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Abstract

This thesis is focused on individual wheel actuatansroad vehicles intended
for vehicle motion control. Particular attention is paictectro-mechanical ac-
tuators and how they can contribute to improving vehicleaigits and safety.
The employment of individual wheel actuators at the vetsdieur corner re-
sults in a large degree of over-actuation. Over-actuatamehpotential of ex-
ploiting the vehicle’s force constraints at a high level aiccontrolling the
vehicle more freely. One important reason for using ovéuated vehicles is
their capability to assist the driver to experience the slehas desired. This
thesis demonstrates that critical situations close toithésl can be handled
more efficiently by over-actuation.

To maximise the vehicle performance, all the available a&ons are sys-
tematically exploited within their force constraints. Téfre, force constraints
for the individually controlled wheel are formulated, ajpwith important re-
strictions that follow as soon as a reduction in the degrédseedom of the
wheel occurs. Particular focus is directed at non-convesefgonstraints aris-
ing from combined tyre slip characteristics.

To evaluate the differently actuated vehicles, constchoantrol allocation
is employed to control the vehicle. The allocation problernformulated as an
optimisation problem, which is solved by non-linear pragnaing.

To emulate realistic safety critical scenarios, highlyreaetuated vehicles
are controlled and evaluated by the use of a driver model aradidated com-
plex strongly non-linear vehicle model.

it is shown that, owing to the actuator redundancy, ovenatetd vehicles
possess an inherent capacity to handle actuator faults,legs need for extra
hardware or case-specific fault-handling strategies.

lwheel actuator=vehicle component which enables contrahefel kinematics and/or forces
in the tyre’s contact patch.
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Chapter 1

Introduction

This chapter provides the background for this research aredents the re-
search question. Finally, an outline of the thesis is predid

1.1 Research background

This research started at Volvo Car Corporation (VCC) in 28fidr a long pe-
riod of promising ACM design proposals from the inventor Mg\&rd Zetter-
strom at VCC. The reason for the following research has begmepare for
the transition to a new type of vehicle chassis, partly driog new propulsion
technologies and energy buffers. Keeping the approachingage of cheap
fossil fuels and the environmental challenges in mind gh&rl need to under-
stand chassis implications in the use of alternative psipus other than those
offered by the combustion engine. New energy convertersbaffdrs set new
conditions for chassis development in its entirety.

In addition, there has been an interest in understandingrtpications of
a vehicle configuration where each corner can act indepdgdsithout any
mechanical connections between the wheels and betweenhbelsvand the
power source.

Along with the development and evolution towards hybridctle vehi-
cles, electrical machines are being introduced as acsidopropulsion. This
new class of actuators possesses a potential for desigmengehicle with less
compromises to fulfill a variety of functional demands. Frtm perspective
of the car manufacturers, it is important to promote the bisedpportunity to
improve preventative safety and lower energy consumptiotmér.
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With the above developments in mind, Professor Annika StamJrigell
and Dr Johan Andreasson, a former PhD student, were in tice gs@f investi-
gating a new research approach to controlling vehicledving generic meth-
ods of tyre force allocation. The thoughts behind thesesidaae from knowl-
edge of flight control. Therefore, KTH started a joint resbaproject, sup-
ported by the Swedish National Energy Agency and VCC, desiiggn ACMs
as the target for research.

1.2 Research question

Demands on safety and a sustainable mobility have undeaydramatic change
during the past decade. In general, classical vehicle dekigs not allow for
adding new functions, or improving existing ones, withaddiag a significant
cost. Striving for better performance, the use of actuas®asors and control
architecture are questioned.

This thesis explains the opportunities for vehicle dynatiiat over-actuation
brings to vehicles. In investigating these opportunitéegehicle restricted only
by the constraints in the tyre contact patch serves as aseative of the ‘ul-
timate’ vehicle in its all manifestations. The ‘ultimateéhicle does not exist
in production today, but it serves as an important referémé¢erms of setting
the limits of vehicle dynamics. Another important referemetoday’s vehicle,
which together with the ‘ultimate’ vehicle forms a span dfeiresting vehicle
configurations in which vehicle motion can be generated antrclled.

This thesis explores in depth how different actuators sthe generation
of forces. Particular focus is directed on electric wheejtie actuators under
combined slip conditions. The ACM chassis solution is usedraexample of
an implementation of the ‘ultimate’ vehicle. A portion o&tiwork in this thesis
formulates prerequisites for functional requirementsuahstechnology.

Given this background, the research question is formulasefdllows:

How can individual wheel actuators improve vehiclynamics
and safety and how should the actuators then be used?

In the context of this formulation, the term safety servesxgzression of the
vehicle’s ability to perform the desired motion in a stablayw The desired
motion can be based on human driver supported from envirohsensors.
Safety classes under consideration dreer assistanceand actuator redun-
dance both in accordance with the definitions outlined in Chagter

IThroughout this work, the vehicles under consideratiorbgréefault passenger cars, unless
otherwise stated.
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The research approach is based on an optimal use of the@staaid the
exploitation of their full capacity of force generation.

1.3 Outline of thesis

This thesis is written as a compilation where the appendg@rsaconstitute
the majority of the pages. Chapters 1-10 aim at giving aodhiction to the
research area and providing viable links between the agukpapers.

Chapter 2 explains under- and over-actuation and the ratehby play for
a number of systems. The evolution of over-actuation inalekiand the op-
portunities gained from over-actuation are also discusSedpter 3 introduces
wheel corner concepts and their characteristics. Paati@itention is paid on
the ACM technology. The constraints arising from tyres aciti@tors are for-
mulated in Chapter 4. The ‘ultimate’ vehicle is presented also common
force restrictions. In addition, this chapter also conir@s a discussion con-
cerning the force potential of over-actuation. Next, in @ea 5, the control
method used here to evaluate over-actuated vehicles isifared. Chapter 6
presents the modelling of an environment to evaluate diffetypes of wheel
actuation. Chapter 7 gives a brief summary of all the appenpdsers and
explains how they are linked together. Moreover, the maiensific contribu-
tions of the thesis, including the appended papers, aremess in Chapter 8.
Finally, in Chapter 9 and 10, the concluding remarks andmeaendations for
future work respectively are presented.
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Chapter 2

Introduction to over-actuation
in vehicles

This chapter explains under- and over-actuation and the tbat they play for
a number of systems. The development of over-actuationhicles and the
opportunities gained from over-actuation are also disedss

2.1 Under-actuation versus over-actuation

Historically, vehicles have been developed with a low nundfeactuators to
control vehicle motion. The combustion engine and frictioakes have served
as actuators for vehicle longitudinal motion control, \erdriver-induced me-
chanical steering at the front axle has been the classitztac for controlling
cornering independently from traction. Initially, thesgiuators were used to
control the vehicle’s degrees of freedom separately; e combustion engine
to support the positive propelling force and the brakes fipett the negative
propelling force. Most likely, the selection of the actuataas made to provide
a sufficient level of functions with as low a complexity as gibke. However,
although this actuator topology has remained unchangedsehicle demands
have undergone a remarkable change. The most obvious charg¢he in-
creasingly sophisticated demands for even more envirotaiherfriendly and
safe solutions, which are driving the development procéseglucles towards
new and refined chassis solutions. Since the conventiohétlgecan rarely be
tuned, there has been an increasing interest in a highdrdeeeer-actuation
which meets the new demands and still provides simplicity.
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If the number of actuators is less than the states intendedofutrol, the
system is designated as under-actuated [1]. Typical abjgbich belong to
the class of under-actuated systems are cranes, undemedhieles, missiles,
spacecraft and marine vessels. One typical example of sigystam is a
marine vessel equipped with one rudder and one propellgt dvéglecting
rolling, the marine vessel has mainly three degrees of fneetb control: ro-
tation around the vertical axis and lateral and longituldirenslation. Since
there are two actuators only for controlling the motion irethdegrees of free-
dom, rotation and lateral translation become coupled, vinidurn limits the
manoeuvering capacity [2-5]. As soon as the number of auoti# equal to
the states intended for control, the system is describequsd-actuated [1].

In contrast to under-actuation, a system becomes oveatactias soon as
the number of actuators exceeds the states intended faotéhie degree of
over-actuation will be further discussed in Chapter 5).HSsystems are found
frequently among the variety of systems in nature, whererta@rity of well-
developed bio-mechanical systems possess over-actuadtisnone remarkable
example of an over-actuated bio-mechanical system, develby natural se-
lection during 200 million years, is the crab. The crab hasptruding legs,
which can be considered as distributed actuators gengritines to its rigid
body close to the contact points of the sea bed. Undoubttdgiyprovision of
over-actuation has been successful in maximising the £&i#nce to survive
and reproduce itself. An extraordinary overview of animation and the role
the muscles of animals play as actuators is found in [6, 7].

Animals cannot compete with road vehicles when it comes tmtaiaing
high speed for longer periods of time. For shorter periodsidver, the agility
and manoeuverability of many over-actuated animals extteedapacities of a
modern road vehicle. One important difference between thigom of animals
and vehicles is the environment they are developed to aPagssenger cars are
designed with wheels and they are often restricted to baingrdon relatively
hard, smooth and level surfaces, while the over-actuatgalisrnot. When the
vehicle is to cross over to uneven surfaces with acceptaindart, an efficient
wheel suspension must be added. This can be seen as a wayginghthe tyre
diameter to suit the unlevelled surface. An animal with Enplerforms similar
actions, but more efficiently by actively changing the léngt the limbs [6].
For these reasons, over-actuated animals possess arvadaptacity of mov-
ing themselves in a variety of environments. Any comparisetwveen animals
and vehicles can be conceived as a far-fetched speculatiowever, they are
both subjected to evolution, but with different objectivé&hile animals are
aiming to secure the reproduction of their own species,clehiare taking part
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in their own competition, which concerns the provision af thest value for a
lower price.

Apart from in nature, over-actuated systems are found irenaoivanced
marine vessels, aircraft and road vehicles. Advancedadirare highly over-
actuated, and military attack aircraft can hold as many aacfators, includ-
ing tails, ailerons, flaps, rudders and spoilers, to coritrelaircraft's six de-
grees of freedom [8]. Figure 2.1 shows three objects eqdipyith different
numbers of actuators, all poised to control three degreére@dom.

Vg

Wz

V7

Figure 2.1: Three systems that mainly need to control theition in the horizontal
plane, with the corresponding velocities referred to asidhgitudinal velocity ¥y),
the lateral velocity k) and the yaw ratec,). The marine vessel with one rudder and
one propeller is under-actuated, while the crab with tes &gl the modern passenger
car with individual brakes are both over-actuated.

2.1.1 Over-actuation in vehicles

According to the definitions of under- equal and over-adbumapreviously pro-
vided, these vehicles were equal-actuated if the planaromdg considered
only (three actuators, three states). Since the engine @kg$both are in-
tended to control wheel torques but with different signss ilear that they for
most circumstances complement each other. However, ifrileeb and engine,
for the sake of simplicity, both are considered to operatiatsame axle(s),
those actuators can theoretically be replaced with justamtigator which ad-
mits torque to be generated independently of the wheelioott direction.
Thereby, the vehicle becomes under-actuated (two actjadtwee states). This
reasoning indicates that the measure of under- equal arrehotismtion does
not warrant the effectiveness of the implemented actuatdrss will be dis-
cussed later on in Chapter 4, wherbrate forcetechnique is used to illustrate
the effectiveness of actuators on a global vehicle level.
For the early-stage vehicle, each actuator had a correBmpuidiver in-
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strument: the steering-wheel to control the front steeaingles, as well as the
accelerator and the brake pedal to control the engine tarqdebrake torque
respectively. Itis noteworthy that along with the incregsiemands on vehicle
dynamics, and in particular dynamic safety and fuel econamlyicle technol-
ogy has developed and a trend towards providing the vehiitlemore actu-
ators for propulsion has emerged. The most common provisiorividually
actuated friction brakes, which have become a standarcimtjority of pas-
senger cars in the premium segment. The transition from camynactuated
to individually actuated friction brakes has been driverthsy development of
anti-lock braking systems and electronic stability cohgystems. Adding the
four individual brakes to the mechanical steering and thggnen the modern
premium car can be considered as over-actuated (six artutioee states).

Here it is worth mentioning that the degree of freedom infagehby one
actuator varies depending on the driving situation. Fongia, hand and foot
brakes are driver instruments which can be used to cont®leeation only
when driving straight ahead. As soon as the vehicle is comgethe handbrake
influences the translation and rotation of the vehicle diffdly. The reason for
this is that the foot brakes engages both axles, while thebrake engages
the rear axle only. Another example is vehicles undergomgatuator failure,
where one or more states risk being left out of control. Iresewcases, the
reduction of control jeopardises the tracking of the vehaid passenger safety
is threatened. From this discussion it is clear that falueactuators intended
for vehicle motion control could quickly cause a transitfoom over-actuation
to under-actuation.

