It should be
emphasized, that the design of nonlinear observers based on the reduced-order process dynamic model
on the slow manifold is motivated by the fact that model-based estimation problems for systems/
processes exhibiting time-scale multiplicity, and thus stiff dynamics, may lead to ill-conditioned
observer gains and potentially undermine the convergence properties of an observer designed for the
full-order singularly perturbed system [110], [111].
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B. Different tyre models

The safety of ground vehicles relies deeply on tyre-road interaction. Improving durability, safety and
controllability have been the main concerns for tyres in recent years. Several academic and industrial
researchers are working on attaining an accurate prediction of tyre friction characteristics. Therefore,
developing a tyre model that can simulate forces and moments as a function of tyre excitations is of
primary importance. However, currently used models have shown a certain lack of accuracy in some
specific cases. This lacks of accuracy are believed to be partly due to tyre temperature variation.
Actually, tyre temperature is not constant on normal operating conditions and this latter induces some
changes in tyre performance [135], [201].

i.  Semi empirical model

Two famous empirical models to describe the input output formulas for a tyre are presented in this
section.

a. Magic formula

This model is developed by Pacejka, and described in [43]. This model describes pre-sliding and
sliding in just one equation. This means that the model is differentiable, which is an advantage.
Furthermore, the magic formula model is a very accurate representation of actual tyre dynamics. But
this comes at a cost since the model depends on a lot of parameters which might be difficult to obtain.
[202] has also mentioned the Pacejka model with similar advantages. This model of Pacejka called
"magic formula” makes it possible to calculate the longitudinal F, and lateral F, interactions (in N) as
a function of the longitudinal slip, drift a (in degrees), the camber angle and the normal force E,.
Longitudinal and lateral forces are given by:

E, = D, sin[C,arctan{B,k, — E,(Byk, — arctan(B,k,))}] + Syx (209)
F, =D, sin[Cyarctan{Byk - Ey(Bth — arctan(Bth))}] + Syy (210)
with:

K. Longitudinal slip ratio, k.. Lateral slip ratio, B: coefficient of stiffness, C: form factor, D:
maximum value of curve, E: Curve

The mathematical formula of Pacejka’s model has been computed using MATLAB to calculate the
steady-state force and moment response to sideslip and longitudinal slip. The magic formula will be
used as a reference for comparing other models. Values from below Table 23 are used in the
calculation taken from[43].

Table 23 Parameter and factor values used in the calculation

Parameter | Value | Parameter | Value
Cy 1.5 Cy 1.3
E, -1 E, -3
Ly 1.26 Iy 1
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b. LuGre Model

The LuGre friction model comes as a result of adding the Stribeck effect to the Dahl model [126]. It
can be formulated as a lumped model or as a distributed model depending on the shape of the friction
contact between surfaces [126]. This dynamic friction model predicts the transient behaviour of the
tyre-road forces under varying velocity circumstances. The LuGre dynamic model presents a concise
form that is very appropriate in control analyses. It has been advantageously utilized in vehicle state
estimation problems and tyre slips control design. The LuGre model captures crucial aspects of
friction, such as striction, the Stribeck effect, stick-slip, zero slip displacement and hysteresis. One of
the most important advantages of the LuGre tyre model is its ability to reflect the surface conditions,
the effects of tyre vertical force and the effects of the vehicle speed on the friction force [203].

In this section three forms of LuGre tyre model are going to be presented: the lumped form, the
average lumped form and the distributed form. Finally, MATLAB/Simulink is used to implement the
static equations for the distributed model and the dynamic equations for the lumped model.

All the equations that are going to be introduced are valid for both lateral and longitudinal motion; the
only thing that changes is the values of the fitting parameters, which are different due to the anisotropy
of the friction characteristics.

Punctual tyre-road friction contact is assumed in lumped friction models. The deflections of the
bristles are modelled by the following formulas, and the representation of the wheel with lumped
friction is depicted in Figure 192.

S F

Figure 192 Lumped form of LuGre tyre model with punctual contact [204]

_ 00| Vs«
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where z is the internal friction state of bristle elastic deflection, p. is the normalized Coulomb friction,
U is the normalized static friction, vy is the relative velocity between sliding bodies, v is the
Stribeck relative velocity, F, is the normal force, o is the rubber longitudinal lumped stiffness, o is
the rubber longitudinal lumped damping and o, is the viscous relative damping [204].

