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Abstract

As roads become busier and automotive technology imprdhese is considerable potential for
driver assistance systems to improve the safety of roads.udaengitudinal collision warning and
collision avoidance systems are starting to appear on ptimsiucars to assist drivers when required
to stop in an emergency. Many luxury cars are also equipptusiability augmentation systems that
prevent the car from spinning out of control during aggresgiteral manoeuvres. Combining these
concepts, there is a natural progression to systems théd essist in aiding or performing lateral
collision avoidance manoeuvres.

A successful automatic lateral collision avoidance systemld require convergent development
of many fields of technology, from sensors and instrumesriato aid environmental awareness
through to improvements in driver vehicle interfaces sd thalegree of control can be smoothly
and safely transferred between the driver and vehicle ctenpA fundamental requirement of any
collision avoidance system is determination of a feasilalth phat avoids obstacles and a means of
causing the vehicle to follow that trajectory.

This research focuses on feasible trajectory generatiddavelopment of an automatic obstacle
avoidance controller that integrates steering and brakatign.

A controller is developed to cause a specially modified caMéicedes ‘S’ class with steer-
by-wire and brake-by-wire capability) to perform an 1SO 88B emergency obstacle avoidance
manoeuvre.

A nonlinear two-track vehicle model is developed and useddeoive optimal controller
parameters using a series of simulations. Feedforwardesmutback control is used to track a feasible
reference trajectory. The feedforward control loops userse models of the vehicle dynamics. The
feedback control loops are implemented as linear propwticontrollers with a force allocation
matrix used to apportion braking effort between redundantadors.

Two trajectory generation routines are developed: a gatmeethod, for steering a vehicle at
its physical limits; and an optimal method, which integsaséeering and braking action to make full
use of available traction. The optimal trajectory is ob¢giusing a multi-stage convex optimisation
procedure.

The overall controller performance is validated by simolausing a complex proprietary model
of the vehicle that is reported to have been validated aribreééd against experimental data over
several years of use in an industrial environment.
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Nomenclature

Symbols used within this thesis are shown below. The folhgwiypefaces are useskcalar; vector;

matrix; andfunction. Calligraphic script is used to denote a gfidvector of vectors).
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Generic matrix

Moment about centre of mass
Centre of circle

Waypoint position
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Period

Lateral wheel position relative to CG
Longitudinal position (fixed Earth axis)
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Vertical position (fixed Earth axis)
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cR Wheel slip angle

eR Steering angle

ceR Construction angle

ceR Wheel slip (generic)
eR Wheel slip ratio

ceR Friction coefficient

eR Noise parameter

eR Wheel speed (angular)
SEIN Trajectory construction angle
€ R¥x! Scheduling vector

ceR Construction angle

eR Singular value

eR Standard deviation

eR Singular value tolerance
eR Manoeuvre constant
eR Generic parameter
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Subscript modifiers
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Figure 1 has been removed due to Copyright restrictions.

The illustration appeared in New Scientist Magazine Is€e1 24" July 2007:
“The programmable robot of ancient Greece” by Noel Sharkey.

The image is available online at
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Figure 1: Two thousand years ago, Hero of Alexandria designgeer-by-wire robot capable of performing a
double lane-change manoeuvre using feed-forward cor8rarkey 200).
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Chapter 1

Introduction

The programmable self-propelled machine might even go aadar as the 8th century BC.
— Noel Sharkey?%’

1.1 Background

Two thousand years ago, Hero of Alexandria designed a bieeiire robot capable of performing
a double lane change manoeuvre using feed-forward cor@harkey(2007), see Figurel). At that
time, the fastest vehicles on the roads would have beenatbawith the horses controlled directly
by skilled handlers. The most powerful controllable fortlest could be exerted for propulsion in
those ancient times were derived from muscle power or the.win his Pneumaticsc( 300 CE
translated byWoodcroft(1851)), Hero of Alexandria described many inventions, inclgdan early
steam engine (aeolipile) which could be used to rotate aguivball above a cauldron. Although an
amusing toy, the engine does not feature a control systenthanel is no indication that it was ever
used to produce useful work.

By the time of the Renaissance, more than a millennium afe@oHhere had been little progress
towards useful self-propelled vehicles. Compressiontggines were described by the likes of
Leonardo da Vinci and Christian Huygens, but these were nattipal designs. Leonardo da
Vinci designed a clockwork tricycle Qodex Atlanticus (c. 1519 CEjolio 812 recto), a modern
reconstruction of which is exhibited at the Museum of SageHéstory in Florence. The clockwork
mechanism stores small amounts of energy and further sppirayide steering action, but the design
was not a challenge to traditional transportation methods.

A couple of centuries later, the industrial revolution hybtiabout the exercise of controllable
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power far greater than had been seen previously. Steamesnginild power factories or locomotives,
while ingenious devices such as the Watt governor (whichpgradiously been used in windmills)
provided automatic control. With the advent of the modeterimal combustion engine in the 49
century, came the appearance of road vehicles that werepoarerful than the horses and carriages
that had preceded them. Along with the enhanced mobilitiydéus could provide, came new dangers
for other road users.

In Britain, early attempts to reduce road fatalities inelddhe legal requirement for a man with a
red flag to walk in front of a motor vehicle. New infrastru@usuch as traffic lights and roundabouts,
were introduced to prevent collisions. The last century $@sn rapid advances in automotive
technology. Modern cars, equipped with efficient engines, able to travel at very high speeds
while offering unprecedented levels of protection to o@up. Improvements in tyre technology,
coupled with anti-lock braking systems (ABS), have helpadeds to routinely make good use of
available traction when stopping a vehicle.

While passengers have become comfortable in recent yetirth@iconcept of fly-by-wire aircraft
being flown by autopilots, most people would be uncomfogahith the notion of cars exhibiting
such a degree of autonomy. Instinctively, we tend to truspfeemore than machines. In the case
of cars which are not subject to the rigorous maintenangeeti®ns that are seen in the aerospace
industry, this is an entirely rational perspective. Neveldss, there is evidence to suggest that the
performance of modern cars has outstripped the ability efaye drivers to control them.

Analysing the contributory factors to a quarter of road dents (those with a Contributory Factor
record) in Great Britain from 1999 to 200Rlosedale, Purdy & Clarksof2004) found that the most
frequently recorded factor wdailed to avoid vehicle or object in carriagewd28% of all accidents)
followed by loss of control of vehicl¢19%). Meanwhile, the main precipitating factor in fataban
serious accidents wdagss of control of vehicleaccounting for 43% of fatalities and 29% of serious
accidents. The inability of drivers to adequately conta@d vehicles motivates the investigation of
technologies that may intervene to improve safety.

1.2 Motivation

As roads become busier and automotive technology imprdhese is considerable potential for
driver assistance systems to improve the safety of road.useis becoming increasingly common
for luxury cars to be fitted with longitudinal collision adaince systems, in which cruise control
functions are integrated with forward looking obstacleed@bn sensors to assist deceleration of the
car when necessary. Such devices are a valuable aid if amdimgerear-end collision between cars
travelling in the same lane is due to driver inattention drmwehicles are separated sufficiently in
space and time for the aft vehicle to brake. However, loniital collision avoidance systems are of
limited benefit for preventing head-on collisions or avogibbstacles which appear suddenly in front
of a moving vehicle. In these circumstances, aggressieedlananoeuvres are more appropriate; as
well as altering the path of the vehicle to move it out of dantfee manoeuvre can be completed in a



CHAPTER 1. INTRODUCTION 4

shorter distance than that required to stop the vehicle.

Generally, drivers would not appreciate an automaticsiolti avoidance system that restricts their
options in an emergency. Nor is it likely that drivers woulel tbmfortable with a computer taking
control of the vehicle unnecessarily. An automatic callisavoidance system must therefore give
the driver every opportunity to take whatever evasive adiiey deem appropriate until the very last
moment at which the obstacle can still be avoided. Conseiyuench systems would be expected to
operate the vehicle at its physical limits: far from equiliton conditions and in parts of the dynamic
envelope at which actuators, such as tyres, exhibit higbhfinear behaviour.

This research was undertaken as part of th&B8ES project: Complex Embedded Automotive
Control Systems http://www.hamilton.ie/cemacs ). CEMACS is a specific targeted
research programme of the European Union’s Frameworkrgimg together researchers from Daim-
lerChrysler Research and Technology (Germany), SINTERWSY), Lund Institute of Technology
(Sweden), Hamilton Institute (Ireland) and University ofa&ow (Scotland). The overall project
aims are to develop active safety technology for road vegigthile researching appropriate control
design and analysis techniques.

The CBVMACS project comprises six work packages: (1) active saf@tyollover prevention; and
(ii) collision avoidance; (2) integrated chassis cont(8), control design: (i) classical multi-variable
control analysis and design; (ii) hybrid control systeniig; ulti-variable control systems with time
delay; and (iv) non-linear and adaptive control; (4) vehistate observation; (5) experimental; and
(6) management and dissemination.

The research described in this thesis is particularly cowck with the development of an
automatic obstacle avoidance controller for a passengesrchwas undertaken under the auspices
of Work Packages 1.2 (active safety: collision avoidance) @Work Package 3 (control design). It
builds upon the existing state of the art in automotive arigchnology.

1.3 State of the art

This section reviews some of the key technologies that grkcaple to automatic control of a vehicle
for collision avoidance.

In November 2007, the US Defense Advanced Research Préjgetscy hosts teams competing
for prizes of up to $2 million in its third Grand Challenge: Han Challenge BARPA 2007.
Following previous Grand Challenges that saw autonomoagngt vehicles travelling through the
desert, the Urban Challenge will require competing vebitdenavigate a sixty mile (100 [km]) course
over a period of six hours in a mock urban environment. Theclet must obey traffic laws while
merging with traffic and avoiding moving obstacles. Withnsaspending approximately $1 million
per vehicle, it is likely to be several years before much eftéthnology on display finds its way into
production vehicles. Even so, with an anticipated averpged of 10 mph (16 [km/hr]), the vehicles
should be operating comfortably within their physical ligi It is the sensors and decision-making
that are likely to present the greatest challenges to ciamiss
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At higher speeds, Volkswagen have unveiled a self-drivingf GTi that can navigate a test-track
and accelerate independently to speeds of up to 150 [mpB][@¥4/hr]), as reported by the Daily
Mail (Massey 2006 Radar and laser sensors in the grille are used to idertigiacles and a satellite
navigation system is used to track its position. After l@gnthe course, the car is then able to
navigate it automatically.

More limited autonomy is already beginning to appear on {ggt production vehicles.
Electronic control of brake systems, in the form of antiddwakes and, more recently, traction
control systems, over-rides the driver’s pedal inputs tontain controllability of the car. Meanwhile,
forward-looking sensors are being combined with automerigse control functions to either warn
the driver, or to actually assist in the task of deceleratigmen a collision is imminent. Each of these
systems tackles a different aspect of the same essentlaepro A vehicle travelling at speed has
significant momentum which, because of traction limits,ncaralways be adjusted as quickly as a
driver would desire.

1.3.1 Tyre models

Tyres have a significant influence on vehicle dynamics. Aerrsive investigation of tyre dynamics
was undertaken by Sakai and appeared in four p&agkdi 1984a,b,c, 1982. More recently, several
tyre models have been published; most notably the dynamitehuf Canudas de Wit & Tsiotras
(1999, which is based on the physical LuGre friction modelGznudas de Wit, Olssostrom &
Lischinsky (1995, and the steady-state empiriddagic Formulatyre model ofPacejka & Bakker
(1993, which defines longitudinal or lateral tyre forces as a fiomcof longitudinal or lateral slip
parameters. Combined slip (longitudinal and lateral) carabcommodated in the Magic Formula
by introducing additional terms (e.g. to represent hysisjento the slip parameters and altering the
model coefficients. However, it is generally expensive ttaobthe test data needed to generate the
coefficients for combined slip because of the large numbexxperiments required. A method of
obtaining the necessary coefficients from limited test dativen bySharp & Bettella2003.

Hansen, Murray-Smith & Johans€005 propose a further abstraction, using a Gaussian Process
model to identify and capture the essence of a tyre’s fiictiorve. Applying the method to design
a robust wheel slip controller, they demonstrate that ateuriction curves can be generated from
sparse training data. The authors comment that nonparan@stussian Process models provide not
only mean predictions and uncertainty estimates, but alsannand uncertainty estimates of local
linearisations to the curves.

Forces generated by the tyres are non-linear functionshi¢ieeand wheel speed. Several authors
(Heinzl, Lugner & Plochl 2002Schinkel & Hunt 2002Solyom & Rantzer 2003have observed that
the friction curve of a typical tyre may be approximated bydelting it as two linear segments,
one representing a stable region, where the gradient ofotlwe-Klip curve is positive, and another
representing an unstable region where the gradient isinegat
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1.3.2 Brake-by-wire

Electronic control of the brakes is becoming increasingijnmon as manufacturers attempt to make
maximum use of the traction available to the tyres in dangegituations.

Anti-lock braking systems (ABS) have been available on alekifor several decades and have
become standard on production vehicles in recent yéarsg, Goebels & Schramm 19R0If too
much pressure is applied to the brakes, usually by the diiveugh the pedal and hydraulic system,
the wheels will decelerate so much that the tyres are foroegpérate in the unstable region. This
reduces the braking force between the tyre and road and tliskenset of wheel-lock. An ABS
intervenes electronically to reduce the brake pressuerniittently, thus allowing the wheels to
accelerate, bringing the tyre slip closer to the point of imaxn traction.

The concept of ABS was developed by Bosch and the mechamtailsdof an ABS are published
in Bosch’s Automotive HandboolBpsch 200). However, as noted hjiang & Gada2001), Schuller,
Brangs, Rothfuss, Lutz & Breif2002 andWu & Shih (2003, the precise proprietary algorithms
used within these controllers are trade secrets and tusirgybject to a considerable degree of
manual refinement by test engineers using prototype vehidteirthermore, satisfactory tuning of
parameters is dependent on the test engineers having aeddesamsight into the parameterisation of
the controllers $chuller et al. 2002

Braking systems are now being extended to include tractimtral and overall vehicle stability
systems Austin & Morrey 2000 such as DaimlerChrysler's Electronic Stability Prograen(&SP)
and BMW's Dynamic Stability Control (DSC). Whereas an AB8luees the brake pressure from
that demanded by the driver, traction control and stabditgtems apply the brakes automatically,
without any intervention from the driver. This is done toyaet the wheels from being accelerated
into an unstable operating region if too much power is appiieough the drive-train. Such systems
thereby allow a vehicle to accelerate on low friction suefor maintain directional stability during
tight cornering.

Braking actuators

Johansen, Kalkkuhl, Ludemann & Peterg¢2001) explain that the use of cheap and simple valves
has traditionally been an important factor in the design eost of automotive braking systems.
Several researchers have however investigated the useariaatl actuators, in particular actuators
that permit continuous application of control (rather tilaa discrete control of solenoid valves) and
the effect that these can have on the implementation ofleckibraking systems.

Austin & Morrey (2000 cite investigations into the use of a spring and motor bigkdgem to
provide smooth rather than pulsed response and the usectibeteagnetic valves to supplement the
braking force applied by conventional friction brakes.