Classically, vehicles have been provided with additiogalators to strength-
en specific attributes. One way to illustrate this, is tod#vit into branches
depending on the actuated wheel degrees of freedom. FigRrshdws the
equal-actuated vehicle (on the left side in the illustratias it was designed
before 1980; i.e. provided with a combustion engine, meickaasteering and
a simultaneously actuated brake system. From this levelattuation can be
further extended by exciting either wheel torque or steednvertical loads.
This is, however, a large simplification, since there alssteoombinations of
the individual branches. Nevertheless, combinations gnbam have been
rare, mainly because of excessively complex and costlytisakl Moreover,
the camber degree of freedom is intentionally ignored iufg@.2. Although,
findings about using camber control to enhance vehicle digsahave been
reported in the literature, e.g. in [9-11] andRaper A. The evolution towards
control of the vertical loads is predominantly motivatedaryincreased ride
comfort, while control of steering has been widely repoitethe scientific lit-
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Primary Power Unit: Primary Power Unit:
Internal Combustion Engine Electrical Machines
gy 00 [0 [fef
2 ==
y RAD RWD AwDY

AWB
Volvo S80 Lexus RX 400h VW Golf GM Volt

§' TwinDrive

Steering D D 3 1 3 1
> —>
4 o 00 ol
'%; RAS FAS AAS
Volvo Amazon % Renault Laguna Audi Q5 BMW 7-series AWD-S-V

©
o

Active or semi-active damping
Levelling

B @ Active torsion bar

AWV
Volvo S60R Four-C

Figure 2.2: The implementation of over-actuation in cavigid into branches depend-
ing on the wheel actuated. Each branch contains a numbehafl@eonfigurations,
where the configuration nomenclature is defineBaper H. The dashed vertical line
represents the transition to electrical machines as tmeagpyi power units. The blue
text gives examples of products on the market.

erature as solution to support for better vehicle handlirige branch involving
the control of wheel torques includes brake systems as wellige systems.

For each branch in Figure 2.2, there is a variety of diffeemttiator set-ups
forming different vehicle configurations. Paper H, a general nomenclature
is developed to classify over-actuation in road vehicldse ihtroduced nomen-
clature is motivated by the need to clarify more distinctlyather the forces are
generated at a specific axle or wheel. Generally, configumaittan be classi-
fied by the information vector:

[actuated axlgdifferentiation of actuatiojidegree of fredom under contfet
[All ,Front Reaf[Wheel Axle, Sidg[Drive, Brake SteerCamberWheel load

where at least three letters are used. The first two letterstdevhich wheels
are engaged, and the third letter denotes which degree eddme is under
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control. The degree of freedom gained from mechanical fsteering is dis-
regarded. Note thdDrive includes both positive and negative wheel torques
actuated independently of the wheel’s direction of rotgtishile Brakemeans
the wheel torque counter-directed to the rotatidiheel loadmeans the the
vertical tyre force andCambermeans the camber tyre angle.

Examples associated with Figure 2.2:

AWB (All Wheel Brakg All wheels individually braked

RAD (Rear Axle Drive: Both rear wheels commonly driven

RWD (Rear Wheel Drivge Both rear wheels individually driven

AWD (All Wheel Drivg: All wheels individually driven

RAS (Rear Axle Stedr Both rear wheels commonly steered

FAS (Front Axle Steex Both front wheels commonly steeréd

AAS (All Axle Stee). Both axles individually steered

AWW (All Wheel Wheel-load All wheels individually vertically actuated
AWD |S|W (All wheel drive and steer and wheel-Idad\ll wheels individually
driven, steered and vertically actuated

Whenever it is necessary, more letters can be added to exipanigscrip-
tion, e.g. AWBFAD means that the front wheels are commonly driven com-
bined with individually actuated brakes.

The trend described in Figure 2.2 depends on an importarditian, marked
with a dashed vertical line, of the primary power unit frone ttombustion
engine to electrical machines. The transition, which isaomg, involves the
development of hybrid electric vehicles. The wheel torqenbh is strongly
influenced by the transition, since electrical machinesnided for propulsion
can be used to control wheel torques differently. One exarigpthe oppor-
tunity to divide the electrical power unit, without addingyasignificant cost,
into several units. This division can be used to design an Awfiicle, without
the need for a complex transmission between the axles andlsyhehich is
needed when the combustion engine constitutes the onlyrpovite Thereby,
the change of actuator type along with a larger degree ofastiation pro-
vides a functional advantage (namely wheels being drivdivitgiually) with a
smaller number of sub-systems.

Since combinations among the branches in Figure 2.2 toadily have re-
sulted in technically complex solutions, there has regdmtlen an increasing

LSuperposition of steering angles from mechanical frorratg, also commonly referred to
as active front steer.
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interest in chassis solutions where each wheel is contratidividually and
designed with fewer force and kinematic wheel-to-wheelric®ns (see the
right-hand side of Figure 2.2). The existence of such smhgtirelies on elec-
trical machines, and an electrical architecture of the paeerce and power
distribution is essential if they are to materialise.

In a strategic review of wheel corners [12], it is claimedttthee develop-
ment is expected to go through four steps. The first step iadbetion of two
in-wheel motors on the rear axle to provide a non-complex foleel drive
(RWDIFAD). The second step is the implementation of regeneratiaking at
the two rear in-wheel motors to reduce the fuel consumpfidre third step is
an extension with electromechanical steering on the reaeish The final and
fourth step is the implementation of four wheel cornershviitdividual drive
and steer, as well as electromechanical suspension.

2.2 Opportunities of over-actuation in vehicles

Traditionally, vehicles have been provided with additiomghicle motion ac-
tuators to enhance a specific function of vehicle dynamics. aA example,
actively controllable couplings have been used to allotatgue between the
front and the rear axle in two axle drive vehicles (AAD) anthiees provided
by in-wheel motors (AWD) have been suggested in e.g. [13ktluce delay
times for quick yaw and lateral response. Over-actuatifioénces the vehicle
design and its attributes in many ways, some of which aretiijraoticeable
for customers, such as product cost, styling, motion céipaliomfort, han-
dling and safety. There are also characteristics whichairdirectly noticeable
to customers, such as a modified development and productomess, logis-
tics, packaging, the use of standardised components ei€ s&ttion serves to
give a background to how over-actuation is related to te@imiomplexity and
to explain the use of over-actuation to enhance safety amdygrconsumption.

2.2.1 Technical complexity

As previously mentioned, increasing the number of actgatas traditionally
resulted in more technically complex and expensive saisti&ven if extra ac-
tuators are added for increase a benefits concerning theleehotion, the ad-
ditional complexity can be considered too high in relatiothie benefits gained.
One reason is that the additional actuators, in many casesstalled without
changing the basic structure of the vehicle design. FigudesRows different
steering systems seen from above. In the system shown imeF®j8a, the
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steering system is defined by a classic design with a steeairigand pinion.
Adding an extra steering actuator and a planetary gear sostistem, shown
in Figure 2.3b, results in possibility of adding an additibisteering angle.
Since the maodification is made without removing existinggahe degree of
complexity, at least as concerns the number of sub-systermgreased. The
steering system can, however, be further modified with afdowenber of sub-
systems adding even more actuators, as for example is shofigure 2.3c.
The selection of the best solution depends on various fgctonere the es-
sential ones being legislation, the sub-system cost anénb@eering time.
Systems (a) and (b) need a steering column whose desigrhiy kigtermined
by passive safety demands. In contrast, the steering colsimot needed in
system (c). Nevertheless, new challenges emerge simpkabsa that me-
chanical links are replaced by steer-by-wire. Some of thestlee legislation
concerning steer-by-wire, control design and force feekila the driver. An-
other challenge with system (c) is to achieve acceptablsipalydimensions
of the actuators, since they are closely distributed to theeland partly con-
tribute to the wheel’'s unsprung mass. Therefore, the chofi@ctuator type

plays an important role.
(c)
&

(a) (b)
Figure 2.3: Top view of different steering systems. (a) Asslaal rack and pinion
steering system. (b) Steering system extended with an stdeaing actuator which
adds an offset angle between the steering-wheel and wreeal pianetary gear (also
referred to as ‘Active Front Steering’). (c) Steer-by-wsteering system.

System (c) poses challenges which are typical of over-tadusystems in
vehicles and need to be considered during the early stadee aldvelopment
process.

2.2.2 Safety

The main roles which over-actuation plays for increasedtgafan be divided
into three different classes of safety functions:

1. Actuator redundance

2. Vehicle assists driver
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3. Vehicle overrides driver

Over-actuation results in that one or more actuators beiaigdle to con-
trol a specific degree of freedom of the vehicle. In the casampfctuator
failure, this means that thectuator redundancean be exploited by using the
remaining actuator(s) to eliminate or mitigate the consegas of the failure.
See [14] regarding the development fault-tolerant vekidle Paper B, Paper
C andPaper L, actuator redundance is utilised to maintain vehicle Btabi
during electrical faults in actuators in electric vehicles

More actuators can also be used to assist the driver in hiteble of safely
controlling the vehicle. Linguistically, the assistand#tained is expressed in
terms such as ‘quicker’, *harder’, ‘of higher accuracy’.eBmne typical example
is Antilock Braking System (ABS), which shorten the brakidigtance and
allows simultaneous steering when the driver steps toodrattie brake pedal.
Owing to the more precise longitudinal tyre slip control athABS offers, the
wheel is prevented from being locked. Another example istEdaic Power
Assisted Steering (EPAS), which adds an aligning steesihgel torque using
an electric motor, and in turn, indirectly influences thesgteg-wheel angle
applied by the driver.

The vehicle overriding the driver implies that actuationasnmanded from
the vehicle, independently of what the driver desires. Awgylas the level of
threat is low, the vehicle is expected to follow the drivexenmands. However,
when the passengers’ safety becomes severely threatéeediivter's control
authority can be questioned. In such circumstances, aleetantroller can
intentionally be designed to give commands which add to atredict the
driver's commands.

It is, in many cases, difficult to distinguish strictly be®veassisting and
overriding the driver. For example, ABS can be seen as agsifte driver
to avoid locking the wheels, but if the driver really wantddok the wheels,
then ABS could be seen as overriding. This leads to the csiociuthat the
classification above probably is best applied to a certdatysdesign, including
the particular safety problem/scenario to which the deajgplies.

Safety states

Vehicle functions involving additional actuation work féifently depending on
the level of threat. One structured way of studying factbet influence an ac-
cident before, during and after an accident, istfaeldon matri15]. Haddon
was one of the pioneers of injury prevention and describedoadimensional
model for approaching injury and its causes during pre‘gwwment, and post-
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event. In order to clarify more distinctly the desired actander the threat of
a collision in the light of over-actuation, a state diagrandéveloped here and
shown in Figure 2.4. This figure outlines the states anditians that must be
fulfilled before jump from one state to another. In particufacus is put on
pre-event rather than event and post-event. For each atagxplained below,
there exists corresponding desired actions which can heosigal by functions.
Figure 2.4 shows a number of examples of functions.

Safety states and transitions Desired actions Functions

State 1 Maintain safety | Alco-lock,

Driver & vehicle & surroundings harmony Night-vision
in harmony

Threat of
disharmony

All disharmony
threats avoided

State 2 Avoid disharmony | ABS,

Traction control,
Electronic stability
control

Driver & vehicle & surroundings
in disharmony

All collision
threats avoided

Threat of
collision

State 3
Collision forthcoming,

Avoid collision Collision avoidance
by auto-steering

but avoidable if vehicle

overides driver

Point of
no return

State 4

Collision forthcoming,

Mitigate collision | Collison mitigation
by auto-braking

not avoidable

Initial impact
of carbody

State 5 Avoid injury Air bag,

‘Whiplash protection

Collision in progress
Threat of
disharmony remjains

Threat of
injury

All injury
threats eliminated

State 6

Collision and injury
in progress

Mitigate injury Air bag,
Whiplash protection

Threat of
disharmony remains

Figure 2.4: Safety states and transitions between theng alith desired actions and
examples of functions, which aims to transit upwards in thtesdiagram.

State 1
As long as the vehicle is not exposed to any threats, therdthve vehicle and
its surroundings are in harmony. Within State 1, any vekidetrolled actions
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aim to preserve the harmony, and for an example, vehicletiume such as
night-vision (display showing what is in front of the veldakven when it is
dark) can support the driver.

State 2

As soon as the harmony is interrupted, a transition is maula fBtate 1 into
State 2. Within State 2, the driver, the vehicle and its surdings are in dishar-
mony and there is a significant risk of a collision. Howeuee, tollision is still
avoidable if the driver gives proper commands to the vehici®rder to assist
the driver to avoid threats more easily and to fall back taeStafunctions such
as ABS and Electronic Stability Control (ESC) can be usede iftplemen-
tation of those functions today involves actuation of indial wheel torques,
but other types of interventions can also be used.

State 3

The driver cannot alone avoid the collision and no driveiséasce functions
are able to prevent the collision. However, the collision stll be avoided if
the vehicle overrides the driver. One example of such a fomds collision

avoidance by auto-steering. This function is able to cdntebicle cornering
independently from driver commands.

State 4

The collision is impossible to avoid, but it can be mitigatéd soon as State
3 is entered, it is desirable to exploit actuators to miggiue collision. An
example is automatically actuated brakes, which are emgagependently of
driver brake commands.

State 5
As soon as there is a carbody impact, State 5 is entered.slsithation, there
are only two transitions from this state; to State 2 and tteSia

State 6
Collision and injury in progress. In this situation, thesenly one transition to
leave; State 2.

The classical employment of over-actuation for highertyagefound with the
presence of State 2, while State 3 has great future poteriiggentially, the
research in this thesis covers those two states.

Finally, it is worth mentioning, over-actuation does alfiowva for influenc-
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ing passive safety. By packaging the driveline at a distéiroee the front of the
vehicle, the design of efficient deformation zones at thetfoan be facilitated.