The average lumped form of the LuGre tyre model includes the average bristle deflection for
simplicity of tyre-dynamics analysis and computational efficiency. The presence of a contact area
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between the tyre and the road is assumed in the distributed form of the LuGre tyre model. The lumped
form of the LuGre tyre model is an ordinary differential equation that can be resolved by time
integration. Nevertheless, the distributed form assumes normal pressure distribution and is formulated
using a partial differential equation which should be resolved in both time and space [126], [205]. The
steady-state distributed model is used in the vehicle-dynamics analysis for parameters-fitting purposes,
while the lumped model is used for the development of control strategy [171], [204], [206]. As
demonstrated in [126], the lumped LuGre model is a good approximation of the distributed LuGre
model, as they have similar steady-state and dynamic behaviour. The LuGre model is well known for
describing special cases of friction situations. It has been introduced in the tyre modelling by [126] to
describe the dynamic process when applying a brake torque on the tyre. It also deals with the velocity
dependence on friction. The lumped form has to be used for control and estimation purposes but to be
able to match the s parameters in the equations to experimental data the steady-state version of the
distributed approach must be used.

Two semi empirical models for describing the force-slip relation have been described above. Many
more models are described in the literature, but after the introduction of the Magic Formula, it has
become the most popular tyre model. The LuGre model is interesting while it tries to deal with the
dynamics in the friction surface.

ii.  Physical model

Models in this category tend to be simpler and have equations and expressions with a logical physical
background. The brush tyre model is a common type of physical tyre model. It approximates the tyre
as fitted on a rigid rim, with the tread modelled as springs, or bristles, which can deform in the
longitudinal, lateral and vertical direction. Physical tyre models have decent accuracy and do not
require many input variables, as most equations and expressions are determined during the
computational process. Most physical models are quite simple and thereby the computational effort
required is not large. The models are also adaptable to change and modifications to include effects and
parameters not already present. Doing so will however add complexity and computational effort.

a. Dugoff model

This analytical model is presented in [128]. In this simplified model the effects of camber and turn slip
are neglected. Furthermore, a uniform vertical pressure distribution is assumed in the tyre. It is a
model that gives an analytical relationship of the longitudinal and lateral force as a function of drift
angle a, slip rate k and load F, with a fixed coefficient of friction.

Longitudinal and lateral forces given by Dugoff model is given by:

Fx=Kx1_ T
tan a
A e
T:{cr< 1:(2—-0)o (212)
1
(1—K)ukF,

2\/1(,?1(2 + Kjtan?a
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where: Longitudinal slip ratio, K, Longitudinal stiffness K,,: Lateral stiffness = : Coupling between
the efforts.

The advantage of this model is that it does not require a large number of parameters. And since it is an
analytical model, these parameters can be derived intuitively. The drawback of this method is that the
gradient cannot be computed directly, since there are different equations for sliding and pre-sliding.
Furthermore, the model is a very simplified representation. Therefore, the shape of the tyre curve is
limited, such that a peak in the tyre curve cannot be modelled [207].

b. Gim model

[208] proposes a method of analytical calculation of the different forces acting on the wheel from the
internal pressures in the inner tube and the different flexibilities and stiffness of the tyre. Author [208]
consider:

e The contact area as a rectangle,

e The tyre model is based on determining the pressure along the contact surface. Which is at the
origin of the normal force,

e The normal force is deduced from the integration of the pressure along with the contact.

The longitudinal and lateral forces are a function of the vertical load F,, longitudinal and lateral
sliding, 1, length of the contact surface, K, longitudinal and K, lateral stiffness and uy,u, the
coefficient of friction. Tyre forces are given by:

E, = Cskl? + u, F,(1 — 12 + 213)

(213)
E, = Cqxla + pyF,(1 — 315 + 213)

with:

2wz 2\1/2
Cs = KW /2, Co = KyW/2and by = 20,(1 = 32 (ar)? + (Kyre)’) )

c. Kiencke model

Sds The author in [47] uses two techniques, the first is the calculation of the coefficient of friction by
the extended Burckhardt model, this coefficient is a function of the slip resultant S, and the forces
acting on the tyre, based on the transformation of the speed of the centre of gravity. The second is the
calculation of the speeds of the different points of contact between the wheels and the ground. From
the forces acting on the tyre, they evaluate the displacement of the centre of the resultants (point of
detachment) with respect to the vertical projection of the centre of the wheel [47].