The benefits of servo-valves are mentionedmamaillard, Gissinger, Perronne & Ren(E994)
who note the excellent delay and bandwidth characterisfi@sproportional servo-valve controlled
by a rotary electro-magnetic motor. The use of servo-valwvedso endorsed bilazemi & Zaviyeh



CHAPTER 1. INTRODUCTION 7

(2001 who report results from simulations using servo-valves adynamic surface control scheme
in comparison with a conventional ABS. In particular, thegort almost a 20% reduction in stopping
distance on a slippery road surface and a factor of threectieduin the time taken for the system to
reach a steady state after a reduction in friction.

Gissinger, Menard & Constan(003 describe an “intelligent braking system” which is also
reported to reduce stopping distances. This system maleesfus completely re-designed brake
mechanism including full contact brakes and proportiongdraulic servo-valves. Results from
testing of a prototype system demonstrate a reduction af @éecent in stopping distance compared
to a conventional ABS. They report that investigations itte use of commercially available (and
hence cheaper) electro-magnetic valves have proved pgrapaad that studies into the development
of an electric actuator are underway.

Emig et al.(1990 describe how the introduction of electric brakes wouldmefdrive-by-wire”
to be introduced to vehicles, with the controller regulgtthe braking force under partial braking
conditions as well as during the critical situations tha bandled by ABS and traction control
systems.

A more radical suggestion is the use of electro-rheostatigation presented bghoi, Bang, Cho
& Lee (2002. Replacement of standard hydraulic fluid with an electreasstatic fluid, i.e. a fluid
in which the viscosity may be altered by application of arcile field, permits the pressure within
the wheel brake cylinder to be manipulated reversiblyaimstneously and in a continuous manner.
The authors report an improvement in stability and stetitgloiver conventional ABS and note that
electro-rheostatic valves can be effective at preventivater in the control signal.

Jiang & Gaq(2001) note that trucks commonly use pneumatic rather than hjidratake systems
and that this adds complexity to the control problem (asmenfthe obvious differences due to
modified vehicle dynamics in the presence of a trailer). €h@seumatic systems tend to be slower
in response than hydraulic systems and have a high degrestefésis.

Brake control strategies

Anti-lock braking is based on the principle that for a givehaf running conditions, friction between
the tyre and road is maximised for a certain level of wheel @ustin & Morrey 200Q Bosch 200).
As wheel slip is increased from zero to this maximum duringkbrg, the retarding force generated
on the wheel increases accordingly. Beyond the point of mari friction, the retarding force tends
to diminish as the wheel slip is increased, although thisdispend on the type of tyre used and the
road conditions. Momentary relaxation of the brake pressihren the peak of the friction curve has
been passed allows the wheel to accelerate back towardsakienom friction point. The aim of
ABS controllers then is to keep the tyres operating at or tie@apeak of the friction curve in order to
use the available grip as effectively as possible.

Traction control systems operate when a vehicle is acd#lgreather than braking, however they
have a similar aimAustin & Morrey 2000 Emig et al. 1990 Again the controller must try to
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make best use of the available grip by managing the amounthegislip. This may be achieved
either by changing the total amount of power delivered tonheels by the engine or by altering the
distribution of power between the wheels using selectiv@iegtion of brakes.

The most significant difficulties that must be overcome bytiadlers are the (generally uncertain)
nonlinear characteristics of the friction versus whegd slirve and uncertainty in plant parameters,
particularly the peak friction coefficient between tyre andd and the amount of slip exhibited by
each wheelGermann, Wirtenberger & Daif’ 1994

Given the close correlation between wheel slip and frictioefficient, many ABS controllers are
designed on the premise that it is possible to keep the Iéweheel slip near to the point that affords
the greatest possible traction. Unfortunately, the peedisgree of slip that will maximise traction
is generally unknown as this is a function of both the type emadition and of the tyre and road
surface. The road surface may of course change instantslgedunother important difficulty that is
faced when implementing slip control is that of measurirgydbtual slip that is present at any given
time. Although the speed of each wheel may be known, the leebmeed is generally not, and as
noted byyYi, Alvarez, Claeys & Horowitz(2003, knowledge of wheel speeds is not sufficient for
estimation of ground speed and slip as the system is almosiservable.

A further complication to wheel slip control occurs whenetated into an overall vehicle
dynamics controller. Solyom & Rantzer(2003 note that when cornering and braking occur
simultaneously it is necessary that the wheels be allowetlirto at different speeds. This has
implications for the target slip of each wheel.

Canudas de Wit & Tsiotragl999 explain that extremum-seeking control strategies regair
priori knowledge of the optimal target slip and this problem is migtcuately dealt with in the current
literature. Austin & Morrey (2000 opine that a fixed slip target is not appropriate becausdef t
complexity of estimating the optimal slip in real-time und@&rying conditions. However, many
researchers have chosen to select such a fixed target dliis thatable for a particular analysis or
is suitable for nominal conditions. Values in the range ¢¥li® 20% are common for conditions in
which there is no lateral wheel slip i.e. o = 0 (e.g. Jiang & Gao(2000: 20%, Kazemi & Zaviyeh
(2001): 12.5%,Schinkel(2002: 10%). Kraft & Leffler (1990 note that there are instances in which
it is desirable to allow greater wheel slip to occur, for amte when using snow chains.

Evaluation of the optimal slip ratio to achieve maximum fmgkor traction is a particularly
complex topic.Gustafssor{1998 andLee & Zak (2002 show that the optimum slip ratio can alter
significantly between different road surfaces, such as siphalt and ice, and explain that a single slip
ratio is not appropriate for all conditiondlouillant, Assadian, Moreau & Oustalop002 propose
to use the acceleration at the start of braking (i.e. befotigation of the ABS) as an approximation
of the optimal acceleration available. The slip may thendr&rolled to maintain this near-optimal
acceleration. However, dsustafssor{1999 also notes, conditions may change instantaneously and
unevenly and it is therefore necessary for any extremurkisgeontroller to continuously monitor
the changing conditions and respond accordingbe & Zak (2002 propose using fuzzy logic (tuned
with a genetic algorithm) which acts on acceleration dafia.Alvarez, Horowitz & de Wit(2000
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note that slip estimation becomes more difficult at low speedthat placing an upper limit on the
value of slip ratio can eliminate problems that this wouldertvise cause.

Brake torque control

Chamaillard et al(1994 note that velocity estimation based on wheel speed seisoradequate
to control slip ratio and describe classical ABS as merelg@eptable compromise. They therefore
choose to control brake torque rather than the more usuathghip within an inner control loop.

The authors note that brake torque is very closely relatduketgrip between the tyre and the road.
By placing strain gauges in a Wheatstone Bridge formatiotietvrake calliper support structure, and
with the aid of some modelling of the suspension structiney tire able to demonstrate a very strong
correlation between measured brake torque and longitudateleration (as measured by on-board
accelerometers). They also note that the signal is resistanise.

Unlike many control schemes, they do not attempt to measwasely where on the tyre/road
friction curve the wheel is operating. Indeed they acknogtethat they cannot. However, they are
able to identify whether the wheel is operating in the stalblenstable part of the curve and are thus
able to reduce the brake pressure when the maximum frictort pas been passed.

Describing an “intelligent braking system@Gissinger et al(2003 compare torque and slip
control. They find that a torque loop is well suited to acconfor parameter variation within the
brake’s mechanical parameters while a slip loop is able ¢p kbe tyre operating near the maximum
of the friction curve. They recommend the use of an inneruergop and an outer slip loop on each
wheel.

Brake torque control requires some means of controllingtthgue on multiple wheels inde-
pendently. This may mean independent control of the torqueach wheel. Alternatively, just two
(front) wheels can be controlled independently while the&ls on the other (rear) axle are controlled
as one unit, as in the differential braking scheme desctilyadraft & Leffler (1990.

Differential braking

Kraft & Leffler (1990 describe the principles behind differential braking asatton control measure
and as a means of ensuring stability when the surface fnieti@ilable to each side of the car differs
(split-11) in a similar manner to that of a limited slip differential.

A differential acts to equalise the torque on each wheel hns allows wheels to spin at different
speeds, which is necessary for smooth turning (yaw) of thi&lee If one wheel is on a low friction
surface however, this wheel is unable to generate much gdptlge action of an open differential
prevents the wheel on the high friction surface from gemsgaf higher torque than that on the
spinning wheel. Off-road vehicles may get around this mobby using (part- or full-time) limited
slip differentials or by providing the means to lock the diintial entirely, thus equalising wheel
speed rather than torque. Such mechanisms are howevereqrhphvy and expensive relative to
simple open differentials. Application of torque to a wheala low friction surface increases the
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torque in the differential and allows the wheel on a hightimic surface to use more of the available
adhesion. Such a torque can be generated by applicatioak# pressure, which is known by people
who patrtially apply the handbrake to rear-wheel drive vieglsién order to escape from low friction
surfaces.

Independent control of the brakes allows torque to be appli@nly the wheel which is spinning
(more closely approximating the behaviour of a fully loclede) while also providing the capability
for the control system to maintain directional stabilityiahis an important part of traction control
(Jung, Kwak & Park 2002

Kraft and Leffler describe how only the front wheels of a pretthn vehicle (BMW 850i, 1990)
are controlled independently, the rear wheels being stlifecontrol as a single unit. For this
particular car, the front/rear brake proportion is 72/28,asy waste of adhesion available to the
rear wheels is of minor consequence. For this vehicle, réiffiéal braking is combined with engine
torque control. At the onset of significant slip on a whee, tttrottle is reduced (in combination with
retardation of the ignition to improve engine sensitivigy)d brake pressure is applied to the spinning
wheel. As the wheel slip decreases, the brake pressuredsaijia decreased while the engine is
gradually throttled back to its normal level.

Engine torque control

Control of engine torque is an integral part of traction conschemes Schuller et al. 2002 a
reduction in drive torque is necessary if all the driven wseegin to spinAustin & Morrey 2000. In
cases where wheels on only one side of the car are spinnohgstien of engine torque can effectively
increase the amount of grip available to the tyres, althcagyhoted by Kraft and Leffler this does
not provide access to the full adhesion that is available spli.. surface. For that, some means of
providing different torque to each side of the car is reqglire

Eren & Goktan(200]) propose the use of engine torque control, or the applicatiotorque
by an electric motor, to re-accelerate a locking wheel agpalement to friction braking and claim
improvements in stopping distance performance of 10% assilple on low friction surfaces. The
authors do note however that inappropriate applicatiomigfute can cause the wheels to overspeed,
resulting in longer stopping distances, and that accumteity estimation is essential for the system
to be effective.

1.3.3 Steer-by-wire

Notwithstanding the availability of steer-by-wire augrtaion and electronic stability programmes
that could enable lateral collision avoidance manoeuwelet initiated and performed under the
guidance of a vehicle management computer, there is relatittle work reported on lateral
emergency collision avoidanc¥ghidi & Eskandarian 2004 Of particular interest, however, is the
work of Shiller & Sundan(1998, who describe how vehicles are not always able to avoid lesicwl
solely by braking; evasive steering manoeuvres are oftguined, particularly at higher speeds.
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There has been research into the use of steer-by-wire t@rperdutomatic lane changing
manoeuvres such as that performed under the auspices ofattier@a PATH project. However,
this has tended to concentrate on gentle manoeuvres ukeledy autonomous vehicles travelling
on intelligent highway system&@jamani, Tan, Law & Zhang 20D0r systems which are reliant on
inter-vehicle communication (e.¢taneko & Shimamur1997 andSwaroop & Yoon(1999).

Following successful introduction of longitudinal coitie warning and/or avoidance (CW/CA)
systems on vehicles, some manufacturers are startingréalirde lane departure warnings, in which
the car tries to attract the driver’s attention to possiidks (Connolly 2007%. Autonomous steering
control can be implemented to perform lane-keeping for tivedbut, as noted b¥idehall, Pohl,
Gustafsson & Ekmark2007), there are dangers if drivers come to rely on such systeragasn of
autopilot.

Burgio & Zegelaar(2006 identify some of the difficulties related to integration lmfake and
steering controls. The problem is multi-input, multi-outgMIMO), intrinsically non-linear due
to inherent tyre characteristics and suffers from a highree@f plant uncertainty due to variation
in parameters. They propose a method of state feedbackitiatan to produce a globally stable
controller that uses the brakes only in critical cases.

1.3.4 \ertical dynamics

Automatic braking and steering are primarily concernedhwibntrolling the longitudinal and
lateral dynamics of the vehicle. Active suspension systprogide control over vertical dynamics.
Describing the introduction of an active suspension systenthe 1989 Toyota Celica)buraya,
Kawanishi, Kondo & HamadéL990 explain that the systems serve two purposes, namely irfqgov
ride quality (passenger comfort) and improving vehiclediizug (controllability and stability). More
recent research has seen active body control used for gadninlilation and generic prototyping, e.g.
Akar, Kalkkuhl & Suissg2007) andVillegas, Leith, Shorten & Kalkkuh{2007%).

Ride quality and emulation are of little direct interest in emergency situation. However,
coupling between vertical and lateral dynamics is relev@he effect of coupling can be particularly
acute for high-sided vehicles which are at risk of rollodexicessively aggressive lateral manoeuvres
are performed&chofield, Hagglund & Rantzer 2006As lateral dynamics affect vehicle roll, so the
converse is true. Roll and pitch dynamics alter the nornead lacting on each tyre, thus affecting the
ability to generate longitudinal and lateral forc&him & Margolis 200%.

1.3.5 Path planning and construction

If a vehicle is to generate lateral forces, steering autanasty, a path must be determined for the

vehicle to follow. In an emergency, two factors are of patic importance when choosing a path; it

must be safe and feasible. A safe path is one which avoidaabstand a feasible path is one that
the vehicle is capable of following, given its actuator lisniln a non-emergency situation, passenger
comfort and fuel economy might also be factors to be consitler
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Fraichard(1991) explores possible collision-free trajectories for naieimomic vehicles subject
to minimum radius turn constraints for following polygorsglines. Paths are constructed from series
of straight lines and circular arcs. A Curvature Centresc8psa built and then searched to find the
shortest unobstructed path. LatBraichard & Ahuactzin2001) noted that paths must be created
with smooth transitions between lines and arcs if the cav fsltow continuously. They introduced
clothoid arcs to transition between segments. The corigiruof Continuous Curvature paths in the
absence of obstacles is described in detaiFgichard & Scheugi2004).

Lamiraux & Laumond(200]) note that clothoids do not have a closed form, making cbowfro
their shapes difficult and dangerous in the presence of dbstaThey propose a four-dimensional
consideration of path generation from a kinematic point iefw The generation is performed in
multiple stages, with non-holonomic constraints negléatethe first instance.

Pei & Horng(1998 consider path generation for navigating a car into a pgrgpace - an obstacle
avoidance problem at low speed. They suggest that most madebversimplified and do not capture
the intricacies of path planning in the real world. They e a model in which a car can adopt
one of eight orientations. Including vehicle orientatiocreases the complexity of the optimisation
process but produces more realistic parking strategies dlgorithms that do not. However, there
does not appear to be any consideration of vehicle dynanmmstiants in the method, which may
reduce its usefulness for vehicles operating with high ntdoma.

Noting the computational expense of optimisatiburali, Javid & Kasaiezade{2006 propose
using sinusoidal or exponential trajectories for obstameidance manoeuvres, which can be
calculated easily in real time.