2.2.3 Energy efficiency

The use of electric machines for motion control makes it ipbsgo provide
vehicle functions that traditionally have been achievedtmplex and costly
mechanical drivelines, linkages and servo assistanceragst An electrical
powertrain can relatively simply and with limited extra td® divided into
several units and be distributed closely to the wheels. éthera number of
vehicle components, such as the transmission, may not leded-or this
reason, vehicle weight can be reduced.

Owing to a distributed powertrain, transmission lossesheakept low. In
conventional vehicles, friction losses arise in drive fsjmears, clutches, bear-
ings etc. This is particulary prominent in an All Axle DrivAAD) vehicle,
where the torque transfer to the rear axle generates higtiofrilosses. In
addition, the transmission adds weight, which in turn iases the need for
energy due to higher rolling resistance. Masses and isealso result in a
higher energy consumption when not driving in a steadyestassuming an
non-ideal regenerative recovery of energy during e.g. ibggk In a simula-
tion study conducted on four wheel drive vehicles, it is doded that the two
main influential factors for increased consumption in an Avdbicle are ad-
ditional weight and decreased transmission efficiencyleathie effect of the
additional rotating masses is relatively small [16]. Farthore, it is concluded
that a transmission weight increase of 5% for a 1.800 kg \eltian result in
an average energy consumption increase of approximatg&®s, Avith 3.1%-
units of this increase being caused by the additional weight4.4%-units by
transmission losses.

When a pure electric powertrain is applied, components sschxhaust
pipes are not needed, and the vehicle admits the possibfliing designed
to offer a lower air drag. In addition, when the vehicle isigesd with levelling
control capabilities, the clearance between the road addrbndy can be kept
at a minimum.

As soon as wheel alignments can be controlled to perfectyoas can be
developed to favour a low rolling resistance. One examgtalisd in the ‘Carv-
ing car’ which was developed by Mercedes (Paper A) where camber angle
control enabled the development of a new tyre technologynbomal driving
conditions, the tyre contact patch used a section whichgssssl a low rolling
resistance. When high lateral acceleration was needethersection specif-
ically developed for high grip became quickly engaged byange of the tyre
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camber angle.

The actuators used for vehicle motion control naturallyehasignificant
role in vehicle energy consumption. Electrical machinegeh& comparison
with combustion engines, a relatively high energy efficierdtvaries depend-
ing on the speed and torque, but Permanent-Magnet Synalsddachines
(PMSM) intended for vehicle propulsion offer an efficienéy6-95% [17] (the
lower values being valid for lower revolution speeds). Aghér motor speeds,
the efficiency of PMSMs is in the range of 80-92% [18]. Apaanirtheir high
energy efficiency, electrical machines also allow kinetiergy to be recovered
into electric energy during regenerative braking [19]. dis of regenerative
braking for in-wheel motor based chassis have been exarimij2d, 21] in par-
ticular. When regenerative braking is engaged in overadetiivehicles, brake
forces may be distributed differently between the wheetsatexample, when
the brake actuators’ energy efficiency varies as a functfdarake torque, the
distribution among the brake actuator can be taken intolatco
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Chapter 3

Wheel corners

This chapter introduces wheel corner concepts and theirasttaristics. Par-
ticular attention is paid to the ACM technology, where fimas$ of vehicle dy-
namics are software-controlled. Contributions of desigoppsals exploiting
this opportunity are also discussed.

3.1 Design proposals

This thesis pays particular attention to a highly over-ated vehicle equipped
with Autonomous Corner Modules (ACM), a concept that wagited by Mr
Sigvard Zetterstrom at VCC in 1998 [22]. The namgtonomousndicates
that the wheel forces and kinematics are individually aafetd, supporting a
common task. The design proposal, as illustrated in Figutev@as invented
primarily to offer:

(i) A chassis design that could be reused in the developnreneps for new
vehicle platforms.

(i) Functions to be regulated by software.

(iii) Individual control of each wheel; propulsion/brakjn steering/camber
and vertical wheel load.

From these design goals, a chassis solution was found bpgggithe vehicle
with in-wheel hub motors combined with actuators for stegidamber and

19
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vertical wheel load [23]. For a literature review of findingssociated with
ACM technology, se®aper A.

Another similar concept is theCorner[24, 25], as illustrated in Figure 3.2a,
which is an integrated solution with an in-wheel motor antliaiors on each
wheel for steering and vertical wheel load combined with dgesbrake. How-
ever, wheel camber can not be controlled in this concept.

In addition, the concept c&tY-LIGHT® must also be mentioned, which in-
volves a solution where in-wheel motors are combined witlividual control
of the wheel suspension [26]. The vertical alignment of theel, provided
by an electrical actuator, as seen in Figure 3.2b, is supgdiy a transverse
control arm, which can be used to roll the car body as desiretil{ustrated in
Figure 3.2b). Wheel camber cannot be controlled in this ephand steering
is made using an ordinary rack-and-pinion arrangement.

3.2 Concept characterisation

In order to characterise and compare the design propodailiies to move
and control the wheel along different axes and directionssé concepts are
presented in Table 3.1. Here, a conventional premium welgchdded to Ta-
ble 3.1 as a comparison. This vehicle is assumed to be fouelvanizen and
provided with a McPherson front strut and multilink reareaxl

For some concepts, motion is a result of actuators perfayiiia main me-
chanical work in the close vicinity of the wheel. Here, thigibute is denoted
distributed actuation In some cases the degree of freedom of the wheel is de-
noted asehicle controlleddenoted as V in Table 3.1), which indicates that the
actuators’ control inputs are composed of a combinationgofads from other
co-existing vehicle functions. One example to considereisicle-controlled
steering, where signals from the vehicle and its enviroriman be combined
with the steering wheel angle to create the steering aatoatdrol input. Thus,
the driver is assisted in his/her control task to follow thé@pated vehicle re-
sponse. On the contrargriver controlledsteering (denoted as D in Table 3.1)
is characterised by the use of steering wheel signal onlyterchine the con-
trol input. The use of vehicle-controlled functions emlasa variety of control
structures, which have been classified in depth for vehiol¢27]. Table 3.1
also shows motion restrictions between wheels, which agsemt for some
concepts.

Wheel camber is predetermined and bound by the suspensiemé&tics
(denoted as B in Table 3.1) for the McPherson and the mtgimspensions.
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Table 3.1: Degrees of freedom under control for front and vdaeels, V=Vehicle-
controlled, D=Driver-controlled, I=Invariable with resgt to car body coordinates,
B=Bound by wheel kinematics

ACM eCorner HY-LIGH® Conventional
front/rear front/rear front/rear front/rear
Drive and Brake| V/V VIV VIV v Ivi
Steer VIV VIV D/B D/B
Camber VIV I/l I/l B/B
Wheel load VIV VIV VIV V 2/v2

IDrive restrictions between wheels.
2Semi-active damping instead of active damping and lexgllin

Thus, the resulting wheel camber depends on the wheel toalel Suspen-
sions, where camber is invariable for the entire wheel trargge with respect
to car body coordinates, is denotedimgriablein Table 3.1. However, under
the influence of lateral tyre forces, all these concepts @nite the camber in
different ways due to the suspension elastokinematicss dffeéct is normally
not desired when handling the vehicle. However, if cambel@ved to be
vehicle-controlled, this effect can be suppressed and eandn be set to fulfil
the wanted performance.

The concepts’ ability to control vertical loads in a forcelacity graph
representation is often referred to astive damping orsemi-activedamping
respectively [28]. The former represent a class of damgetrequires en-
ergy to be supplied directly to the actuator of the targetetdadion. Thus, the
damper is able to generate forceslhfour quadrants. In contrast, semi-active
dampers do not require a power supply, except for the energgiad to alter the
desired damper rates. Normally, this damper dissipataggig converting it
to heat. The semi-active damper is, due to the non-demasedieigy consump-
tion, restricted to operate in two quadrants in the forceeiy graph.Passive
dampersare restricted to operate along predefined curves in tworgotsd

The three novel design proposals described here demanttrate proper-
ties that are typical for this class of chassis configuratieehicle controlled
functions, few motion restrictions and distributed adtwat These design pro-
posals also indicate a trend towards electric actuatiowveitleeless, functions
can be developed using other power sources than the eleatnderparts, e.g.
hydraulic power. However, pure electric concepts are flexitr use in differ-
ent vehicle configurations, such as; hybrid electric vasicklectric vehicles
and fuel-cell vehicles.

The transition from conventional vehicles to vehicles wdiktributed ac-
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tuation, as illustrated in Figure 3.3, implies functionsb® physically imple-
mented at the vehicle corners. This, in turn, enables theldement of a
modularised chassis configuration. In [29], it is claimeat thoduleshave the
following characteristics that make them fundamentallijedent from corre-
sponding groups of components in a subassembly:

(1) Modules are co-operative subsystems that form a product

(2) Modules have their main functional interactions with@her than be-
tween modules.

(3) Modules have one or more well defined functions that catebid in
isolation from the system and are a composite of the compgsrdthe
module.

(4) Modules are independent and self contained.

Vehicle-controlled functions facilitate a freer adoptioithe transfer func-
tions between driver and the actuators in question. In @agiimechanical
connections can then be replaced by by-wire technologyr€ig.3 illustrates
the ACM vehicle, where all chassis functions are by-wiretcuted.

The ACM concept is used for evaluation in a number of papetisinvthis
thesis. InPaper E, the feasibility of designing an electromechanical damper
with an acceptable machine size is investigated. MoredkierACM is used
for evaluation of fault handling iPaper B, Paper C andPaper M. In Paper
D, the ACM force constraints are further developed, to ingokertical forces
also, and used for controlling a vehicle. More informatidioat ACM is also
found inPaper L.

Since the ACM technology, as it is described above, usesl| rohassis
components and involves functions being completely vekidntrolled, the
development of the technology is challenging. Most likeighicles with less
novel components and with a limited capacity for being viehtontrolled will
enter the market in the first phase. One example is vehiclés imiwheel
motors. In the light of this evolutionPaper H, Paper | and Paper J also
investigate AWD, RWD and AWB chassis solutions.

In 2006, VCC and KTH started a joint project together with MRS
STEYR to develop a conceptual ACM design. The cooperatisnlted in a
design for a rolling chassis (see Figures 3.1b and 3.3bh &itACM func-
tions incorporated but partly built with existing chassisnponents [30]. The
car was assumed to be four-seated with a curb weight of 12@h&ag maxi-
mum vehicle speed of 150 km/h.
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(a)

(b)

Figure 3.1: (a) The ACM disclosure from the patent appl@af22] and (b) The ACM
concept further developed within this project in coopemativith MAGNA STEYR
(illustration reproduced with permission of MAGNA STEYRIaeugtechnik AG &
Co KG, Engineering, Advanced Development Chassis).
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(a) (b)

Figure 3.2: (a) The Siemens VD& orner (1) wheel rim, (2) in-wheel motor, (3) elec-
tronic wedge brake, (4) active suspension, (5) electraeiersg [25] and (b) Miche-
lin's wheel unitHY-LIGHT® (illustrations reproduced with permission of Siemens

VDO and Michelin respectively).

(a) (b)

Figure 3.3: ACM vehicle with vehicle-controlled functiomsd distributed actua-
tion (a) designed by Mr Sigvard Zetterstrom and (b) furthevedoped by MAGNA

STEYR.



Chapter 4

Configurations and
constraints

This chapter formulates the constraints arising from tymesl actuators. The
‘ultimate’ vehicle is presented and also common force resbns. In addi-

tion, this chapter also contributes a discussion concegritme force potential
of over-actuation.

4.1 Constraints

Vehicles possess constraints of various types, which boumdittainable set
of variables, such as force, position, angles and velo€ignstraints are also
present at different levels in the vehicle topology. Soméhem act between
wheels, while others act within a wheel [31]. Front axle steg for example,
bounds the two wheel-to-road steering angles of the fromalghtogether, and
consequently they cannot be individually controlled.

The tyre itself possesses significant force constraints.omonly used
assumption, see for example [32], is that the forces in todgial and lateral
direction in the contact patch lie within a friction ellipge an f, — fy plane,
wherefy and fy denote the forces in the tyre’s longitudinal and lateragction
respectively. Neglecting the wheel-spin around the tyveisical axis and de-
noting the force limits in the pure longitudinal and latedakections fy max and
fymax respectively, the friction ellipse is governed by

f2 f,?
s+t =1 4.1)

2
fx,max fy, max
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The well established MF-tyre model, introduced in [33] andHer developed
in [34, 35], describes these force limits empirically, istgtthat

fx max = Kz (Pox1 — Poxedfz) (1 — pDXSVZ) (4.2)
fy,max = ufx (prl — prdez) (1- pr3V2) (4.3)

wherepis the friction coefficient and, the wheel load. The relative change in
the wheel load is governed by

f._ f,nom
df = o
z

(4.4)
whereppx1, Pox2; Poxa; Poy1, Poy2, Poys and f,"°™ are tyre parameters [35, 36].

The wheel load and the friction coefficient are the two moshitant vari-
ables influencing the friction ellipse. Moreover, the caméegle,y, plays a
role for the tyre constraints. For passenger cars, tyregageneral designed
to be orientated with a 90 degree inclination.

If the wheel load is considered as a variable in Equationthieltyre force
boundary can be depicted by a surface stretched in the xpg@esforming an
elliptic cone, and the cross-section along the z axis foimsfitiction ellipse
(seePaper D). For an increasing wheel load, directed along the z-aaiger
forces in the horizontal plane are allowed to be generatiglly, the vehicle is
able to utilise the tyres to their utmost limits. This medreat tif the tyre forces
are represented as vectors growing from the cone’s tipetleeses are allowed
to be generated inside four cones for a four wheeled vehagléljustrated in
Figure 4.1. Consequently, it is not feasible to generate fiyrces outside these
cones for a four wheeled vehicle.

