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Abstract

Due to both environmental and economic challenges in transportation,
road vehicles need better solutions to reduce energy consumption. The main
resistive forces for a vehicle to overcome are aerodynamics, inertia, internal
friction, and rolling resistance forces. Improvement in tyre rolling efficiency
is therefore one of the key enablers for lower energy consumption. The shift
towards electrification and intelligent driving creates new opportunities to
develop energy-efficient vehicles. Introduction of different electro-mechanical
actuators which either replace conventional components in the vehicle (such
as the combustion engine) or are added alongside existing actuators (such as
camber actuators) have made the number of available control inputs greater
than the degrees of freedom to be controlled. The vehicle is thereby over-
actuated, which enables different objectives such as safety, performance and
energy efficiency to be fulfilled during a manoeuvre. The objective of this
thesis is to develop a simulation environment to simulate rolling losses (the
energy dissipated from the tyre) in order to investigate the potential to con-
trolling different chassis parameters to reduce rolling losses during driving.
The first part of the thesis is dedicated to developing a tyre model that can
be used for energy studies in vehicle dynamics simulations and later answer
whether it is reasonable to believe that there is any potential to reduce the
rolling loss, and thereby energy consumption, using over-actuation. In this
regard, a high-fidelity semi-physical non-linear tyre model called the Exten-
ded Brush Tyre Model (EBM) is developed. Provided with the possibility
to scrutinise rolling loss using the EBM, different studies are conducted to
reveal the mechanisms influencing rolling loss during vehicle manoeuvres. In
the second part of the thesis the benefits of over-actuation are investigated to
enable rolling loss reduction. With the capability of a cambered tyre to gene-
rate the lateral force, a control strategy using camber-side slip control (CSC)
is proposed. When employing the strategy in an over-actuated vehicle, an
allocation problem arises. By formulating the allocation problem in the form
of an optimisation problem and using quadratic programming for which ef-
ficient solvers are available, different optimisation approaches are evaluated.
In order to perform benchmark studies to evaluate the global potential of the
CSC function, Dynamics Programming (DP) is used as a numerical optimisa-
tion method. With the availability of sensors in predicting the vehicle states,
Model Predictive Control (MPC) is used to evaluate the real-time exploita-
tion of the CSC function. Exploiting the CSC function for a chosen vehicle
in a manoeuvre in a simulation environment shows a significant improvement
of about 60% in rolling loss reduction while maintaining path tracking. It
is also shown that by using this function the tyre forces can be distributed
more evenly while maintaining the global force. This results in an increase
in the available tyre forces, which is especially beneficial when driving at the
limit. It is further shown that optimising the vehicle manoeuvre from an
energy perspective is sometimes in conflict with the safety demand. Both the
energy and safety criteria therefore need to be considered during optimisation.
Finally, experimental studies using an over-actuated concept vehicle confir-
med the potential of the proposed control strategy to reduce overall energy
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consumption during low velocity circle driving by about 13%. When speed
is increased, the saving potential decreases but the contribution is nonethe-
less of significance. This work has shown that over-actuation can be used to
reduce tyre energy losses during driving. Also, the developed simulation envi-
ronment, including the EBM, will enable future studies of different solutions
to exploit over-actuation to reduce rolling losses in different types of vehicles
and driving tasks.
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Sammanfattning

På grund av både miljömässiga och ekonomiska utmaningar inom trans-
portområdet behövs vägfordon med minskad energiförbrukning. Färdmot-
ståndet som ett fordon behöver övervinna är huvudsakligen aerodynamiska,
inre friktions-, tröghets- och rullmotståndskrafter. Reducering av däckens rull-
motståndsbidrag är därför en av möjligheterna till att minska den totala ener-
giförbrukningen. Övergången till elektrifiering och intelligent körning skapar
nya möjligheter att utveckla energieffektiva fordon. Införande av olika elektro-
mekaniska ställdon som antingen ersätter de konventionella delarna i fordo-
net (såsom förbränningsmotorn) eller monterats dit tillsammans med andra
befintliga ställdon (såsom camberställdon) har gjort att antalet tillgängliga
regleringsmöjligheter är större än antal frihetsgrader. Därigenom blir fordonet
överaktuerat, vilket underlättar för att uppfylla olika krav under en manöver
såsom säkerhet, prestanda och energieffektivitet. Syftet med detta arbete är
att utveckla en simuleringsmiljö för att simulera rullförluster (energiförlusten
från däcken) för att undersöka möjligheterna att reglera olika chassiparamet-
rar för att minska rullförluster under körning. Den första delen av avhand-
lingen fokuserar på att utveckla en däckmodell som kan användas för ener-
gistudier i simuleringar av fordonsdynamik för att analysera potentialen med
att minska rullförlusten (och därmed energiförbrukning) med hjälp av över-
aktuering. En semi-fysisk icke-linjär däckmodell, kallad Extended Brush tyre
Model (EBM) har utvecklats och med hjälp av denna modell har rullförlust-
studier genomförts för att analysera mekanismerna som påverkar rullförluster
under en fordonsmanöver. Den andra delen av avhandlingen fokuserar på hur
man kan möjliggöra minskning av rullförluster genom överaktuering. Baserat
på att ett däck med en cambervinkel har förmågan att generera sidokraften,
introduceras en reglerstrategi med camber och avdriftvinkel reglering (CSC).
Genom att använda den föreslagna reglerstrategin i ett överaktuerat fordon
uppstår ett kraftallokeringsproblem. Genom att formulera allokeringsproble-
met i form av ett optimeringsproblem och använda kvadratisk programmering
har olika optimeringsmetoder utvärderas. För att utföra jämförande studier
för utvärdering av CSC-funktionens globala potential används Dynamics Pro-
gramming (DP) som numerisk optimeringsmetod. För att utvärdera en metod
som kan implementeras i realtid av CSC-funktionen används Model Predicti-
ve Control (MPC) som baseras på tillgång till sensorer för att mäta fordonets
tillstånd. Utvärdering av CSC-funktionen för ett valt fordon i en manöver i en
simuleringsmiljö visar en signifikant minskning av rullförluster på upp till 60
% samtidigt som väg trajektorien bibehålls. Det visas också att med hjälp av
denna funktion kan däckkrafterna fördelas mer jämnt samtidigt som global
kraft bibehålls. Detta leder till en ökning av utnyttjandet av de tillgängli-
ga däckskrafterna vilket är särskilt fördelaktigt vid körning på gränsen. Det
visar sig att optimering av hjulvinklar från ett energiperspektiv under en for-
donsmanöver kan riskera försämrad säkerhet. Därför måste både energi- och
säkerhetskriterierna beaktas under optimeringen. En experimentell studie av
den föreslagna reglerstrategin implementerades i ett överaktuerat konceptfor-
don visade på en potential för minskad total energiförbrukning på cirka 13 %
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för cirkelkörning i låga hastigheter. När hastigheten ökar sänks besparings-
potentialen, men bidragen är fortfarande av betydelse. Detta arbete har visat
att överaktuering kan användas för att minska däckens energiförluster under
körning. Den utvecklade simuleringsmiljön med EBM kommer också att möj-
liggöra framtida studier av olika lösningar för att utnyttja överaktuering för
att minska rullförluster för olika typer av fordon och köruppgifter.
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Chapter 1

Introduction

The background to the performed research is presented in this chapter together with
the research questions and outline of the thesis.

1.1 Research background

Growing concern regarding the environmental and the societal issues is forcing the
vehicle industry to pay increasing attention to ecological and economic dimensi-
ons. This causes a growing demand for more energy-efficient vehicles, leading to
a paradigm shift of required specifications for mobility towards more sustainable
and more efficient products, wherein all parties, including government, industry
and academia, are facing new challenges. Governments have introduced tougher
objectives and legislation concerning emission reductions that have created strong
competition at the system level among players. In Europe, setting a strict fuel con-
sumption of 4.1 l/100km by 2020 compared with the earlier target of 5.6 l/100km
by 2015, a considerable reduction of about 27% was considered for fuel consump-
tion. In addition, setting a target for CO2 reduction of 20% by 2020 and 30% by
2030 compared to the level in 1990 led to tough demands on the transport sector
to make more efficient vehicles [1]. These considerable reductions of emission and
fuel consumption make it necessary to make strong efforts to introduce innovative
methods to reduce the energy consumption of the transport fleet.

The main resistive forces applied on vehicles that play key roles in energy consump-
tion are aerodynamics, internal friction, inertia, and rolling resistance forces. The
power required to maintain a pneumatic tyre in steady-state rolling is compara-
ble to the power requirements of other vehicle components. The improvement in
tyre rolling efficiency and consequently the energy consumption are therefore truly
important. Detailed analysis of a typical passenger car shows that the percentage
of total resistance to movement due to the tyres for typical trips such as urban,
extra-urban, major/minor road, and highway, varies between 20% and 30% [2].

1
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Significant fuel savings can therefore be achieved by lowering the resistances origi-
nating from the tyres. Substantial research over the last three decades has helped
the tyre industry to greatly enhance tyre efficiency by promoting the material and
construction of tyre [2]. However, the rate of this improvement has now decreased
considerably since optimising the tyre efficiency is not straightforward and conflicts
with other tyre properties such as wet traction and wear resistance, where tyres need
to be well balanced by implementing different materials and introducing new tyre
designs. Acquiring the best possible performance for the tyre is therefore always a
compromise between all these properties due to the limitations in material types
and existing design barriers. This means that to further improve tyre efficiency and
reduce their energy consumption in vehicles, supplementary breakthrough techno-
logies both in the tyre and the vehicle industries are required. During 2014, The
European Tyre & Rubber Manufacturers’ Association (ETRMA) (The European
Tyre & Rubber Manufacturers’ Association) pointed out the need for a holistic
approach where performance optimisation can be obtained with the smallest over-
all trade-offs and minimum cost to society (safety, environmental impact, etc.) by
combining both vehicle, tyre, and road characteristics [3]. Conventional vehicle de-
sign imposes barriers to using new functionalities in the vehicle. Generally, during
a product’s life cycle, the contributions of the use phase and the end-of-life phase
to the environmental impact are dominant, as is illustrated in Figure 1.1. However,
proceeding in the life cycle, as soon as the product design begins, the potential
to influence the environmental impacts of the product is decreasing (green line in
Figure 1.1). This truncated opportunity to affect the product during its use period
could be interpreted as due to its passive design, meaning that the environmental
impacts of a vehicle during its usage will remain and improvements that prevent
further modifications or adaptability of the product into working conditions are ra-
rely or hardly ever possible. However, by using designs with active features it might
be possible to influence the level of environmental impact also during the use phase.
In a specific Life Cycle Assessment (LCA) carried out within the European Union
project BLIC1 for a standard size passenger car tyre, it is shown that the effect
of fuel consumption, and thus the rolling resistance, during the use phase (not the
tyre production or end-of life phases) has the greatest impact on the environment
and human health [4]. This strengthens the idea that, in contrast to a conventional
design, a reduction of the environmental impacts is perceivable by actively reducing
rolling loss and tyre wear during the use phase.

One major shift toward sustainability brought the era of hybridisation and electri-
fication of vehicles. These in turn led to new innovations and a technology shift
in mobility-related fields such as introduction of new electrical machines and ac-
tuators which provide the possibility to design the vehicles with less compromise

1BLIC: Bureau de Liaison des Industries du Caoutchouc de l’Union Européenne (European
association for the rubber industry). Members are Bridgestone-Firestone, Continental, Cooper-
Avon, Goodyear-Dunlop, Michelin, Nokian, Pirelli, Trelleborg and Vredestein.
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Figure 1.1: Environmental impacts during the life-cycle of a vehicle and level of influence
on them. The general added value of an active design on the level of environmental impact
is depicted schematically by the solid green line.

to accomplish a variety of tasks, and provide compensation for some unwanted
features in vehicles such as driving resistances and tyre losses. The introduction
of more actuators in vehicles opened new horizons and made new opportunities
available for more intelligent driving that can possibly improve energy efficiency as
well as the safety and drivability of future vehicles [5, 6, 7]. Generally, conventional
vehicles use engine, brake and steering as actuators to control the states of the
vehicle. Adding more actuators, either by replacing existing parts in conventio-
nal vehicles or adding more actuators to them will provide an over-actuated system
since the number of available actuators is higher than the states to be controlled [8].

An innovative type of design that makes a vehicle over-actuated is the Wheel Cor-
ner Module (WCM) invented by S. Zetterström in 1998 [9], see Figure 1.2. This
concept provides individual steering, camber and propulsion as well as suspension
functionality in an individual package connected to the wheel. Over-actuation in
a vehicle can extend the boundaries that have traditionally existed in conventional
vehicles. Although extended research has been done regarding the improvement
of vehicle dynamics to resolve the force constraints in tyres and improve vehicle
stability and safety using over-actuation [10, 11, 12], little has been done on the
application of such systems to affect vehicles’ energy consumption.

1.2 Objective and research question

The main objectives of this thesis work is to develop a simulation environment
that enables simulation of rolling losses in order to investigate the potentials of
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Figure 1.2: Wheel Corner Module [13].

controlling different chassis parameters to reduce rolling losses during driving. So
the overall research question is:

What is the potential of over-actuated vehicles to be controlled to
reduce tyre energy losses to improve energy efficiency during driving?