In the field of robotics, potential methods are commonly uledinding obstacle-free paths.
Quinlan & Khatib (1993 introduced the idea of elastic bands for global path plag@ind control.
Gehrig & Stein(2001) adopted this energy minimisation technique to navigatetdicle through
regular traffic. Their simulations have been validated wéhl world experimental results from a
demonstration vehicleSattel & Brandt(2005 also suggest that modified elastic bands can be used
to derive trajectories for autonomous vehicles.

Myers, Noel, Parent & Vlaciq2005 observe that most researchers working on collision
avoidance work with obstacles that are knoavpriori. They emphasise the need for algorithms that
generate trajectories in real time, suggesting a Gradielucity algorithm, which their simulations
show can be made to work for robots travelling up to 25 [kmAvijich they describe as “high speed”.

1.3.6 Measurement and estimation

Vehicle ground speed is usually measured by counting wheeelutions using an inductive sensor
attached to the wheel. A typical example of such a sensorserithed byAustin & Morrey (2000.
Although measurements obtained by these devices are fiedeequate for normal driving, in the
presence of longitudinal or side slip of the wheels such@sngrove to be inaccurate, as noted by
Kobayashi, Cheok & Watanal§#995. Operating at a vehicle’s physical limits, it is under cibiaths
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such as these that a collision avoidance controller is requo perform in an emergency.

Kobayashi et al(1995 explain that on a rear wheel drive car it is possible to gatieeaccurate
velocity data from the front wheel sensors provided thay diné handbrake (which operates on the
rear wheels) is used to reduce velocity. A similar princiglased for obtaining experimental data in
the method described kljang & Gao(2000; they use a “fifth wheel” which is a non-driven bicycle
wheel attached to the vehicle that can work as an effectivleotaeter. Obviously these methods
may work on a test ground, but are not to be recommended fonaladriving. Braking only the
rear wheels is particularly dangerous because of the reduict vehicle stability that this causes, as
demonstrated by “handbrake turns”.

A proprietary ABS estimates vehicle speed during a brakiagaeuvre by periodically releasing
the rear brakes and allowing those wheels to acceleratdelatisence of both a driving or braking
torque, the wheels are accelerated by the road to a low ghigitton, thus improving the accuracy of
the induction sensors. The loss of braking traction that ¢itails is not considered to be a problem
as the front wheels carry the greater braking load. Thertsdslitle risk of causing yaw instability
with this method.

Many authors note that accurate, direct and non-contachsnafaobtaining vehicle ground speed
exist, such as optical correlation or spatial filtering noeithJiang & Gao 200) Yi, Alvarez, Claeys,
Horowitz & de Wit (2001 mention that monopulse radar can be used to estimate tetotivehicles
that are equipped with automatic cruise control. Such nusttare very expensive to implement
however and whilst they may be feasible during controllesiglg it is not practical to implement them
on most production cardD@i? & Kiencke 1995 On production cars, vehicle velocity estimation
methods are likely to be used; accurate measurement ofleefgtocity is a significant problem for
vehicle dynamics controller design.

Vehicle state estimation

Measurement of velocity is a significant problem in the desif vehicle dynamics controllers.
Although measurement of the wheel angular velocity is gasitained using inductive sensors, in
the presence of wheel slip, the angular velocities meastioedot accurately correspond with the
motion of the vehicle body.

Tyres are not rigid and deform in the presence of a load. Téfigrchation causes a larger area of
the tread pattern to be in contact with the road than wouldhbease for a rigid wheel. As the wheel
turns, the part of the tread pattern in contact with the raafdrahs further, so that its speed relative
to the road does not precisely match that of the vehicle. iBhise phenomenon known as wheel
slip, various mathematical definitions of which are desdilby Milliken & Milliken (1995. With
both the vehicle speed and wheel slip as unknown parameteesurements of angular velocity from
inductive sensors cannot give accurate estimates of ee$peed.

Dail3 & Kiencke (1995 estimate vehicle velocity by fusing measurement data fsonsensors:
inductive sensors on each wheel, a longitudinal accelaiemaad a yaw rate gyroscope. The wheel
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sensors are sufficiently accurate under normal drivingg{ip)-conditions whereas the accelerometer
and gyroscope are particularly suited to provide velocitgasurements during short transient
accelerations. They compare two methods of weighting the taestimate a true vehicle speed:
fuzzy logic and Kalman filtering. Both methods are shown tegixcellent results. The authors note
however that it is not possible to implement the Kalman filtereal time and that the fuzzy logic is
the better choice. They also express the opinion that theyfiagic method is easier to design.

Imsland, Johansen, Fossen, Grip, Kalkkuhl & Sui€¥206 also note that Extended Kalman
filters are troublesome for real time applications becadsthe need to solve Riccati differential
equations. They propose an observer that fuses data fromsarsguite that adds measurements of
lateral acceleration and wheel steering angles to the sensed by Dail? and Kiencke. A nonlinear
tyre-road friction model is used by the observer to fully lexplateral acceleration measurements
but the authors note that this does require that the coeffioiefriction between the tyre and road is
known or assumed.

Jiang & Gao(2000 present an interesting approach to velocity estimatiah does not require
the use of any accelerometers. Adaptive filtering is useddasn the observation that a vehicle that
is braking cannot go faster than its wheel and the assumftiminthe peak velocity of a wheel is
instantaneously close to the true vehicle velocity. Goadlte from field trials are reported with the
only significant estimation error occurring just at the tstdita braking manoeuvre.

Yi et al. (200]) also attempt to estimate vehicle velocity using only datanf wheel speed
sensors. They use a model-based observer together withamitymodified LuGre tyre model.
The authors show that their controller is able to bring a tguacar model to a halt at close to
the maximum deceleration. Unfortunately, despite makinguaber of simplifying assumptions
regarding the vehicle dynamics, the authors acknowledaehl velocity estimation fails to converge
to the true value during simulations. They do assert, howekiat although their method does not
give an accurate estimation of velocity, this is not a majobfem as vehicles have other means of
determining velocity; radar and human perception are gagexamples.

As the electronics on board cars continue to become moreastigalted, it may be the case that
more accurate measures of velocity become available withewneed to perform complex estimation
on insufficient and noisy datd.iu, Lu, Shi & An (2001 comment on the synergies between anti-
lock braking, traction control and automatic cruise consgstems in terms of the sensors and
actuators that are required. The widespread introductfaautomatic cruise control in the future
may be accompanied by speed measurement and/or commamgsiesiying on communication
with roadside beacons.

Friction estimation

The traction available to a tyre is directly proportionathie friction coefficienfu between the rubber
and the roadNlilliken & Milliken 1995). The coefficient of friction cannot be measured directly bu
there are a number of estimation methods reported in thratite.
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The problem of estimating friction is closely coupled tottloé determining the type of road
surface on which the vehicle is travelling. If the surfac&nswn, perhaps from optical or acoustic
methods, it is possible to make a reasonable estimfatdgrsson, Bruzelius, Casselgren, Gafvert,
Hjort, Hultén, Habring, Klomp, Olsson, Sjodahl, Sveniles, Woxneryd & Walivaara 2007 In the
absence of such information, friction can only be estimdteth the effects that frictional forces
have on wheel or vehicle motion. These effects are only ebgewhen the vehicle is braking or
accelerating. A quiescent steady system in which the whaelsolling at near constant velocity
provides no information from which can be estimated.

If the braking torque is known, as in the case of the intefiigeraking system o6issinger et al.
(2003, together with the vertical load and the wheel speed, theririctional force at the wheel can
easily be determined by differentiating the angular véjoof the wheel with respect to time. Most
vehicles are not fitted with the appropriate sensors to géadinese data but some commercial ABS
sensors provide friction estimates as a result of wheella@t®n in response to brake pressures,
which are assumed to be proportional to the braking forces.

Many attempts have been made to estimaie real time.Germann et al(1994 have developed
a friction monitoring system that computes wheel loads angitudinal tyre forces on the basis of
models of friction-slip characteristics. Meanwhilasterkamp & Pacejd997) use neural networks
to estimate friction on-lineGustafssor{1997 attempts to detect abrupt changes in friction from slip
measurements(i, Woo, Kim & Lee (1999 use friction estimates to determine safe spacing disgance
for vehicles as part of a collision warning/avoidance syste

Samadi, Kazemi, Nikravesh & Kabgani&2001) note that despite the existence of many tyre
models, significant differences between models and rea bmdnaviour are found. Rather than
using a physical model, they propose the use of an extendédaRaFilter for estimating friction
parameters. All of these methods have great difficulty wihensiystem is quiescent and, even under
ideal circumstances, are unable to predict the frictiord@t@mns that will be found in the road ahead.
Despite significant research effoyt,remains a highly uncertain parameter for automotive contro
applications.

Yi et al. (2003 note that even when friction parameters are relativelyl webwn, it is not
sufficient to consider only wheel velocities to predict bngkperformance and vehicle speed because
the dynamic system is almost unobservable using just th@ssunements. They therefore use the
pressure within the master brake cylinder to estimate ttefinvolved.

Choi et al.(2002 estimate friction using a sliding mode observer with a fupgic algorithm.Liu
et al.(200]) propose to determine the surface type on the basis of thenmaxacceleration achieved
by the vehicle body. An appropriate friction coefficienthiemn selected based on the estimated surface
type. This technique is equivalent to considering the sysie being composed of multiple models,
a topic that is discussed further in SectibB.7.

The addition of a change detector to the friction estimatwetbped byGustafssorf1997) enables
detection of a change in road surface within four samples[€]). A number of change detectors are
compared and a cumulative summation (CUSUM) detector recamded, primarily because of its



CHAPTER 1. INTRODUCTION 16

simplicity.
Despite the great effort of many researchers, real-tinotidri estimation remains a challenging
problem, introducing parametric uncertainty that congiks the design of vehicle controllers.

1.3.7 Control techniques

A wide variety of control techniques have been explored fatomotive control, ranging from
classical linear techniques to modern nonlinear methods.

Multiple plant models

Kalkkuhl, Johansen & Liudemanf2002 use a finite set of parameter models with an estimator
resetting routine to switch between models. The variousatsoapresent different conditions and
the decision to switch between them is taken on the basis afagteed reduction in a Lyapanov
function. Obviously, given the uncertainty in the plantistuarantee can only be given if some
bounds are placed on the uncertainti8slyom & Rantzel(2003 use the method dfalkkuhl et al.
(2002 together with cone-bounded uncertainties in the planetelbp a gain-sheduled pair of PID
controllers. Two controllers are scheduled because thgdini curve is approximated as two linear
segments representing a stable and an unstable regionis lcate the authors recommend placing
the integral gain inside the numerical integration to srhdansitions.

Simultaneous stabilisation

An alternative method of handling variation in the plantgmaeters is to develop a robust controller
that is able to handle all variation of those parametétsnt, Wang, Schinkel & Schmitt-Hartmann
(2003 describe a method of solving the (strong) simultaneousilisation problem (S/SSP) which
requires a single controller to place the closed loop pofemutiple plants within a specified D-
region of the complex plane. The development of a singleroblaiw to handle all variation of friction
coefficient would allow a brake controller to be implementégthout using friction observers which,
as noted bySchinkel & Hunt(2002, are well known to have poor properties. Unlike converdlon
pole placement methods, this technique does not attemplat® phe poles arbitrarily (standard
optimisation routines are used to find (locally) optimalsiains) so full state feedback is not required.

Feedforward and robust control

Nouillant et al. (2002 advocate the use of a feedforward and robust feedback atientias a
solution to the problem of uncertainty in the friction betmethe tyre and road. The feedforward
controller contains an inverse model of Pacejka’'s magimtda; the feedback controller is a CRONE
(Commande robuste d’ordre non entir: robust control of imbeger order) controller designed for
use with a hydro-pneumatic (i.e. gas spring) suspensiotersyfOustaloup, Moreau & Nouillant
1996. The control strategy is to maintain near-optimal acegien (by means of slip control) where
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the target acceleration is determined for the road surfatieeastart of braking. Stopping distance
improvements of up to 30% are claimed on icy surfaces fronulsition results but this control
is dependent upon the use of proportional servo-valveshwéie capable of applying continuous
control. The obvious weakness of such a strategy is thatllitnet cope well if the road surface
changes suddenly during braking.

Hybrid (finite state) methods

There are two senses in which vehicle controllers may beted@ hybrid. Virtually all electronic
brake control systems may be said to be hybrid in the sensdidital controllers operate at discrete
intervals whereas the plants operate continuously. Thealt@rs may also be hybrid in the sense
that they include some form of moding or finite state machiiiteiw the algorithm Johansen et al.
200)). These two types of hybridity are neither mutually exalasior dependent.

The simplest finite state control is probably that known astipbang” control in which actuators
are active until a certain condition is met at which pointtbecome inactive. Control methods such
as this are used in the brake system of some vehicles baséeé state of the wheels (e.g. locked or
rolling) according taliang & Gao(2001), however the references that they cite date to the latesl980
and may perhaps no longer be valid.

Finite state methods may be used in vehicles to alter thesstjet based on road type. Combined
with friction estimators, finite state machines can be usesktect appropriate control laws based on
the road conditions as described by et al. (2001) who select between multiple fixed accelerations
to control a vehicle under automatic cruise control.

PID control

One of the great advantages of Proportional + Integral +v2tvie (PID) controllers is the ease
with which they may be tunedJiang & Gao(2001) highlight the importance of controllers being
tunable and testable by field engineers. They decry the deashfpop-shaping controllers based on
linear models which work well in simulation but cannot beddrin an industrial setting, and note the
similar difficulties arising from controllers based on mavanced control strategies such as fuzzy
logic control, model reference control and neural netwoi&snilar comments about the simplicity
of PID design compared to model-based controllers are ma&olyom & Ingimundarsori2002).
There are numerous well established tuning methods foguiesj PID controllers which, as

noted byPanagopoqusé\strbm & Hagglund2002), range from those which are very easy to tune and
require relatively little plant knowledge to those whiclkjué&e greater insight into the plant behaviour.
A number of authors present methods of tuning PID contmll&n important theme in many of these
is the means by which model uncertainty is dealt with, palidy the use of constrained optimisation
methods. Solyom & Ingimundarsor{2002 use a cone-bounded optimisation method for tuning Pl
and PID controllers in which boundaries for nonlinearit® uncertainties within the plant model
are ascertained and used to provide constraints; for Ptaltans, the authors highlight the benefits
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of a graphical approach to finding starting values for thenmiprocess, while for PID controllers,
where the parameter space may not be so easy to visualiseaxinal optimisation routine is used.

Kristiansson & Lennartso(2002 emphasise the necessity of including any filter dynamicdy ea
in the design phase when presenting their tuning rules fonsiband near-optimal PID control and
stress that it is necessary that all available parameterfse® to be designed.

Jiang & Gao(200)) find conventional linear PID controllers to be capable ofydimited
performance. To overcome this, they propose a nonlineard@tdroller to implement a smooth
form of gain scheduling by mapping the error sigrab a function of the fornx® : « € [0, 1] which
progressively reduces the gain as the error signal is isetka A linear region around the origin
improves numerical stability for very small errors.