4.1.1 Force restrictions

Ideally, the vehicle is able to generate tyre forces fremgide the four cones
previously described. Under such an assumption, the tymestitute the only

force constraints. In practice, limitations in actuat@sonstraints on the tyre
resources for force generation. As soon as these are préseobnes become
restricted [37], which means either that the cones are &louthat there exist

restrictions in tyre force generation in between them.

Vertical force restrictions

As explained already, the pure tyre force constraints foore (Figure 4.1),
where an increasing wheel load in turn increases the tyegatuility to gener-
ate longitudinal and lateral forces. When there is a needbfge tyre forces
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Figure 4.1: Pure tyre force constraints illustrated as sone

in the horizontal plane, the general problem is to maintagt hwheel loads
for longer periods on all the wheels (without increasing tk&icle weight).

Assuming the vehicle to be a rigid body, and denoting the foheel loads
fz, T2, fz, and f,,, the force equilibrium around the vehicle’s vertical axisla
the torque equilibrium around the rolling and pitching akestatic conditions
can be expressed as

1 1 1 1 2

0 0 O 0 mg
W —We W —W sz +10 h 0| |R|=10 (4.5)
Zy

whereg is the gravitational constant) the vehicle mass and;,w;,l; andl,
represent vehicle geometry as shown in Figure 4.2a. The $uhedongi-
tudinal tyre forcesfy, and of the lateral tyre forces;, result in pitch and
yaw moment respectively due to the height above the grobindf the cen-
tre of gravity. Since there are four unknowns and three éoumtthe matrix
Equation 4.5 is under-determined and the solution holdsfamite set of wheel
loads [38]. However, as soon as the rigid body is equippetl wheel sus-
pensions, the stiffnesses of them result in unique soldtomhe wheel loads
for a givenF, andF,. For conventional vehicles, the stiffnesses are fixedgesinc
springs and dampers in general cannot be adjusted quickiye Btlvanced sus-



28 Chapter 4 Configurations and constraints

(b)

+o -

Figure 4.2: Distribution of wheel loads in static conditior(a) Definition of vehicle
geometry. (b) Allocation of wheel loads which results in dditional yaw torqué\M,.

pension designs, designated to improve comfort, admit dissipility of quick
adjustment. From Equation 4.5, it is clear that wheel loas ke differently
allocated along the vehicle diagonals [39], as illustrate8ligure 4.2b, with-
out changing the equilibrium. This means that the extradive® gained from
the four wheels can be utilised to actuate wheel loads difidy. Increasing
the wheel loads at one of the vehicle diagonals brings a @ggac generating
higher levels of horizontal tyre forces there and lower e the remaining
diagonal. Diagonal actuation can also be used dynamicathowt directly af-
fecting the pitch, yaw and bounce dynamics. Since lateralftyrces increase
non-linearly with respect to wheel loads, lateral axle ésrcan be manipulated
by the diagonal allocation of wheel loads. This type of attuais used in
e.g. [40] to change rapidly the difference between the ledftright wheel loads
at the front or rear axle. Due to the tyre non-linearitie® #xle side forces
changes and an additional yaw torque is obtained. Here ibithvwnentioning
that an increasing wheel load leads to, at least in steady, €aergy having
to be provided. On the other hand, energy can be transferoed dne wheel
to another, which is the case with for example the torsion Idre torsion
bar provides stiffness between left and right wheel, maialyeduce vehicle
roll. Increasing roll stiffness also results in a largertjwor of side load-transfer
on that specific axle. As a result, the remaining axle expeés less side-
transfer, which in turn changes the balance of the latewaltfand rear axle
forces. Hence, the torsion bar is widely used as a tuningestéto adjust for a
sufficient level of understeering.

Keeping the four cones in mind, these can be used dynamiatbiyhigh
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level. One or several wheels can for a short time be actuattbdavge wheel
loads violating the force equilibrium in Equation 4.5. Télay, the vehicle
undertakes a vertical acceleration, roll angular acctteraor pitch angular
acceleration.

Force restrictions in the road plane

In order to utilise the whole area in the friction ellipse fogiven wheel load,
friction coefficient and camber angle, the force generaitiothe tyre’s longi-
tudinal and lateral directions must be made with few retitms. The slip’s
counterpart to force is governed by introducing tyre lomdjmal slip, K, and
lateral slip , taifa), so that

K — Whw =~ Viw (4.6)
Vxw
tan(a) = (4.7)
VXW

wherew is the angular wheel speed, corresponds to the wheel’s effective
rolling radius. vy andw,, are the longitudinal and lateral wheel speeds in the
wheel coordinates (see Figure 4.3).

-y . Vzw

Tw

[

Figure 4.3: Definition of tyre and corner forces and velesitiSee also the Nomencla-
ture.

Longitudinal and lateral tyre forces are generated frongikoidlinal and lateral
slip components respectively. The ideal tyre, which is &bkgtain all the force
vectors( fy, fy) within the friction ellipse, must in turn be capable of gexigrg
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longitudinal tyre slipk € (—o, ) %, and lateral tyre slip, tqa) € (—oo, )
rad.

The force generation, with respect to batanda, is non-linear and forces
do not increase monotonically for higher levels of slip, Begure 4.4. In ad-
dition, the force generation in the longitudinal and lateti@ection is inter-
connected by theombined slip In Figure 4.4 this becomes clear when the
presence of combined slip reduces the force levels. For gheaias soon as lat-
eral slip is present in thg — K graph,k needs to be adjusted to higher levels to
counteract the reduction ify, compared to the case with no lateral slip. Even-
tually, a counteraction of tuning cannot fully compensate for the reduction in

fx.

(a) (b)
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2000 1 2000 1
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Figure 4.4: Tyre forces under combined slip fige4000 N retrieved from a MF-tyre
model. (a) Longitudinal force characteristics under thugnce of four different side
slip angles. (b) Lateral force characteristics under tflaémce of four different longi-
tudinal slip.

The tyres’ combined slip can also be presented infan fy graph with iso
curves for a constamt anda, see Figure 4.5. This graph is designed by sweep-
ing one slip quantity while keeping the other constant. Fthefigure, it is
evident that the combined slip characteristics have afggnit impact on the
tyre’s force generation.

When wheel steering is used to generate lateral tyre foliceisations in
the wheel’'s steering angles result in limitations of pdssiateral tyre forces.
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Figure 4.5: Tyre forces with iso curves farand a for f,=4000 N retrieved from
an MF-tyre model K is swept from -108- +100 % (for each constawt-curve) and

o is swept from -0.5— +0.5 rad (for each constartcurve). When the sweeps are
extended to even larger slips, the curves slowly approagimor

Due to the combined slip characteristics, the tyre forcecaptured inside two
iso curves for constant lateral tyre slip, see Figure 4.6ndliag the steering
angled and wheel side slific, their relations to the tyre side slip can be assumed
to be expressed as

a=pR:—> (4.8)
tan(B) = Xi (4.9)

wherevy. and vy are the longitudinal and lateral velocities, respectivédy
the corner of the vehicle in question in a vehicle fixed cawation system.
Depending or¢, the limitation infy, can be unsymmetrical arourfgl= 0, even
for a symmetrical limitation 0d (which is the case for Figure 4.6b). Figure 4.6
shows the gradual reduction of the envelope of the maximunieeable tyre
slips and forces. A state slip vector, marked ks ™), points out the current
operational point. This vector has a unique correspondimgef state vector
denoted {5, fy). In contrast, owing to the non-linear tyre charactersstibere
is no guarantee of finding a unique image from a force vedtprf() to a slip
vector K*,a*).

As mentioned above, a limitation i results in botha and fy of being
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Figure 4.6: Conceptually composed tyre force constrainestd actuator limitations
showing the gradual reduction of the envelope of the maxiraghievable tyre slips
and forces. Depending on the actuator restrictions, themegf attainable tyre forces
(marked with green colour and referred to as the set S) varies

fy

kept in a closed interval. Since the longitudinal slip i# sllowed to be freely
actuated,fy max can still be reached. Under the influence of combined $jip,
becomes weaker, which is seen in Figure 4.6b, where the dratiamable
forces is curved.

As soon as a limitation becomes active for the generation thfe envelope
of the maximum achievable force will change. If the actu#itat controls the
wheel’s rotation were to acts as an ideal angular speedeocapable of gen-
erating longitudinal slip within a lower and upper limitetlyre forces would
be captured inside two iso curves for a constartiowever, most actuators for
rotating a wheel are primary torque-controlled with a lowad upper torque
limit. For such wheel torque actuatorf,is captured within a closed interval.
Hence, a limitation in the steering angle combined with tihee& torques gives
rise to a curtailed area, as illustrated in Figure 4.6c.

Finally, in Figure 4.6d, the steering is fixed and a closeerir@l of traction
force is the only way to excite the tyre. When steering is geanslowly com-
pared with traction/braking, this ellipse represents bpaksible tyre forces.
However, any underlying mathematical function descrikitmggcombined slip,
such as the MF-tyre equations, is complex and can holds ddéwghof uncer-
tainty.

For a part of the work in this thesis, the combined slip is agjpnated by
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an ellipse in thefy — f, plane. Figure 4.7a shows combined slip measurements
at two different side slips. In Figure 4.7b, simulated cameli slip curves are
presented using the MF-tyre model and also a simple ellggjgroximation.

As seen, the elliptic approximation is similar to the MFetymder low longi-
tudinal slip. However, as soon as the peak in the k graph is passed, there

is a significant deviation between them. Hence, the elligiproximation has
sufficient validity for the monotone part of the side slip @weristic only. In

this region, the ellipse captures the essential effectswiained slip.

(a) (b) (c)
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Figure 4.7: Combined tyre slip characteristics represkintan f, — fy plane where the
longitudinal tyre slip k) is continuously swept, while the tyre side slip angl@i€ kept
constant. (a) Measurement results for two fixed side slipegngb) Simulation results
from an MF tyre model (solid lines) and an elliptic approxtioa (dashed lines). (c)
An MF tyre model (solid lines) and the elliptic approximatigold dashed line), which
also undergoes longitudinal force restrictio&t™" and f 2tM) from a wheel torque
actuator.

Interested readers are referredPEper H andPaper J to find more infor-
mation about the in-wheel constraints. Findings concernastrictions present
between wheels, such as differentials and axle steeringrasented in [37].

4.2 Actuator dynamics

The maximum achievable tyre forces constitute a fundarhéimé of force
generation. Other aspects are the dynamics of the forcaaj@mrme Dynam-
ics are present in the actuators, transmission, wheelsyaesl tEven for ideal
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actuators, the tyre dynamics caused by the tyre’s relaxdtiogth set funda-
mental limits to how quickly forces are generated. Tyre dyita are present
in both the longitudinal and the lateral direction and aressantially depen-
dent on the tyre design and e.g. relation between the beghhand the rim
width. Recommended publications about tyre relaxtion 42 43]. The time
constant is approximately found by the quotient betweeaxeglon length and
the wheel’s velocity, which indicates that tyre dynamios dominant at lower
vehicle speeds. High levels of slip and low wheel loads lavertime constant
significantly. Driving on main roads, both the longitudirald the lateral time
constants from tyre dynamics are typically in the region.6660.10 s [42].

Combustion engines have relatively slow dynamics, arifiom e.g. the
dynamics of building a manifold air pressure and of bringiognponents with
inertia to motion [44, 45]. The time constants for produciagjue are in the
region of 1 s.

Hydraulic friction brakes suffer from a time delay, of whiahsignificant
portion stems from the time required to move the brake patddtake disc.
If the hydraulic brake system is not pre-charged, this tisn@piproximately 0.3
s. This figure is however uncertain, depending on the camditf the brake
system before it is intended for use. In addition, there grerhics involved in
building up a pressure between the pad and the disc depeoiag). elasticity
in hydraulic systems such as brake pipes. That time conistamthe region of
0.3s.

Compared with the systems mentioned above, electricabewBiare sig-
nificantly quicker. The time that it takes to produce torquéooce is in prin-
ciple a matter of how quickly an electromagnetic field is gatex (which in
turn depends on machine the inductance and the appliedyedltihe electric
actuator has a time constant in the region of 1 ms [46]. Thetredeactuator
itself has a dynamic behaviour that in most cases can beddndfdowever,
transmissions used to transfer torque to the wheel ofterdgddmics due to
the non-negligible elasticity and inertia of drive shaff$ie typical time con-
stant of a short drive shaft, and arisen from the shaft elastinly, to a modern
passenger car is in the region of 10 ms.

In Paper J, electrical machines are used as brakes by connectingttirdoo
the wheel hub. Such brakes benefit from being quicker thameahijc friction
brake system. Interestingly, electrical machines prodoogue quicker than
time the constants of the tyre, which is opposite case fohyikaulic friction
brake system.

Even when quick actuators are used, the total time for sgnsiacision
making and actuation must be considered. For example, tmencmication
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between an Electronic Control Unit (ECU) and the actuatatenrcontrol can
also add a significant time delay.