With a focus on the WCM as an enabler to reduce the environmental impacts of a
vehicle by exploiting the over-actuation, this thesis takes up the theme of rolling loss
in vehicles from a tyre perspective, introduction of relevant models to perform such
studies, and evaluation of control strategies in simulation environment and real-time
experiments. Optimisation methods were used for the control allocation strategy in
order to exploit the considered actuators sufficiently and fulfil the defined objective
functions, i.e. energy and safety. In this regard, safety in this context aims to
explain the ability of a vehicle to maintain the desired motion with least path error
from the reference. The possible compromises between the energy demands and
safety are solved through the optimisation methods discussed in the thesis.

1.3 Research approach

The structure of this work starts from a understanding of the generation of energy
losses in a tyre and investigation of available energy loss models. According to the
obtained knowledge and realising the gaps in this regard, a new tyre model was
developed that can simulate both the energy losses and the tyre forces in vehicle
dynamics simulations. Then it moves forward by using the developed tyre model
to evaluate how different chassis and vehicle parameters influence the rolling loss
during vehicle manoeuvres. In the next step, a control strategy was developed
to reduce the rolling losses during different driving scenarios. This is followed
by exploring different allocation strategies applicable to solving the control and
optimisation problems in over-actuated vehicles. Benchmark studies to evaluate
those methods were performed and evaluation was made in both simulation and real
environment. An overview of the main activities performed during the current thesis
with the relationship between them and the resulting paper are shown in Figure 1.3.
In principle, the approach used in this research employs the optimal allocation of
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steering and camber actuators to exploit the energy losses while maintaining safety
in an over-actuated vehicle.

Figure 1.3: Process map of the research including; literature studies, modelling, simula-
tions, experiments, and the related publications. The gray part shows the main activities
performed during the first part of the PhD studies (Presented in the licentiate thesis).

1.4 Thesis outline

The outline of this thesis is as follows. Chapter 2 explains the theme of rolling
loss. Chapter 3 provides an introduction to the tyre model developed during this
work that is to simulate rolling loss in vehicle dynamics studies. Vehicle models
with different level of complexity used in different studies throughout the thesis
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are also explained. This also includes an introduction to the road model used in
this thesis. A brief explanation about the actuator model is provided and at the
end of Chapter an investigation of the validity of a coupled tyre-vehicle model is
presented. Chapter 4 gives an introduction to over-actuation and introduces the
control strategy developed in this thesis. A discussion of the control allocation
and the related optimisation problem can be found in Chapter 5, wherein different
optimisation methods for control allocation of over-actuated vehicles are explained.
In Chapter 6 the results of an experimental evaluation of the proposed control
strategy in different steady-state manoeuvres are presented. The appended papers
are summarised and discussed in Chapter 7. The main scientific contribution of the
thesis work is described briefly in Chapter 8. Finally, in Chapters 9 and 10, some
concluding remarks and suggestions for future work are made.



Chapter 2

Rolling loss

In this chapter the core definition of tyre rolling loss used in the thesis is elaborated.
The generation mechanisms are explained and the related model for investigating
the rolling loss in vehicle dynamics simulation is explained.

There are many sources of resistances and losses in the vehicle, for example engine,
powertrain, auxiliaries, batteries, aerodynamics, road inclinations, cross-winds, etc.
Traditionally, the resistance force generated by the tyre is represented in terms of
a rolling resistance coefficient. This coefficient is often used as either a predefined
coefficient achieved from laboratory tests, or an empirical equation depending on
other constants, which are realised using experiments. More elaborately, assuming
a non-deformable surface, the contact patch deformation of a rolling tyre leads to
a forward shifting of pressure distribution over the wheel centre, see Figure 2.1 (a).
Considering that the pressure distribution and shape of the contact area depends
on driving conditions and wheel alignments [14], this coefficient will be a varia-
ble dependent on other parameters such as slip angle (α), slip ratio (κ), camber
(γ), vertical force (fz), speed (vc), temperature, pressure, and tyre compound, in-
cluding structural and material characteristics [15]. According to a definition by
Schüring [16], "rolling loss is a mechanical energy converted into heat by a tyre
moving for a unit distance travelled on the road way" and standard metric units
of Joules per meter or equivalent Newton can be used to explain this. However, it
should be kept in mind that there is a distinct qualitative difference between these
two units. Rolling loss is energy and hence a scalar, not a vector as the unit Newton
would imply, and rolling loss will thus be emphasized here rather than the usual
term rolling resistance, which can be described by force, as explained above.

Understanding the energy consumption to overcome the rolling loss of tyres, inclu-
ding the rolling resistance, demands a clear illustration of its meaning as a physical
phenomenon. The sources of this phenomenon should therefore be clearly defined.
In this regard, the rolling loss studies will be approached in a holistic way by consi-

7
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(a) (b)

Figure 2.1: a) Mechanisms of rolling resistance generation in straight driving, and b)
generation of sliding loss in the sliding region during side slip generation.

dering and categorising the resisting forces against the vehicle’s movement from the
tyre perspective into mechanical and heat losses, which are generally represented
as rolling loss in this work. Rolling loss here includes parameters such as rolling
resistance and cornering resistance bounded under mechanical losses. When the
tyre heading deviates from the actual moving direction an additional resisting force
will be generated. This situation is likely to occur when the wheel is misaligned
(intentionally or by fault) or angled with a steering input while cornering. The ef-
fect of the latter, in full vehicle manoeuvres, is represented by the term "cornering
resistance" (F cr), which is a component of the lateral force and can be represented
as F cr = fysinα.

Assuming that a tyre can be represented by a finite number of bristles in the con-
tact patch [17], in situations where the tyre bristles experience specific amounts
of forces, sliding of the bristles over the contact patch could occur. This hap-
pens during acceleration, braking and cornering and is due to the friction limits of
the concerned tyre-road contact area, which restricts the longitudinal/lateral forces
that the bristles can withstand. It means that the maximum amount of force that
a bristle can endure is limited to the vertical force times the tyre-road friction.
Therefore, if the total capacity of the bristle to withstand tyre-road contact forces
decreases through either a drop in friction or excessive contact patch forces, sliding
of the bristles occurs. Thus sliding loss might occur in the sliding region of the
tyre contact patch, see Figure 2.1 (b). In addition, as a tyre is rolling on the road,
it undergoes repeated deformations. The rubber blocks of the tyre under defor-
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mation return to their initial state only after a certain time, which results in the
well-known hysteresis phenomenon. This time difference is related to energy loss
and is called dissipation. The energy dissipation caused by repeated deformation is
a source of rolling loss and the propensity of a rubber element to restore or dissipate
the energy depends on its compound [2]. These two latter phenomena which cause
energy dissipation are categorised under heat losses.

There are different sources that can influence the rolling loss originating from the
tyre, for example vehicle, chassis, and road. Both load changes on the wheels and
the vehicle’s speed are among the vehicle parameters that influence the rolling loss
while the effects of wheel alignment on rolling loss are categorised on the chassis
level. The core focus of this thesis is to investigate the theme of rolling loss and pro-
vide an adequate model to study this phenomenon in the vehicle and subsequently
investigate and propose strategies and methods that can reduce the contribution of
this phenomenon on the energy usage of the vehicle. A detailed study of the rolling
loss is presented in [18].

It is essential to get an understanding of the sources of losses in the tyre so that they
can later be considered for optimisation purposes. A study of tyre modelling was
made and a model that can be used in energy studies presented in [18], summarised
in Paper C. Different studies have been performed to understand the effects of
different parameters on the energy trend in tyres, where for example the effects of
vehicle and chassis are investigated in Papers B and C, while the road’s effects are
presented in Paper D. Vehicle manufactures normally use two different approaches
to affect vehicles’ energy consumption: either by controlling the energy flow in the
vehicle and providing better energy management, or by improving components and
using new strategies to affect energy usage.





Chapter 3

Modelling

This chapter describes the different simulation models developed as a result of this
work and the models used within the scope of the thesis. The models include a
new tyre model for energy loss studies and vehicle models with different levels of
complexity. At the end, validation of the combined tyre-vehicle model is provided.

3.1 Tyre modelling

The tyre model developed in this thesis is intended to be used in energy studies in
vehicle dynamics simulations. The model should thus be able to replicate the tyre
mechanics in terms of force and moment generation as well as show the energy flow
in the tyre. A high-fidelity semi-physical non-linear tyre model called the Extended
Brush tyre Model (EBM) based on the brush tyre theory [17] has therefore been
developed. Like the basic brush tyre model, where the rubber treads are assumed
to be in the form of individual bristles, the EBM is composed of s finite number
of lines parallel to each other, which resembles the tyre width, and the bristles are
positioned over these lines as the main contact with the road, see Figure 3.1 (b).
The EBM also has a flexible carcass, which makes the model suitable for conside-
ring the effects of wheel alignment during simulations.

The principle difference of the proposed tyre model compared to the well-known
brush model is the incorporation of rubber elements in the bristles to describe the
anisotropic nature of the tyre treads through individual damping, stiffness, and
friction elements. Combination of these elements shapes the rubber model, see Fi-
gure 3.1 (c), which is integrated in the bristles in the x−, y− and z directions. A
detailed description of the rubber model can be found in Paper C and [18]. Due
to the large volume of ply rubber and cords in the tyre, the loss modulus of the
side-wall is much smaller than the ply rubber and tyre cords [20]. The energy loss
in the side-wall is therefore assumed to be negligible.

11
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(a) (b) (c)

Figure 3.1: a) Schematic picture of the bristles in the EBM, b) wheel coordinate system
according to ISO 8855 [19], and c) Rubber model used in the EBM.

Considering the substantial influence of a carcass’ lateral deflection on the dynamic
behaviour of the tyre, a flexible carcass was included in the model, see Papers B
and C. The tyre forces generated in the contact patch are bounded by the vertical
load and friction coefficient. The effect of load variation on the tyre dynamics is
considered by the load sensitivity factor included in the model, which is not only
important when it comes to the maximum force utilisation potential of the tyre
under load change but also during rolling loss studies where the loss elements can
be influenced, see Figure 3.2.
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Figure 3.2: Influence of load sensitivity on the rolling resistance coefficient when varying
camber and toe angles.

To provide the EBM with an efficient tyre-road contact model, a realistic perfor-
mance from a force generation point of view is provided, by which the simulation
shows acceptable performance compared to the tyre measurements, see Figure 3.3.
However, both tyre spin and small offsets in the lateral force (generated due to the
tyre asymmetry caused by conicity) are disregarded in this work.
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Figure 3.3: Comparison between the simulation and measurement for a) pure-, and b)
combined slip, see Papers C.

Provided with the possibility of analysing the rolling loss under different wheel
alignments as well as different vehicle dynamics simulations, see Figure 3.4, it can
also be stated that compared to other available tyre models, the EBM is able to
provide a good insight into tyre behaviour. According to the required study, the
EBM was used in different ways; for instance, in Papers B and C the EBM was
used directly in the studies, while in Papers F and G results from the EBM were
used in the form of look-up tables to reduce the computational burden.
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Figure 3.4: Rolling loss analysis under combined wheel alignment.

The study of road roughness effects on the tyre contact patch is facilitated by
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considering the parametrised structure of the EBM. Examples of different surfaces
including a flat and a rough surface are shown in Figure 3.5. As can be seen from
Figure 3.5 (a), the pressure distribution on a flat surface is almost homogenous,
while the road roughness can have an influence on this distribution, as for example
can be seen in Figure 3.5 (b). This will also influence the rolling loss behaviour of
the tyre, which will be discussed later in Section 3.3.
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Figure 3.5: Comparison of the pressure distribution over the tyre contact patch on a) a
flat surface, and b) a rough surface.

3.2 Vehicle modelling

The vehicle models used in this thesis vary according to the type of studies per-
formed. By using an over-actuated vehicle in which the objective function should
be optimised, the level of model abstraction that can provide sufficient information
about the vehicle dynamics should be made according to the number of states and
controlled actuators as well as the computational burden of the optimisation met-
hod used. For example in Paper G, where the aim was to study the benchmarking
of a new control strategy to reduce the energy consumption in an over-actuated
vehicle, the bicycle model with two degrees of freedom was therefore used. The
model considered the lateral dynamics and yaw motion of the vehicle. By changing
the optimisation method in Paper H, with lower computational burden, a 3-DOF
vehicle model with an over-actuated structure has been used.
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3.2.1 Half-car model
The vertical and pitch dynamics of vehicles can be expressed using a 2-DOF half-
car model that takes the vertical motions of the front and rear suspension into
account, see Figure 3.6. This model is useful when only the longitudinal and vertical
dynamics of the vehicle are of interest. In the study performed in Paper E for
example, this half-car model with two degrees of freedom was used to study the
contribution of the longitudinal and vertical dynamics of the vehicle to the rolling
loss and thereby obtain a better understanding of the rolling loss behavior in the
homologation process.

Figure 3.6: Half-car model with corresponding vehicle parameters.