One of the disadvantages of traditional tuning methods rd®ntrollers is that they only work
on stable plantsParaskevopoulos, Pasgianos & Arvan{2904) describe several tuning methods for
pseudo-derivative feedback controllers which can be usatabilise unstable first order plants with
dead time and avoid the need for integral control terms wbé@hlead to excessive overshoot in the
closed loop response.

Sliding mode control

The use of sliding mode control for braking applicationsnigesstigated by very many authors, for
example: Choi et al.(2002, Canudas de Wit & Tsiotragl999, Heinzl et al.(2002, Jung et al.
(2002, Kazemi & Zaviyeh(2001), Wu & Shih (2003 andYu & Ozguner(2002. The popularity of
this technique is because of the robustness of sliding mouieat.

Schinkel & Hunt(2002 assert that it is not possible to design a continuous fegdbantroller
to achieve maximum deceleration and therefore investigaieling mode controller. The assertion
depends on the assumption that a wheel may not be accelevhatledbraking, which may not be
strictly true as it may be accelerated either by the road @xéernal torque (such as that proposed by
Eren & Goktan(2001)).

A sliding mode brake controller is developed By & Chung (2001 as part of a collision
warning/collision avoidance (CW/CA) system. Sliding mamtatrol is used because it can account
for the significant uncertainties in the non-linear dynavitbrake actuators.

Pole placement

Both the linear and nonlinear observers develope&ieycke & Daif3(1997) were developed using
pole placement techniques, with good results report€thamaillard et al(1994 state that it is
advisable to start with well known control techniques befstarting to evaluate more sophisticated
methods. They used pole placement as a starting technigoerftvoller design because it is a method
with which the authors are familiar. An introduction to thettmod of designing controllers by solving
the Diophantine equation is given @gstrbm & Wittenmark(1997).
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1.3.8 Modelling tools

A Mathworks Automotive Advisory Body (MAAB) issues guideis Donald 200J for the use of
Matlab, Simulink and Stateflow for automotive applicati@msl Matlab Simulink is described as the
industry standard tool for controller design Bghuller et al(2002. However, it is hoteworthy that
they use other tools for the detailed modelling of physiaahponents, such as hydraulic elements
of the brake system. Various Matlab toolboxes are also moeedi in the literature, for example, the
change detection toolboxGlstafsson 1997 the neural net toolboxPasterkamp & Pacejka 1997
and the optimisation toolboxHunt et al. 2008

Bond graphs represent power transactions between sulvsysted can provide useful infor-
mation to control engineersGawthrop & Bevan 2007 The use of bond graphs for modelling
mechanical systems, particularly suspension elemengxpisunded in a number of French papers,
for instance byChamaillard et al(1994 and Gissinger, Chamaillard & Stemmel€h995. Konik
(2002, meanwhile, uses Matrix to model vehicle dynamics and perform rapid prototypinghi@ t
development of a “Dynamic Drive” active suspension syst&he TruckSim tool was used hljang
& Gao (200) and used with Matlab in the form of C-Mex files.

Jansen, Zegelaar & Paceje299 describe arigid ring tyre model that can be linked to Simkli
the tyre model was created using Madymo and links to a Foboaly model.

The use of ADAMS for detailed kinematic modelling with margggdees of freedom is mentioned
by numerous authors, e.giidner (1993, Heinzl et al.(2002 andPauwelussen, Gootjes, Schroder,
Kodhne, Jansen & Schmeif2003.

1.3.9 Standard manoeuvres

Lidner (1993 recommends the use of ISO TR 8725 which is used by Volvo asd st for steering

properties under normal conditions and for stability urtdgh lateral acceleration. A number of ISO

standards (many also incorporated as British Standardst)describing test procedures for passenger

cars (ICS 43.100), road vehicle systems (ICS 40.040) ardtivelicles in general (ICS 43.020). Most

of these standards are primarily designed to be used to smingitions for conducting tests on real

vehicles, however they may potentially be of some use foeldging controller evaluation criteria.

ISO 3888-1:1999 Passenger cars — Test track for a severe lane-change mameeBart 1. Double
lane-change

ISO 3888-2:2002 Passenger cars — Test track for a severe lane-change mamedeart 2: Obstacle
avoidance

ISO 4138:1996 Passenger cars — Steady-state circular driving behavi@gen-loop test procedure

ISO 6597:2002 Road vehicles — Motor vehicles with hydraulic braking sgstewith and without
antilock device — Measurement of braking performance

ISO 7401:2003 Road vehicles — Lateral transient response test methoder-Opp test methods

ISO 7975:1996 Passenger cars — Braking in a turn — Open-loop test procedure

ISO/TR 8725:1988 Road vehicles — Transient open-loop response test methibdowe period of
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sinusoidal input

ISO 8726:1988 Road vehicles — Transient open-loop response test meththd pseudo-random
steering input

ISO 9815:2003 Road vehicles — Passenger-car and trailer combinationserdlatability test

ISO 9816:1993 Passenger cars — Power-off reactions of a vehicle in a turpendbop test method

ISO 11835:2002Road vehicles — Motor vehicles with antilock braking sysse®iBS) — Measure-
ment of braking performance

ISO 12021-1:1996Road vehicles — Sensitivity to lateral wind — Part 1: Opewpltest method using
wind generator input

ISO 13674-1:2003Road vehicles — Test method for the quantification of onreehandling — Part
1: Weave test

ISO 14512:1999 Passenger cars — Straight-ahead braking on surfaces Wittogsficient of friction
— Open-loop test procedure

ISO 15037-1:1998Road vehicles — Vehicle dynamics test methods — Part 1: @keoenditions for
passenger cars

ISO 15037-1:1998/Cor 1:2001

ISO 17288-1:2002Passenger cars — Free-steer behaviour — Part 1: Steeléageeopen-loop test
method

ISO/TS 20119:200Road vehicles — Test method for the quantification of onreehtandling —
Determination of dispersion metrics for straight-linevirg

1.3.10 Measures of performance

Determining an objective set of criteria for evaluating trolters is an important part of the
optimisation process as well as a necessary prerequisiteetermining when a design is complete.
Pauwelussen et dR003 measure the time required to bring a vehicle to a halt irr twnparison
of tyre models. Perhaps a more directly relevant measura angrgency situation is the stopping
distance achieved by the controller under examinationpBtg distance improvements in response
to brake control designs are cited by numerous authors xemmpleEren & Goktan(200]) claim a
10% reduction in stopping distance is possible using thdiraal applied torqueGissinger et al.
(2003 report improvements of a few percent for their intelligénaking compared to conventional
ABS. In general, authors reporting results of simulaticgrsdtto claim greater improvements than
are claimed by those reporting test track data. It is adigseabbe somewhat cautious of simulation
results, at least until the models used have been calibestgdalidated against actual test data.
The performance of individual components may be measurededisas that of the overall
vehicle/controller combinationJiang & Gao(2001) use the 2-norm error of wheel velocity as a
criterion in their report on nonlinear PID control. Impraowent in velocity estimation is likely to
improve controller performance regardless of the methed asd it would seem to be worthwhile to
measure such parameters independently if possible.
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Schuller, Schaeffer, Neukum & Kruegét999 describe a ratings module which attempts to
predict subjective assessment of driver workload from aibje measures derived from simulation.
The concept of driver workload could provide a useful ciiterfor filtering out poor controller
designs as it is to be expected that good controller conibimatwill not require excessive work
load from the actuation systems.

1.4 Critique

The dominant theme emerging from the review of the statd®fart is the importance of non-linear
tyre behaviour on the overall vehicle dynamics. Sustairesgarch into the traction generated by
tyres has led to several alternative models, which fall disoato four categories, classified either
as dynamic or steady state; and empirical or physics-baleel more detailed models are shown to
better represent observed tyre behaviour, but there aréntportant caveats. Firstly, these detailed
models require large sets of experimental data for caldmwadand parameterisation; data which are
very expensive to obtain and not readily available. Segomdlimodels are highly dependent upon a
significantly uncertain parameter, namely the level ofiivic between the tyre and road surface.
Considerable effort has been expended by researcherdigateswy methods of observing or
inferring the nature of the surface on which a vehicle isdlavg. Methods relying on optical
correlation or analysis of vibration appear promising fderitifying the type of road surface,
while analysis of wheel acceleration data allows more dineference of the available friction.
Nevertheless, the friction coefficient must still be regar@s highly uncertain. Consequently, there
is no justification for using an excessively detailed modhelt tcaptures dynamic behaviour orders
of magnitude less significant than the parametric uncaytamthe system. The Magic Formula
tyre model is predominant in the published literature fdmigke dynamics control and appears to be
an excellent compromise between the need to accommoddtly Imign-linear characteristics while
respecting the inherent parametric uncertainty and diffiaf obtaining experimental test data.
Several brake control strategies are presented. By agpitigpendence on detailed knowledge
of the tyre characteristics, Gissinger’s Intelligent BrakSystem has highly attractive properties.
Unfortunately, it entails extensive redesign of the brgkamd instrumentation systems and is not
therefore easily adaptable to existing vehicles. Amongcwtrol strategies described for more
conventional braking systems, PID and sliding mode corarelpre-eminent. Sliding mode control
appears to be favoured by academics, because of its robsstnthe face of matched uncertainties.
However, PID control features heavily in the literaturettisanore closely associated with industrial
practitioners. This is unsurprising given the widespresel af PID control in industry generally. It is
clear that any practical controller must be implementedizhsa way that it can be easily adapted by
test engineers without requiring adjustment to detailetheraatical models of the system behaviour.
With little published research into steer-by-wire vehsglé is unsurprising that there is little
guidance to be offered into the design of integrated stgexinl braking controller design or trajectory
generation. The most relevant related fields are those okpace and robotics research. However,
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each of these differs significantly from road vehicle dynesmi Multi-input multi-output (MIMO)
control systems are common in aerospace control, but fonadiithere is usually a surplus of actuators
that enable control actions to be separately allocatedn®sxtent, for example, engines can control
speed while aerodynamic surfaces control attitude. Tha teason that can be learnt from the field is
the importance of ensuring that individual control loopeiact well with each other when operating
in parallel. Non-holonomic wheeled robots are more simitaroad vehicles in the sense that all
propulsive forces are generally generated through the lehe®wever, with 25 [km/hr] considered
to be a high-speed in the field, there are substantial difter® to automotive control problems,
where the momentum and kinetic energy - and hence stoppstgndees - involved are significantly
higher. Within automotive control, the bulk of researctodfhas been focused on gentle manoeuvres
performed by vehicles operating comfortably within théinits either as platoons, interacting with
other vehicles, or following markers in the road. Generatib feasible trajectories for emergency
lateral manoeuvres therefore remains an outstandinggarobl

Finally, it is necessary to comment on the greater perfoomaimprovements claimed by
researchers working with simulated data, compared to tbegerimental counterparts. It is
reasonable to suppose that researchers relying on simdata may be dealing with more exotic
designs than those constrained by current technology astdigttations. However, it is also likely
that the use of vehicle models that do not accurately cagtiitbe intricacies of vehicle dynamics
lead to optimistic predictions. This would reinforce theddo ensure that any practical design based
on simulation should be capable of being adapted with velaase when experimental data become
available.

1.5 Aims and objectives

An obstacle avoidance capability is an essential prergquier any automatic lateral collision
avoidance system that is intended to safely navigate aleeinidhe presence of obstructions. The
aim of this research is to develop a vehicle dynamics cdetrédr a car equipped with steer-by-wire
and brake-by-wire systems. The controller is required tope an obstacle avoidance manoeuvre
with the car operating at its physical limits.

The development of a practical lateral collision avoidasggtem is a long term goal that requires
maturation of many key technologies. The work presented tsefiocused on the control of vehicle
dynamics rather than the environment in which a vehicle atper As such, the scope is restricted
to the development of an automatic controller. Sensingneldyy, data fusion and driver-vehicle
interaction issues are specifically excluded.

The aim, then, is to develop an integrated steering and togakontroller that is capable of
causing a passenger vehicle to perform an emergency latestdcle avoidance manoeuvre. Specific
objectives, identified from the preceding literature reyiare as follows:

1. development of a vehicle model that captures significgmianhic effects, while remaining

sufficiently robust in the face of large parametric uncaitigiparticularly in relation to the
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friction coefficient;

2. development of a trajectory generation algorithm fontdfging a feasible course through a
specified obstacle course; and

3. development of an integrated steering and braking cliertito perform the specified manoeu-
vre automatically, i.e. in the absence of human interaction

If a vehicle faces an obstacle in the lane in which it is travg) it would usually be appropriate to
move to an adjacent lane, if it is free of obstructions. Thsingle lane-change is the basic element of
a lateral obstacle avoidance manoeuvre. After performisimgle lane-change, unless it is required
to take further evasive action, the vehicle may remain iméw lane or return to the old one. On a
dual carriageway or multi-lane road, if there is no furthangler, it would be sensible for an automatic
controller to take the least action necessary, allowinglther to determine the best course of action
after regaining full control of the vehicle.

In the early stages of this research, it was therefore dédlik the objective should be to cause
a passenger car to perform a single lane-change while apgiatits physical limits, i.e. subject to
traction and actuator constraints.

As the research progressed, it was decided to make the sxencire challenging and to require
the vehicle to instead perform a double lane-change, a tasthvplaces tighter constraints on the
vehicle’s acquisition of the new lane and thus requirestgreantrol to be exerted over the vehicle.
This more demanding problem would be an appropriate mameduowircumstances where, upon
acquiring a new lane, it is not safe to continue travelling,iperhaps because of further obstacles.

Satisfaction of the aims and objectives is demonstratednbylation.

1.6 Contribution

This thesis makes the following contributions to the stdtie art.

1. A non-linear vehicle model which is capable of producietpeity-based linearisations at non-
equilibrium conditions has been developed and implemeintadorm suitable for simulation,
either as standalone code or within Matlab or GNU Octave.

2. Anew trajectory generation method has been developeave2dormulations of an emergency
obstacle avoidance problem are used during a series of isptions to generate and refine a
feasible trajectory. The method is suitable for appligatmmore general automotive trajectory
generation problems.

3. A new controller design strategy has been developed basesimulation using the afore-
mentioned model. The method allows effective integratibateering and braking controllers
despite the highly non-linear nature of the interactiorwleetn the two sub-systems. The
controller is of a form that is amenable to efficient tuningdmgineers in a test environment
and therefore practical for implementation on productiardivare.
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In total, these contributions provide an essential elerogatcollision avoidance system, providing a
means for a vehicle to navigate around an obstacle in its paih following journal publications and
conference presentations have so far arisen as a diretitoéthis research:
e Bevan, Gollee & O’'Reilly(20073). Automatic lateral emergency collision avoidance for a
passenger cammternational Journal of Contrgl80(11):1751-1762, November 2007;
e Bevan, Gollee & O'Reilly(2007). Trajectory generation for road vehicle obstacle avaigan
using convex optimisation. SubmittedVehicle Systems Dynamjckine 2007;
e Bevan, O'Neill, Gollee & O’Reilly(2007. Performance comparison of collision avoidance
controller designslEEE Intelligent Vehicles Symposiutstanbul, June 2007;
e Bevan, Gollee, and O'Reilly. Automatic lateral collisiovoédance for a passenger celiKACC
International Control Conference / EPSRC graduate worksl@asgow, August 2006;
e Bevan, Gollee, and O'Reilly. Automatic lateral collisiowvogddance for a passenger car.
CEmMACS/HyCon workshphund, June 2006.