4.2.1 Actuator rate constraints

Due to actuator rate constraints, the attainable tyre figg®n cannot be fully
utilised in a short-term perspective. Considering an dotuaith the force
liMits Umin, Umax @nd the rate limitsmin, rmax the rate can be approximated as

< u(t)—ut—T)

< I'max (4.10)
whereT is the system’s sampling time. Accounting the actuator lnatits, the
actuator forces are bounded such that [41]

maX(Unmin, Ut — T) + Trmin) < U(t) < mMin(Unax, Ut —T) 4+ Trmay)  (4.11)

4.3 Global force potential of over-actuation

In Section 4.1.1, restrictions of force generation at thre'sylevel have been
presented. This section serves to preggoibal vehicle forcesnd to explore
their limits. The reason for dealing with global vehicledes is firstly to give
a better understanding of how different actuators suppertvehicle. The defi-
nition of over-actuation that was given in Chapter 2 doesenptess how well
all the actuators, as a whole, contribute to vehicle motiomrol. The well-
established Milliken Moment Method (MMM-method) and Bet&thod have
been developed to investigate attainable global forcesnamuients for front
steering input as well as vehicle side slip [47, 48]. Howgewsrsoon as the
number of control inputs increases, the MMM-method and Betghod be-
come unsuitable. For this reason, there is a need for a méthbtdan be used
to illustrate global forces independently of the numberatfiators.

Secondly, vehicle motion control, as it is used®Paper B, Paper C, Paper
D, Paper H, Paper | andPaper J is enhanced if the attainable global forces are
known. Thirdly, the division of forces in different forceylars within the ve-
hicle topology enhances the understanding by dividinggelaomplex control
problem into several less complex control problems.

4.3.1 Global vehicle forces

The global vehicle forces and moments (from now on referoegtglobal ve-
hicle forces) act on and around the vehicle’s centre of gravihen the vehicle
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is considered as a rigid body. In practice, there are no realtors which
engage the global forces directly, which explains why gldbeces also are
referred to agyeneralisedor virtual forces. To cover a complete description
of the rigid body, the global vehicle force vectét® = [F, F, F, My My M]T,
includes three forces and three torques (see Figure 4.&apwl D). If pitch,
roll and heave motions are neglected, the reduced globadleeforce vector,
f91°b = [F, F, M), is found by a linear matrix multiplication of the tyre fosse
f=[fy, fy, fx...fy,]T, according to

folob —_ ATF, fe S, (4.12)

The 8x 8 transformation matriX recalculates tyre forces in wheel coordinates
to be valid in vehicle coordinates so that

[:ﬂ = [z?ns((g.)) _Cz';%)} [I:] _ T [:ﬂ L i=1234  (4.13)

T= diag(Tl,Tz,T3,T4) (4.14)

whered; is the steering angle¢ and f; are the longitudinal and laterabrner
forces respectively, andy, and fy, are the corresponding tyre forces for ttth
wheel as seen in Figure 4.8. The geometry mafiokows

1 0 1 0 1 O 1 O
A=|l0 1 0 1 0 1 0 1 (4.15)
_W| If Wr If _W| —Ir Wr _Ir

wherew, |, I+ andl; represent the vehicle geometry as shown in Figures 4.8
and 4.2. The set S is the time varying tyre force constraiotstfe vehicle
configuration in question (see for example the green regiorisgure 4.6).
The longitudinal, lateral and yaw accelerations of the efehin the horizontal
plane are linked to the set of global forces according to

a ay o) " = [diagim m J)]~1f9oP (4.16)
wherem is the vehicle mass and represents the vehicle inertia around the
vertical axis at the centre of gravity.

4.3.2 Attainable global vehicle forces

The attainable forces is the s&, of all the possible forces acting on the vehi-
cle. Q is found by a linear matrix multiplication of all the possltlyre forces

1Also known as the control effectiveness matrix.
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Figure 4.8: Definition of tyre forces, corner forces and gloiorces. The tyre force
constraint valid for each tyre is denot§d

S

according to
Q = { {90 c RMATF = f9°P f ¢ S} c R™ (4.17)

When the vehicle’s longitudinal, lateral and yaw globalcks are consid-
ered, the mapping from a given set of attainable tyre forné&®iresults in a
set of attainable global vehicle forcesii. Note that the appearance of the
space depends to a great extent on the time-varying panantleéd determine
S. These parameters are dependent on vehicle states (stiehtase side slip
and the wheel load distribution), the road conditions (sashfor the individ-
ual tyres, which can change quickly) and the constraintsrayifrom actuators
and tyres. IrPaper H, a well-known method referred to as brute-force method
is applied to visualis& for a number of important vehicle configurations. By
mapping the estimated set of attainable tyre forces, asrshowigure 4.9, ac-
cording to Equation 4.1 is presented in Figure 4.10 for the AWB and the
AWD |S vehicle configurations respectively, at a specific glolaitpn during
the single lane change. For the AWB vehicle configuratiors &ssumed that
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the steering angles are held fixed and that the brake torguebecapplied to
reach the boundary of the friction ellipses. This meansttiatyre forces are
just valid along a part of the ellipse, with the bending of ¢éfigpse depending
on the tyre side force (sd®aper H for details).

The plots of attainable global forces reveal actuators dioabot comple-
ment each other. For example, if an actuator is added to thieleeand it op-
erates similarly to an existing one, the appearance of ttewll not change.
In addition, owing to the analysis made on the global forgellghe results do
not rely on an implementation of a vehicle controller.

LW ‘

(b)

Figure 4.9: The principle behind the estimation of attaladire forces, marked with
green colours, (a) for the AWB configuration and (b) the A8Zzonfiguration dur-

ing left cornering. In (a), the wheel velocity vectossy, limit the brake forces to
min(fy ) = fg'®coga;), for the AWB configuration under the assumption that the an-
gular velocities of the wheelsy,,, do not become negative. Interested readers are
referred toPaper H.
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Figure 4.10: The space of attainable global vehicle forde$or the AWD|S configu-
ration (first row) and the AWB configuration (second row) apadfic global position
with actual tyre forces according to Figure 4.9. The yellawle shows the value for
the non-actuated vehicle. In the first row, the red squarg $hows ‘full torque vec-
toring by drive and steer’. In the second row, the red squash6ws the global forces
obtained by ‘full inner rear brake’. Interested readersraferred toPaper H.
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Chapter 5

Principles to evaluate
over-actuation

This chapter formulates the control method used and furdleeeloped to eval-
uate the behavior of over-actuated vehicles.

5.1 Global chassis control

The control task to coordinate the vehicle’s actuators itrictired way on a
global level is referred to aglobal chassis controbr integrated chassis con-
trol. An overview of developments and methodologies adoptelainvihis area

is found in e.g [27, 49]. The control methods used in thisithase intended to
control vehicle motion at a global level to utilise and capnate all the avail-

able actuators within their force constraints to systeta#iyi maximise vehicle

performance. The internal vehicle model used in the cdetrakes knowledge
of the vehicle’s most significant dynamics. In its simplest is considered
as a rigid body.

5.1.1 Control allocation

The motion of the rigid car body can be considered to be indlwia global
vehicle forces. Generally, these forces are virtual in #rese that each of them
normally cannot be manipulated independently by a singleadar. As a con-
sequence, global vehicle forces need to be allocated bygamithim among
the available actuators. The process described is reféoredcontrol allo-
cation or force allocationand has widely been used to control over-actuated

41
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aircraft [8, 50-52]. In addition, control allocation hasebeapplied in other
disciplines, such as the control of bio-mechanical sysf&®3and marine ves-
sels [54-56]. The control of over-actuated vehicles hafittomally been dealt
with by using rule-based controllers such as ESC. Partigudaring the past
decade, the need for more systematic ways of dealing witllifferent pos-

sible configurations has been identified, and especialbcation by means of
optimisation has been explored, in [37, 57-66]. One reaspthfs interest is
that force allocation techniques admit the possibility miding the complex

control task into two separate tasks. The first task is tabistathe desired
closed-loop dynamics and the second deals with the managesh¢he ac-

tuator redundance caused by the over-actuation. Althobgttdntrol task is
divided into two tasks, the approach is found to be effeatwmpared to solv-
ing the problem as one composite problem [41].

In Figure 5.1, the principal layout for the use of controbalition in this
thesis. From a motion planning process, carried out by tiverdand possibly
supported by a vehicle controller, a reference trajectqgy, of instantaneous
states is generated. Next, a multi-input-multi-outputatyic motion controller
minimises the tracking error by delivering global fordéelﬁ’b. These forces
are in turn allocated, strongly restricted by tyre and aoctuaonstraints, to
all the four tyres of the non-linear vehicle. In the case ofesal actuators
being present for controlling a specific degree of freedter,e may also be an
actuator coordination process that follows.

Motion Trof Dynamic elob Tyre force
planning = motion s allocator | uict (8 x
_|  controller : and actuator T d 0
coordinator b
Vehicle control Vehicle including actuators

Figure 5.1: Simplified block scheme of control allocationopitd for an over-
actuated vehicle. Typical variables used for controllihg tlesired vehicle states
Xref = [Vx, Wy, W] 5 On a global level aré?;?b = [Fx,Fy, Mz 5. After force alloca-
tion and coordination, these are re-formulated to a refereactuator control vec-
tor ures. When the actuators intended for motion control consistteéring actu-
ators, electrical wheel torque actuators and friction bsak?< is typically equal

t0 [O1,---,04, Tey, -, Tey, Thy, - ,Tf4]Lf. After actuation, the vehicle’s dynamic be-

haviour results in the actual vehicle state veator

Control allocation together with over-actuation benefitsrf beingrecon-
figurable This means that the controlled system is capable of miimigniesses
during fault events without changing any higher level conmws. As soon as
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one actuator is degraded, the remaining actuators compeftsaosses that
otherwise could threaten the vehicle behaviour. The regordble control
ability also involves other actuator inefficiencies, sushaatuator saturation
and active rate constraints. RPaper B and Paper C the inherent capacity,
owing to the reconfigurable control, of maintaining vehisiability is shown.

When the desired control task is not feasible, control ation provides a
task prioritising. Commonly, desired motions along difier degrees of free-
dom cannot be achieved simultaneously. This is highly eglevor road ve-
hicles, where limit handling often involves a combinatidriranslational and
rotational motion. IrPaper | andPaper J vehicles are exposed to unfeasible
desired tasks, which are solved by prioritisation. The fasdritisation is one
part of what is referred to gandamental allocator goaléseePaper 1).

In addition to prioritising among desired control tasksntcol allocation
also brings the ability of utilising actuators accordingstime preferences. In
Paper |, these preferences are formulated in the fornopfional allocator
goals One important example of such a goal is to keep the conteriggrat a
minimum. The compromise to control energy buffers and dirieeaiming to
minimise the fuel consumption is presented in [58].

5.1.2 Model predictive control

One disadvantage of control allocation is that only theaintneously desired
states are used to control the vehicle. In many situatidresyéhicle control
is improved if prediction is also involved. Along with thewd#opment of sen-
sors such as radars and cameras, prediction of the vehiotai®e trajectory
provides useful information for the controller. One sturet state-of-the-art
approach to handling hard constraints and the predicti@ystems is referred
to asModel Predictive Contro(MPC). This approach was originally devel-
oped in the 1970s in the chemical industries for their neqatedict the future
actions of a process and then apply the optimal control Edioa a desired
behaviour [67]. MPC, which is becoming an increasingly dapapproach as
computational capacity increases, has been applied t@afies a natural ex-
tension to the standard control methods [68, 69]. For autvmasage, MPC is
applied in e.g [70] for active steering and in [71] for brakeque distribution.
In Paper G, MPC is employed to improve the vehicle stability by preidictof
the future path. In contrast to control allocation, MPC adrto include actua-
tor and tyre dynamics relatively easily in the model-basattrol design (which
is applied inPaper G). However, one dilemma with a linear MPC solver is the
necessity of involving the non-linear tyre constraintsvééheless, non-linear
MPC methods exist, but their computational burden rapidbyeéases as soon
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as the control and prediction horizon increases. Thergforaow, non-linear
MPC is probably unpractical for implementation in vehicles

To investigate the vehicle capability, independently & itmplementation
of a vehicle controller and along the path in global coortisadynamic op-
timisation can be used. See for example [72] where a dynaptimzation
methodology is illustrated with a comparison of rear axeeshg and wheel
torque distribution. One challenge with such a method isditermination of
the initial and final vehicle conditions, which usually hasignificant impact
on the result.

5.2 Rigid body dynamics

Denoting the translational velocitias= [y, Vy,V;]T and the rotational veloci-
tiesw = [wy, wy, w;]" in a vehicle-fixed coordination system, the global vehicle
forces (and torques) are governed by Newton’s second lathiaso

[Fx Fy, BT = m(V+ 0 x v) (5.1)
[My, My, Mz]" = Jéo+ @ x J (5.2)

whereJ is the inertia matrix for the rigid body. Assuming the nomagbnal
elements in the inertia matrix to be negligibles diag(Jy, Jy, J;), which results
in

(E] [ m(Vx+ oV —p\y) ]
R M(Vy + WaVx — W V)
Bl | mVz+ wevy — o)

Mic| | I + 7000, — Jyoo,ty (5.3)

My Jy @y - J0, Uy — Jo 0,0
Mz] [ J2007 + Jyooy — ey

In Paper D, all the six degrees of freedom are under control and theséilbf
global forces is used to control the vehicle. However, if, npitch and heave
motions are excluded as controlled variabteg,w, andv, are commonly small
numbers and the equations of the rigid body can be approsares

F M (Vy — wyVy)
Fy | & | m(Vy+ k) (5.4)
M, NI

Hence, the dynamics of the rigid body under planar motionbeare-expressed
such that

Mx = h(x) + falob (5.5)
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wherex = [vy, Wy, w;]T andf9°P = [, F,,M,|T. The mass matrixM, coupling
terms,h(x), are found as

m O O X2X3
M=|0 m 0|, h(X)=m|—xiX3 (5.6)
0 0 J 0

5.3 Corner and tyre forces

The global forces are related to the individual corner fey@s seen in Fig-
ure 5.2, via the augmented geometry mathixso that

[Fx Fy Fz My My M T = A[£S £S £S .. £ £S £2]T (5.7)
where
M1 0 0 1 0 0 1 0 0 1 0 0]
0 1 0 0 1 0 0 1 0 0 1 0
A 0 0 1 0 0 1 0 0 1 0 0 1
| 0 h w 0 h —w 0 h w O h —w
-h 0 I+ -h O -4+ -h O It —-h O Iy
_—W| If O Wr If 0 _W| —Ir O Wr —Ir 0 i
(5.8)

At this stage, the vehicle is not provided with wheels. Hoeveit is assumed
that the vehicle can be excited with longitudinal and ldtéeces at four spe-
cific corners. Observe that Equation 5.7 is under-deteminarel that the in-
verse ofA does not exist. Hence, this unconstrained allocation probiolds
an infinite set of solutions of corner forces.