The equations of motion are formulated so that pitch angle, θ, and vertical motion
at the centre of gravity (CoG), z, are zero at the unloaded position of the system.
The pitch angle, θ, is assumed to be small and a small angle approximation is
therefore used, with θ̈ as the pitch acceleration of the vehicle body and My the
torque generated during acceleration/deceleration. The pitch centre is assumed to
be located at the CoG. All parameters are described in the Nomenclature.

mz̈ = −Ff − Fr −mg (3.1)

Iyy θ̈ = +Ff · f − Fr · b−MP (3.2)

Ff = 2 · kf (z − fθ) + 2 · cf (ż − fθ̇) (3.3)

Fr = 2 · kr(z + bθ) + 2 · cr(ż + bθ̇) (3.4)

My = m · ax · hcg (3.5)

with ax as the longitudinal acceleration/deceleration.
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3.2.2 Bicycle model

In order to evaluate the motion of the vehicle in the lateral and longitudinal di-
rection, the well-known bicycle model (or one-track/single-track) [21] is used, see
Figure 3.7. The figure shows an extension of the original bicycle model with rear
steering. In this model whoever no load transfer is considered and the air drag is
assumed to be constant and therefore disregarded since the relative improvement
in energy efficiency is considered. The lateral force is calculated under pure lateral
slip condition, i.e. zero tyre slip ratio. However, the camber thrust is considered
as a source of lateral force generation in the model. Considering the simplicity of
this model, it is a good choice for studies that are computationally cumbersome.
Nevertheless, using this model can provide a good insight about the vehicle’s be-
haviour, for instance, during optimisation. This model is used in Papers F and
G.

Figure 3.7: Bicycle model and corresponding vehicle parameters.

The vehicle states in this model are vehicle side slip angle (β) and yaw rate (ψ̇)
and the equations of motion can be formulated as:

β̇ = 1
m · vx

(Fyf · cosδf + Fyr · cosδr)− ψ̇ (3.6)

ψ̈ = 1
Jzz

(Fyf · cosδf · f − Fyr · cosδr · b) (3.7)

where the tyres’ slip angles are (Rajamani 2012);

αf = β + f

vx
· ψ̇ − δf (3.8)

αr = β − b

vx
· ψ̇ − δr (3.9)



Chapter 3. Modelling 17

3.2.3 3-DOF vehicle model
To consider the effect of load change on the rolling loss behaviour as explained in
Section 3.1, a vehicle model is required to consider the load transfer on wheels during
the manoeuvre. A more detailed vehicle model that is an extension of the bicycle
model with four steered wheels that are capable of being cambered individually was
therefore developed and combined with the EBM, see Figure 3.8. In comparison
with high fidelity full vehicle models, this model is still less complex and thus useful
for online optimisations while providing acceptable vehicle dynamics. The model
is therefore used in the studies performed in Paper H.

Figure 3.8: 3-DOF vehicle model with individual wheel steering and camber actuation.

With the assumption of small angles the tyre slip angles can be calculated as:

αfl = vy + ψ̇f

vx − ψ̇tw
2

− δfl (3.10a)

αfr = vy + ψ̇f

vx + ψ̇tw
2

− δfr (3.10b)

αrl = vy − ψ̇b
vx − ψ̇tw

2

− δrl (3.10c)

αrr = vy − ψ̇b
vx + ψ̇tw

2

− δrr (3.10d)

To consider the load transfer over the chassis, the following equations were conside-
red as individual tyre vertical load with the exception of the road inclinations and
cross-wind effects. The provided approach delivers a good approximation about the
effect of roll and pitch dynamics on the load distribution behaviour. However, in
circumstances where higher accuracy is required, the coupling between rotational
and transnational dynamics should be considered which can be found in works such
as [22].
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fz,fl = m(b · g2L −
hcg
2L · ax −

hcg
2tw · ay) (3.11a)

fz,fr = m(b · g2L −
hcg
2L · ax + hcg

2tw · ay) (3.11b)

fz,rl = m(f · g2L + hcg
2L · ax −

hcg
2tw · ay) (3.11c)

fz,rr = m(f · g2L + hcg
2L · ax + hcg

2tw · ay) (3.11d)

The transformation of wheel corner forces (tyre-road contact forces) to global force
and moment applied on vehicle CoG, is formulated as:

∑
Fx = fy,flcos(δfl) + fy,frcos(δfr) + fy,rlcos(δrl) + fy,rrcos(δrr) (3.12)

∑
Fy = fy,flcos(δfl) + fy,frcos(δfr) + fy,rlcos(δrl) + fy,rrcos(δrr) (3.13)

∑
Mz = ((fy,flsin(δfl)− fy,frsin(δfr) + fy,rlsin(δrl)− fy,rrsin(δrr))

tw

2
+f(fy,flcos(δfl) + fy,frcos(δfr))− b(fy,rlcos(δrl) + fy,rrcos(δrr)

(3.14)

and the vehicle states can be written as;

β̇ =
∑
Fy

mvx
− ψ̇ (3.15)

ψ̈ =
∑
Mz

Izz
(3.16)

3.3 Road modelling

Another parameter influencing the rolling loss is road roughness. In reality, road
roughness has different scales which are categorised as unevenness, mega-, macro-
and micro-textures, see Figure 3.9. However, in the literature little to no difference
is considered between the mentioned pavement smoothness parameters [23]. Ne-
vertheless, there is a clear difference in defining the road texture and their influence
on rolling loss [24, 25, 26].

When it comes to measurement of road roughness, there are some limitations such
as low quality in describing the road conditions, and time and cost limitations to
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Figure 3.9: Different levels of the road roughness [27].

perform sensitivity analyses using different vehicles, tyres and road types. In this
thesis, a new approach to modelling road roughness is presented that is based on
the self-affine fractal characteristics of the surface, see Paper D. This approach
allows different surface characteristics to be captured, ranging from macro-texture
to micro-texture effects on tyres’ rolling loss. In contradiction to the usual method
of describing road roughness using RMS values, it is shown that although two
surfaces might have similar RMS values, they can have two different natures at
different surface levels, see Figure 3.10. To have a precise understanding of the
effect of different road levels on rolling loss components, a detailed model of the
road is therefore essential.

Figure 3.10: Two different roads with similar RMS values [28].

By coupling the road model and a quarter-car model that includes the EBM pre-
sented in Paper C, the effect of different vehicle and chassis parameters on the
rolling resistance coefficient (RRC) was studied, see Figure 3.11. As a general trend
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it can be observed that for similar tyre and loading conditions the rolling resistance
on a rough road is higher than a flat surface although the trend might not be li-
near. Such kinds of results can compensate for the limitations that exist during
measurement while studying the effect of road roughness on fuel consumption and
can further be used to improve the process of transport fleet management tests.
Such an approach in road modelling can be used in parallel with studies performed
in Paper E such that a holistic view of investigating the fuel consumption in real
world driving situations can be obtained.

Figure 3.11: Effect of different vehicle and chassis parameters on rolling resistance
coefficient (RRC).

3.4 Actuator modelling

Although adding actuators to a system can increase redundancy and promote the
controllability of the system, they are however limited by their physical constraints.
Their limitations as used in this work (Paper H) are shown in Table 3.1. In order
to simplify exploitation of the actuator dynamics in the vehicle model and consider
the time lag in actuation, a first-order system, represented by Equation 3.17, has
been considered wherein the time constant, τ , is set to 100 ms motivated by [29, 30].

TF = 1/(τs+ 1) (3.17)
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Table 3.1: Physical limitations of the actuators.

Actuator Limitation of angle Rate limit

Steering −25◦ ≤ δ ≤ 25◦ −75◦
/s ≤ δ/dt ≤ 75◦

/s

Camber −7◦ ≤ γ ≤ 7◦ −75◦
/s ≤ γ/dt ≤ 75◦

/s

3.5 Coupled tyre-vehicle model

As already mentioned, individual validation of the tyre model from the point of
view of rolling loss and tyre mechanics is explicitly accomplished against available
measurement data, as presented in Papers B and C. However, it is necessary to
ensure the applicability of the proposed tyre model for use in vehicle dynamics
simulations when it is combined with the vehicle models. To validate the functio-
nality of the tyre model in this regard, the evaluations have been performed using
the measurement data acquired from a test vehicle.

To perform the analyses, the EBM is coupled with a bicycle model and the inten-
tion was only to evaluate how sufficient the combined model is compared to the
actual vehicle during dynamic tests. Therefore, similar steering wheel input was
considered in the actual and simulated vehicle model. Additionally, to have an un-
derstanding about the performance of the EBM compared with other tyre models,
the results were also compared with a bicycle model employing a simple brush tyre
model.

The test vehicle was instrumented with measurement devices, see Figure 3.12, and
two different driving scenarios, Slalom and Sine with Dwell, were defined to capture
different vehicle and tyre characteristics. The experiments were performed for both
medium and high lateral accelerations to investigate the robustness of the proposed
tyre model.

As evident from Figure 3.13, during gentle driving at 10 m/s where the lateral
acceleration is low during the slalom test, both the linear tyre model and the EBM
show good agreements with measurements. It is due to the fact that under low
lateral acceleration the vehicle’s side slip is small and the tyre slips are therefore
small enough and under such conditions the tyres operate in their linear range.
Even at this low lateral acceleration the EBM shows slightly better performance
compared to the linear tyre at the peak of lateral accelerations where the tyre might
slightly cross over the linear range. However, by increasing the speed to 23 m/s
and moving towards a higher lateral acceleration, in the Sine with Dwell test, it is
obvious that the vehicle model equipped with the EBM can capture the measured
vehicle behaviour better than a basic brush model.
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Figure 3.12: The tested vehicle with the measurement equipment, including GPS an-
tenna, the VBOX [31] and IMU for logging vehicle data.
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Figure 3.13: Validation of the tyre from force generation mechanisms point of view in
low acceleration slalom with 10 m/s and in high acceleration Sine-With-Dwell manoeuver
at 23 m/s.

As regards the high non-linear behaviour that exists in a real vehicle, specifically
during transient and high lateral accelerations, the EBM proved to be capable of
providing acceptable behaviour in high-dynamics situations.

According to the obtained results, a sufficient level of validity was established based
on the comparison of vehicle states obtained from the real-world measurements and
simulations, which can verify that the coupled tyre-vehicle model is a viable option
to evaluate the vehicle’s dynamics for further simulation studies.



Chapter 4

Over-actuation

This chapter explores the concept of over-actuation and its role in vehicles. The
opportunities that such systems can provide to vehicles such as energy, safety and
performance are mentioned. The concept of control allocation in this regard is also
discussed.

To provide motion control in vehicles, either lateral or longitudinal forces must
be generated. This task is traditionally accomplished by exploiting subsystems as
actuators to provide motion control to the vehicle such as engine and/or friction
brakes, to generate traction or braking forces, or by steering in order to provide
lateral force to the vehicle. As soon as the number of states to be controlled is
lower than the number of actuators that can be used to control that vehicle, the
vehicle is considered to be over-actuated [32].

Early methods to provide the vehicle with motion control to fulfil predefined crite-
ria basically involved exploiting different available actuators individually to control
the motion and affect the vehicle dynamics. Due to the strong coupling between
the vehicle’s states, using an individual actuator to improve one attribute in the
vehicle could result in performance degradation of other criteria, and compromises
therefore need to be considered between all the different attributes while optimi-
sing for one. However, with further development of the control technologies and the
introduction of new actuators in vehicles, such as in-wheel motors, drive-by-wire
systems etc., a cooperative control of all available actuators with less compromise
between different criteria and more freedom in actuation was made possible in the
vehicle.

Providing the theme over-actuation in vehicles extra openings towards improving
a vehicle’s attributes were introduced that have been the subject of numerous stu-
dies and activities in academia and industry in recent years. In terms of safety,
over-actuation adds redundancy to the system, meaning that to control a state

23
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more than one actuator will be available. This provides an extra safety margin,
for example if one actuator fails then another actuator can mitigate the failure and
compensate for the failed actuator [33, 34].

Besides providing advantages of redundancy to the vehicle, thanks to over-actuation
additional features in a vehicle that for example affect energy consumption can be
offered at lower cost since no additional subsystem is needed to employ this feature.
Therefore, by using different actuators and electrical machines, a conventional po-
wertrain and its related components can be removed and the role of transmission
can be distributed in a vehicle by for example using in-wheel motors which offer
higher energy efficiency [35] and also energy recuperation possibilities by recovering
the kinetic energy to electric energy [36]. By removing different loss elements, for
example joints, the coupling in the transmission and reducing weight and inertia,
the losses can be kept low. In addition to the mentioned gains that could be brought
to a vehicle by converting the traditional transmission and positioning them near
the wheel, the actuators can also be controlled in a way that can make the vehicle
more energy-efficient.

Energy optimisation is approached in different ways, either individually or alongside
other objective functions, by using the available vehicle architecture and controlling
different actuators and different actuation levels. For example, potential for energy
saving by minimising the power losses of in-wheel motors using torque actuation is
discussed in [37].

Gruber et al. [38] for example studied the effect of torque vectoring using in-wheel
motors on the energy usage of a vehicle while minimising energy by reducing the
power consumption of in-wheel motors during active ride control was performed
by [39, 40]. Abe et al. [41] used the combination of in-wheel motors and active
steering to optimally distribute the forces in tyres to maintain stability and simul-
taneously reduce energy usage by minimising the tyre sliding in a full drive-by-wire
electric vehicle. Improving traction-ability while reducing energy consumption du-
ring sudden accelerations was studied by [42]. Improving the energy efficiency and
lateral dynamics of an all-wheel drive (AWD) vehicle by means of active power
distribution between the axles, and controlling front steering is discussed in [43].
Active torque control of in-wheel motors in an electric vehicle to minimise slippage
loss was mentioned in [44] and in a comprehensive study by [22] the combination
of steering wheel angles and propulsion torque was used to investigate energy con-
sumption during a turn. In that study, different combinations of steering and wheel
torque actuation were studied, including active front/rear steering, all-wheel steer-
ing and four-wheel propulsion.