1.7 Conclusion

The research topic has been introduced and the case fodedngi the introduction of emergency
lateral collision avoidance systems in passenger carsders tnade on grounds of safety. The state
of the art of key technologies related to automotive dynaniic emergency situations has been
reviewed. The published literature has been found wantingegard to trajectory generation for
emergency obstacle avoidance manoeuvres. It has also tesah that a high degree of parametric
uncertainty must be expected in relation to the frictionfiéccient between tyres and the road and that
this parameter has a significant effect on overall vehicleadyics.

The contributions and structure of this thesis have beenilddt and a general problem
specification has been outlined. Project aims and objectieee been specified, namely to develop
a method for determining a feasible trajectory through astasbe course; to develop an emergency
lateral obstacle avoidance controller, integrating stgeand braking subsystems, that is capable of
causing a target vehicle to follow that trajectory; and tondastrate this by simulation.

The remainder of this thesis is arranged as follows.

The focus of ChapteR is on modelling vehicle dynamics. The basic equations ofiancand
common tyre models are described and a highly complex gy vehicle model is introduced.
The development of a non-linear model for controller dessgtihen described. The model includes
a velocity-based linearisation of the system, derived syfically, which is used during subsequent
controller design.

In Chapter3, two trajectory generation methods are described. Therfieghod, based on circular
arcs connected by straight lines, is similar to path plagailgorithms used for robotic control. It is
used to calculate feasible trajectories at constant sgeavbuld cause a following car to approach
the traction limits of its tyres. The second method generai@ectories by means of a series of
convex optimisations. Trajectories can be generated fooie meneral range of manoeuvres, but a
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vehicle following a trajectory generated by this method lddae required to decelerate while turning,
thus requiring integrated steering and braking control.

The design of an integrated steering and braking contréidlers described in Chaptet. The
design method uses the controller-design model of the giregehapter to produce charts that enable
controller parameters to be tuned.

Evaluation of results is presented in Chagierm he two feasible trajectory generation methods of
Chapter3 are first compared, using the controller-design model toatestnate qualitative differences
between the trajectories that each produces. The perfaenaithe obstacle avoidance controller
developed in Chaptet is then evaluated by simulation, using both the contralksign model and
complex proprietary model introduced in Chager

Conclusions are presented in Chapefollowed by code listings for the trajectory generation
routines and controller-design model, which appear in thpehdix.

In the next chapter, a description of the target vehicleH@ tesearch will be presented together
with vehicle models that capture its essential dynamicéduan aggressive lateral manoeuvre.
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Chapter 2

Vehicle models

The purpose of computing is insight, not numbers.
— Richard W. Hamming®"3

The motivation for considering lateral collision avoidargystems for passenger cars is outlined
in Chapterl in conjunction with a review of the state of the art. In thispter, details of the target
vehicle are specified, along with its governing equatiorsrandels derived therefrom. A controller
design based on these models is presented in Chépter

Two modelling requirements arise for this research. HKirsdl model is needed to facilitate
controller design. Secondly, a model is required for evalgathe performance of the controller.
These requirements need not be satisfied by the same modeadoritooller design, the model must
capture the essential characteristics of the system -epkantiy the dynamics — but remain sufficiently
simple to be amenable to analysis and guide decision makiogcontroller evaluation, the model
should ideally offer a very close approximation to reality.

In the following sections, the target vehicle for the reshais introduced, followed by a
description of a complex proprietary model of that vehi@ebsequently, a simpler non-linear model
of the vehicle dynamics is developed for controller desigrppses. After an introduction to velocity-
based linearisation, the technique is used to derive limealels from the non-linear controller design
model. Finally, the model is verified by simulating variouameuvres, the outcome of which can be
readily calculated from first principles.



CHAPTER 2. VEHICLE MODELS 27

2.1 \ehicle and actuators

The target vehicle for this research is a Mercedes ‘S’ ClasS; CEMACS (2009, that has been
modified by DaimlerChrysler Research and Technology, ligit Systems Group in Stuttgart.
The vehicle is equipped with a CAN bus (ISO 11898) to whichesalvon-board computers have
been connected, together with an extensive array of senddrsse include wheel speed sensors,
a gyroscopic inertial navigation system (INS) and globadiponing system (GPS) receiver. The
INS can provide accurate and frequent (100 Hz) body acdaaraeasurements, which may be
filtered and integrated to provide velocity and positionneates. Lower frequency (10 Hz) GPS
measurements can be used to correct for sensor drift in tBe A4 on-board observer collates the
various sensor data and can provide timely best estimatibe okhicle states.

The car is equipped with a four-wheel independent brakeAdbg-system and a front-wheel steer-
by-wire system. In production vehicles, an Electronic 8itgbProgramme (ESP) automatically
applies differential braking forces to induce a yawing mame&hich acts to stabilise the vehicle
yaw rate during aggressive turns. However, commercial E&REto be fairly conservative and act
to maintain a safety margin of the order of 10% from the thiécaklimits. The original ESP on the
car has been modified to allow the standard production algos to be bypassed and new commands
to be injected into the anti-lock braking system (ABS). Ithsrefore possible to command the ABS
to take the vehicle closer to its physical limits. As long las tvheels remain unlocked, the ABS is
able to produce a longitudinal force at each wheel on demlzatéral tyre forces can be produced by
steering the front wheels. However, there is no facilitydemanding precise lateral forces; instead
it is necessary to consider how the lateral slip angieduces lateral forces and to steer the wheels
accordingly.

Table 2.1: Steer-by-wire sensor and actuator constraints.

Sensor/actuator limitation | Value
Steering rate limit 160 [rad/s]
Sample rate 100 [HZ]
Delay 40 [ms]

Table 2.2: Brake-by-wire sensor and actuator constraints.

Sensor/actuator limitation Value

Bandwidth 15 to 18 [rad/s]
Sample rate 50 [Hz]
Delay 20 [ms]

Maximum rate (pressure rise) 0.5 [kbar/s]
Maximum rate (pressure drop)2 [kbar/s]

The steer-by-wire and brake-by-wire systems each havegnheensor and actuator limitations,
namely communication delays, sample rate limits and amtuate limits. Additionally, the brake
system is only able to satisfy the demand for a precise lodgjial force if the wheel is not locked,
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but lock detection is not instantaneous. These sensor dodtaclimits are specified in Tablésl
and2.2

2.2 Proprietary nonlinear model: CASCaDE

A proprietary vehicle model, known a88ASCaDE(Rauh 2003 has been provided by Daimler-
Chrysler. CASCaDE has been developed over several yeareffets a simulation harness for
integrating modules that may be switched in or out as requi#enmon, Gipser, Rauh & Wimmer
1997. The model is parameterised so that it can represent a m@ngehicles. It has been used
extensively by DaimlerChrysler for predicting behavioafdre experimenting with real vehicles on
the test track. Having been subject to a high degree of vaditait is reported to give an accurate
and realistic representation of actual vehicle performanc

CASCaDE has been provided as a “black box” model, implenteatea Simulink S-function
that uses an encrypted, pre-compiled Fortran library afetsfnterfaces to representations of the
sensors and actuators that are potentially available ocaheThe version made available for this
research is parameterised to represent the target vehi@&;a Mercedes ‘S’ Class research vehicle.
The car is rear wheel drive with front wheel steer-by-wirel ali-wheel independent brake-by-wire
capability. In addition to translational and rotationaldigalynamics, the vehicle’s anti-lock braking
system (ABS) and electronic stability programme (ESP) aceletied, together with tyre models
based on data gathered for the tyres fitted to the car.

The CASCaDE model offers a useful means of evaluating tled/liaverall response of the vehicle
to a set of control inputs; and hence the effectiveness ofcanyroller design. Significant features
that are represented in CASCaDE include:

e engine and powertrain dynamics;

e anti-lock braking system dynamics, including an optioat&onic stability programme;

e vertical translation (suspension) dynamics, includingasyal active body control,

e pitch dynamics;

¢ independent movement of the body relative to the chassis;

e detailed actuator and sensor characteristics;

e sensor locations and correction algorithms;

e disturbances, such as wind-fields;

e detailed mass distribution;

e variable friction surfaces; and

e automatic controllers and closed loops for various systenmsh as drive torque, gear changing

and speed control.
The interaction of subsystems that are not directly relet@the design task can inhibit analysis of
salient behaviour. Furthermore, as a “black box” modelapeaterised for a specific research vehicle,
the inner workings are largely unknown. CASCaDE is too caxpb be used in the design task itself,
so it is necessary to develop a simpler vehicle model forrotiat design.
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2.3 Axis systems

Conflicting standards exist for the orientation of axis §@tsutomotive applicationdS0O-8855:1991
and SAE-J1594:198%0th define right-hand orthogonal axis systems with the &dwdirection
defined as positive. However, whereas the Society of Autwa@&ngineers defines axes to the right
and down to be positive — consistent with aerospace andcadutbnventions — the International
Organization for Standardization defines positive axebéddft and up. Following the textbooks by
Milliken & Milliken (1995 andGillespie(1992, theSAE-J1594:198@onvention is used throughout
this work. Positive directions are: forward, right and down

> VO

Figure 2.1: Fixed Earth and body axis systems.

Two axis systems are shown in Figutel. The vehicle body axis system is a right-hand
orthogonal axis sgtX, Y, Z) centred on the vehicle centre of mass wifldefined positive forwards
along the centre-line of the vehicle afddefined positive to the right. This axis set can be used
to describe the geometry of the car and the vehicle veloddgtor (X,Y, Z). Since this axis
system moves with the vehicle, it is not useful for measuvielicle position relative to the ground.
Therefore, a fixed Earth axis systéti®, V¥, Z9) is defined to be co-located and aligned with the
vehicle axis at some point before the start of any manoewirddes not subsequently move with the
vehicle. The horizontal angle of rotation between thess systems is the vehicle heading angle,

In the absence of pitch and yaw rotation, velocity and acagén vectors in the vehicle body axis
system can be converted into the fixed Earth axis system htirgtthe vectors througt radians

X% = Xcosy — YVsing Y9 = Xsing)+ Y cos v AA (2.1)
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(a) Friction ellipses for each tyre. (b) Friction circle for the vehicle.

Figure 2.2: Friction ellipses. The maximum achievable édsca function of the friction coefficient and the
vertical load. It is usually greatest in the wheel’s londinal direction. Combining the friction ellipses from
each tyre, a friction circle of radiusmg [N] approximately describes the maximum force achievalyl¢hle
vehicle in any direction. .

Four further axis systems (not shown) are defined; one fdn edeel. These axes:{ v, ;)
Vi € [1, 4] are aligned with, and centred upon, each of the wheels, véhietabelled as: 1) front left;
2) front right; 3) rear left; and 4) rear right. For the fronheels, steered through an angl§rad],
these axes are rotatédrad] relative to the vehicle body axis. The rear wheels dosteer and hence
there is no rotation of the rear wheel axes relative to théclebody axis.

2.4 Tyre forces

The most important actuators on the vehicle are the foustyrethe absence of aerodynamic control
surfaces or propulsive devices, the only controllabledsrthat may be used to accelerate a vehicle
are the frictional forces generated in the small conta@savehere tyre rubber meets the road surface.
The frictional force that can be generated is constraineloettess than or equal to the product of
the coefficient of frictiory, and the normal loadl, acting at the point of contact. Traction saturation
is thus a significant physical phenomenon when considericie limitations. The value gf can
vary considerably depending on the road surface materigbegvailing conditions, ranging from less
than 0.05 for ice to approximately 1.0 for dry asph&e(mann et al. 1994 Neglecting aerodynamic
lift forces acting on the body of the car, the load acting dbertotal contact area must be equal to
the vehicle weight and so the maximum acceleration that eaachieved igig [m/s’] whereg is the
acceleration due to gravitation.
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(a) Longitudinal wheel slip. Deformation of the tyre  (b) Lateral wheel slipx and side slip3. Lateral wheel
means that forward speed is not necessarily proportional slip is the angle of the wheel’s velocity vector relative
to angular velocity. The discrepancy betwegrandrw to the wheel axis. Side slip is the angle of the vehicle’s
is known as longitudinal wheel slip. velocity vector relative to the body axis.

Figure 2.3: Wheel slip.

The maximum achievable lateral force for a wheel is usudigh8y less than the maximum
longitudinal force, so the limiting value in any directios described by a tyre-dependent friction
ellipse (Figure2.2). However, given the high uncertainty jnand the ability for the front wheels
to be steered, a reasonable approximation for the traatige favailable for the vehicle as a whole,
rather than for any particular tyre, is a friction circle.

Tyre deformation, due to vertical loading and strain at §re/toad interface, means that the
speed at which the tread pattern moves across the road doesrrespond exactly to the product of
the wheel’s angular velocity and nominal radius. The diganey between these speeds is known as
longitudinal slip (Figure2.39. The longitudinal slip ratio for each wheel is defined as

TW — Vg

A= (2.2)

Vg

whereuw,. is the vehicle speed in the direction that the tyre is rollings the effective tyre radius and
w is the wheel rotational velocity. Steering the wheels, gdpg differential braking, causes them
to point in a different direction to the vehicle velocity vec The result is side slip (Figuiz3h). The
wheel lateral slip angler is a the angle that the velocity vector of the wheel makes thighwheel's
forward axis

a = arctan ¥ (2.3)

Vg

wherev, is the lateral speed of the tyre. The wheel speeds can be deéfiterms of the vehicle
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velocities(X, Y, ¢) and the steering angtefor each wheel.

Vg = + (X —ly, 1/)) cos 0; + (Y +Ix, 1/)) sin 6; (2.4)

Uy = — (X —ly, ¢> sin 0; + (Y +1lx, w) cos 9; (2.5)

wherelx ; andly; are the longitudinal and lateral moment arms of each whésive to the vehicle
centre of mass.

The Magic FormulaRacejka & Bakker 1993s widely used to describe the forgegenerated by
a tyre as a function of a slip paramete(representing\ or «).

f(k) = Dsin (C arctan (Bk — E (Bk — arctan(Bk)))) (2.6)

The parameters3, C', D and E are dependent on the type and condition of the tyres fittetigo t
vehicle. They are also functions of the vertical load, whashber angle and the coefficient of friction
between the rubber and the road. The Magic Formula can betosadculate forces resulting from
pure longitudinal slip (arising from acceleration or brakiwithout cornering) or lateral slip (arising
from cornering without braking) by substituting the appiage slip parameter into the equation.
However, the coefficient®, C, D and E will generally be different in each case.

Tyre forces are likely to saturate during an aggressive mavre. However, for the purposes of
controller design it is not necessary to use a highly detailedel of the tyre dynamics. Furthermore,
given the wide variation in tyre characteristics and uraety in tyre condition at any time, it
would be inadvisable for a vehicle dynamics controller tly teo heavily on detailed models of
tyre behaviour.

Lateral force is a nearly linear function affor small slip anglesGillespie 1992. Thus, as long
as the total tractive limit is adhered to, it is often reasd@do approximate the lateral force as

fy = pCaarf. (2.7)

where f, is the vertical load on the wheel arid, is a tyre-specific parameter known as the lateral
stiffness. Load sensitivity will cause a slight reductiontie magnitude of’, as the vertical load
increases. In cases where traction saturation occurs artgiris operate outside their linear region,
it is necessary to obtain a more accurate representatidre dfte characteristics.