Assume now that four wheels with tyres are attached to theecsy and that
each wheel is steered with a steering arigleUnder the assumption that the
tyre’s lateral force depends on the steering angle, théaorlaetween the cor-
ner forces and the tyre forces can, as previously describedxpressed as
follows

fx =cogd) g +sin(&)fy, fy (3, fx) = —sin(&) fg +cog)fy  (5.9)

From Equation 5.9, botffy, andd; can be calculated frorf;‘g andf)‘,ﬁ. However,
Equation 5.9 is non-linear with respect tQ(&;, fy ) and also due to the sinus
and cosinus functions involved. One reasonable simplifinat to consider
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(a) Global forces F (b) Corner forces
A
M, LM,
Fru 9 4%
C
g fc/'l‘c f Yi
@ | fz
(c) Tyre forces  ~— - (d) Actuator forces

-

Figure 5.2: Allocation of (a) desired global vehicle for¢éegb) corner forces, (c) tyre
forces and (d) actuator quantities. In this example, theatot quantities consist of
wheel torquedy,, steering angle§; and vertical loadd;; .

the change of steeringy (k) — &;(k— 1), to be negligible within a sampling
time. Then the known steering angligk — 1) can be employed as a parameter
in Equation 5.9, and in turn, it can be re-written so that

fx(K)] [ cogdi(k—1)) sin&(k—1))] [f<(k)
{f:(k)] ; [—Sin(&(k—l)) cos(éi(k—l))} [f:%(k)] (5.10)

Despite this simplificationfy, (&) still remains as a non-monotone func-
tion. In general, this implies that for a givefiy, there exist two solutions of
0, one of which belongs to the degressive region of the ty@'sef-side slip
characteristics.
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5.4 Force allocation to actuator quantities

Revisiting the rigid body dynamics, formulated in Equatiorb, the global
force control vector is governed by

foIob — AfC — ATF = ATg(x, u?) (5.11)

where the non-linear functiog(x,u®®) represents tyre forces which depends
on the state vector and the actuator quantities®.

When the actuators are assumed to work around an operatioinugpthe
functiong(x, u?®) can be linearised such that

fglob ATg(x uact) AT( X uoc!>+ act act acl>> (5_12)
Let

folob _ falob _ ATq(x, U3 + BU™, B — AT gg (X, U2 (5.13)

Thereby, the allocation problem can now be re-written sheh t
falob — gact (5.14)

Assume that®® € R" and thaff9'®® € R™ constitutes the global forces in-
tended for control. LeB be anm x n matrix and assume that Equation 5.14
describes the allocation proceR8 — R". Obviously, as soon as> m there
are more actuator controls than global forces intended toobé&olled. Thus
the degree of over-actuation is here defined-asn. Re-visiting the discussion
in Chapter 2 as concerns under- equal- and over-actuatiewehicle is under-
actuated whem — m < 0, equal-actuated whem— m = 0 and over-actuated
whenn—m> 0.

Note that over-actuation does not guarantee that all glfivaks on the
vehicle is controllable. Consider for example the planatiomoof a vehicle
with five identical torque actuators at one wheel. Sineem=5-3=2> 0,
the vehicle is over-actuated, but the three global forcesardly coupled.

Equation 5.14 is solvable far2® if rank([B | f9'°°])=rank B). When any
solution exists, the solution space has dimension n{nk

5.5 Constrained allocation of tyre forces

Instead of allocating global forces directly to actuatoamtities, such as torque
and steering angles, allocation can be performed via amietdiate stage on



48 Chapter 5 Principles to evaluate over-actuation

the tyre force level. As soon as the wheel holds manifoldatots and alloca-
tion is performed directly to actuators as it is describe&duations 5.12 and
5.14, it is risk that potential solutions not are found [37].

Keeping in mind the non-linear tyre force constraints Suksed in Chap-
ter 4, the tyre force$ (and hence corner forces) cannot be freely allocated as
dictated in Equation 5.7 if force constraints not are to h@ated. The non-
linear constrained allocation problem formulated as

falob _ ATf =0 (5.15)
fes

has infinitely many solutions, a finite set of solutions, orsuution at all.
Researchers have used different methods to solve Equatidn %or exam-
ple in [8] direct control allocationis employed and in [73flaisy-chainingis
applied. Pseudo-inverse control allocation methods damaradle constraints,
but progress in developing this class of methods to handistrints by itera-
tions has been made [52, 74]. Non-linear programming has &employed for
allocation in road vehicles, since it enables non-lineacdaconstraints to be
involved in the allocation formulation [37]. For reviews odntrol allocation
methods, readers are referred to [51, 57].

Since the solution to Equation 5.15 may not exist, whichdsity is the
case during limit handling, one alternative is to re-foratelit, so that

. 1 lob(12 2
ming(f) = ming (HWATf — WHI||° 4-¢|f —f0H2> (5.16)
subjectedto fe S

whereW is a weight matrix to prioritising among the global forceslanis a
transformation matrix for adaptation from tyre to corneobnates. The last
term in the functiorg is added as an example of an optional allocator goal, to
choosd close to the desirefy. The weighte is normally a small number, used
to prioritise the optional allocator goal. If necessary,renoptional allocator
goals can be added to Equation 5.16, such as the minimumtacarad tyre
weatr, the prevention of large roll angles etc. $aper | for more information
about fundamental and optional allocator goals.

As seen, the force allocation in Equation 5.16 is performedeatyre level.
As mentioned above, force allocation can also be made Witedhe actuators,
see for example [58]. The choice of the tyre level is, howewsotivated
throughout this thesis due to the high degree of over-dotuatudied.
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5.6 Actuator forces

If global vehicle forces are allocated to tyre forces, asated in Equation 5.16,
these must be further coordinated to actuator quantitiese €hallenge that
follows with this approach is to find inverse relations begwéyre forces and
actuator quantities with an appropriate level of accurdsyan example, for a
force reference paify, fy), exact one correspondin(@’, d) is desired. As pre-
viously mentioned, bottf,(d) and fy(k) are non-monotone functions, which
implies that their inverses do not exist. In this thesiscéoallocation is em-
ployed for the stable region of the tyre. As soon as there ysimtention to
control tyre slip at or close to the unstable regions, it iggasted to allocate
slip quantity instead of force.

For configurations where steering angles are controBedjust be calcu-
lated from a givenfy,. In Paper B, a formulation of an inverse tyre model is
suggested.

The relation between the wheel torqdg,, and the longitudinal tyre force,
fx , is governed by the following equation (if rolling resistans neglected)

vai(i)i = Twi - rwf>q (5-17)

As soon as the wheel's angular acceleration is low, the whgeamics are
assumed to be neglected and the desired wheel torque isained &s

If the longitudinal tyre slip is high (macro slip has staiteadheel dynamics of-
ten constitute a dominant part. Hence, it is suitable, aleitly control alloca-
tion, to controluy as a closed loop. Then the control allocation would generate
areferencey instead of a referencgy,. If Ty, is used only as a reference under
high slip, there is a risk that the wheel will lock. Howevdrcombined slip
is included in the force allocation constraints, the effefca locked wheel on
the vehicle level is limited. The reason is that the alloc#i&e account of and
accepts a weak side force under large longitudinal forces.

When regenerative brakes are used together with frictioslsels, T, must
be coordinated (brake blending) between the two categofiebeel torque ac-
tuators. See for example FPaper C for an implementation of brake blending.

5.7 Evaluation criteria

Criteria used to evaluate the behavior of differently attdavehicles in this
thesis are shown below.
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5.7.1 Dynamic safety during emergency handling
Deviation from intended states

In Paper B andPaper C controlled and uncontrolled vehicles were compared
with respect to how well they recovered from deviations fi@ference trajec-
tories. InPaper J, vehicles were monitored if they drove over cones or if they
underwent roll-over (a restricted comfortable roll motizan be seen as part of
a desired trajectory). A driver experience the vehicle ainist as soon as the
state deviation is considered unacceptable. In severs,aas&table means that
a small perturbation put the vehicle into a condition whée deviation from
the intended states grows. In such situation, the driverubaally lost his/her
control authority.

Over-shoots

The presence of over-shoots during side motions could témethe vehicle
(since it can crash with other obstacles). Over-shootingmagassing outside
and then return to the intended path with respect to the saadtem of coor-
dinates. InPaper G, the over-shoots were part of the evaluation criteria when
comparing different prediction horizons.

Maximum entry speed

To evaluate the ability of a vehicle to undertake an evasigagruvre without
losing control, one could establish the maximum side dispizent for a given
vehicle speed. Another method is to establish the maximung enexit speed
to perform an evasive manoeuvre for a given fixed displaceémarPaper J,
the maximum entry speed is used for evaluation. One exptemédr this se-
lection is that a higher entry speed implies that more vekichn avoid crashes
(since a larger speed interval, statistically in realit&ffic, captures more ac-
cidents). The accident scenario especially in mind is there the host vehicle
risks a collision between its front and the rear-end of aslehahead, or risks
losing lateral control when evasively overtaking the vihahead.

5.7.2 Comfort during driving on uneven roads
Comfort

Comfort is strongly related to the accelerations of the elehbody. Therefore
the evaluation criteria for comfort entails the formulatiof keeping accelera-
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tions at a minimum. IiPaper E, the vertical acceleration of the sprung vehicle
mass is used as a performance index.

Road holding

Itis preferable to achieve as little variation in the wheeld as possible. Firstly,
large variations in vertical tyre contact patch forces gdpse the tyres ability
to generate tyre forces in the horizontal plane. Secondhyations in the wheel
loads induce forces, via the unsprung wheel mass, to theleetprung mass.
SeePaper E for definitions of cost functions for evaluating wheel susgpens.

5.7.3 General factors for any vehicle attribute and manoeuvre
Control energy

The impact of the control energy caused by control allocatiefined as the
Lo-norm of the longitudinal and lateral tyre forces, was stddin Paper 1.
Furthermore, inPaper E the power dissipated/regenerated in the electrome-
chanical suspension studied was analysed.

Friction utilisation

By defining the friction utilisationn);, as in [38] and irPaper D:

N Y (%
(02" (f=)
the margins for even tougher tasks are indicated. Whean,--- ,=ns=1, tyre
forces are saturated and no margins exist. Alternative dtations of Equa-
tion 5.19 have been discussed. The tyre force margins carbalsveighted
unequally between the tyres and between the longitudirglataral terms for
each tyre. For example, [75] suggests valuing lateral maogithe rear axle
higher, which turns this criterion into a safety evaluativiterion. InPaper D,
the friction utilisation is investigated for an ACM vehicéend a conventional
front steered vehicle.

. (5.19)
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Chapter 6

Modelling and validation

This chapter presents a modelling environment to evaludferent types of
wheel actuation. Vehicle and driver models are presentdte Vialidation of
the vehicle model is included. Additionally, a methodolthgyt admits the pos-
sibility of increasing the numbers of actuators in a valethtvehicle model is
also described.

6.1 Physical vehicle vs. vehicle model

The rigid body that has been employed as a simple descripfighe vehi-
cle’s dynamic behaviour in Chapter 5, is used as an intermaleiin the ve-
hicle’s controller. In general, there is a great deviati@meen the behavior
of the physical vehicle and the model counterpart. The rhgsipal vehicle
is strongly non-linear, certainly under fast transientd atrong lateral accel-
erations. In addition, there is a large portion of model utadeties involved,
including parametric uncertainties concerning the tyresthe vehicle and sub-
systems. In this context, validation is defined as ascéngimow well a virtual
vehicle model is able to imitate the real physical countdrp@hrough such
imitation the vehicle model and the real physical vehicleut both respond
equally if they are exposed to the same inputs. Note that §gttems under
consideration are multi-input-multi-output systems vehgrpical inputs and
outputs are the steering wheel angle (in), the wheel tor(joeand the vehicle
translation and rotation velocities (out).

Obviously, the real physical vehicle can be successfulpduss a test ob-
ject. However, vehicle modelling becomes a viable optiorinigadue to the
following:
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e Repeatability, for example independence of unpredictaldather con-
ditions (such as friction and wind).

¢ Avoidance of dangerous tests that would threaten the igafety.

e Easy re-configuration of subsystems and their parameters.