Even though exploiting camber actuators to promote the vehicle’s stability and
safety has already been discussed in literature such as [45, 46, 47], evaluating its
potential to enhance energy efficiency was recognised as a gap. Paper F therefore
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presents a control strategy and evaluates the performance of combined camber-
side slip control (CSC) in rolling loss reduction. The introduced strategy is further
examined inPapers G andH to explore its overall performance in an over-actuated
vehicle using different optimisation methods.

4.1 Control strategy

In order to control the vehicle’s motion at a global level and maximise motion ef-
ficiency and stability during vehicle manoeuvres, control methods will be used to
employ and coordinate the actuators within their constraints. Related works in the
area of global chassis control can be found in [48, 10, 11, 49]. To provide a vehicle
with over-actuation, a similar objective can be fulfilled by employing different ac-
tuators. This is provided according to the principle of force generation mechanisms
in the tyre. For instance the friction circle representative of the tyre behaviour in
generating forces suggests that lateral force can be generated in different ways, for
instance through direct control of the tyre side slip angle, see Figure 4.1 (a), or
indirectly by using the change in vertical load, see Figure 4.1 (b), or longitudinal
force, see Figure 4.1 (c). It is also possible to use camber angle as an actuator to
influence the tyre force. Paper F describes such strategies.

Figure 4.1: Generation mechanisms of a tyre’s lateral force using a) side slip, b) vertical
load, and c) longitudinal force [22].

As can be observed in Figure 4.2, where the tyre’s lateral force is mapped as a
function of tyre side slip and camber angles, assuming a desired level of lateral
force as a reference plane (Ref. Plane) it is obvious that the same amount of lateral
force can be obtained with different combinations of camber and side slip angles
(mentioned by "Wheel sets"). According to the tyre mechanics principle, which
suggests that a similar lateral force can be achieved with different combinations
of camber and side slip angles, fy = fαy + fγy , as well as the force generation in a
vehicle coordinate system, it can be concluded that reducing the tyre side slip angle
can reduce curve resistance while a reduction in lateral force will occur. However,
this reduction can be compensated for by providing a sufficient amount of camber
to the tyre, see Figure 4.2. Considering that the tyre side slip angle is a source of
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slip loss in the tyre, it can also intuitively be stated that a decrease in tyre side slip
angle results in a reduction of sliding losses.

Figure 4.2: Lateral force generation while employing camber and side slip angles.

According to the mentioned principle, a new control strategy can be introduced
by employing camber and tyre side slip angle control to affect the vehicle’s energy
consumption. For initial evaluation of the control strategy, a steady-state manoeu-
vre is performed in a circle of 30 m at different vehicle speeds and limiting the
camber angle to ±7 degrees. By statically changing the front camber and steering
angles and calculating the rolling loss level for each combination, it was possible to
realise a set that gives the minimum rolling loss through an iterative algorithm, see
Figure 4.3.

Figure 4.3: The algorithm of controlling camber and tyre side slip angle toward minimum
rolling loss.

The challenge, however, is to realise how the actuators should be combined to
provide the requested force because finding an optimum combination of actuators
to simultaneously provide the requested force and fulfil other criteria is influenced
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by different parameters, above all driving conditions that make the control process
more complicated. Such studies are made for example in [50, 51, 6, 22]. Regarding
CSC, Figure 4.4 shows how for example the wheel sets, i.e. combinations of camber
and side slip angles, that provide similar lateral force to fulfil a turn, are influenced
by the change in vehicle speed.
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Figure 4.4: Influence of driving condition, in this case speed, on the required wheel
alignment during a manoeuvre.

Applying different wheel sets to the combined tyre-vehicle model results in varia-
tions in the value of rolling loss elements in which it is only one combination that
provides the minimum amount of loss in total. As is shown, different rolling loss
elements, including rolling resistance loss, Pfr, cornering resistance loss, PFcr, in-
ternal loss, PIL, and sliding loss, PSL, behave differently in different wheel sets at
different speeds, see Figure 4.5. This means that according to the complexity of the
proposed model and the available optimisation method, allocation of the actuators
to minimise energy consumption can be performed for individual rolling loss com-
ponents, or for a few of them or the total rolling loss resulting from those elements.
Such an approach is presented in Paper G.

Studying the rolling loss for different vehicle speeds shows that there is a best com-
bination of camber and side slip angle that can result in the minimum rolling loss
which changes from speed to speed, see Figure 4.6. As shown in Figure 4.6 (a),
the use of maximum camber angle can provide the best saving in all manoeuvers.
Nevertheless, by increasing the speed and changing the vehicle dynamics, further
actuation of the steering is required, which led the increase of the total power loss,
Figure 4.6 (b).

Expanding the study further for other circle test manoeuvres revealed another
dependency of the wheel set combination intended to minimise rolling loss, see
Figure 4.7. In the simulation study, the circle radii range from 10 to 200 m and
the speeds are 10, 14, and 18 m/s. As can be seen from the plots, as a general
trend, by keeping the speed constant and increasing the circle radius, the required
lateral force, Fy, to keep the vehicle in the circle decreased due to the reduction
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Figure 4.5: Different components of rolling loss in different wheel sets at two vehicle
speeds. For this study 17 wheel sets were used.
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Figure 4.6: a) Comparison of power saving using the best wheel angles combination at
different speeds, b) best camber- and tyre side slip angles combination at each speed.

in lateral acceleration. This means that smaller steering angles are required to
generate the required lateral force and the consumed power will thus decrease due
to reducing sliding loss and cornering resistance loss as explained in Chapter 2.
However, by employing the optimum wheel set in each manoeuvre, a reduction
in power consumption, Pcontrolled, will be achieved compared with the reference
case, Preference, where only a steering actuator is used to generate the lateral force.
However, as shown, among different manoeuvres there is an optimum which can
provide the maximum amount of saving at a specific speed. All these results clarify
the importance of and the need for high-level optimisation and control allocation
methods when it comes to operating a vehicle with more actuators in more complex
manoeuvres.
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Figure 4.7: Rolling loss dependency on circle radius in different speed.





Chapter 5

Control allocation

This chapter presents the method of defining the control allocation in the form of a
control problem and discusses the optimisation methods used in this work.

In addition to the opportunities that over-actuation brings to vehicle dynamics,
there will also be challenges that need to be solved. Considering that the num-
ber of actuators in an over-actuated system is higher than the number of states to
be controlled, there are several possible solutions that can be applied for vehicle
motion control to fulfil the required reference(s). The theme of control allocation
in this regard is defined as a method to allocate the forces at the vehicle corners
such that they can fulfil the objectives. The control allocation is therefore a mean
to provide algorithms that can handle different actuators to reach a specific global
force and thereby a planned motion for the vehicle. Control allocation is a common
method in aviation and control of over-actuated aircraft [52, 53] and the traditi-
onal control of over-actuated vehicles was performed using rule-based controllers
such as ESC [6]. At this point, finding a unique solution to fulfil the objectives
of an over-actuated system is among the principal goals of control allocation algo-
rithms in which defining an appropriate coupling between actuators and objectives
is also too demanding. Consequently, the control allocation problems can be ex-
pressed in the form of a constrained optimisation problem [32, 54] in which the
actuators are intended to be utilised to satisfy the objectives of the optimisation
problem. There are different ways of solving such a problem, ranging from simple
rule-based methods presented in [55] to generic [48] and optimal control allocation
theories [11, 56, 57, 58].

Different ways to allocate combined with optimisation methods have been exten-
ded [48, 59, 60]. Depending on the type of problem to be solved and the needs
that are defined for the vehicle’s performance, these objectives, for example safety
and performance, can vary [61, 62, 63], or for instance the issue of energy reduction
in control allocation of over-actuated vehicles has been considered simultaneously

31
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with objective functions such as path following or obstacle avoidance, explored
in [64, 65, 66, 22]. A general formulation, however, includes minimum deviation
from the reference state and less control effort. Control allocation in this thesis is
exploited according to the flowchart shown in Figure 5.1, in which the motion plan-
ner provides the reference matrix, r, for the control allocation part. This reference
matrix is primarily generated from the driver demand or a predefined reference
in for example autonomous driving. In the control allocation part, optimisation
algorithms provide the actuation for different actuators to generate the required
corner forces in the tyre to produce the vehicle global forces in a vehicle model of
different complexity levels. The optimisation considers different objective functi-
ons, including energy-related parameters as well as constraints on actuators and/or
states. According to the study, the elements of this control architecture can vary.
For example in Paper G the aim is to find the global optimum of the proposed
control strategy. Then the vehicle and tyre models are kept simple due to the high
computational burden of the optimisation method used. In Paper H, however, in
which non-linear models were linearised and solved with efficient solvers, a 3-DOF
vehicle model coupled with the tyre model introduced in Paper C (in the form of
look-up tables) was used.

Figure 5.1: Control allocation principle used in this thesis.

5.1 Optimisation problem

When providing different levels of over-actuation in the vehicle, a common issue is
the optimal control of the actuators to fulfil the objective functions as efficiently as
possible. The control objective for a system represented ẋ(t) = f(x(t),u(t),d(t), t)
in the context of the current work is to minimise the rolling loss in the system.
This minimisation objective can therefore be formulated in the form of a standard
optimal control problem by finding an optimal control law u : [t0, tf ] that can fulfil
the objective function

min(Φ(xtf , tf ) +
∫ tf

t0

ε0(x(t),u(t),d(t), t)dt) (5.1)

subject to



Chapter 5. Control allocation 33

ẋ(t) = f(x(t),u(t),d(t), t)x(t0) = x0

x(tf ) ∈ Cf

u(t) ∈ U for t ∈ [t0, tf ].

where Φ is the terminal cost at final state xtf , [t0, tf ] is time constraints representing
initial and final times respectively, x(t) represents the vector of system states, u(t)
control inputs and d(t) for disturbances. ε0 denotes the energy consumption of the
proposed plant. x0 is the initial state and Cf characterises the constraints on the
final states and U is the set of control constraints e.g. the physical limitations of
the actuators.

5.2 Optimisation methods

Optimising one feature in the vehicle might commonly be contradictory to other
vehicle attributes. For example, having a stable car might be in conflict with the
comfort that the vehicle can provide. With the advances in vehicle technology and
the available tools and techniques, however, such problems can be tackled in an
efficient way. There are various control allocation methods that make the control
and optimisation of over-actuated systems possible, such as pseudo inverse, pseudo
control and explicit ganging [67] and deriving a control law a priori is needed for
these methods [32]. Their application may therefore face some difficulties and the
final solution might also be only sub-optimal, which is not preferable during bench-
marking that normally seeks global optimum solutions. Implementation of heuristic
optimisation methods is usually difficult for choosing a suitable evolutionary cri-
terion and initial parameters, which might lead to a longer time to converge the
solution [68]. The Pontryagin’s minimum principle is among the fast optimisation
methods [69]. But to solve the optimisation problem an analytic formulation is
necessary and the system constraints and non-linearities are not simple to use [70].
In this thesis, two methods are chosen to solve the stated optimisation problem.
The first method is based on the Dynamic Programming (DP) algorithm, used in
Paper G, in order to obtain the global optimum solution for benchmark studies,
and the second is the Model Predictive Control (MPC) algorithm, used in Paper
H, that makes the real-time optimisation of the system possible.

5.2.1 Dynamic Programming (DP)
The local and/or global optimal solutions of a problem can be exploited using DP
as a powerful numerical optimisation method [71]. Optimal solutions using this
method can be obtained by means of an efficient enumeration technique where the
original problem is broken down into sub-problems with reduced complexity that
will be solved in a recursive manner. A compulsory condition to be achieved during
DP in order to build an optimal policy is that the sub-problems starting from the
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last stage, then the last two stages, the last three stages, etc should be solvable so
that the entire problem can be solved. In this way, the main optimisation can be
divided into a sequence of smaller minimisation problems. This means that an op-
timal policy can be constructed in a piecewise manner by first building an optimal
policy for the "tail sub-problem" involving the final step, then spreading out the
optimal policy involving the last two steps, and continuing in this routine until an
optimal policy for the entire problem is found [71].

A big drawback with the DP method is the exponential growth of computational
effort with the increasing dimension of the problem including the number of discre-
tised states and control input values as well as the problem time. For high order
problems the computational time is therefore higher and only an offline computation
is feasible. Nevertheless, if a solution is available the global optimum is guaranteed
and any type of problem whether linear or non-linear can be handled [71], which
makes DP a suitable solution for offline calculation of optimisation problems du-
ring benchmarking and baseline comparisons. Recently, the DP method has found
its place in different fields in both research and industrial applications. DP has
specifically been used as an optimisation method for numerous vehicle powertrain
and driveline studies. These applications can be found in for example optimisation
of HEVs’ power train [72, 73], or governing an optimum driveline or gear shifting
strategy for HEVs [74, 75]. Another field of interest that has appeared in recent
years is optimisation for eco-driving [76]. DP application in the field of vehicle
dynamics control have nonetheless been relatively rare except for a few works such
as [77, 78], where studies of handling and stability analyses have been performed.