The CASCaDE model of the target vehicle, provided by Dai@teysler, calculates tyre forces
using sets of test data embedded within look-up tables. Bping simulations with a range of
steering inputs, force-slip data can be generated agammishva curve may be fitted. Following the
Magic Formula parameter descriptionsRacejka & Bakke(1993, the coefficients in Tabl2.3were
found to give excellent agreement to the lateral slip charetics of the car. The resulting function
is shown in Figure2.4.
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Table 2.3: Magic Formula coefficients obtained by fitting aveuagainst simulation-generated data of lateral

tyre characteristics.

Coefficient B C D E
Value 180 1.0 09 -1.0
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Figure 2.4: Lateral force-slip angle function derived byirfiy the Magic Formula to data obtained from

simulations with the CASCaDE model.

2.5 Vehicle dynamics

The primary purpose of constructing a design model is to g&ight into the most important aspects
of system behaviour. Highly complex models, such as CASCaiai make useful predictions, but
do not always aid the user in understanding the reasons daretults produced. Understanding is

enhanced through simplicity, where appropriate.

2.5.1 Bicycle model
The simplest possible representation of a vehicle is a poags with forces acting upon it to induce

translation. A point mass model cannot account for rotadiatis therefore not useful for considering
lateral dynamics which are dependent upon yawing motiotatjom about the vertical axis) of the

vehicle.
The simplest reasonable model of the vehicle lateral dyosisi the two degree-of-freedom,

single-trackbicycle model, as presented illiken & Milliken (1995 among others. This model
describes the response of the vehicle lateral veldéignd yaw rate) to front and rear lateral forces,
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Figure 2.5: Ackermann steering angle. In the absence afalaséip, the curvature of the vehicle’s path is
directly related to the front wheel steering angle (Equafib9)).

b)) () o
0 Jzz| \¥ ly lp| \Fy,r Dy, .

wherem and.Jzz are the vehicle mass and moment of inertia about the ve#ieadis; [, andl, are

Fy7f andFyJ,

the moment arms from the centre of mass to the front and rdes;a%  ; and Fy, are the lateral
forces, in the body axis system, generated by the front aardyees; andD, andD,, are drag terms.
The drag terms are frequently neglected. This model corssimidy the lateral and yaw acceleration;
the vehicle longitudinal speed, upon which the tyre foroggend, is usually a constant parameter of
the model which therefore represents a vehicle that is coigevithout braking.

The bicycle model is particularly useful for understanditige steady-state behaviour of a
cornering vehicle. At low speeds, in the absence of slipjviegrise to theAckermann steering
anglewhich indicates the angle through which the front wheelstrbessteered if the vehicle is to
follow a circular arc with a specified radius of curvatuge From Figure2.5it can be seen that the

steady-state steering angle is
lf + 1,

(2.9)

0 = arctan
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Figure 2.6: Forces and distances in the body and wheel astierag.

For circular motion, the radius of curvature is the constamroportionality that relates tangential
speedX to angular velocity which, if the vehicle is to remain tanti@nto its path, must equal yaw
rate+). The Ackermann steering angle can therefore be expressaduastion of the longitudinal
and yaw velocities of the vehicle

6 = arctan M (2.10)

The bicycle model is commonly formulated using vehicle sitip 3 = arctan(Y /X) ~ Y /X
instead of lateral velocity. Used in conjunction with a kin¢yre model, in which lateral tyre force is
proportional to slip angley, this leads to a linear model of the vehicle dynamics.

Although useful for understanding the basic behaviour ofaihg vehicle, the bicycle model and
Ackermann steering angle cannot capture the effects ddrdifitial braking which can contribute to
the yawing moment acting upon the vehicle. To represenipi@ddent brake operation, it is necessary
to consider a two-track model.

2.5.2 Two-track model

For each wheel; € [1,4], the longitudinal and lateral forceé ; and f, ; in the wheel axis system
(Figure 2.6) can be resolved into contributions to the longitudinal #atdral forces acting on the
vehicle in the vehicle body axis system

Fxi\ ([+cosd; , —sind;\ [ fui 2.11)
Fyﬂ‘ +sind; , —+cosd; fyﬂ‘ .
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where f, ; and f,, ; are the longitudinal and lateral forces in the tyre axisaysands; is the wheel
steering angle. The vehicle has no rear wheel steering anstéer-by-wire system permits only a
single steering anglé to be set for both front wheels. Thus the steering anglesdoh evheel are
01 = 62 = ¢ [rad] for the front wheels and; = ¢4 = 0 for the rear. The body-oriented forcé¥ ;
and Fy,; can in turn be transformed into component forégs: ; and Fy-« ; in the fixed Earth axis
system and contributions to the yawing moment about thecleebentre of mass/ ;

Fyo,| = | +siny , +cosy

Fxe ; +cosy , —siny <
Mgy, —ly; , Hlx

FX) (2.12)

Fy;

wherelx ; andly; are the co-ordinates of the wheel in the body axis system.lykgpNewton’s
Second Law 1687 the vehicle body longitudinal, lateral and yaw acceleraiare

4 4
1 .. 1
:—gF- Y:—gF- EM 2.13
m - X,i m - Y,i JZZ 2; ( )

in the moving body axis system, and

14 . 1 & . 1 &
=— Fyo, Y9 ==3"Fyo, P = —> M., (2.14)
m “ ’ m 4 ’ Jzz
=1 =1 =1
in the fixed Earth axis system. Substituting the resultartef® and moments from Equatiors (1)
and @.12 then yields the vehicle accelerations as functions of tiavidual tyre forces, steering

angles and, for the fixed Earth axis, vehicle heading angle.

Vertical dynamics

The traction available to each tyre is proportional to themrad, i.e. vertical, load upon the wheel.
Hence the vertical dynamics of the vehicle cannot be negfeentirely when considering lateral
vehicle dynamics. Redistribution of vehicle weight affettte maximum forces that can be generated
by each tyre.

When lateral tyre forces are used to induce a yawing momerd oar, they also produce a
rolling moment. Similarly, longitudinal forces, used talirce longitudinal acceleration, also produce
a pitching moment. On a sprung body, these moments and faaese roll, pitch and heave
acceleration of the sprung mass. Pitch and roll of the bodybsamodelled by considering the
torques acting about roll and pitch axes where the vehicdétéshed to the chassiGilespie 1992.
The rotation and heave of the vehicle are damped by the ssispesystem and the vertical dynamics
of the pneumatic tyres; complex systems that are highlyclelkiependent.

However, for analysing lateral dynamics, it is not necgssaknow the precise orientation of the
car body relative to the chassis; all that matters is theibligton of weight across the wheels. This
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Figure 2.7: Rolling and pitching moments.

can be obtained by considering a quasi-static system oésor&igure2.7 shows the longitudinal,
lateral and vertical forces acting on the tyres of a rigicsprang car body. The height of the centre
of mass is7; [m] above the ground and the weight of the car acts througrhie. rolling and pitching
moments about the centre of mass are

4 4
My = Z —ZoFy,; — YiFz, My = Z —Zokx;— XiFz; (2.15)

i=1 i=1
Meanwhile, the net vertical force acting on the vehicle is

4
mZ =mg— Z Fz; (2.16)
i=1
In equilibrium, the terms on either side of Equatio2sl§ and .16 sum to zero, as the moments
and forces are counter-balanced by weight redistributidthile all four wheels remain firmly in
contact with the ground, the vertical loading of the whesls istatically-indeterminate problem.
Weight distribution characteristics may be fine-tuned fpagicular vehicle, through the use of anti-
roll bars or active body control. However, a least norm sofutvill capture the general behaviour of
the vehicle, hence the vector of vertical for&&s can be obtained as a function of the net longitudinal
and lateral forces acting on the vehicle and its basic geymet

1 1 1 1 mg
F; = I%in Yi Yy Yz Yy |Fz— | —ZyFy (2.17)
Z
X1 X9 X3 X4 —ZoFx

2

This weight distribution can then be used by the tyre modetfime longitudinal and/or lateral force
calculations, for example, by substituting the elementE gfcorresponding to each wheel féy in
Equation 2.7).
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2.6 Vehicle-specific model

The governing equations described in the previous sectemgeneric; they may be applied to any
conventional car. Vehicle longitudinal, lateral and yawederations (Equation2(13 and @.14) are
defined in terms of resultant forces and moments (Equatid)(and @.12) which are themselves
functions of vehicle geometry, tyre forces, wheel steem@ngles and the vehicle heading angle.
The tyre forces are dependent upon vertical load, a quatsi-stnodel for which is defined in
Equation 2.17), and complex nonlinear functions of wheel and vehicle eigils, as outlined in
Section2.4.

For the target vehicle — “TS” — there are five controllableuitgp front wheel steering angle, which
is constrained to be identical on each side; and four inddgrerongitudinal brake forces, which are
produced on demand by the anti-lock braking system.

Applying the steering angle constraing (= d» = 6,3 = d4 = 0), Equation 2.11) becomes

+cosd , —sind ;
Fos for the front wheels, ¢ = {1,2}
Fxi) +sind , 4cosd fy,i (2.18)
Fyvi f:vz
’ for the rear wheels, = {3,4}
fy,i

As the steering angle and longitudinal forces are contldlaonly the lateral tyre forces require
further calculation; for these, Pacejka’s Magic Formulgu&tion @.6)) is used with the coefficients
specified in Table.3. Using the Magic Formula, the lateral slip angldEquation 2.3)) enters the
model. This is a function of the wheel speeds which are themséunctions of the vehicle velocities
(Equations 2.4) and @.5)). Hence the vehicle accelerations are functions of: timécle longitudinal,
lateral and yaw velocities; and the five controllable inpdtent wheel steering angle and the four
brake forces.

2.7 \elocity-based linearisation

The vehicle model described in Secti@rb is highly nonlinear. It includes several trigonometric
terms and products of system inputs.

For control design, itis often useful to linearise modelstitain representations that are amenable
to traditional techniques of linear control analysis ansigie. Linearised models are usually obtained
at particular equilibrium conditions (operating points)dapredict the approximate behaviour of
the system in response to small perturbations. In most cases models provide an adequate
representation of the system behaviour close to these topeoints while the system inputs and
disturbances remain sufficiently small. For systems thaetatp close to a manifold of equilibria, it
is often possible to generate a model of sufficient validiyoas the entire manifold by combining a
family of linearised models; a technique which lends itselfhe gain-scheduling method of control
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(Rugh 1991 Shamma & Athans 1990

A car performing an emergency evasive manoeuvre close fahitsical limits will necessarily
operate far from equilibrium and be subject to large stgedand braking forces. As such, linear
models appropriate for small perturbations about equélibre likely to be of questionable validity
and have little predictive powedg@hansen, Hunt, Gawthrop & Fritz 1998

The technique of velocity-based linearisatibeith & Leithead 1998,b) can provide a means of
generating linear models with global validity. The tecluggelies on partial differentiation of the
state vector with respect to time to obtain a local linedéidsa Crucially, this differentiation is not
restricted to operating conditions that lie on manifoldeg@iilibria. The suitability of the method for
generating useful models of high-performance vehiclefopming aggressive manoeuvres has been
demonstrated with an example using an agile miskistli, Tsourdos, White & Leithead 2001

The two-track nonlinear model developed in Sec2ob.2(Equations 2.11) to (2.13) describes
the vehicle acceleration as a nonlinear function of veypsiieering input and brake inputs, which can
be expressed as

v = h(v,d,f) (2.19)

where vectow is the velocity vectot X, Y, )7, d is the front wheel steering angle afi the vector
of brake forces. Differentiating the acceleration vectithwespect to time yields a linear model

h h . h.
R L

ov o) of (2.20)

Each of the partial derivative terms in Equatidh20 are functions of the vehicle velocity vector
v and the front wheel steering angie Defining a scheduling vectgs comprising these terms, a
scheduled family of models can therefore be defined in teffrag acceleration vectoxr = v(p) by

W =A(p)w + B;(p)d + Bs(p) (2.21)

whereA(p) = 22, Bs(p) = 98, B;(p) = 2. In other words, the linearised state and input matrices
are the partial derivatives of the acceleration vector wagpect to the vehicle velocities and inputs.
Written explicitly, these matrices are

X  oX oX axX  aX  9X  8X X
ox oYy oy Ofcn Ofwz  Ofes  Ofua k23
_ oy oy oy _ ) Y Y Y _ | ay
A= oxX oYy 0y By 9fz1 Ofz2  Ofss  Ofca B; 2] (2.22)
oy oy O I Y ol Lol o
aX aY 81[} 8fz,l 8fz,2 8fz,3 8fz,4 9

To make use of this model, it is necessary to expand the terieadh of the three matrices.
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Starting with Equation4.13 and the chain rule, the elementsfftan be expressed as
8X aX 8fyl < 80[1' 81)11' aOéi (%yi)
= - 2.23
8X Z afy i Oay avx,i 0X avy,i 0X ( )
8_X _ oX O0fy.i <8ai (%3.“ Ow; 8vyl> (2.24)
oY 8fy i Oy 87}96,@' oY aUy i Y
0X Z 0X Ofy,i <8ai 81)35.2 Oa; (%yl> (2.25)
8¢ afy,z o avx,i o avy i O
8_1f' _ Y Ofy.i < Oa; (%m.l Ocy; (%yZ) (2.26)
0X 8fy i Oy 87}96,@' 0X aUy i 0X
oY oY 0 fyi ( Oa; (%m oo (%yl>
- 2.27
8Y Z afy i 0oy avx,i oY avy i 0Y ( )
8Y Z Y Ofy.i <8ai (%1.1 Oy (%yZ) (2.28)
81/1 afy i Oy avx,i o avy i O
(9_1? _ 81,!) Ofy,i ( Oa; 81)35. i Oa;; Ovy, Z> (2.29)
0X 8fy i Oay 87}96,@' 0X aUy i 0X
81,!) o fui < Oa; Ovg 6042 vy, Z)
- 2.30
oY Z afy,z oy avx,i oY avy i oY ( )
O o~ O Ofyi [ O Ovsi , Dai Dy,
W _ v . (2.31)
8¢ i=1 8fy,i aai 87}96,@' 8¢ avyz 67,[)
Similarly the elements dB ; can be expanded as
X 1
- = A 2.32
s m cos 0; (2.32)
oy 1 .
s = —sin 0 (2.33)
04 .
s =7 (=Y; cos d; + X;sin d;) (2.34)
and the elements @35 can be written as
8X _ 8X af%i aOéi 81)9671' aOéi (%y,i (235)
652‘ afy,i aOéi avx,i 652 avw 8(51
8_Y _ oY af%i 80@ 81)9671' 80@ (%y,i (236)
85@ 8fy7i 80@ 8?)9“' 85@ 8?)%1‘ 852
6_1/) _ 8¢ 8fy,z~ aai 81)9671' aai (%y,i (2.37)
852 8fy7i 80@ 8?)9671' 85@ 8?)%1‘ 852
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Each of the remaining partial derivatives on the right hail# sequire further expansion. The
dependence of body accelerations on lateral tyre forcesbeagxpanded, using the equations of
Section2.5.2 to become

X -1

;f = Lsins, (2.38)
Y,

aafy‘ _ %cos 5; (2.39)
Y,
Y, zz

By differentiating the Magic Formula, the dependence drittyre forces on wheel side-slip are