The coefficient of friction is:

u = (c1(1 - exp(—c25)) — ¢3S exp(—c4SVe) (1 — ¢sF7)
S = (k2 +k})1/?
where ¢y, ¢y, c3 : parameters in function of ground, c, : is the function of maximum driving speed, cs

. is the function of the maximum load of the wheel, S : Total slip, V; : The speed at the centre of
gravity of the vehicle, F, : vertical load.

(214)

The slip ratio is defined as:

238



For braking

K = Vi = Vn
Vin
K; = tan(a)
For Driving
K = Vi = Vn
v,

K = (1 — ky)tan(a)

(215)

(216)

where V. = 7.¢rw, w : angular speed, 7,: effective radius of wheel and V,,: the longitudinal speed at

the centre of the wheel.

The forces can be defined as

F,
FE, = ,u?Z(K cos(a) — ¢,k sin(a))

E, = ,ugz (cutkt cos(a) + K sin(a))

with u : Friction coefficient and ¢, : coefficient of ponderation (varies between 0.9 to 0.95).

d. Brush model

(217)

The Brush Tyre model is a very simplified way to model the creation of forces and torques between
tyre and road. A great number of works describes this approach, [43], [129]-[131] and it was quite
popular in the 1960s and 1970s before empirical approaches became the most used. In this section, its

basis is discussed.

Ftper>\ ) - S S
[ Road Slide Adhesion |
" —1
- .1:‘ 0 a
SRR Sl N NG [ .
y l :
< 3.4
y 15}5(1‘)

Figure 193 Brush tyre model, deformation of the tyre rubber (Top: a side view and bottom: top view)
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The Brush Tyre model describes the generation of forces in the contact patch considering the contact
region formed by small volumes of rubber, acting as springs. Considering a system of the coordinate
axis is set in such a way that the origin is in the middle of the contact patch. Thus the x-axis is pointing
forward, along the longitudinal direction of the wheel, and the y-axis is pointing laterally. The contact
patch is 2a long. On the top of the bristles, a vertical pressure distribution is applied, and they are
stretched longitudinally and laterally because of the slip velocity vs. This model is based on these
assumptions:

« the friction between the bristles and the ground is described by the simple Coulomb model

« the normal load has a parabolic distribution along with the contact patch, assuming zero
value at the edges;

Fey = uF, if F,, > uF, (Sliding condition) (218)

where p is the friction coefficient between bristles and road, F, and F, are the longitudinal and lateral

force respectively generated by the stretching of the bristle and F, is the vertical load applied on that
bristle. In this way it is possible to divide the contact patch into the adhesive and the sliding region;

+ the carcass is considered as infinitely stiff;
« each bristle is assumed to deform independently in the longitudinal and lateral directions;

In the adhesive region, the bristles adhere to the road surface and the deformation is allowed by the
static friction. In the sliding region, instead, the forces produced are a function of the sliding friction
through equation (92) and (96), thus the resulting force is independent of bristle deformation [132],
[157][30]. From Figure 193 it is possible to depict the deformation of the bristle &, along with the x-
axis as well the deformation 8,4, along the y-axis. Considering a slip angle o, in the adhesion region
the bristle is forced to follow a straight line with slope equal to tan o, from the leading edge (a, 0) as
long as no sliding occurs. Thus the lateral deformation &y, is the function of the longitudinal
coordinate x:

Oyp = (a—x)tana (219)
Consequently, assuming the lateral stiffness of the bristle equal to c,y, the lateral force per unit of

length in the adhesion region for each bristle is:

F,

yba = CpyOyb (220)

The sliding region occurs when the relation in equation 18 is true, in this case, when:

Fyba > 1z (221)
where F,y, is the normal load applied on top of the bristle at the x coordinate.
If equation (90) is valid, then the lateral force is equal to:

Fyp,s = 1Fzp (222)

The total lateral force is equal to the sum of the forces generated by each bristle along with the whole
contact patch as well the aligning torque M, is the algebraic sum of the aligning torques of each bristle
around z-axis:

a —Xt
E, = f Fypq dx +J. Fyps dx (223)
—-X —-a

t
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a —Xt
M, = f xFypq dx +f xFyp s dx
—Xt —-a

where x; is the longitudinal coordinate where sliding occurs. The bristles have similar behaviour in the
longitudinal direction. For pure longitudinal slip, if v, is the longitudinal wheel centre speed, the
coordinate for a bristle tip at the contact area front edge is after time At :