Most of the studies concerning DP exploit systems with single input/output (SISO),
namely one dimensional problems [79] or systems with two states and one control
input [80]. In the present work, the DP will be used to optimise a multi-dimensional
problem that comprises two states and four control variables, i.e. vehicle side slip
angle and yaw rate as states and front and rear camber and steering actuators as
control variables. The benchmark studies of a Multi-Input Multi-Output (MIMO)
system are accomplished and presented in Paper G. The DP solution acquired
was later used as a reference to design a real-time implementable optimum control
allocation algorithm, see Paper H. DP results can also be used to obtain an under-
standing of the overall controller performance and design rule-based strategies [81].

The main inspiration source for using DP for control allocation in this thesis is
according to the principle method introduced in [82, 73] but is further modified
and extended for new plant, control and actuator units and the constraints defined
on them.

DP formulation according to [83] can briefly be described as follows. Discretising
the state space model gives the following:
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min J =
n−1∑
k=0

K(τ) +
n−1∑
k=0

εk(Xk, Uk(Xk)) (5.2)

subject to

ẋ(k + 1) = f(x(k),u(k),d(k))
umin ≤ u ≤ umax

Considering that the DP searches backwards from the final time interval to find
the optimal solution, the final time step n − 1 will have the respective optimal
cost J∗n−1|τf

if a solution is feasible and optimal cost exists, wherein the cost-to-go
function J∗ is defined as the cost between each grid point in time and state variables.

As the optimisation move backwards to the initial state, the cost for each grid point
will be stored with the respective index. For example, if the costs at time step n−2
are [J1:NM

n−2|n−1] the optimal cost from final time τf to τn−2 is

J∗n−2|τf
= min(J∗n−1|τf

+ [J1:NM
n−2|n−1]) (5.3)

Performing a backward iteration process during the simulation, optimal costs in
the defined grids (N,M, · · · ) will be determined and the final optimal cost J∗n−i|τf

will be obtained. The calculated values of feasible control variable u that fulfil
the physical constraints (actuator constraints in this context) will be stored in a
look-up table U(τn, Xn) that will be used later to rebuild the optimal trajectory
x∗(t) and u∗(t) in the forward simulation:

u∗(tk) = U(tk, x∗(tk)) (5.4)

x∗(tk+1) = x∗(tk) + f(x∗(tk), u∗(tk), d(tk)) ·∆t

Visualisation of a three-dimensional approach can be seen in Figure 5.2, where the
camber and side slip angles are the control inputs of the optimisation in the time
domain. Implementation of the algorithm to allocate actuators in an over-actuated
vehicle is presented in Paper G.

To evaluate the optimisation strategy the lane change manoeuvre, which can expose
the vehicle to experience different radii and steering angles, see Figure 5.3, was con-
sidered. The grid size of 20 chosen for discretisation of the state and control inputs.
Considering the high computational effort required by the DP, the vehicle model
used for this optimisation was a bicycle model with camber and steering actuators
on both front and rear axles. Providing the energy as well as path following, as a
safety measure, to the objective function as states in Equation 5.2, the manoeuvre
was driven at 10 m/s.
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Figure 5.2: Illustration of the DP structure and its process modified for implementation
in a 2-DOF vehicle model.
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Figure 5.3: Steering profile in the lane change manoeuver.

Compared to a reference bicycle model with only front steering actuation, the
optimal allocation of the actuators as shown in Figure 5.4 (a) could provide a
considerable reduction of about 60% in rolling loss, see Figure 5.4 (b). Although
with slight deviation from the path, the optimisation is performed by fulfilling the
path-following objective, see Figure 5.4 (c), by controlling the vehicle’s yaw rate
near the reference, see Figure 5.4 (b). As is obvious from the yaw rate performance,
selection of small discretisation values can cause such stepwise performance, which
might not be important for the benchmark studies but have an impact on the
computational burden of the optimisation.

5.2.2 Model Predictive Control (MPC)
Historically, the MPC application was limited to promote the performance of low-
dynamics chemical processes in the petrochemical industry during the 1970s due
to insufficient computation power. In recent years, however, research on MPC and
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Figure 5.4: a) Optimal allocation of the camber and steering actuators to fulfil the energy
and safety objectives, b) comparison of the resulting rolling loss in the controlled over-
actuated vehicle and the reference vehicle, c) path following comparison for controlled and
reference cases, and d) yaw rate comparison for controlled and reference cases.

its practical application have become quite common among researchers and in the
automotive industry to control vehicles in an optimal manner. Compared to tra-
ditional control allocation methods [84], that solely use the instantaneous desired
states to control the vehicle, due to improvements in sensors in recent years, pre-
diction of vehicle states are made possible to promote the performance of vehicle
control. The potential of MPC to improve the stability of an over-actuated vehicle
by optimally distribute tyre forces using in-wheel motors and steering actuators is
explored by [30]. Falcone et al. [85] instead used brake and steering actuators to
stabilise the vehicle in the yaw and lateral directions. Beal et al. [86] however, rely
only on the steering actuator to provide stability for a vehicle in its limit hand-
ling. The available computational power allowed the MPC to be used in systems
with agile dynamics such as autonomous vehicles in which controlling the vehicle
is highly sensitive to future information [87, 88].

MPC is a powerful method to solve the optimal control problems that include con-
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straints by predicting the model’s performance for a given set of inputs [89]. It is
also a robust vehicle controller approach which is redundant to uncertainties and ex-
ternal disturbances such as actuator failure and can handle non-linear time-varying
models systematically [90]. Because in such situations the states can be adjusted
accordingly and the desired vehicle motion can be maintained while no controller
configuration is necessary. The core advantage of MPC is its structured approach
to designing the controllers, where the inputs and state constraints can be handled
simultaneously. Constraints on states can usually be interpreted as limitations on
actuators or related issues and economic or safety aspects.

In general the MPC solves the optimisation problem at defined control intervals in
which the solution should specify the control actuators to be used in the plant until
the next control interval. Within the MPC algorithm, a scalar, non-negative defined
cost function will be minimised according to calculation of an optimal sequence of
control inputs to follow a requested trajectory adequately under known states’ and
inputs’ constraints such as physical bounds on actuators and plant output variables.
The process will recur after an optimal sequence of input subsets is applied to the
plant. These control inputs are obtained through an iterative process by solving an
open-loop optimal control problem, see Figure 5.5.

Figure 5.5: MPC work flow.

There are different types of MPC to be used for the optimal control problem. If
the plant states are non-linear, non-linear MPC (NL-MPC) will be used [91]. Ho-
wever, the computational burden for such kinds of controller is high and might not
be sufficient for real-time implementation, which is more critical when the number
of states or constraints increases. To overcome such complexities the linear time-
varying MPC (LTV-MPC) is proposed [92], in which the non-linear states and
constraints should be linearised around an operation point, which is similar to the
method used in Paper H. The optimisation problem can therefore be solved using
quadratic programming for which efficient solvers are available for this purpose.

Regardless of the applications and studied system, the system dynamics can be
formulated as the following structure in the state space form;ẋ = Ax +Bu

y = Cx
(5.5)
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with x as the state vector, y as the output variable, and u as the vector of the
control variables. The discretised model of the vehicle can be written in a general
format as xi+1 = f(xi,ui), with i = 1, · · · , N − 1 and N = T/∆t in which T is the
simulation time and ∆t is the sampling time.

By providing the reference matrix as xrefi and defining the vehicle state matrix as
xi with i = 1, · · · , H where H is the prediction horizon. ui is defined as the control
input matrix. The standard form of the MPC is therefore formulated as [89];

min
ũ1,··· ,ũH

H∑
i=1

x̃Ti Qx̃i + ũTi−1Rũi−1 (5.6a)

s.t. xi+1 = f(xi,ui), i = 1, · · · , H (5.6b)
x0 = x(0) (5.6c)

ũi ∈ U (5.6d)

with x̃i and ũi as state and control input error respectively defined as

x̃i = xi − xrefi (5.7a)

ũi = ui − urefi (5.7b)

Q ∈ Rn×n and R ∈ R are positive definite diagonal matrices to penalise the state
and control inputs respectively and U is the set of feasible inputs. The cost function
in Equation 5.6(a) minimises the deviation of the actual states and control inputs
from reference, in which Q and R are the weighting matrices. Equation 5.6(b)
represents the plant dynamics to predict the vehicle motion. Initial conditions and
input constraints are defined in Equations 5.6(c) and (d). By discretising the vehicle
model and linearising it around a working point with sampling rate of Ts, Equa-
tion 5.6 will be transformed to an LTV-MPC that can use a quadratic programing
optimisation algorithm. Implementation of the algorithm to allocate actuators in
an over-actuated vehicle is presented in Paper H. MPC gives acceptable perfor-
mance in terms of energy and safety by optimally controlling the actuators in real
time. Compared to the DP, however, which offers a global optimal achieved in an
off-line optimisation, the MPC results can be considered as a sub-optimal solution.

It is also shown that a high level of over-actuation might not be the best solution.
For example, as shown in Figure 5.6, employing two different sets of weightings on
the rear steering, one can see that by increasing the weight on the rear steering
and practically prevents it to actuate freely, the impact on saving is trivial. Using
the vehicle side slip angle and yaw rate locus to evaluate the safety criterion, it
can be seen that the safety margin is almost intact. This means that a higher
level of over-actuation does not necessarily mean delivering the best performance
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if the energy for the actuators is also taken into consideration. It can thus be a
compromise between the number of actuators used and acceptable performance in
terms of energy and safety.
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Figure 5.6: Study of the effectiveness of over-actuation level on energy and safety per-
formance. In (a) and (b) the solid lines show the full over-actuation while the dashed lines
represent the vehicle with higher weights on the rear steering. Blue represents front and
red rear tyres. In (c) and (d) the red solid line is the fully over-actuated vehicle while the
red dashed line represents the vehicle with higher weights on the rear steering actuator.



Chapter 6

Experimental studies

This chapter presents the results from employing the proposed control strategy in a
prototype vehicle to evaluate energy performance. Different manoeuvres used during
the study are presented and the results of overall energy consumption in the vehicle
are compared with the reference case.

6.1 Test vehicle and test track

The vehicle used for the experimental studies is a platform named Research Con-
cept Vehicle (RCV), designed and developed at KTH Royal Institute of Techno-
logy, see Figure 6.1(a). Being equipped with WCM at each corner, the vehicle
becomes highly over-actuated and benefits from In-Wheel Motors (IWM), hydrau-
lic disk brakes, steering, and camber actuators, see Figure 6.1(b). Using a dSPACE
MicroAutoBox (dSPACE), agile implementation of different control strategies for
testing purposes is facilitated. Similar measurement devices to those presented in
Section 3.5 are used. The vehicle parameters are listed in Table 6.1.

(a)

Steering actuator
Camber actuator

In-Wheel motor

(b)

Figure 6.1: a) The KTH Research Concept Vehicle (RCV), and b) integration of the
WCM in the RCV.
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Table 6.1: Vehicle parameters of the RCV.

Parameters Notation Value Unit

Vehicle mass m 602 kg

Body roll moment of inertia Ixx 362 kgm2

Body pitch moment of inertia Iyy 1315 kgm2

Body yaw moment of inertia Izz 1515 kgm2

Tyre rolling radius r 0.31 m

Wheel base L 2 m

Track width tw 1.5 m

CoG distance to front axle f 1.08 m

Front spring stiffness k1, k2 50 kN/m

Rear spring stiffness k3, k4 50 kN/m

Cornering stiffness Cf , Cr 25.7 kN/rad

Camber stiffness Gf , Gr 5 kN/rad

It should be noted that in the experiments performed, the criterion to evaluate
energy consumption is the power used by the in-wheel motors. By setting the vehi-
cle’s speed to a desired value using cruise control, the amount of power required for
the vehicle to follow the same path with and without the control strategy can be
obtained. The performed tests are designed to replicate city driving manoeuvres
including circle turns and slight lane change manoeuvres with varying radii.

The experiments took place at Arlanda Test Track, located near Arlanda Airport
in Stockholm. The test track has a slight slope of about 1% in its most flat area
in which the tests were performed. These parameters impose extra resistances on
the vehicle’s movement. However, since both the reference and controlled cases
are performed on the same test track, the evaluation of energy consumption was
performed on a relative basis compared to the reference test.

6.2 Circle test

This test was performed as an initial step to evaluate the effectiveness of the pro-
posed control strategy in a steady-state manoeuvre. The test was performed in a
circle of 12 m radius at various speeds ranging from 10 km/h to 20 km/h. The
reference test was acquired by running four-wheel steering without camber. The
propulsion is set to the rear wheels in order to keep the front wheels independent
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of the combined slip effect, thus producing the pure effect of camber on the energy
consumption. Other tests were compared with the reference case by setting the
camber angles to 8 degrees on the front axle and controlling the vehicle in the same
circle path, see Figure 6.2.

(a)

Reference

Controlled

(b)

Figure 6.2: a) Picture of experimental setup, and b) vehicle path for the reference vehicle
and the vehicle with controlled cambered.