Ofy.i Ixs
— = —-B,D,—= cos 241
Dy YUY oy COS X3 ( )
where
X1 = Bya; x2 = E, (x1 — arctan x1) x3 = Cyarctan (x1 — x2)

2 _ o <1 1 ) oxs Cy (1 3)(2)
a5 byl -7 = = z (-
Ix1 1+ x7 Ix1 1+ (x1—x2) Ix1

Partial differentiation of Equatior2(3) gives the dependence of wheel side-slip on wheel speeds

804@ —Vy,i

_ ; 2.42
Qe V3, +vr, (2.42)
Jav; _ +Vg i (2.43)

. 2 2
avyvl va:,i + Uy,i

Dependence of wheel speeds on body velocity is obtained halhadifferentiating Equations2.4)
and @.5)

T 4 cos 0; (2.44)
0X

Wui _ _ gins, (2.45)
0X

% — +sind; (2.46)

% = + cos ; (2.47)

av—x.’i = —Y;cosd; + X;sind; (2.48)
oY

% = +X, cosd; + Y; sind; (2.49)
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and the dependence of wheel speeds on steering angle isaibtaithe same way

8(;)(;1' =4 (Y + Xﬂ/}) cos§; — (X — Ylw) sin §; (2.50)
8;5;@2 == (X - Yzw) cos 0; — (Y + Xﬂb) sin é; (2.51)

2.8 Design model implementation: MexCar

The preceding sections describe non-linear and lineansedels of the target vehicle dynamics.
These models were implemented in software to aid analysispesvide a basis for simulating the
vehicle behaviour. The following functional software regments were identified for this controller-
design model:

e to implement the nonlinear model of Sectidrb.2

to perform velocity-based linearisation at any operatiogdition;

to be capable of standalone simulation; and
to provide interfaces for Matlabvoler 1989 and GNU OctaveEaton 2002
The following non-functional requirements were also idfeed as being desirable:

e to be fast to run; and

e to be maintainable.
An object-oriented model was coded in C++. The base claag,implements the nonlinear model.
Physical properties of the car, e.g. mass, moment of ineggametry, etc., are hard-coded in the
model. TheCar object allows the following parameters to be initialisedipdated at run-time by the
user:
body velocity(X,Y", ) and acceleratiofX, Y, ));
friction coefficienty;

longitudinal, lateral and vertical tyre forcgs, ,, .1 ; Vi € [1,4];

front wheel steering angl&

wheel slip anglesy; Vi € [1,4]; and

wheel speeds,, ; Vi € [1,4].

A forward Euler integration routine allows the model to bemised as a simulation, with ti@ar
object storing and updating the vehicle states. The foligwautputs are available, in addition to the
inputs:

e body displacementX, Y, ); and

e lateral tyre speeds, ; Vi € [1,4].

Symbolic partial differentiation (see Secti@ry) of the nonlinear model was undertaken manually
and checked using the symbolic algebra tools Reddeai(n 1982 and Maxima fMax 2007%. The
resulting expressions were coded in a derived claisgarisableCay which calculates the velocity-
based linearisation of th€ar in its current state and return the linearised state and imatrices
(Section2.7).
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Werapper functions were created to allow the model to be clad@s dynamic link libraries for
use in Matlab (as a “mex” file) and GNU Octave (as a “DLD” file)ings one of two interfaces:
MexCar() or OctCar() This model is henceforth referred to as the MexCar modele fodel
implementation is shown in Append, SectionA.1.

2.9 \Verification of MexCar

Each of the elements of the MexCar model was tested in isolatiring development (unit testing).

Verification of the overall model was performed by using theded to simulate manoeuvres for which

the output response could be readily predicted.

A mission was defined using piecewise constant inputs, kel

accelerate from rest: apply an accelerating tyre force of magnitufle; = mg [N] on each wheel
for 5 seconds with all wheels pointing straight ahe&ae=(0 [rad]);

describe a circle: remove the longitudinal tyre forces and steer the front \Ugheg/16 [rad]
(11.25 [deq]) to the right for 5 seconds;

brake in a straight line: remove the steering input (= 0) and apply braking tyre forces of
magnitudef, ; = —mg/4 [N] on each wheel for 5 seconds;

brake in a turn: without changing the braking forces, again steer the frdmelsr/16 [rad] to the
right for 5 seconds; and

brake in a straight line: re-centre the wheels (= 0) while continuing to apply the braking forces
for a further 10 seconds.

The mission is summarised in Tatilel

Table 2.4: Verification mission summary

Time[s] f.:[N] ¢ [rad] | expected behaviour
0-5 +mg 0 Car accelerates at 4 [m]go reach 20 [m/s]
5-10 0 +7/16 | Car describes a circle (constant speed and yaw rate)
10-15 —mg/4 0 Car decelerates at 1 [m]do reach 15 [m/s]
15-20 —mg/4 +n/16 | Car decelerates at 1 [m]do reach 10 [m/s] with varying yaw rate
20-30 —mg/4 0 Car decelerates at 1 [m]do rest.

The MexCar model was used within Matlab with a simulationp $&ngth of 0.25 [s]. The inputs
are shown in Figur@.8. The output response is shown in Figuge8 (velocities and accelerations)
and2.10(trajectory).

The model is seen to behave as predicted. For the first 5 sectimel car accelerates with
constant acceleratioN = 4 [m/s?] reaching a top speed of 20 [m/s]. During the next 5 secotas, t
acceleration drops to 0 and the speed remains constant tivhileehicle describes a circle (constant
yaw rate). From thereon in, the car slows at a constant ratepé for negligible blips when the
steering angle changestat 15 [s] andt = 20 [s], until it reaches rest after a total drive-time of 30
seconds.
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Figure 2.9: MexCar verification. The model was verified by dmting a series of manoeuvres. Here the
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and then decelerates to rest in a final straight.
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system inputs.

2.10 Conclusion

Equations of motion for the longitudinal, lateral and yawmadsnics of a car have been presented along
with a tyre model. From these, a two-track non-linear modsliteen developed. The model specifies
the vehicle accelerations as functions of the vehicle viéscand controllable inputs: the front wheel
steering angle and four brake forces. A velocity-basedtisation of the non-linear model has been
obtained using symbolic differentiation.
The non-linear design model has been implemented in s@tvkaown as MexCar. This model

is capable of performing velocity-based linearisationargt operating condition, whether or not in
equilibrium, to obtain locally-valid state and input ma#s. Interfaces to matrix algebra tools Matlab
and GNU Octave allow the model to be used within simulatiorirenments that permit analysis and
visualisation of the system behaviour.

The MexCar model forms an essential component of the comtroésign process, described in
Chapterd.
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Chapter 3

Feasible trajectory generation

wh wou tolg xUxhoul tdpatte.
(noli turbare circulos meos).
— Archimedes

Models of the vehicle dynamics have been introduced in @n&ptThis chapter develops methods
for obtaining reference trajectories through an obstaderse such as the ISO 3888 test track
described below. The trajectories are used by a controfieeldped in Chaptet to cause the target
vehicle to perform specified manoeuvres.

Trajectory generation is a well-studied problem in the Salflaerospace and robotic engineering
(e.g. Betts (1998, Chakravarthy & Ghos€¢1998, Dubins (1957, Oberle (1990, Van Nieuwstadt
& Murray (1998). However, each of these applications differs signifiyafitom automotive
considerations. Unlike aircraft, cars operate in verytehed environments where trajectories are
tightly constrained. Cars are also frequently driven clastieir physical limits, which is often the
reason that aggressive evasive manoeuvres are necessary.

For robotic trajectory planning, the dynamics of the rolbeelf are usually not a significant factor.
Planning is frequently a problem of finding an efficient urdided route to a target rather than a
consideration of robot dynamic equations. In contrasts cautinely travel at high speed in tightly
constrained environments. The stopping distance is giynémege compared to the dimensions of
the vehicle, while the channels in which the car is cons@ito remain are usually little wider than
the breadth of the vehicle and substantially narrower tk&fength. Thus the orientation of a car
is an integral part of generating a suitable trajectory &edvehicle dynamics strongly influence the
feasibility of following any path.

Two methods of calculating a feasible trajectory for theisiehto follow are described in this
chapter. The first method, previously outlined Bgvan, Gollee & O'Reilly(2007a) and described
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in Section3.2, produces a trajectory by application of simple geometipgigircular arcs with
the minimum radius of curvature achievable by the car. Tlersé¢ method, by the same authors
(2007) and described in SectioB.3, uses convex optimisation to find an optimal trajectory that
minimises yaw acceleration. By formulating a convex speaifon for the trajectory generation
problem, it is possible to use specialised, highly efficiemtvex solution algorithms which require
fewer computational resources than more general optiinisablvers.

3.1 Manoeuvre specification

International StandartS0O-3888:1991,2003pecifies two test-track layouts for performing lateral
manoeuvres with a passenger car. PatBD(3888-1:199Pspecifies a track layout for performing a
double lane change manoeuvre. Pal&f)-3888-2:200Pspecifies a layout for an obstacle avoidance
double lane change manoeuvre; this is similar to the Paredifsgation but the manoeuvre limits are
more tightly constrained. The car must travel further toditke in a shorter distance, thus increasing
the acceleration that the vehicle must undergo if it is tocessfully navigate the course. In both
cases, the standard recommends that the manoeuvre benpefarith an initial forward speed of
80 + 3 [km/hr] (22.2 4 0.83 [m/s]). The general shape of the test-track layout is showFigure3.1
and the dimensions for each of the manoeuvres are given Ia 3ab
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Figure 3.1: Test track layout for a double lane change marreeu

The standard is intended to be used to assess the handliragthtsstics of vehicles by drivers,
but the specified test-tracks form suitable obstacle csufse evaluating the performance of an
emergency obstacle controller. In an emergency situaitionay be sensible for a vehicle to remain
in its new lane after avoiding collision with an obstaclethea than automatically returning to its
previous lane. Appropriate single lane-change manoewaede obtained by considering only the
first five sections of each of the specified test-track layouts
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Table 3.1: Test track dimensions for a double lane chang®ewame derived from ISO 3888 Parts 1 and 2.

ISO 3888 Part 1 Part 2

Section || Length [m] | Width [m] Length [m]|  Width [m]
; 15.0 1.1 x car+0.25 12.0 1.1 x car +0.25
3 30.0 3.5-(1.1x car +0.25) 13.5 1.0
4
5 25.0 1.2x car+0.25 11.0 1.0x car+1.00
6
7 25.0 3.5-(1.1x car +0.25) 12.5 1.0
8 1.3 x car +0.25
9 30.0 1.3 car+0.25 12.0 but> 3.0

3.2 Geometric method

Finding feasible paths through an obstacle course has leag bf interest to robotics researchers.
Dubins (1957 showed that, for a particle that does not reverse, the estopaths are geodesic,

consisting of circular arcs and straight line segments. s Beiction describes the construction of
such paths suitable for the target vehicle to perform spetlfiteral obstacle avoidance manoeuvres.

3.2.1 Vehicle dynamic constraints

Given the traction limits described in Secti@rB.1, it is necessary to determine a trajectory that will
respect the acceleration limits of the car. Traction séturdeads to a conflict between steering and
braking; between lateral and longitudinal acceleratiorediRecting the car’'s considerable forward
momentum by pointing it in a different direction will allowlateral shift to be performed far faster

than attempting to reduce speed while increasing laterah@mbum.

One strategy that might therefore be expected to generaiedargference trajectory for a lateral
emergency collision avoidance manoeuvre is to change lartbe following manner. Turn the car
as quickly as possible at the start of the manoeuvre, useethielg’s forward speed to move swiftly
into the adjacent lane, then aggressively redirect its nmbume in the direction of the new lane. It
should be noted that this is significantly different from there gentle lane-changing manoeuvres
investigated by other researchers for vehicles on autonsnhighway systems where passenger
comfort is of greater importance.

The vehicle is capable of a maximum acceleratiop®fm/s’] (Section2.4) and, if steering is to
be preferred over braking, it is sensible to direct the aredbn vector perpendicular to the forward
speed of the car. This will result in a circular trajectoryttwiadiusR

R = X?/(ng)[m] (3.1)

whereX is the (constant) tangential speed of the vehicle.
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3.2.2 Trajectory construction for a single lane-change

o
O P
07 7
Fs
Ps
Py P
Py
0
P1 / ! Ol
R
Py
XEB

L y®

Figure 3.2: Geometric construction of reference trajgctdhe trajectory is shown in blue. The limits of the
manoeuvre space are shown in red. Brown lines, set half aiddn wside the red boundary, show the area
within which the vehicle centre-line must remain. Condfiarclines are depicted in magenta.

Figure 3.2 shows the construction of a trajectory consisting of stialmmes and circular arcs
for a single lane change. FiguB3 shows certain details of the construction in isolation. sies
through positionP, = (X%O, Yf?é), the trajectory follows the centre of the first lane untilaleiag

P = <Xj‘31, Yg‘f), the beginning of a maximum acceleration turn to the rightntuing the turn
throughP, = <X%2, YF?;) , the point of closest approach to the boundary, the trajgctaches’s =
(X%S, Yﬁi), from where it follows a straight path through = <Xj‘34, Y}?Z) to P5 = <X%5, Yf,‘i).
A maximum acceleration turn to the left, through = (X%G, Yf,‘i) andP; = (Xj‘i, Yﬁ’i), brings

the trajectory to the centre of the destination lane.
The key to calculating the trajectory is identification o tbentres of circles with the minimum
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Figure 3.3: Detail of trajectory construction. ElementsFadure 3.2 are shown in isolation to show the
placement of circles with minimum radius of curvature ardtienships between certain points.

radius of curvature that describe the most aggressive laird¢tajectories that the car can follow,
co-ordinatesD; = (Xgl, Yé’i) andO, = (X%Q, YOE'Z). At the start and end of the manoeuvre,
the centres of the lanes are tangential to the circles. Tthealagposition of the centres is therefore
simply offset from the lane centres by a distaritém] (Equation @.1)) in the appropriate direction.
The longitudinal positions of the circles are constraingdhe manoeuvre boundary. The first circle
meets the boundary at positidh while the second circle meets the boundary at posiften The
points P, and Py are the points of closest approach of the vehicle to the bamyndefined to be offset
longitudinally and laterally by half the width of the car finathe vertices of the obstacle boundary.
Considering the co-ordinates & and P, only Xj‘il is unknown. The ard@ subtends an
angled; = ZP,01 P, at O, which liesR cos #; [m] to the right of P, and R [m] to the right of ;.
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Figure 3.4: Construction of tangents. Any two non-intetisgeco-planar circles have four common tangents,
two of which cross the centre-line between them

ThusR(1 — cos ) = Y5 — Y7, giving

YEB _ Y@
0, = arccos (1 — %) (3.2)

The longitudinal position of?;, X} can then be calculated a7 = X}, — Rsin6,. Thus the

co-ordinates 0f); are
O1= (X5, ¥5) = (X5, - Rsinty, Y5, =V + R) (3.3)

Similarly, positionsP; and P; may be used to obtain angle

YE -YF
0y = arccos (1 - %) (3.4)
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and hence the co-ordinates@f are
Xg = (X&, Ygg) (X69 + Rsinby, Y§ = Y - R) (3.5)

All that remains is to find the Iiné!’;j%> which is tangential to both circles and does not cross
the boundary. There are two such lines for any two non-iatgirsg co-planar circles (or ellipses),
symmetric about the centre-line, as shown in FigRike The angle between each of the tangents and
the centre-line is

2
= arcsin al (3.6)

0:0 ‘ o o )2 ® o)?
‘ ! \/(XOQ_Xol) +<Y02_Y01)

where R, and Ry are the radii of each circle, which in this case are both egu&l. The centre-line

o= arcsin

. .
010, is rotated from theX® axis by an angle

Y5 —YS
7 = arctan 2706; (3.7)
X5 — X&

The gradients of the tangents are therefane(n + ¢), for line P3P, andtan (n — ¢), for its mirror
—_—
P;P}. For circles of equal radius, the tangents cross half waygaibe centre-line, at

1
Py= o (X8, + X5, Y5, +Y5) (3.8)

The co-ordinates of the points where the tangents meetitieciare

P3; = (Xo, + Rsin(¢+n), Yo, — Rcos (¢ +n)) (3.9
Ps = (Xo, — Rsin(¢+ 1), Yo, + Rcos (¢ +n)) (3.10)
P} = (Xo, + Rsin (¢ — 1), Yo, + Rcos (¢ — 1)) (3.11)
Pl = (X0, — Rsin (¢ — 1), Yo, — Reos (¢ — 1)) (3.12)

3.2.3 Summary of waypoints

Seven waypoints have been defined that describe complételypdth for the vehicle. They are
summarised below.