X; = a— VAt (224)

On the other hand, the upper tip of the bristle, which moves with a velocity R.w, has the coordinate:

X, =a— R,wAt (225)
Consequently, the longitudinal bristle deformation is:

8xp = X1 — Xy = Ky (UxAL) = Ky(a—x) = —ky(x — a) (226)

Introducing the longitudinal bristle stiffness c,, and dividing the region in adhesion and sliding part,
as done before, it is possible to obtain the same result for the total longitudinal force:

a —Xt
Fo= | Faadct [ Fosdx (227)
=Xt —-a
where Fyp o = cpx0xp (adhesion region) and Fyy, ¢ = pk,, (sliding region).

The following equations use a parabolic vertical pressure distribution. This has an advantage since
modelling based on a uniform pressure distribution results in an asymptotic behaviour in which full
slip is not reached [140], [157] author solve equations (92) and (96) to get

1
(1, (1 = A)sgno, if loyl < -
Fe = L (228)
UleSngO'x if |Ux| > 9_
X
( ) 1
! uF,(1 - 23)sgna if [tana| < .
E = e (229)
l,qusgna if |tana| > —
Oy
where
2¢p, 12 2¢pyl?
sz1_6xlo-xlply=1_9y|tana|, szTFZ and ey:TFZ

In these equations [ is the half-length of the contact patch, and c,, and c,,, the longitudinal and lateral
stiffness per length unit respectively. 1/6, and 1/6,, represent the tyre slip at which complete sliding
is reached. From this point, the force is simply put equal to the force limit F; .

In this section, the brush model is presented, as proposed in [43]. The brush model is an analytical tyre
model, meaning that it only depends on the physical parameters of the tyre. In the brush model, the
tyre is described as a series of elastic elements, which can deflect in contact with the road. In this
demonstration, the friction coefficient p is assumed to be equal for both lateral and longitudinal
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direction, and not a function of the velocity of the wheel centre v,. These assumptions make the
problem much easier compared to reality. In the same way, the assumption on the symmetric normal
load is not true, because the point of the normal load is not the origin in reality but it is a point shifted
forward. Moreover, using just one line of bristles, it doesn’t allow to have a 3D picture of all the forces
acting in the contact patch, and this is a big drawback if the effects of camber angle have to be studied.
However, even with these assumptions, the brush tyre model reaches to explain the nature of the
forces in the contact patch with a strong physical background. Meanwhile, it requires a smaller
number of model parameters for describing the steady-state characteristic. In fact, this model is very
comparable to the Dugoff model presented earlier and has the same advantages and disadvantages.
Nevertheless, this representation is more realistic, because of the more advanced vertical pressure
distribution [30].
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C. Different Vehicle models

A considerable number of the literature in this area has been devoted to various vehicle models. The
literature review shows that vehicle modelling can be classified into three categories: Quarter Car,
bicycle or Half Car and Full Car models.

i.  Quarter car

The Quarter Car model is the simplest model to simulate the response of the vehicle to road
disturbance which is shown in Figure 194. The main assumption of the Quarter Car model is that all
wheels can be moved independently; therefore, the suspension system is modelled using two DOFs:
one for the body motion and the other for the tyre. The dynamics of the Quarter Car model can be
described as linear or nonlinear equations based on the elements of the model. The linear model
consists of a linear spring that corresponds to the tyre stiffness and car spring, and viscous damping to
account for the tyre damping and car damper [178], [179].

K‘E__ 1= Cr
m. 12z,
K.r.' |7\(

Figure 194 Schematic of Quarter Car model

ii.  Bicycle model

The bicycle model is also known as a half-car model. In this type of model, the vehicle is cut along the
main axes of symmetry (longitudinal and lateral). Thus, thanks to this model, we can study the
suspensions side by side or axle by axle. In the first case, we neglect the rolling motion and in the
second case, the effect of the pitch.