As can be seen in Figure 6.3, the exploited wheel angles in the controlled case are
less than for the reference vehicle. Intuitively it can be understood that a reduction
in tyre side slip angle is perceivable which will result in lower cornering resistance
and sliding loss.
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Figure 6.3: Wheel angles in the reference and controlled case (solid lines represent refe-
rence vehicle and dashed lines the controlled case) with FL, FR, RL, and RR representing
front left, front right, rear left, and rear right, respectively.

As the summarised results in Figure 6.6 show, at all of the speeds there is a saving
potential from using the camber angle. However, as can be seen the amount of
saving decreases when speed increases. This can be elaborated by the phenomenon
which was explained earlier through the simulations in Section 4.1. By increasing
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the speed and keeping the path constant, the lateral acceleration increases thus the
lateral force to keep the circle path increases. Extra steering actuation is there-
fore needed, which in turn increases the sliding and cornering resistance losses and
thereby the overall rolling loss. The power demand from the battery also increases
when the speed is increased. Nevertheless, it can be stated that the proposed stra-
tegy can contribute considerably to rolling loss reduction and promote the vehicle’s
energy efficiency.

6.3 Lane change

This experiment has been performed for two different speeds at 10 and 20 km/h.
The results of the off-line optimisation from DP algorithm were used to build up
a rule-based controller according to the method suggested in [81]. Although DP
itself provides a global optimum solution, the translated solution using rule-based
method is a sub-optimal solution. This is due to the simplifications performed while
translating from DP results to build the rules between inputs and outputs of the
system. In this regard, the steering wheel and the vehicle speed define the inputs to
the system and wheel steering and camber actuators are the output of the system
with its details provided in [81].

It should be noted that such kind of rule-based strategy are fruitful when the
vehicle performs moderate manoeuvres in which the vehicle state don not change
abruptly and lateral acceleration is not to high to prevent the excessive tyre sliding.
Therefore, a pre-defined path was used to perform the experiments that replicates
a mild lane change. The path was planned according to the arrangements of the
cones shown in Figure 6.4, in which the red circles show the cones. The speed is set
to the defined references and kept constant using a cruise controller while the driver
kept the vehicle in the defined path by regulating the steering wheel angle. In a
more advanced procedure, cameras and/or LIDARs (Light Detection and Ranging)
can be used to process the cone images and use the predicted path to be used in
the optimisation process. In these experiments all the steering and camber actua-
tors as well as all traction motors are active. The highest level of over-actuation is
therefore used with physical limitations of the actuators according to values in 3.1.
To obtain a reference case, the vehicle performed same manoeuvre without camber
actuation.

The criteria to evaluate the controller performance were to follow the pre-defined
path as a reference while preventing a collision with the cones to be considered as
a safety measure while applying the control strategy. Comparing the vehicle states
in Figure 6.5 (a) and (b), it is shown that the controlled vehicle can follow the
reference case in a good manner with very small deviation from the reference path,
see Figure 6.5 (c).
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Figure 6.4: Pre-defined path used for the optimisation.

It was found that in both manoeuvres performed at 10 and 20 km/h there is a
reduction in energy consumption from the battery when the camber actuators are
employed. As expected, by increasing the speed the saving potential decreases due
to the increase in tyre longitudinal slip and side slip angle, see Figure 6.6.
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Figure 6.5: a) Lateral acceleration, b) yaw rate, and c) path following for the reference
and controlled vehicles. These plots demonstrate the measurements at 20 km/h.
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Figure 6.6: Power saving potential by employing the CSC function during a) circle, and
b) lane change manoeuvres.



Chapter 7

Summary of appended papers

Here follows a summary of the appended papers in this thesis.

Paper A - Investigating the Potential of Wheel Corner Modules
in Reducing Rolling Resistance of Tyres

This paper focuses on the potential of new chassis concepts like the WCM and
their possible contributions to rolling loss optimisation, the main aim being to find
possible methods to reduce the rolling resistance of tyres other than material opti-
misation. A further aim was therefore to realise the mechanisms influencing rolling
loss as well as possible models that can facilitate rolling loss studies. The paper
introduces the sources of energy dissipation and their significance in the tyre. This
was followed by introducing the basic idea of generating a rubber model to simu-
late rolling resistance. The rubber’s characteristics in the tyre and the logic behind
the selection of appropriate rubber elements, i.e. viscoelastic and friction elements,
and the generation of the rubber model are explained. The paper considers the
tyre rolling loss mechanism from a one-dimensional point of view wherein the tyre
follows straight-ahead movement and dissipation in tyre occurs in the vertical di-
rection of the bristles. The basics of the brush tyre theory as a platform to follow
up the study are discussed. The initial rubber model in the brush model is imple-
mented to generate a one-dimensional tyre model for rolling resistance studies and
some simulation results are presented. It is for example shown how a change in the
vertical force can change the energy dissipation, where reduction in vertical force
results in lower energy dissipation in the tyre. The contributing mechanisms from
chassis kinematics to tyre deformation as the principal sources of energy dissipa-
tion in tyre are presented. Based on the available technological improvements, a
summary is given to some of the possible methods to reduce rolling resistance. The
paper concludes by presenting a proposed intuitive control architecture that could
be used to reduce rolling resistance.
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Paper B - A Multi-Line Brush Based Tyre Model to Study the
Rolling Resistance and Energy Loss

This paper builds on the idea presented in Paper A and proposes and evaluates
improvements to the tyre model. The motivation for this paper is the limitations
that a one-dimensional tyre model has in predicting rolling loss. In this regard the
one-dimensional tyre model previously introduced in Paper A was expanded into
a three-dimensional model called the Extended Bush Tyre Model (EBM), with the
same principle used in the modelling, i.e. based on the brush tyre theory.

In this model the topology is defined by tyre radius, rim width, aspect ratio and
sidewall inclination. A flexible carcass is implemented in the model to replicate
the lateral deformation of the carcass under lateral force. Rate-dependent and
rate-independent properties of the rubber introduced by viscoelastic- and friction
modules are further discussed. The principle of the implemented tyre-road con-
tact model is explained, including the mechanisms to derive friction in adhesion
and sliding regions using friction ellipse and the Maximum Dissipation Rate Mode
(MDRM) principles. Categorisation of the losses is presented and the theme of
in-plane rolling resistance and the mechanism leading to it are explained. The in-
troduced tyre model is used to study in-plane rolling resistance and investigate the
energy loss in the tyre.

Contact patch behaviour, transient response of the model, and rolling resistance
dependencies to different vehicle and suspension parameters such as load, speed,
camber and side slip angle are explored and comparisons made against the availa-
ble measurements in the literature. The model’s behaviour was also compared with
the well-known Magic Formula tyre model to evaluate the global force generation
capability of the EBM model. Finally, the total energy dissipation of the tyre in
two different driving conditions, i.e. in straight-ahead driving and cornering, are
investigated. The results show how different parameters can influence rolling resis-
tance and energy dissipation in tyres.

Paper C - Extended Brush Tyre Model to Study Rolling Loss in
Vehicle Dynamics Simulations

Starting by presenting the state-of-the-art in the field of rolling loss and tyre mo-
delling, this paper provides an explanation of the rolling loss mechanism in which
the losses are categorised in two groups: external losses and internal losses. The
modelling and calculation method of both groups are explained and the model
presented in Paper B is further analysed. In this regard, the components of the
rubber model used in the EBM are analysed, wherein detailed modelling is presen-
ted and viscoelastic and friction modules are described. A frequency analysis and
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final evaluation of the hysteresis behaviour in the rubber model are made.

Following a description of the state-of-the-art in tyre-road contact modelling and
giving individual descriptions of tyre behaviour in adhesion and sliding regions, an
anisotropic tyre-road contact model is proposed and the rules governing tyre beha-
viour in linear and non-linear ranges of operation are explained. The performance
of the presented tyre-contact model is further examined. By providing different lay-
ers of the EBM structure and its computational flow as well as energy dissipation
mechanisms, the behaviour of the tyre model is investigated from three aspects:
global characteristics, contact patch behaviour, and rolling loss perspective. In
addition, applicability of the model is investigated from a vehicle dynamics point
of view, where the tyre performance from global force and load sensitivity points
of view are investigated and the simulations were compared against the available
measurements. Tyre behaviour from influence of materials on rolling resistance is
explicitly compared with the results of FEM and analytical simulations found in the
literature. Further analyses of the estimated dependency of the rolling resistance
coefficient on vertical load and stiffness, speed and material, wheel alignment and
finally driving conditions, i.e. acceleration and braking conditions, are made using
the EBM. The paper concludes with an in-depth analysis of rolling loss behaviour
as a global term in a sample sweep sign steer manoeuvre, wherein the in-plane rol-
ling resistance, rolling resistance, internal and external losses are compared under
the influence of two different camber angles.

The simulation results clearly show the influence of load transfer and camber change
on the internal and external losses of the tyre. These results present the available
potentials to reduce tyre rolling loss, for example use of over-actuation and optimi-
sing the wheel alignment during a manoeuvre, which can be achieved by means of
active chassis control.

Paper D - Studying Road Roughness Effect on Rolling Resistance
using Brush Tyre Model and Self-affine Fractal Surfaces
While there are many tyre- and vehicle-dependent factors that affect rolling resis-
tance, the road properties have an impact on the overall resistance of the vehicle.
To further study the effect of road roughness (which was considered to be flat in the
model introduced in Papers B and C) on rolling resistance, this paper presents
a realistic road model to replicate the road roughness. Available techniques and
simulation models for estimating these factors are explored through a literature
review regarding the correlation between road roughness and rolling resistance and
current challenges and gaps are further discussed. The main understanding from
the literature survey suggests that small changes in road roughness will result in
considerable changes in rolling resistance and consequently fuel consumption. To
estimate energy use for road traffic, understanding the influence of road surface
conditions on driving resistance and energy use is therefore of primary importance.
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Showing that surfaces, including asphalt pavements, can be described well in terms
of self-affine fractals, the paper provides a road model to be a self-affine fractal
surface (SAFS). The tyre model presented in Paper C is coupled with a realis-
tic road to further study the influence of road roughness on tyre rolling resistance
where both the texture-dependent and independent factors contribute to overall
rolling resistance. In contrast to the literature, in this paper a clear difference is
considered between pavement smoothness such as roughness and unevenness and
the road roughness is categorised into its natural components, i.e. micro-texture,
macro-texture, mega-texture and unevenness. The paper provides a quantitative
method to obtain the roughness from macro- to micro-textures existing on a spe-
cimen surface. Generally, RMS (Root Mean Square) is used to study the effect of
road roughness on rolling resistance. However, as one of the main insights from this
paper, RMS should only be assumed as an index to describe the relative roughness
of surfaces. Therefore, to gain a better understanding of the influence of the road
texture, other surface model parameters were introduced. The results suggest that
both the macro-texture and the micro-texture have an influence on tyre rolling
resistance. Simulations with the proposed combined tyre-road model show good
agreement with the FE model and measurements available in the literature. The
results of this paper can be related to the estimation of fuel economy on different
road textures, from macro-texture to micro-texture and further optimisation of road
surfaces.

Paper E - Energy Efficiency Analyses of a Vehicle in Modal and
Transient Driving Cycles including Longitudinal and Vertical
Dynamics

According to the insights obtained from rolling loss simulations in Papers B and
C using the EBM, an investigation into the effectiveness of the available standard
driving cycles is made. This paper aims to study the effect of different chassis set-
tings on tyre rolling loss in comparison with the original assumptions made in the
conventional driving cycles where the assumption of either a constant or a solely
speed-dependent rolling resistance coefficient is prescribed.

A motivational study of a high-fidelity vehicle model with six DOF, including trans-
lational and rotational motions in longitudinal, lateral and vertical axes, in an MBS
software revealed that dynamic changes in toe and camber during an exemplary
driving cycle can be even higher than the static alignments that might be assigned
to the vehicle’s suspension. Therefore, by coupling the tyre model presented in
Paper C with a half-car model, the contributing mechanisms on tyre rolling loss
from chassis and suspension, mentioned in Paper A, are studied.

The results showed that the longitudinal and vertical dynamics of the vehicle on
tyre behaviour are highly dependent on the vehicle’s configuration, including the
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centre of gravity position as well as tyre size and materials. It was revealed that due
to the non-linearity in a tyre, in spite of the load transfer of the axles following a
linear relation, their contribution to the rolling resistance is no longer linear. Also,
according to the type of suspension the chassis behaviour during dive and squat can
affect the suspension geometry, which means that a difference between the estima-
ted power losses within different driving cycles is perceivable. The paper therefore
suggests that in the current driving cycles used for homologation process, there
are still some issues that are disregarded and can be improved further. However,
it is revealed that the more dynamic the driving cycle is, the less difference exists
between the two methods and it can be comprehended that fuel efficiency can be
affected by the chassis dynamics in a real-world driving scenario.

The main conclusion of the paper is that lack of accurate representation of vehicle
components’ effect during the homologation tests can give different results, i.e.
not valid estimation of a vehicle’s consumptions and environmental impacts during
real-world driving. The outcome of the proposed approach to study the rolling
loss within driving cycles showed its potential to be used by legislators to further
improve the test-related procedures as well as by car manufacturers as a hint for
further consideration during vehicle design by using innovative design and strategies
to compensate for such phenomena, for example by using control strategies that
use the allocation methods presented.