6.2 Vehicle model validation

In Paper B, Paper C, Paper D andPaper G extensions of the well-established
bicycle/single track model [76] are employed to cover the-lioear tyre force
characteristics as well as to take account of additioné¢sta&.g. vehicle’s roll
and pitch dynamics. However, as soon as validity is requived broad range
of manoeuvres, a higher level of model details is requiredilufe to find a
proper level of detail with the corresponding parametéosamay cause the
simulation to deviate from the expected scenario, espgaialder limit han-
dling situations. Therefore, in order to obtain a validatetlicle model suit-
able for control in such situations, the validated vehicledel utilised within
the framewaork of this thesis was developed externally by e AB, Sweden
(see Figure 6.1b).

In order to control, test and compare differently actuatedicles Paper
J), the work on model the vehicles starts with modelling arst@xgy conven-
tional vehicle. The vehicle can then be tested and its bebawian be com-
pared to the simulated model behaviour. Since it was ifytedtablished that
the level of model uncertainties must be kept low, even utidet handling,
great efforts were made to develop the vehicle model wittopgarlevel of de-
tail. In addition, a number of measurements on the vehiatki@nsubsystems
were suggested and made to lessen the parametric undegdigtidentifying
model parameteraper M).

The developed vehicle model holds 6 degrees of freedom éocdh body,
4+4 degrees of freedom concerning the wheel rotations awtisy, 4x6 de-
grees of freedom for the wheel hub compliance and 4 degrdeseofom for the
wheel travel, se®aper M for details. A strong principle running throughout
the work has been component-based design where physiecagdiparameter-
isation is performed on subsystem levels, i.e. tuning ofitie vehicle models
has not been permitted.

Before the vehicle model was ready for being equipped wiferdint actu-
ators, the vehicle model passed through a validation pso@eper F). In this
process, the vehicle model was exposed to different stetadg-and transient
driving situations. Simultaneously, a physical vehicleg$-igure 6.1a) was
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Figure 6.1: (a) Handling measurements carried out with atrumented vehicle. (b)
vehicle model developed in Dymola.

instrumented and exposed to the same driving conditionscdByparing the
vehicle state variables gained from model simulations aattword measure-
ments respectively, a sufficient level of validity was figadstablished.

This thesis has directed particular focus on the use of atdal vehicle
models as plants for simulations. There are two main reafsorikis: firstly,
the driving conditions studied are close to the limits of igihstability, and
secondly, there is a need for absolute measures of perfaaman

6.3 Methodology for actuator extensions

Starting from the validated vehicle model, a topology ofeatintly equipped
vehicles was developed in a Dymola/Vehicle Dynamics LipraseePaper J.
Owing to the model hierarchy adopted, actuators were easilganged to form
a number of differently actuated vehicles. Figure 6.2 itaies the methodol-
ogy developed to investigate differently actuated vebiaheluding modelling
and validation.

To be able to emulate the different vehicle configuratiohs, developed
vehicle model was provided with a flexible interface to thikigke motion con-
troller. The following vehicle model inputs were presemdividual wheel
torques from electrical machines and friction brakes rethy, a steering-
wheel angle and individually super-positioned steer agle

IDymola is registered trademark of Dynasim AB, Lund, Sweden.
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Identification Real world Test definitions
of parameters vehicle
measurements

Vehicle Vehicle model Vehicle model Test and compare
modelling  m=  Validation actuator
extensions

Start One validated A number of Results
vehicle differently
actuated vehicles

Figure 6.2: The methodology developed to investigate wiffdy actuated vehicles.

6.4 Motion planning

In Paper B, Paper C, Paper D andPaper G vehicles are controlled under the
assumption that they should follow a pre-defined statedtajy. Even when
the actuators are optimally used, there is still a questiarkraver the selection
of the state-trajectory used. A pre-defined trajectory caimkerpreted either
as the the driver’s desire or the result of automated motianning performed
by the vehicle itself. IfPaper B, Paper C andPaper D, vehicles are forced
to follow a state-trajectory of instant motion variablég (v, w,]") and inPa-
per G, the state-trajectory also involves the full paiX,{,0]") defined in the
road’s inertial coordinates. The latter trajectory defmtbenefits from control
decisions that in the short term are not guaranteed to betigée but certainly
are better in the long run.

To emulate the complex interplay between the driver, thaclkeland its
surroundings, without defining the state-trajectory ofans motion variables
in advance, an evaluation environment is suggestegdr J). In that paper,
a driver model executes the motion planning and delivermsrisig wheel an-
gles, which in turn, are interpreted by a reference modeiv®e desired states.
The selected driver model is a standard model from Dymolaéie Dynamics
Library and is based on the point-following method, see f@maple [77]. It
is assumed that that the driver plans the vehicle’s motiotuhying the steer-
ing wheel so that the front wheels point towards the driviemtended path at a
given distance ahead.

6.5 Scaled prototype of an ACM vehicle

As an alternative to mathematical modelling as describedglihe building of
a real vehicle which is simpler to handle and cheaper to devislworth con-
sidering. A project that recently started at KTH Vehicle Rymics, ‘Generic ve-
hicle motion modelling and control for enhanced driving dgnics and energy
management’, aims to control a down-scaled prototype oAb®l described
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in Chapter 3. The built prototype, scaled to 1:6, is equipwpét actuators to
provide individually actuated wheel torques, steeringesignd vertical loads.
For practical reasons, wheel suspension and actuatortléyowt exactly as
depicted in Chapter 3. However, at a functional level, theyequal. All the

actuators are electrical motors, powered by a battery anttaited by an on-
board computer. Figure 6.3 shows the down-scaled protptypeh has also
been virtually reproduced in Dymola, sBaper O. See alsdPaper O for more

insight in the design of the vehicle and the selection oftelead actuators and
sensors used to provide all ACM functions. Up to the stagdefwriting of

this thesis, the production of the down-scaled prototypetsully completed.

Consequently, all ACM functions are not tested. The mostoirttgmt contri-

bution the down-scaled prototype brings, is the opponutudtvalidate force
allocation in real time with the use of non-ideal sensors.

(b)

Figure 6.3: (a) A down-scaled physical prototype of an ACMigk (b) and its corre-
sponding Dymola modeRaper O).
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Chapter 7

Summary of appended papers

This chapter gives a brief summary of all the appended papedsexplains
how they are linked together.

Paper A: “Autonomous corner modules as an enabler
for new vehicle chassis solutions”

This paper describes and reviews associated findings wiikimesearch field
of this thesis. Research findings indicate that the Auton@r@orner Module
(ACM) is capable of covering an extensive range of “starmh@l functions

which have been used for conventional vehicles to achieweftie in vehicle

dynamics. Associated findings suggest methods for chassisot, where tyre
forces can be allocated from a vehicle trajectory desoniptin addition, these
findings indicate that the ACM introduces new opportunit@sl shows itself
to be a promising enabler for vehicle dynamic functions.

Paper B: “Stability of an electric vehicle with perma-
nent magnet in-wheel motors during electrical faults”

This paper presents an analysis of the stability of an éteethicle equipped
with in-wheel motors and individual steering actuators.e Mehicle stability
has been evaluated by simulations when faults have beeduded, arising
from a 30 kW electric permanent-magnet synchronous-machinhis shown
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that the electrical fault risks causing a major decline ihieke stability if the

correct counteraction is not quickly undertaken. Howegintroducing a mo-
tion controller combined with a rule-based procedure foe fprce allocation,
it is shown that stability can be maintained. This inheragacity to handle
faults is attractive, especially since less additionakegzecific fault-handling
strategies or hardware are needed.

Paper C: “Control of electric vehicles with autonomous
corner modules: implementation aspects and fault
handling”

In this paper, the ACM is studied when adopting the proceslofeyre force
allocation by optimisation, when a linear description aktgnd actuator con-
straints being formulated and used in the allocation pcésorder to eval-
uate the proposed vehicle control principle fr@®aper B, the ACM vehicle is
exposed to realistic fault conditions. If these conditiaesur during extreme
driving scenarios, the motion controller can hardly mamgaability. However,
if the constraints in the optimisation procedure used for fgrce allocation are
adapted to the specific fault, it is shown that stability carsécured. The paper
also demonstrates how a limited computational capacity irséhe optimisa-
tion solver can result in unwanted interactions betweeimitligidual actuators,
and thus, indirectly affect vehicle stability.

Paper D: “Exploiting autonomous corner modules to
resolve force constraints in the tyre contact patch”

In this paper, a vehicle exploiting ACMs has been forced tiofoa trajectory

identical to a conventional front-steered vehicle traectduring an evasive
manoeuvre. In addition to the allocation technique dewadop Paper C, the

vehicle’s roll, pitch and heave motions are also under obniris is achived by
the introduction of vertical force actuators which are pthat all four corners
and are also involved in the force allocation process. Tipepaims to identify
the tyre forces needed and to analyse how they deviate frertyth forces in
a conventional front-steered vehicle. A suggested appréacthe control of
steering actuators is presented. Finally, the force dilmcastrategy involves
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the ability to control the vehicle slip independently frohetvehicle yaw rate,
which is used to increase the adhesion potential.

Paper E: “Design and evaluation of an active elec-
tromechanical wheel suspension system”

This paper presents a design proposal for an electromezhamheel suspen-
sion which is intended to be a part of an ACM. The electromeiciah wheel
suspension is allowed to work in a fully active mode. The wargtructure laid
out enables each wheel suspension to be controlled locétiyu burdening
the global vehicle controller developed Raper D. The complex design task
involving both the control of the electric damper and itsigeds tackled by
genetic optimisation. During the design, design and copticameters are op-
timised to keep the power dissipation of the electric danagdow as possible,
while maintaining acceptable comfort and road-holdingat@liies. The re-
sults of the evaluations carried out demonstrate that thpgsed suspension
can easily adapt its control parameters to obtain a bettapoamise of perfor-
mance than that offered by passive suspensions. The size efectric damper
with the suggested control structure, including how it reggates energy;, is also
discussed.

Paper F: “Modelling and parameterisation of a vehicle
for validity under limit handling”

The vehicle models employed for simulationsHaper B, Paper C and Pa-
per D are relatively simple. This paper presents the developroerehicle
and subsystem simulation models, valid also for transiesmeuvres during
high lateral acceleration. Component-based modelling watidated subsys-
tem behaviour is used to ensure the validity of the model.s Thiattained
through experiments and measurements using torque megsunieels and a
gyro-platform. Special attention is given to an investigaiof how a change of
parameters affects the simulation results for various rman@s.
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Paper G: “Using future path information for improv-
ing stability of an overactuated vehicle”

In this paper, model predictive control is applied for cotling an over-actuated
vehicle. The use of model predictive control is shown to baitabkle method
for distributing the tyre forces if the vehicle’s future jeetory is known (in
Paper B, Paper C andPaper D, the vehicle was controlled instantaneously
without prediction). Simulation studies that are conddathow that access to
information in advance, even if such information is resédcto be less than 1
s, significantly contributes to maintain vehicle stabiligurthermore, a longer
prediction horizon results in earlier actions and stagdlithe vehicle even bet-
ter.

Paper H: “Global force potential of over-actuated elec-
tric vehicles”

This paper formulates force constraints of over-actuated vehicles. In par-
ticular, the focus is directed on different vehicle confaions provided with
electrical drivelines. Itis demonstrated that a numbehefdonfigurations pos-
sess non-convex tyre and actuator constraints, whichrdiffmificantly from
the convex force constraints offered by the ACM useéaper C andPaper
D. By mapping the actuator forces to a space on a global levelpbtential
of global vehicle forces is investigated for the differeghicle configurations.
A method is developed to illustrate the global force potntit is concluded
that vehicles with individual drive, compared with thosehwindividual brakes
only, have a great potential for yaw motion, even under stiateral accelera-
tion.

Paper I: “Investigation of the non-convex force con-
straints imposed by individual wheel torque alloca-
tion”

This paper explains how the force allocation process isenfted by the non-
convex tyre force constraints on electric vehicles withivitiial drive devel-
oped inPaper H. The roles of the allocator are also discussed. One impor-
tant role is to deliver solutions even if the requirementisiag from motion
planning are not physically feasible. To secure vehiclbiltyy fundamental
allocator requirements are formulated. However, more delsiare needed to
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avoid undesired vehicle behaviours. These demands, wigicimdp to the op-
tional allocator requirements, are described. Given theefaonstraints and
the allocator requirements, solutions of the allocatioobjgm for four elec-
trical machines are solved by non-linear programming amdatestrated with
different settings of weight factors.

Paper J: “Utilisation of actuators to improve vehicle
stability at the limit: from hydraulic brakes towards
electric propulsion”

This paper investigates the capability of over-actuatddcles to maintain sta-
bility during limit handling. A number of important differgly actuated ve-
hicles, equipped with hydraulic brakes and more advancedsit solutions,
are presented. A virtual evaluation environment is spetificdeveloped to
cover the complex interaction between the driver and thecleebinder control.
The evaluation environment includes a driver model, a esfes model and the
vehicle model, that was developed Raper F. To exploit fully the different
actuator set-ups and the hard non-convex constraints teseps, the principle
of control allocation, developed iRaper 1, is successfully employed by non-
linear optimisation. The final evaluation is carried out p@sing the driver
and the over-actuated vehicles to a safety-critical mavree@ hereby, the dif-
ferently actuated vehicles are ranked by a quantitativiedtdr of pass/fail for
the incident in question.



64

Chapter 7

Summary of appended papers



Chapter 8

Scientific contributions

This chapter presents the main scientific contributionshés thesis and its
appended papers, which include answering the overall resequestion for-
mulated in Chapter 1.