In side by side suspension model, the dependency of wheels located in the front and rear axles or the
left and right of the body which is shown in Figure 195. The Half Car model has four DoF to present
bounce and pitch of the body and wheels, motion in the perpendicular axis of vehicle planar motion
[180], [181]. In axle by axle suspension system, the coupling dynamics between the wheels located in
the front and rear axles would improve the accuracy of the simulation of the suspension travel.
However, in the Half Car model, the effect of the coupling between the wheels located on the same
axle (roll motion), which is a significant DoF of the body in dynamic simulation of a vehicle rollover,
is not considered.
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Figure 195 Schematic of Half Car model

For the studies of the longitudinal dynamics, which is utilized as a model for lane keeping and yaw
rate control, has two DoFs including yaw rate and lateral motion of the vehicle [59], [209]. The
schematic bicycle model is shown in Figure 196. In the 2-DoF model, it is assumed that the vehicle
has a constant speed.

A 'ff

Figure 196 Schematic two DoF of bicycle model

In the 3-DoF model, the lateral motion, yaw rate and roll motion are considered as the DoFs of the
handling system which is presented in Figure 197. The roll motion has a significant effect on vehicle
dynamics, especially in cornering. The roll motion is studied in the control system using an anti-roll
bar as the actuation system [43], [210]. In the study of vehicle motion, one needs to consider the effect
of traction and braking, because in actual manoeuvring the speed is not constant.

r ﬁa;r
IT] I’f j‘ _J,

I fl"'

Q, Lty
= T

Figure 197 Schematic of three DoF bicycle model

iii. Full car model

The Full Car model studies the dynamics of the suspension system considering the dependency of all
wheels on road disturbance which is shown in Figure 198. There are seven DoFs in the Full Car
model: bounce, roll and pitch are the three DoF of the body, and the motions of the four wheels are
defined by four DoFs. The dynamic equations of the full Car model can be either linear or nonlinear
[182] depending on the properties of suspension system elements, such as nonlinear car spring. The
full Car model has the best precision to simulate the dynamics of the suspension system if the vehicle
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has a constant speed with no steering angle. However, these assumptions are not valid in most cases of
vehicle manoeuvring.

s 7
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;;‘ ~1‘,1( -4' . J o K:;:: et (2 b 0% . ’J
| M P K3 i l M2 F. K= .{'(',
B - i _‘: 71 3 . ;’:

£ [ v ] [

E’;-;lf Cus l s }T A,: E’; = Cr2 ‘ Ml f
K’M; 1 [ i ‘ [ ] l
zd ksf Lo 2 ki L

l ol e B
Zl!g Zit }

Figure 198 Schematic of Full Car model

The coupled longitudinal and lateral dynamic model with eight DoF consists of lateral, longitudinal,
roll and yaw motions, and four DoFs for wheel motions as shown in Figure 199. This model with 8-
DoF is an accurate nonlinear model which is used to study the differential braking system. However,
in this model, the effect of the coupling between the ride and handling systems is neglected.
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1 }‘,- A
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Figure 199 Schematic of eight DoFs full car model
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D. Numerical validation of vehicle

In this annex the figure s of the below table test are given.

Table 24 Test conditions

Test no. Trajectory Speed (Km/h) Comments
1 Straight line 50 Constant speed
2 Straight line 80 Constant speed
3 Curve at 220m 40 Constant speed
4 Curve at 220m 60 Constant speed
5 Curve at 220m 80 Constant speed
6 Curve at 320m 40 Constant speed
7 Curve at 320m 60 Constant speed
8 Curve at 320m 80 Constant speed
9 Chicane 60 Constant speed
10 Straight line Acceleration & Braking Variable speed
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Figure 200 Comparison of position variables between prosper and model for vehicle moving in straight line at
80km/h
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Figure 201 Comparison of speed variables between prosper and model for vehicle moving in straight line at

e Test3

Figure 202 Comparison of position variables between prosper and model for vehicle moving in curve of 220m at

Long. Speed
T

5 4
0 I I 1 I I I I
0 2 4 6 8 10 12 14 16 18 20
Time(sec)
2 Lat. Speed ) Roll rate
1 & 0.5
— =]
z £
Eof---mmmm L ] e
= E
©
A @ -0.5
-2 -1
0 5 10 15 20 0 5 10 15 20
Time(sec) Time(sec)
] Pitch rate 1 Yaw rate
o 05 @05
o ]
£ g
[] T
= 0 OF-———=—=————— e —————
E &
5 z
3]
05 =05
-1 -1
0 5 10 15 20 0 5 10 15 20
Time(sec) Time(sec)

E

=

Pitch angle({rad)