Paper F - Rolling Loss Analysis of Combined Camber and Slip
Angle Control
Considering the given background in Paper A about the potentials of WCMs
and the possibility that they can provide to optimise energy consumption in vehi-
cles, this paper investigates a new functionality for over-actuated vehicles that uses
WCM to reduce the rolling loss defined in Paper B. The new strategy employs
active control of camber and steering actuators to simultaneously reduce the rol-
ling loss and still maintain the vehicle path. The motivation to do so arises from
the natural characteristics of the tyre in generating additional lateral forces while
cambering due to a camber thrust effect.

The paper describes how the same lateral force can be obtained during a manoeu-
vre by means of simultaneous control of tyre side slip and camber angles. In this
regard, to keep complexity low, the tyre model introduced in Paper C is coupled
with a bicycle model with two degrees of freedom, representing the motion of the
vehicle in the x− y plane. Through a mapping process, the possible combinations
of the camber and side slip angles which can generate the same lateral force are
calculated. It is shown that these combinations are unique and are determined
based on the individual manoeuvre, wheel load, vehicle speed, etc. To evaluate the
performance of the proposed control strategy, a constant radius manoeuvre under
steady-state conditions including various speeds and constant tyre load was per-
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formed using the coupled tyre-vehicle model with only front tyre controlled and a
comparison is made with a reference vehicle model with only front steering.

By investigating different components of rolling loss it is shown that loss behavi-
our can be considerably affected with the proposed control strategy. The effect
on different loss elements, however, will be different depending on the manoeuvre
considered.

One of the main conclusions from this paper is that at low lateral accelerations
where the tyre is in its linear range and its side slip angle is small, a turn can be
achieved with only pure camber control of the wheels and thereby low energy losses.
Acquiring promising results in terms of rolling loss reduction and considering the
dependency of wheel sets on the requested manoeuvre, the optimum wheel control in
more complex vehicle models can be obtained by high-level optimisation methods.

Paper G - An Energy-oriented Control Allocation Strategy for
Over-actuated Road Vehicles
This paper explores the control allocation strategy to exploit the function presented
in Paper F in an over-actuated vehicle. The main criteria for the control alloca-
tion are energy optimisation using active control of camber and tyre side slip angles
while maintaining safety.

In this paper the DP algorithm is used to evaluate the global optimum solution
of the control strategy proposed in Paper F subjected to a set of constraints and
objective functions. The vehicle in this paper is represented by an extension of the
bicycle model, which is steered and cambered on both front and rear axles. The
dynamic programming is shown to be an effective tool for making benchmarking
studies and finding the global performance of a proposed control strategy. Howe-
ver, based on the number of states and defined boundaries including the grid size
and discretisation of the manoeuvre, the computational burden can increase too
much. A major drawback of the DP has therefore proven to be its insufficiency for
real-time implementation.

The objective of the controller in this work is chosen to minimise the rolling loss for
a given manoeuvre. Based on the definition of rolling loss in Paper C, the total
rolling loss in the vehicle originates from different sources, including internal losses
and external losses. However, in accordance with the findings in Paper G corne-
ring resistance and sliding loss are here considered to be the main loss parameters
to formulate the main objective function. Due to the flexibility of the DP algorithm
in order to add a safety measure in the main objective, deviation of the vehicle yaw
rate from the reference model is penalised in the cost-to-go function to ensure the
minimum deviation of the vehicle from the reference trajectory. According to the
core principle of the control strategy presented in Paper F, the lateral force should
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also be maintained in a specific range that lateral force at the CoG of the reference
vehicle is generated.

Even though the control strategy shows promising results in terms of rolling loss
reduction, it is emphasised that a compromise should be made between the opti-
misation for energy and safety demands. The main findings of this paper suggest
that the optimal solution found for the control allocation problem can be used as a
benchmark solution in future to evaluate the performance of other control strategies
since DP gives the global optimum solution.

Paper H - Rolling Loss Optimisation of an Over-actuated Vehicle
using Predictive Control of Steering and Camber Actuators
Provided with the possibility of acquiring the information about the future states of
the vehicle, it is shown in the literature that control allocation can be improved. To
benefit from the future information provided from different sensors in the vehicle,
this paper clarifies how predictive control can be used as an allocation strategy to
get benefit from these information sources and optimise energy in an over-actuated
vehicle.

To gain a good understanding of the allocation strategy when implementing it in
the vehicle model, the paper considers vehicles with different levels of complexity,
including the bicycle model and the 3-DOF vehicle model. To facilitate the rolling
loss studies, both vehicle models are coupled with the high-fidelity semi-physical
non-linear tyre model presented in Paper C in the form of look-up tables, which
reduces the computational burden of the controller. Defining the control alloca-
tion problem in the form of an optimisation, a control architecture to exploit the
Model Predictive Control (MPC) algorithm is proposed. To solve the optimisation
problem using an efficient solver, the model is linearised and formulated as a linear
time-varying MPC (LTV-MPC).

A highlight from the paper is the importance of tuning the parameters and the
constraints in the MPC-based controllers since it directly affects the quality of the
optimisation performance where for instance supressing the constraints might lead
to infeasibility during the optimisation. The results show how the quality of MPC
in terms of vehicle stability and energy saving can be affected by tuning weights
on states and actuators, where a compromise should be made between these two
factors while doing the controller tuning, i.e. a good saving is achievable at the
expense of higher path deviation and vice versa. Furthermore, when setting the
length of the control horizon it is shown that a compromise should be made be-
tween the performance and computational burden of the optimisation wherein a
short horizon length might keep the computational burden low but performance
and stability might be degraded.
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By comparing with the results of control allocation in Paper G a guideline was
provided for tuning the MPC. It is observed that although the DP gives the best
achievable results, MPC is still able to achieve good performance and energy saving.
Investigation of the friction utilisation revealed that over-actuation can also extend
the stability limit of the vehicle and provide an extra margin for manoeuvrability
at the limit by more evenly distributing the utilised friction in tyres. Also, explo-
ring the influence of the tyre compound showed that an increase in tyre stiffness
is beneficial in terms of achievable energy savings. In general, it is shown how the
MPC-based controller benefits from the future path information to optimally ex-
ploit an efficient combination of steering and camber actuators to fulfil a requested
manoeuvre while minimising the defined costs, i.e. energy consumption and path
deviation.



Chapter 8

Scientific contribution

The scientific contribution made during this thesis work is summarised in the fol-
lowing with references to the appended papers.

1. Presenting the capabilities of over-actuated vehicles equipped with Wheel
Corner Module to affect rolling resistance and energy consumption as well as
a proposed control architecture (Papers A and F).

2. A broader definition of driving resistances from a tyre perspective is given
and a holistic definition of rolling loss in tyres is introduced wherein different
sources of loss are categorised into mechanical and heat losses (Papers B
and C).

3. According to the current gap and the acquired understanding of the tyre
mechanics in Papers A and B a new tyre model (EBM) based on the brush
tyre theory is presented (Papers B and C), to study the rolling loss in vehicle
dynamics simulations. The model benefits from a semi-realistic rubber model
to describe the tyre behaviour in a simple and concise way, in which the detail
study of the contact patch and its behaviour under movement are facilitated.

4. The EBM showed good agreement with the Magic Formula tyre model, mea-
surement and FE model from the point of view of force generation mechanisms
and rolling loss (Papers B and C), which thereby provides an efficient tyre
model for energy studies within vehicle dynamics simulations.

5. Providing various coupled tyre-road-vehicle models to study rolling loss in the
vehicle, originating from the tyre and its surrounding environment, including
road and vehicle (Papers B, C, D, E, F and H).

6. Introducing a new method for simulating the effect of road roughness in rolling
loss studies using Self Affine Fractal Surfaces (Paper D).
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7. Using a coupled tyre-vehicle model, deficiencies of current emission testing
using standard driving cycles were introduced wherein it is shown that con-
sidering the wheel suspension and chassis contribution can lead to a 7%
difference with the current testing methods for the studied vehicle. New
suggestions have therefore been made for future legislation on emission and
consumption testing (Paper E).

8. Providing a platform for further studies of tyre wear and temperature effects
on rolling loss (Paper C).

9. Proposing and evaluating a new control strategy for over-actuated vehicles
using camber and steering actuators to improve energy efficiency while cor-
nering (Papers F, G and H). It is shown that according to the considered
manoeuvre, the optimum control of camber and steering in the tyre can im-
prove the energy efficiency of the studied vehicle by up to 60% reduction in
the rolling loss while maintaining safety. It is also shown that in low speed
turning significant amounts of energy can be saved by only cambering the
wheels (Paper F).

10. Contribution of rolling loss reduction using the proposed control strategy on
the overall energy consumption of an over-actuated vehicle was investigated
by implementing the control strategy in a research vehicle. Results from circle
tests and lane changes at different speeds show that when the control strategy
is used efficiency can be improved in the studied vehicle by up to 13%.

11. Acquiring the global optimum value for actuators’ allocation to reduce rol-
ling loss using the Dynamic Programming (DP) algorithm (Paper G). The
results were shown to be capable of being considered as a benchmarks to de-
velop other control allocation strategies (Paper H) or rule-based methods
for exploiting actuators to fulfil the energy objectives.

12. Adapting the future path information from the sensors to allocate the avai-
lable actuators and affect energy consumption in vehicles (Paper H). Furt-
her studies using this approach show the considerable sensitivity of energy
and vehicle performance to the length of the provided information and the
length of the control horizon. It was illustrated that to gain a good level
of energy usage and performance it is not necessary to use the full level of
over-actuation.

13. While improving the energy efficiency using the proposed control strategy, it is
shown that as a side effect, a more even distribution of the friction utilisation
as well as reduced vehicle side slip angle are achievable which means a larger
safety and performance margin for the studied vehicle (Paper H).

14. By means of different optimisation and control allocation approaches it is
shown that high level of over-actuation might not be compulsory to achieve
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the best performance in terms of energy and a compromise might be needed
when safety related issues are also considered (Papers G and H).





Chapter 9

Concluding remarks

The conclusions obtained according to the presented work in this thesis are summa-
rised in this chapter.

This thesis deals with the investigation of rolling loss as a source of resistance
against the vehicle’s movement and the methods to investigate and control this
phenomenon. Especial focus was dedicated to the potential of over-actuated vehi-
cles equipped with wheel corner modules with individual actuators for controlling
all degrees of freedom in the wheel.

This thesis gives a through and detailed explanation of the theme of rolling loss
by providing the mechanisms of this phenomenon. Different steps in developing
a tyre model, based on the basic brush tyre theory, capable of simulating rolling
loss in vehicle dynamics simulations are presented. By introducing a rubber model
composed of viscoelastic and friction characteristics integrated into the bristles, a
more realistic tyre model that can capture the hysteresis in a tyre is provided.

Although the presented model is kept quite simple, it can still be exploited to ana-
lyse the vehicle’s behaviour during manoeuvres in terms of generating the global
forces and moments and rolling in a tyre. It was shown that the EBM is capable
of simulating the energy loss and predicting the rolling resistance during a vehicle
manoeuvre where the effect of wheel alignment parameters such as camber, toe and
load changes can be taken into account. The model can also be used for detailed
studies of the contact patch, where for example the effect of road roughness can
be investigated. Although the EBM does not aim to predict the exact amount of
rolling loss in the tyre, it can extend knowledge about how different tyre, road, and
vehicle parameters contribute to the rolling loss trend and thus provide sufficient
information for rolling loss optimisation. One of the core improvements in this mo-
del compared to other tyre models, e.g. empirical or semi-physical complex models,
is enhancement of the tyre’s internal structure.
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Regarding the challenging issue of considering the effect of road roughness on stu-
dies of rolling loss, the thesis introduces an efficient method based on the nature
of road shape, in turn based on self-affine fractal surface characteristics and the
surface roughness power spectrum to be coupled with the EBM for use in rolling
loss studies. The approach for modelling the road that is introduced has the ad-
vantage of capturing the effect of different roughness levels of the road on rolling
loss, i.e. micro-texture, macro-texture, mega-texture and unevenness. The main
advantage of the proposed road modelling method is that it can compensate for
the limitations that exist during measurement. Using such an approach in road
modelling and coupling it with the tyre and vehicle model, the rolling loss can be
studied in a holistic approach.

Road design has an intimate influence on the driving pattern, which includes not
only straight driving but also many turns and manoeuvres in which both longitu-
dinal and lateral dynamics of the vehicle are affected. This imposes changes on the
loading conditions and kinematics of the vehicle. Lack of such representation of
such vehicle behaviour could degrade the estimation of consumption and environ-
mental impacts during real-world driving. Using the EBM made it possible to study
the effectiveness of available emission testing procedures during the homologation
process. It was revealed that the dynamics and kinematics of the vehicle play an
important role in the results of emission testing, where these effects are disregarded
in the current procedures. For example, it was shown that depending on the specific
chassis settings, tyre and considered driving cycle, up to 7% difference in relative
power consumption is possible for the studied vehicle. It was notable that the more
dynamic the driving cycle is, the less error there will be in the current homologa-
tion procedure. This can be an initiative to benefit from active systems that can
compensate for such changes in the chassis in order to decrease fuel consumption.

Regarding the capabilities offered by active and semi-active systems in vehicles from
the point of view of handling and safety, the thesis focuses on the potential of such
systems used in over-actuated vehicles to reduce rolling loss. The main actuators
considered in this respect are the steering and camber actuators. It was shown that
depending on the type of manoeuvre, different components of rolling loss might be
dominant.