The main scientific contributions related to the appenddaligations in this
thesis can be summarised as follows:

1. The ACMs capability and a qualitative description of itsspible uses
related to associated research findirgaper A).

2. The closed-loop control principle of ACM using a rule-bdsnechanism
of force allocation is shown to have an inherent robustree&suits. This
inherent capacity ensures vehicle stability during faviregs and less
additional case-specific fault-handling strategies odWware are needed
(Paper B). Feedback of actuator constraints into the force alloogtro-
cess is of importance even when faults occur. Without atiaptaf actu-
ator constraints it is shown that vehicle stability is thesed, especially
during extreme driving situation®éper C).

3. The ACMs capability of imitating the motion charactadstof a conven-
tional front-steered vehicle trajectory, but with a betiélisation of the
adhesion potential. By reducing the vehicle side slip, t@MAdemon-
strates an improvement in the adhesion potential (alsoresf¢o as fric-
tion utilisation) Paper D). An allocation method is presented which si-
multaneously allocates horizontal as well as vertical fgrees by opti-
misation.
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Chapter 8 Scientific contributions

. A design method for an electromechanical wheel susperissed on

optimisation of both controller and actuator parametepsésentedffaper
E). It is shown that the compromise between comfort, handiing en-
ergy dissipation can be controlled by the adaptation of threedsioning
method concerning the control and actuator parametersgltire devel-
opment process.

. A significant improvement of the ACM vehicle stability che obtained

with access to path information in advance, even if suchrinétion is
restricted to be less than 1Raper G).

. The adaptation of a brute-force method to investigatevéicle force

potential of vehicles equipped with different actuatonsviehicle motion
control (Paper H). The method illustrates important differences in the
ways in which the configurations could be actuated.

. The incorporation of combined slip, by an elliptic approation, in the

force constraints used for control allocation of drive amdkie forces
(Paper 1).

. Amethod to investigate the potential of differently atad vehicles with

optimisation of their force resourcePdper J). The evaluation of the
vehicles has been performed by investigating their paktdi maintain

stability during extreme driving conditions and with a huntzeing in

the loop.

. A quantification of the potential for emergency avoidamamnoeuvres of

differently actuated vehicles is present®ager J). Since conventional
the vehicle of today is included, the improvements versdays vehicle
can be justified. Significant improvement (some 4% highayeqteed in
double lane change) can be reached already with individeetre drive
on rear axle. Wheel individual drive at both axles does mgicantly
increase entry speed. Wheel individual drive and steenmpath axles
do improve the entry speed by 10%. Having friction brakingyds a
very competitive alternative, since it reduces the spediddiater part of
the manoeuvre, but it suffers from poor response time.



Chapter 9

Concluding remarks

This chapter summarises the conclusions drawn from the predented in this
thesis including the appended papers.

This thesis presents the potential of over-actuated rohigthes with individual
wheel actuators. Such vehicles possess a potential férefuimprovement of
their vehicle dynamics. Important over-actuated vehidefigurations suited
to an electric powertrain and a control architecture aregarted. Particular at-
tention is paid to chassis technology design wtitonomous Corner Modules
(ACMs).

A larger degree of over-actuation is associated with thitylbo both ex-
ploit tyre force constraints at a high level and to controétiorces more freely.
This freedom can be used to increase the magnitudes of thede/siiorce gen-
eration and also to control them more independently of edodroInPaper
J, it was shown that an ‘ultimate’ vehicle capable of drivingdasteering all
four wheels independently, could further increase enteedgdn a double lane
change maneuver by 10% compared with a vehicle utilisingvididal actu-
ated friction brakes only. This thesis has explained thefkattainable forces
for a number of important classes of configurations. Pddiciocus was di-
rected on configurations equipped with wheel torque actsatio was shown
that with individual brakes only, the vehicle’s yaw accat@n is strongly de-
pendent on the lateral acceleration. By introducing twoell@rque actuators
at the rear, both able to produce positive and negative ¢orglependent of the
spin directions, this dependence can be reduced. Howéwee small electri-
cal machines have a significant torque limitation, the parémce gained from
them is also limited.

One important reason for using over-actuated vehiclesis tlapability to
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assist the driver to experience the vehicle as desired. drdamental desire to
avoid unstable situations can be handled more efficientlgvey-actuation. It
was demonstrated that over-actuated vehicles are able tl@vailable actua-
tors to maintain stability. Along with engine torque andhsmission couplings,
today’s vehicles use individual friction brakes to couatgrinstability. Since
hydraulic friction brakes and combustion engines are haabhtrol to perfec-
tion, they are just used with acceptance of large deviatfoms the desired
motion. Hence, the nature of the brake intervention is ah@th rather than
seamless. Here, the electrical machine becomes a viabh@nphie response
time is low and the output torque is precisely controlledisThesis has shown
that these advantages allow further improvement of theclelsitability. The
motion of the electrically actuated vehicle can be corieteen for minor devi-
ations from the desired motion. However, if the actuatoesu@ed continuously
with large efforts, the energy consumption may be consitlarecceptable.
By enabling rear axle steering, the vehicle side slip candmgralled in a
way that is more uncoupled to vehicle yaw rate. It was showhlif allowing
side slip to be controlled uncoupled to yaw rate, the adinestdisation was
further improved. However, there is an important questibmaw the two
degrees of freedom should be mixed during cornering. Ptatiea safety,
sportiness and convenience require different approachbswvi the rear axle
steer angle is controlled. Therefore, the three categoaiesot all be optimised
at the same time. In many cases, preventative safety an@m@mce involve
contradictory actions. While the former often leads to swdetion without
yawing (to achieve high lateral acceleration), the lategjuires the vehicle’s
side slip to be kept low. However, if the traffic situation densensed/detected
and hence a desired path can be predicted, a trade-off betheéhree wishes
is facilitated. One example is threat detection ahead of/¢écle, which can
provide useful information to prioritise preventive sgfeven more.
Over-actuated vehicles also hold a high level of actuatdamdancy. Par-
ticular attention was paid to handling actuator faults. $helies carried out
demonstrated that the stability of the vehicle can be ssiyodegraded when
an actuator fault occurs. The counterattack to compensatiadlts in actu-
ators could be handled with extra inverters and/or contrblewever, due to
the actuator redundance, it was shown that the remainingimgoactuators
were quickly capable of securing vehicle stability. Moregvit was estab-
lished that the over-actuated vehicle holds an inhererdappto handle actu-
ator faults, without the need for extra hardware or extersiof case-specific
fault-handling strategies. During the detection of thdtfahe need for a rapid
re-calculation of the force constraints was found to be as®ye. The actuator
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redundance in over-actuated vehicles also offers the by to utilise the
road-tyre adhesion differently. By distributing the foro@rgins more evenly,
there is a potentially better margin for even tougher tasklisturbances influ-
encing the vehicle. Conventional front-steered vehiciggesfrom an uneven
distribution of force margins: one or a few tyres can be satd while there
still exist substantial force margins at the remaining syrédowever, it was
shown that the ACM configuration can imitate conventionahfrsteered vehi-
cle manoeuvres with larger force margins.

Implementations of over-actuated vehicles often lead toators being
more closely distributed to the contact patch. If they asestebmechanical,
the natural question to be raised is whether their physicakdsions can be
considered acceptable. If electrical wheel torque actsaice used, there is
normally a significant torque limitation involved. If thdimitations should be
kept small, the machines’ weight and size may be unaccsplatge. A study
was therefore initiated to get more insight into the fedigybof introducing an
electromechanical suspension. A design and a method wapesed to tackle
the preferred compromise between comfort, handling andggraissipation.
If the vehicle is to maintain acceptable performance dusexgre driving con-
ditions, it turned out that the damper has to be unrealigtitzrge. However, if
the electric damper is combined with a hydraulic dampersibe of the electric
damper is significantly reduced.

The conventional vehicle can achieve better dynamic pedoce by adding
a few actuators. Throughout the development of vehiclesynaber of differ-
ent actuators and functions for active chassis control haea used to upgrade
the level of vehicle dynamics, adding one or a few desireghgnties. These
upgrades, which are rather costly and technically commex,being refined
to perform a specific task perfectly, but do not offer the iy to influ-
ence functions in a wider perspective. In turn, if more fiord are needed,
then additional chassis systems need to be added. Howevieg to the on-
going electrification of chassis and driveline technologyjew situation has
emerged. Electrical actuators, as opposed to combustiginemnand mechan-
ical rack steering, can be divided into several units, witHargely increasing
the total cost and weight, facilitating the development@f/rfunctions. Given
this situation, this thesis has contributed to better kedgé and methods on
how to use over-actuated vehicles employing actuatorsriergée forces more
independently at each corner.
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Chapter 9

Concluding remarks



Chapter 10

Recommendations for future
work

This chapter provides suggestions for future work that itding on the knowl-
edge gained in the work presented in this thesis

Three suggestions for research continuations are recodeden

1. The research laid out in this thesis is based on accessdbsdnsor sig-
nals. However, many variables from the vehicle and its sstiesys are
difficult and costly to measure or estimate with a sufficienel of accu-
racy. Traditionally, friction coefficients and side slipifn the vehicle and
tyres are examples of signals which are unmeasured or éstiméth a
large portion of uncertainty. Even in the case of the best-actiated
vehicle, an optimal control algorithm cannot exploit theniege’s full
potential if such variables are too uncertain. Today, vgloand ac-
celeration sensors are commonly being used for controlliegvehicle.
Force and torque sensors are considered as too expensiaeatypi-
cally rarely used. However, the introduction of electricechines gives
new opportunities, since rotor torques can be instantatgoneasured
via the machine current. As a research continuation, itap@sed to fur-
ther investigate in what manner the non-ideal sensor déiteeirces the
over-actuated vehicle and how it should be adapted to thertaicties.

2. Along with the automotive usage of preview sensors, sachdaar, global-
positioning-systems, cameras, etc, it is highly intengsto develop path
optimisation for over-actuated vehicles further. Sincecdoallocation
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Chapter 10 Recommendations for future work

controls the vehicle instantaneously, long-term effects reot consid-
ered. Particulary, indirect effects of actuation are ditfi¢co find. This

implies that the vehicle in the short term may perform actithat are ir-
relevant or inefficient, but in the long run, are favorablene@pedagogic
example is brake actuation before entering a curve to avoadential ac-
cident. Therefore it is recommended to make further stuoiiedynamic

path optimisation. Here it is important that the vehicledmHinear force
constraints should be taken into account and also that é&cioedof the

available force constraints should included in the forriola

. As soon as the rear axle steering angle can be controlbed alith the

front axle, the vehicle side slip can be controlled indegerig from
yaw rate. This extra freedom can be utilised to satisfy chffie prefer-
ences. Most likely, a small or no side slip is preferred fostlmmfort,
while a large side slip can be needed if the vehicle is exptsed eva-
sive manoeuvre. Since comfort and safety do not for certaitnand
in hand, this control problem concerns a trade-off between grefer-
ences. Hence, it would be interesting to investigate furtiogy a mixing
of these two quantities should be performed, assuming letye of the
current traffic scenario.
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Appendix A

Nomenclature and glossary

Latin symbols

a-X)a'y
A

df,

fx, fy, fz
onOm

F, Fy, F2

f

fC

fglob

g
h,|f,|r,W|,Wr
i, Jy, 3z, d

m

My, My, M,
Pox1; Pox2; Pox2; Pby1, Pby2, Poy3
r

N'w

S

u

v

Longitudinal and lateral vehicle acceleration
Vehicle geometry matrix

Relative change in wheel load

Longitudinal, lateral and vertical tyre forces
Nominal wheel load

Longitudinal, lateral and vertical global vehicle forces
Tyre force vector

Corner force vector

Vector of global forces and moments
Gravitational constant

Vehicle geometry parameters

Vehicle inertia and vehicle inertia matrix
Vehicle mass

Global vehicle roll, pitch and yaw moments
MF tyre parameters

Rate limit

Effective rolling radius

Attainable set of tyre forces

Actuator quantities as vehicle control input
Vehicle translation velocity vector
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Chapter A Nomenclature and glossary

Vi Wheel velocity vector

t,T Time and sampling time step

Te, Tt Electric actuator and friction brake wheel torques

Tw Total wheel torque

T Transformation matrix

Vy, Wy, Vz  Vehicle longitudinal, lateral and vertical velocities

w Weight matrix

X Vehicle translational and rotational velocity states

X, Y Vehicle longitudinal and lateral displacement in road datate system

Greek symbols

DEEFE XA DS <P Q

Tyre side slip angle

Wheel side slip angle
Camber angle

Wheel steering angle

Tyre force utilisation

Vehicle yaw angle in road coordinate system
Longitudinal tyre slip

Friction coefficient

Wheel rotation speed

Vehicle rotation speed vector
Attainable set of global forces

Subscripts and superscript

act
c
glob
i

ref
w

Actuator

Variable valid for a vehicle corner in the vehicle’s systefic@ordinates
Global

Wheel index

Reference

Variable valid for a tyre in the tyres’s system of coordigate



Abbreviations

ABS Antilock Braking System

ACM  Autonomous Corner Module

ECU Electronic Control Unit

EPAS  Electronic Power Assisted Steering

ESC Electronic Stability Control

KTH Royal Institute of Technology in Stockholm, Sweden
MF Magic Formula tyre model

MMM  Milliken Moment Method

MPC Model Predictive Control

PMSM Permanent-Magnet Synchronous Machine
VCC Volvo Car Corporation
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