80km/h
Traj Roll angl
s00 ajectory 4 oll angle
400 e
S 05
- M =
300 - = - - Prosper “‘. E
- - - - Model W 3
200 " e e
" H
4 =
100 #* &
s
P 0.5
0 pommnt
-100 . . . A " . L
100 0 100 200 300 0 20 40 60 80
x(m) Time(sec)
4 Pitch angle 4 Yaw angle
: i
05 2 PPl I
— - "
B - "
5 | .- K
OF======mmmmmmmmo - X3 "
o "
EE i
> "
0.5 -2 i
"
"
ih=
B -4
0 20 40 60 80 0 20 40 60 80
Time(sec) Time(sec)

40km/h

247



1115

Long. Speed
T

1141

11.05

vx(m/s)

1095

109
0

Lat. Speed

30

0.2

0.1

vy(m/s)
o
v

0.1

-0.2

-0.3
0

0.1

20 40

Time(sec)

Pitch rate

60

0.05

Pitch rate(rad/S)

-0.05

20 40

Time(sec)

60

80

40 50 60 70 80
Time(sec)
Roll rate
0.05
@
B
5
0
B
©
[
-0.05
0 20 40 60 80
Time(sec)
Yaw rate
0.06
o
E 0.04
]
z
£ 0.02
>
0
0 20 40 60 80
Time(sec)

Figure 203 Comparison of position speed between prosper and model for vehicle moving in curve of 220m at
40km/h
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Figure 207 Comparison of speed variables between prosper and model for vehicle moving in curve of 320m at

e Test7

Figure 208 Comparison of position variables between prosper and model for vehicle moving in curve of 320m at
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Figure 209 Comparison of speed variables between prosper and model for vehicle moving in curve of 320m at
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Figure 210 Comparison of position variables between prosper and model for vehicle moving in curve of 320m at
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Figure 211 Comparison of speed variables between prosper and model for vehicle moving in curve of 320m at

Test 9

Figure 212 Comparison of position variables between prosper and model for vehicle is changing lane at 60km/h
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Figure 213 Comparison of speed variables between prosper and model for vehicle is changing lane at 60km/h
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E. Experimental validation of vehicle
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Figure 214 Comparison of speed variables between experimental data and model
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Figure 215 Comparison of speed variables between experimental data and model

254



Test5

Trajectol Long. Speed
100 ) Y 25 g Sp
- - - - Experimental| = | =0 === e—mssmemaeo——emssaa
. = = = = model :;E‘ 20
E s == E
= Lo Tl %15
e [ S
0 = 10
0 50 100 150 200 250 300 0 5 10 15
x(m) Time(s)
2 Lat. Speed Roll rate
7
_ -.g 0.2
K f——:f‘—, PR £ ! /"
EO')_‘ \‘_\ e \\: 2 0.ll,ba-::\.-,c:'-,nrnn,d-..::\»‘_,:'
) T m s o N N A
o .
, & 0.2
0 5 10 15 0 5 10 15
Time(s) Time(s)
04 Pitch rate Yaw rate
" 0 " Y
E E 0.2 ) '_I ‘\\ j}’/ \
£ " @ -
E Y R e A LA RUE Ak T 0 i i i LYA
& i v ., v 8 \ /i ]
'}
E & 02 Noran
a4 >
0 5 10 15 0 5 10 15
Time(s) Time(s)

Test 6

Figure 216 Comparison of speed variables between experimental data and model

Trajectory 15 Long. Speed
00| " T T TS T _
N S P P T
- Fa, @10
5400 = = = = Experimental \,\] E
= 200 = = = = model ’//ﬂ § 5
- 3
==t 0
-100 0 100 200 300 400 0 20 40 60 80 100
x(m) Time(s)
Lat. Speed Roll rate
0.5 - 0.2
@«
0 B
u . 1t oy T _—
E o N hua L L L T BTN T o | TS A AP A
> e
-]
4
0.5 -0.2
0 20 40 60 80 100 0 20 40 60 80 100
Time(s) Time(s)
0.02 Pitch rate 0.05 Yaw rate
~ 0 . T v
o = AT TS
k-] '% ™ I'lrl\‘l‘.“"!I W !’"‘ﬂ& ‘hﬁ?ﬁr""l
@ & i
£ d M ¢
= oM 3 of
g B
K=
s z
T >
-0.02 -0.05
0 20 40 60 80 100 0 20 40 60 80 100
Time(s) Time(s)