A control strategy that can reduce energy consumption in an over-actuated electric
vehicle using steering and camber actuators is presented. The range of vehicles that
can benefit from such strategies, however, is not limited to electric vehicles, but all
vehicles that are equipped with such actuators can employ the proposed control
strategy.

The control strategy proposed here adds a new dimension to control of active chassis
and over-actuated vehicles, which provides not only more energy-efficient driving
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but can also fulfil the safety demands in a vehicle. As one of the main conclusion
from the evaluation of the proposed control strategy, it was revealed that in low
lateral acceleration the turning manoeuvre can be performed by only cambering the
wheels, which can considerably reduce rolling loss. It was also revealed that using
high camber values could contribute significantly to rolling loss reduction. Alt-
hough it is not possible to have such high camber angles with conventional tyres,
this can motivate the development of special tyre constructions that are capable of
being used with high camber angles and generate greater camber thrust.

Considering that the proposed control strategy is based on the over-actuated ar-
chitecture of the studied vehicle, it was shown that to achieve an optimum level of
performance using the proposed strategy, the use of control allocation algorithms
is necessary wherein the control allocation problem can be defined as an optimi-
sation problem since there is only one optimum combination of the actuators that
can fulfil the main objective function. In this regard, two different types of op-
timisation method were used; Dynamic Programming (DP) and Model Predictive
Control (MPC). By using DP, the global optimum solution to the control allocation
problem was explored, i.e. find the maximum achievable reduction in rolling loss.
Under the assumptions for the chosen studies of vehicle and tyre, it is shown that a
theoretical reduction of about 50% to 60% in rolling loss is achievable by employing
the CSC function while maintaining the safety criterion. It was also found that the
results of DP are highly dependent on the cost-to-go function.

Although DP is computationally cumbersome and cannot be used for real-time
applications, one main advantage of using DP is that the obtained optimality for
allocation of the actuators can be used as a benchmark solution to investigate the
effectiveness of other control allocation strategies in real-world applications or for
proposing rule-based controllers.

Benefiting from available in-vehicle sensors to measure/predict future information
about vehicle path and states, the Linear Time-Varying Model Predictive Control
(LTV-MPC) is shown to be a practical tool for using such information to solve
the control allocation problem in the form of an optimisation problem. Provided
that the MPC can simultaneously handle the states’ and actuators’ limitations, it
was shown that a well-tuned controller with an appropriate prediction and control
horizon could result in good controller performance.

In conventional front-steered vehicles, tyres’ saturation can occur at far different
times during a manoeuvre, thus endangering the vehicle’s stability at the limit.
However, it was revealed that in addition to improving energy efficiency using the
proposed control strategy, the stability of the vehicle can also be promoted by pro-
viding an extra margin for manoeuvrability at the limit by more evenly distributing
friction utilisation in the tyres.
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The quality of MPC in terms of vehicle stability and energy saving is directly in-
fluenced by weights on states and actuators. Good tuning is therefore essential to
be able to obtain good performance using such kinds of optimisation algorithms.

It is demonstrated that in allocating the control variables where an optimisation
is intended to fulfil the conditions of different objective functions, contradictory
actions sometimes arise. As in both control allocation methods used in this thesis
with energy and safety as objective functions, different approaches are shown to
be employed for controlling the actuators. A compromise must therefore always
be made between different objective functions when tuning the controller. For ex-
ample, a good saving is achievable at the expense of higher path deviation, which
means degrading the safety criterion and vice versa. Since simultaneous optimi-
sation for several objective functions is cumbersome for the controller, a suitable
solution that can facilitate this goal is to predict the traffic situation such that the
control sequence can be planned as a desired path in an earlier phase.

The obtained result of this thesis also clarifies that due to rubber characteristics
a change in the tyre compound can directly influence the obtained results from
vehicle rolling loss and performance perspectives. This provides a guideline for tyre
manufacturers on how to produce tyres to fulfil both vehicle dynamics and energy
demands. A study of the effect of tyre stiffness shows how changing tyre stiffness
can affect the amount of energy saved.

In this thesis it is also shown that in an over-actuated vehicle it is not necessary
to use the full level of over actuation to fulfil the objective, i.e. use all available
actuators. In contrast, a good level of performance can be obtained by sufficient
exploitation of actuators at a lower level of over-actuation. This can be important
when it comes to mechanical construction and integration of the actuators into the
vehicle wherein a compromise can be made to select the best combination of actu-
ators to give the vehicle an acceptable level of performance.

In summary, this work has contributed to a better understanding of how the alloca-
tion of wheel forces can improve a vehicle’s energy efficiency and safety. It has also
contributed to increased understanding of how vehicle motions should be modelled
and simulated, and how control strategies for over-actuated vehicles can be made
more suitable for implementation in future electrified vehicles.



Chapter 10

Recommendations for future work

The current chapter provides suggestions for future work.

The suggestions are divided into two main sections. The first focuses on the tyre and
the other makes recommendations regarding the control and optimisation issues.

10.1 Tyre perspective

The tyre model (EBM) presented in this work gives a better understanding of tyre
mechanics from the point of view of force generation and energy and can be em-
ployed to fulfil some of the needs for studying the energy behaviour of a tyre during
vehicle dynamics simulations. However, it is based on some simplifications that can
be considered for future improvement. For example, during this work the simula-
tions were accomplished by assuming steady-state conditions where for the sake
of simplicity the tyre is assumed to be operational at an indicated temperature.
According to the literature and the available measurements, however, since the ma-
terial property of the tyre is extremely temperature-dependent it has a considerable
effect on rolling loss especially in the start-up phase as well as during manoeuvring.
The temperature effect can therefore be included in the tyre model as a parameter
influencing the tyre’s rolling loss behaviour.

Using the presented tyre model in combination with the introduced road modelling
procedure, the effect of road roughness can be examined and estimated with an
acceptable agreement with the measurements. However, to increase the preciseness
of the estimated results, the tyre model for use with irregular roads can further be
improved by considering the interconnection mechanisms between the bristles.

Although the tyre model provided here was validated against the available measu-
rement data, extra data are required to validate the pure camber condition and the
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resultant energy losses.

Furthermore, to examine the precision of the model, extra comparisons with me-
asurements that include wider operational scopes, such as large camber angles,
different tyre speeds, different tyre dimensions, etc. are necessary.

Considering that the EBM is a parametrised model, unconventional and innovative
tyre structures, such as multi-stiffness crown [93], or non-uniform carcass shapes
can be further developed to study rolling loss behaviour.

The EBM can also be improved from a structural point of view, above all by re-
placing the linear stiffness of the bristles with non-linear models and providing a
dissipation model to the carcass. Further improvements can be made by including
analytical model of standing waves at higher speeds, but that also imposes experi-
mental investigations with improved resolutions.

With a parametrised tyre model, the contact patch behaviour can be studied in
detail, which facilitates future studies such as tyre wear, which among other things
is influenced by the pressure distribution in the contact patch, where uniform or
non-uniform wear in the tyre could occur as a consequence.

10.2 Control allocation and optimisation perspectives

While the proposed control strategy using camber and steering actuators proved
to be effective from an energy and a safety perspective during a manoeuvre, it is
also possible to consider the performance criteria as additional objectives in the
optimisation.

The studies performed in this thesis to evaluate the proposed control strategy focu-
sed mainly on the pure effect it has on rolling loss during vehicle manoeuvres. The
wheels in these studies were therefore considered to be free-rolling and independent
of the effect of combined slip. The studies can however be further extended by
considering the combined slip situations in the wheel. In this regard, additional
cost functions such as tyre friction ellipse should be considered since in higher la-
teral acceleration the limitations on utilising the friction can certainly affect the
controller’s performance and thereby the vehicle’s performance.

There are various control strategies in the vehicle aiming for different goals, such as
TCS, or ESP. The CSC strategy proposed in this work can be combined with those
controllers to evaluate their effectiveness in a holistic approach. Therefore, to study
the combined effect of other vehicle attributes such as safety and performance, ad-
ditional actuators can be included in future studies, for example traction motors. In
this way, combinations of different control strategies for energy consumption, such
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as the one proposed here, and for example torque vectoring can also be studied.

Particular attention should be paid to optimisation when comfort is added as an ad-
ditional objective because in addition to the existing trade-offs between energy and
safety issues as shown in this thesis, safety and comfort can also be in direct conflict
with each other. Considering these three attributes in optimisation can therefore
provide a realistic picture of the compromises to be made during real-world driving.

Due to possible conflicts and compromises that can occur between different control
strategies, it would be interesting to study improvements to cooperative control
methods to use the control strategies effectively to improve the vehicle’s attributes.

The simulations for evaluation of the effectiveness of the control strategy were per-
formed for regular driving at relatively low dynamics. More dynamic manoeuvres,
such as evasive manoeuvres, can therefore be studied to evaluate the effectiveness
of the proposed control strategy in these situations.

The scenarios used during the simulations for the most part consider dry road con-
ditions in which no irregularities or disturbances occur. The occurrence of all these
conditions will strongly affect control allocation and the optimisation of the consi-
dered objectives. Provided with the possibility of measuring and/or estimating the
future states of the vehicle and path using the available sensors in vehicles and also
the emerging issue of connected vehicles, using the possibility to include disturban-
ces in the MPC algorithm, further studies on including µ-split conditions or road
irregularities on the robustness of the proposed control algorithms are suggested.

With accurate estimation algorithms such as Kalman filter to estimate tyre side slip,
it is possible to consider other objectives in the MPC process in order to directly
minimise tyre rolling losses by considering the slips as states in the optimisation
algorithm.

The potentials of CSC function in optimising the energy efficiency in an over-
actuated vehicle have been tested using two different experiments using look-up
tables obtained from off-line optimisation method. However, to further evaluate
the proposed algorithm further experiments using other optimisation methods such
as MPC are suggested.





Acronyms

AWD All-Wheel Drive

BLIC Bureau de Liaison des Industries du Caoutchouc

CSC Camber-Side slip Control

DP Dynamic Programming

EBM Extended Brush tyre Model

ETRMA European Tyre & Rubber Manufacturers’ Association

HEV Hybrid Electric Vehicle

LCA Life Cycle Assessment

LIDAR Light Detection and Ranging

LTV-MPC Linear Time-Varying MPC

MPC Model Predictive Control

NL-MPC Non-Linear MPC

RCV Research Concept Vehicle

RMS Root Mean Square

RRC Rolling Resistance Coefficient

WCM Wheel Corner Module
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Nomenclature

α Tyre slip angle

αi Tyre side slip angle, i=fl, fr, rl, rr i.e. front left, front right, rear left, rear
right

β Vehicle side slip angle

ψ̈ Vehicle yaw acceleration

θ̈ Pitch acceleration

z̈ Vertical acceleration at the centre of gravity

∆t Sampling time

δf Front steering angle

δi Wheel angle, i=fl, fr, rl, rr i.e. front left, front right, rear left, rear right

ψ̇ Vehicle yaw velocity

θ̇ Pitch velocity

ż Vertical velocity at the centre of gravity

γ Tyre camber angle

κ Tyre slip ratio

Cf Constraints on the final states

d Vector of disturbance inputs

Q Weight on state variables

R Weight on control inputs

u Vector of control inputs

u∗ Vector of optimal control inputs
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x Vector of system states

x∗ Vector of optimal states

xref Vector of reference state variables

x0 Vector of system initial states

xf Vector of system final states

y Vector of output variables

ω Tyre angular speed

Φ Terminal cost

ψ Vehicle yaw angle

τ Time constant

τf Final time

θ Pitch angle

ax Vehicle’s longitudinal acceleration/deceleration

ay Vehicle’s lateral acceleration

b Distance of centre of gravity to rear axle

Cf Front cornering stiffness

cf Front suspension damping

Cr Rear cornering stiffness

cr Rear suspension damping

f Distance of centre of gravity to front axle

F cr Cornering resistance force

Ff Front strut force

Fr Rear strut force

fy,i Tyre lateral force, i=fl, fr, rl, rr i.e. front left, front right, rear left, rear
right

Fyf Front axle lateral force

Fyr Rear axle lateral force
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Fy Global vehicle lateral force

fy Tyre lateral force

fαy Tyre lateral force due to side slip angle

fγy Tyre lateral force due to camber angle

fz,i Tyre vertical force, i=fl, fr, rl, rr i.e. front left, front right, rear left, rear
right

fz Tyre vertical force

g Gravitational acceleration

Gf Front camber stiffness

Gr Rear camber stiffness

hcg Centre of gravity height from ground

Ixx Body roll moment of inertia

Iyy Body pitch moment of inertia

Izz Body yaw moment of inertia

kf Front suspension stiffness

kr Rear suspension stiffness

L Vehicle wheel base

m Vehicle mass

My Global vehicle pitch moment

Mz Global vehicle yaw moment

PFcr Cornering resistance loss

Pfr Rolling resistance loss

PIL Internal loss

PSL Sliding loss

r Tyre rolling radius

T Simulation time

t0 Initial time
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tf Final time

tw Vehicle track width

V Total vehicle speed

vc Tyre centre longitudinal speed

vx Vehicle longitudinal speed

vy Vehicle lateral speed

z Vertical displacement at the centre of gravity

zt Tyre rolling centre to ground
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