Figure 217 Comparison of speed variables between experimental data and model

255



e Test7

600 Trajectory
b _._ ----------- - -..,_‘\*
400 i
‘E Experimental ‘I
; model 1
200 ’
e
100 0 100 200 300 400
x(m)
04 Lat. Speed
0'2 v g
7 fo h';.nhl"“-#ﬂ"‘é"b‘ -'u-'w.,uf.wﬁ»ra
£ 0 h'," b‘
E A
0.2
0.4
0 20 40 60 80
Time(s)
0.02 Pitch rate
@ '
T 0.01 vn
= i
@
g 0 .. g
=
S-00m
o
-0.02
20 40 60 80
Time(s)

Figure 218 Comparison of speed variables between experimental data and model

o Test8
Traj ecto
600 P S s _rf —
.- s
400 - - - - Experi \\
—_ perimental \
E— = === model ]
> 4
200 ~
Ed s 1
’_,."’
0 -
-200 -100 0 100 200 300 400
x(m)
Lat. Speed
0.2 T
n“z,*a\nurh‘..nh it v,ln‘?.l MA‘J-- gy
.0 " t‘i',
0n 1
@2 L
E 2 n
;1 .
-0.4
-0.6
0 10 20 30 40 50 60
Time(s)
Pitch rate
@ j ’l
° 1]
g 1
— a
*g § I
- 'y
= ey
]
=
o
0 10 20 30 40 50 60
Time(s)

Figure 219 Comparison of speed variables between experimental data and model

e Test9

Long. Speed
18 9. 3P
i
F 175 l,‘;\ R
£ Y AR PR TN
3 Wi Thmyptizal L e
g [ Pl CARY
17
z l W
1
16.5 [+
0 20 40 60 80
Time(s)
Roll rate
0.4
@
B 02
z
g
0 lpraes prasr—" N e L |
°
o
0.2
0 20 40 60 80
Time(s)
Yaw rate
0.1
z i[5 2 {- b
B 0.05 ’W‘\' Ol m;’ R "f"k“‘fu |
— W
T . I
s M u
2 i '
> ! '
1)
-0.05
0 20 40 60 80
Time(s)

256

Long. Speed
2477 . ; .
[}
;b
PR
- 1
e R N
E I \ [ Y_gsssrvmaen =%
» 1 \}If -
> 220 i
]
21
0 10 20 30 40 50 60
Time(s)
Roll rate
@02}
°
_g' 0.1¢
a .
B0 balehy My A A St Y e,
— ' *
B !
¥ -0.1
-0.2
0 10 20 30 40 50 60
Time(s)
Yaw rate
O T L b s oo,
\ P, hoay
2 0 a”h‘{ P Gy K
T 0.05 b
g J\f y ;"
= 4
£ ot i
@© L
s |
H
m -0.05 1
> i
041 | | | | |
0 10 20 30 40 50 60
Time(s)



Trajectory

10
E o}-- -
= 0 .. . -
=1° - = = = Experimental
= = = = model
-10
0 50 100 150
x(m)
1 Lat. Speed
AY
w fi’\‘
- 4 \ 1
Eofms 4 NN aoas
;, i Vv \}_.‘."‘
Ny
-1
0 2 4 6 8 10
Time(s)
Pitch rate
7] '
5 0.02 ; K
E - \ N 1
= "oy "_.\_ an !|{\ Ay ,
p; A ESETEYY
E (-_.'l.\//‘—j ~ ,r\j,T;' W _.‘ij‘
- i d
£ -0.02¢
o
0 2 4 6 8 10
Time(s)

2 Long. Speed
@15
E
10
5
0 2 4 6 8 10
Time(s)
Roll rate
% 0.2f ’l-'\
w
E p ik AN
2 oflyhe \\{_,\J R
o v v S '
= Yy ‘i
S 02 '
0 2 4 6 8 10
Time(s)
Yaw rate
o ;\
T 0.2 o '
£ y \L b
2 pgh= o ~4 as—="
[ ‘; I L
= 0.2 H M L\
gV
-0.4
2 4 6 8 10
Time(s)

Figure 220 Comparison of speed variables between experimental data and model

257



F. Evaluation of tyre surface temperature
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Figure 221 Variation of tyre surface temperature for lane change at 80km/h
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G. Observer comparison results:

Case 4 simulation results of vehicle moving from 50 to 80 km/h on smooth surface in chapter 1
(comparison between different observer technique for the estimation of rolling resistance).
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Figure 236 Determinant of jacobien matrix for the different observation techniques
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H. Experimental validation of singular perturbed observer
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Figure 239 State variable comparison and error between experimental results and observer (straight line)
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Figure 240 Comparison between experimental and estimated rolling resistance force (Straight line)
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Figure 248 Estimation error results of observer estimation observer (curve radius 220m at 40km/h)
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Figure 250 Comparison between experimental and estimated tyre effective radius (curve radius 220m at 40km/h)
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Figure 251 Tyre surface temperature state estimation comparison and percentage relative mean error (curve
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Figure 253 State variable comparison and error between experimental results and observer (curve radius 220m at
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Figure 255 Estimation error results of observer estimation observer (curve radius 220m at 40km/h)
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Figure 260 State variable comparison and error between experimental results and observer (lane change)
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Figure 261 Comparison between experimental and estimated rolling resistance force observer (lane change)
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Figure 262 Estimation error results of observer estimation observer (lane change)
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CENTRALE
NANTES

Contribution a la synthése d’observateur a gain variable pour les systémes non linéaires: application

a ’estimation de la résistance au roulement

Mots clés : Résistance au roulement, Modele multi-physique, Observateurs de gain adaptatifs

Résumé: Les émissions de CO, provenant du
transport routier représentent une part importante
des émissions globales et contribuent au
changement climatique en cours. En effet, la
consommation de carburant est affectée entre autre
par une source importante de perte d'énergie,
représentée par la résistance au roulement liée au
contact pneumatique/chaussée. Les études montrent
que les pertes d'énergie liées a la résistance au
roulement représentent environ 20% pour un
véhicule léger. Elle est due essentiellement a la
déformation répétitive du pneu et dépend fortement
des parametres du pneu tels que la pression de
gonflage, la température, mais également de la
dynamique du véhicule et de I'infrastructure. Elle
est non mesurable directement a 1’aide d’un capteur.

L'objectif principal de cette thése est d’estimer

précisément et de maniere fiable la résistance au
roulement dun véhicule en conditions réelles de
conduite et en prenant en compte les caractéristiques
de l’infrastructure. Pour atteindre cet objectif, une
approche dite « indirecte », consiste a utiliser des
capteurs logiciels, type observateur. Un modeéle
multi-physique du contact pneumatique /chaussée a
été développé et intégré dans le modele complet du
véhicule. Un observateur a gain adaptatif est
développé pour assurer une estimation précise et
robuste. Cette approche d’observation a été choisie
pour sa robustesse Vis-a-vis des erreurs de
modélisation, les incertitudes paramétriques et pour
sa convergence rapide en temps fini. Une validation
expérimentale sera mise en place sur les pistes de
Université Gustave Eiffel, afin de valider I’approche
d’estimation avec un véhicule instrumenté.

Contribution to the variable gain observer synthesis for nonlinear systems: application on the

estimation of tyre rolling resistance

Keywords: Rolling resistance, Multi—physical model, Adaptive gain observers

Abstract: CO, emissions from road transport
account for a significant share of global greenhouse
gas emissions and therefore contribute to on-going
climate change. In fact, fuel consumption is
influenced by one of major source of energy loss
among others, represented by the rolling resistance
linked to tyre/road contact. Studies show that energy
losses due to rolling resistance represent
approximately 20% for a light vehicle. It is mainly
due to the repetitive deformation of the tyre. It is
highly dependent on tyre parameters such as
inflation pressure, load, speed and temperature, but
also on vehicle dynamics and characteristics of the
infrastructure. It is not directly measurable with a
physical sensor. The main objective of this thesis is
to develop a system for the estimation of the tyre
rolling resistance of a wvehicle in real driving
conditions.

In order to achieve this objective, an indirect
approach of estimation by using software sensor
such observer. A multi-physical model of the
tyre/road contact has been developed to integrate the
various influencing parameters of rolling resistance
and coupled with the full vehicle model. Indeed, the
complexity of the model and the driving situations
make this estimation difficult. Therefore, a variable
gain (adaptive) unknown input observer is
developed to ensure an accurate and robust
estimation. This observation approach has been
chosen for its robustness against modeling errors,
parametric  uncertainties and for its rapid
convergence in finite time. An offline experimental
validation is done on the test tracks of University
Gustave Eiffel, Nantes in order to validate the
estimation approach with an instrumented vehicle.