Py The vehicle’s initial position.

P, The start of the vehicle’s first turn, to follow the arc cedte O;.

P, The point of closest approach to the outer boundary.

P3; The point at which the vehicle stops turning and begins Wahg a straight line segment.

P, The midpoint of the line segment, halfway between the endheffirst turn and the start of the
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second.
P5 The start of the second turn, to follow the arc centredgn
P The point of closest approach to the inner boundary.
P; The end of the second turn, after which the vehicle followsa&ght course.

3.2.4 Method limitations

For a double lane-change, two further circles must be deficedtred atO; and O4 (Figure 3.5.
These circles are placed in a similar mannettoand O,. The result of applying this geometric
technique to generate a feasible trajectory through the 3888-2 emergency obstacle avoidance
manoeuvre for a vehicle travelling at a constant forwardedpef 60 [km/hr] is shown in Figure3.6
and 3.7. The method works well but has two shortcomings. The detisioperform each turn
at the maximum possible rate is highly appropriate when #t@cle is required to operate at its
physical limits. However, as noted Bevan, O'Neill, Gollee & O’Reilly(2007), such aggressive
turns lead to unnecessarily high lateral accelerationsnwierforming manoeuvres that could be
navigated more sedately, such as when travelling at loneedgp Although passenger comfort is
necessarily a secondary consideration when performinggamey evasive manoeuvres, it would be
desirable for a general trajectory generation method tcapalde of finding less severe paths when
appropriate.

A more important limitation of the method arises from theuasgtion of constant forward
velocity. The minimum radius of curvature for a circular lpas proportional to the square of
vehicle speed. As vehicle speed increases, the radius bfogate increases accordingly. For tight
manoeuvres at high speed, the radii may be sufficiently ldnatethe circles cannot be placed without
intersecting, which means that no feasible trajectory @fobnd. The solution to this problem is to
reduce vehicle speed during the manoeuvre, thus reducenmithimum radius of curvature during
later stages. However, the cost of reducing speed is thattaltraction saturation, the minimum
radius of curvature increases while longitudinal brakiocés are applied. Thus a trade-off exists
between the desire to turn the car as fast as possible an@sire ¢b reduce vehicle speed to allow
faster turns later in the manoeuvre. The existence of thgetoff suggests that it should be possible
to find an optimal trajectory to balance these conflictingunements.
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Figure 3.5: Geometric method for a double lane-change. Tisbér circles, centred of?; andO,4, must be

placed to generate the path for a double lane change mamyeualding six waypointsHs to P;3). These are
placed in an identical matter to the two circles centrederandOs-.
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3.3 Optimisation

Itis desired to find an optimal trajectory that balances ogting demands upon the available traction:
the demand for longitudinal forces, to slow the car; andditedal forces, to steer the car. An optimal
balance between braking and steering can be found usingriuaingptimisation.

Optimisation is a complex and well-studied art, closehated to the solution of differential-
algebraic equations (DAE). General purpose DAE solverh asdASSL and LSODI, which rely on
backwards differentiation formulae (BDF), have been agapto Trajectory Prescribed Path Control
(TPPC) aerospace problenBrénan, Campbell & Petzold 19R6However, for these problems the
path is knowra priori and the problem is to find the required control inputs. Evee hhe authors
report numerical difficulties. Such codes are adept at sglinitial value problems of index 1, but
substantial difficulties arise when higher order DAEs amoentered, as occurs when the constraints
are not continuously differentiable. Index reduction, vetey constraints are differentiated until
smooth can improve reliability. However, index reductismfiten difficult in practice and the solution
of the reduced problem need not exactly meet the originastcaimts. This could be problematic
where the constraints are physical barriers, as in the deme abstacle avoidance manoeuvre.

Problem-specific techniques are often more appropriategbaeral purpose methods. A method
that works well for one trajectory optimisation problem nigytotally inappropriate for otherBétts
1998.

In recent years, it has been recognised that efficient metbxidt for solving convex optimisation
problems and that these arise frequently in the contextgiherring Boyd & Vandenberghe 2004
A convex optimisation problem is one in which it is desiredrtimimise a convex objective function
subject to convex constraints.

Obtaining an optimal solution is essentially a problem oflifig a tangent to the set of active
constraints in the problem space. For general nonlineanggation problems, a substantial difficulty
for solvers is that of finding a global minimum without gegtitrapped by local minima. However,
when the problem can be expressed in convex form, any logahmm is also a global minimum,
thus allowing very efficient solution algorithms to be used.

Hattori, Ono & Hoso€2006 note that determination of an optimal trajectory gengnabuires a
large amount of calculation. They show how convex optinisatan be used to generate an obstacle
avoidance trajectory by considering the vehicle as a ntating point mass and performing a convex
optimisation in the vehicle’s body axis system. Their mdtheglects yawing of the vehicle and does
not therefore take account of rotation of the vehicle axi&tey relative to the Earth. It is necessary
to extend the work if the constraints are specified in the fikarth axis system.

To illustrate the importance of considering rotation, sagmthat we wish the vehicle to follow
a trajectoryY® = cos(¢X®) — 1, where¢ is a constant, at constant forward speefin/s). If the
vehicle is considered to be a point mass and rotation of tteisreglected, the necessary equations
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Figure 3.8: Effect of axis rotation due to yaw on the trajegtior a vehicle following the trajectory” =

cos (£X) — 1 at forward speed 10 m/s with= 0.1. The motion measured in the body axis system, if yaw is
neglected, is shown by the dashed line. The solid line shbe/a¢tual motion of the vehicle in the fixed Earth
axis system.

of motion for a vehicle starting from the origin would be sigp
Xt)=u Y (t) = —€usin (Eut) (3.13)

wheret denotes time. However, in reality the car would yaw whilédaing such a trajectory. If it is
assumed that there is little lateral slip and that the vehielading angle is therefore tangential to the
direction of motion, i.e2) = arctan j—}?, then the velocity in the fixed Earth axis would be

X® T X wherel" — —+ cos arctan g—}? , —sinarctan g—}; (3.14)
y® Y + sin arctan g—;? , -+ cosarctan g—}? .
Noting thatsin arctan x = \/fi—Z andcos arctan y = \/11_2 the rotation matrix becomes
X X
dy
r— ;2 ( +dly ) ‘d_X> (3.15)

The trajectory derivative i% = —¢sin(€X) = —¢sin(&ut) and thus the actual velocity that would
be seen in the fixed Earth axis is

u (1 —&?sin® (Cut))
a V1 + €25sin? (€ut)

_ —2u&sin (Sut)
a V1 + €2sin? (€ut)

XO(t) YO(t) (3.16)
Figure 3.8 shows the effect of axis rotation due to yaw on the trajectaay any point in the

manoeuvre, the lateral distance traversed by the vehitdéves to its starting position in the fixed
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Earth axis would be twice that measured in the vehicle axdtesy. Clearly, if a trajectory is required
to avoid obstacles specified in the fixed Earth axes, thisrakédion must be considered during the
trajectory generation process.

3.3.1 Optimisation objective

Selection of an appropriate objective is an important paeny optimisation. Minimising the time
or distance of a manoeuvre are reasonable approaches thaeaased for normal or emergency
lane changes, as demonstrated on the California PATH prgadbole, Hagenmeyer, Sengupta &
Swaroop 199). However, these criteria are not of particular importaifitiee obstacle to be avoided
is in a fixed position or if its position throughout the manaeucan be constrained to a definite
region. If the vehicle is to continue travelling at high spélbroughout the manoeuvre, perhaps to
merge into a new lane without causing a collision with otlgest moving traffic, then it may be more
appropriate to seek a trajectory that is in some sense snapmetithat minimises control effort (i.e.
steering and braking forces) while respecting the comggaSledge Jr. & Marshekl1998 observe
that the characteristics of such a trajectory are analogmtise natural bending of a beam. They
find an analytical solution for a single lane change by mising the mean-square curvature of the
path. However, their solution relies on the vehicle tramglat constant speed, which precludes use of
the brakes and limits the manoeuvre to vehicles travelliglgw a critical speed. Meanwhil8lank

& Margolis (2000 show that minimising path curvature is beneficial for asgjsthe driver if both
the steering and braking inputs are saturated, which dassuatfor changing speed but does not
encompass the general case in the absence of saturation.

With the assumption that the vehicle heading remains tdiajea its path, i.e. that lateral slip is
negligible, minimising the instantaneous path curvatoreafgiven speed is equivalent to minimising
the yaw acceleration of the vehicle. Thus minimising themof the yaw acceleration over the length
of the manoeuvre should produce a desirable trajectoryirihatively can be expected not to waste
control effort. In this context, wasted effort is that whinbedlessly reduces the available control
authority of the system. For a vehicle to accurately follaw ahosen trajectory, it is necessary for
its controller to provide corrective action. Thus a googeirtory should not waste traction that could
be better used for corrective action later.

There are secondary objectives which may be considereddedieble characteristics of a good
trajectory, but which are not explicitly accounted for ir thptimisation procedure. Firstly, it should
be possible to calculate a feasible trajectory that wibhalthe car to move to safety when travelling
at high speed; the higher the initial speed for which a ttajgccan be obtained, the greater the
usefulness of the method. Secondly, traction saturationldmot be induced unnecessarily so that
additional control inputs may be applied to compensate fiyr deviation of the vehicle from its
trajectory. Thirdly, it may be desired that the vehicle ddaxit the manoeuvre with a forward speed
that is either: a) as low as possible to assist the driver ikimgean emergency stop, or b) as close as
possible to the speed of other traffic to enable the vehiciedmge safely.



CHAPTER 3. FEASIBLE TRAJECTORY GENERATION 60

3.3.2 Grid generation in manoeuvre space

A naive optimisation strategy might involve repeatedlymmg a time-based simulation to determine
the full vehicle trajectory resulting from potential cavitstrategies. However, it is not desirable for
the optimisation routine to run a computationally-demagdsimulation every time its cost function

is evaluated. It is better to operate simultaneously onlad&sgcription of the entire system. Direct
transcription Betts 200} offers an appropriate means of representing the full syste

A grid is established, comprising the system states (velpdsition and velocity) at discrete
points throughout the manoeuvre space. Numerical integraif the equations of motion is then
achieved by converting an appropriate quadrature fundétitna set of constraints (EquatioB.24)
below).

The manoeuvre boundary is specified as a function of lonigildistance in the fixed Earth axis
system (SectioB.1). It is therefore convenient to generate the grid with ltudjnal distanceX® as
the independent variable. Choosing any other parametdr,asitime, would result in a non-constant
set of boundary constraints and a significant increase irpatational complexity.

Considering an initial positiotX{’ and a further set of. points along theX® axis, with equi-
distant spacing\, then the position of thg point is

XP=X7+jxA  Vjiel0,L] (3.17)
The gridg is then defined as
g = (G07 T 7GL) € RGX(LJFD (318)
where
Gj=G(X) Vjelo,L] (3.19)
and
..o\ T
G(x®) = (X%,Y%,,X,V,0) eRS (3.20)

The trajectory generation problem is not convex but ceraimplifying assumptions enable the
formulation of a convex approximation to the system of eigmat It is thereby possible to take
advantage of the power of convex optimisation algorithm$ie Bptimisation is performed using
the CVX (2005 Matlab package which implements the Disciplined Convexi@igation modelling
framework ofGrant, Boyd & Ye(2006.

3.3.3 Optimisation problem specification

Objective The optimisation objective is to minimise the yaw accelerabf the vehicle throughout
the length of the manoeuvre.

Minimise J = ||¢)|| (3.21)
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Grid spacing

The grid spacing is arbitrarily set th = 1 [m], a length which provides sufficient resolution for the
trajectory to take shape without requiring excessive cdatn.

Initial conditions
The Earth axis is fixed at the starting position of the vehitgch is initially moving straight ahead

with a forward speed d2.2 [m/s] (80 [km/hr]) and has no lateral or yaw component of e#io

X§=0[m] Yy? =0 [m] 1o = 0 [rad]
Xy = 22.2 [m/s] Yo = 0[m/s] Yo = 0 [rad/s] (3.22)

Terminal conditions

At the manoeuvre terminus, it is desired that the vehiclaighperform lane-keeping and maintain
a steady heading along the centre-line of the lane in whicis itravelling, which is located
approximately half a metre to the right of its initial posiii No longitudinal speed is specified.

Y = 0.5093 [m] Y, = 0 [rad] ¢, = 0 [rad/s] (3.23)

Quadrature

The vectorG (Equation 8.18) is evaluated at each grid point by performing a forwardeEul
integration with the timd" that the vehicle takes to cover the distance between eadpgint used
as the integration step length.

Gjy1=G;+GyxT  Vjelo,L] (3.24)

Acceleration limits

Traction saturation, in the form of a nominal friction ceclis expressed as a limit on the yaw
acceleration. Two further limits are imposed: on the lamgjital velocity, to ensure that the vehicle
does not move backwards at any time; and on the longitudewaleration, to ensure that the vehicle
does not increase its speed.

2
X>0 X<o0 ) < (%l;) ((ug)2 - XZ) (3.25)

Course boundary

The requirement that the vehicle remain within the definegkiris expressed as a constraint on
the positions of the wheels, which are limited by a lower btamb? and an upper boundany,
representing the left and right hand limits of the track essely. The lateral position of th&"
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wheel, in the fixed Earth axis system, relative to the vehieletre of mass is a function of vehicle
orientation, and denoted BY .

b <YP4+WE <Y Vie[l,4] (3.26)

Non-convex constraints

There are several constraints that are incompatible withnaex problem formulation, because they
involve trigonometric functions of a vector to be optimisadd/or the product or quotient of two
such vectors. Various terms in each of the following comstrequations are replaced in each of the
optimisation runs so that the problem can be specified in ra fuitable for solution by a convex
algorithm. The problematic constraints are

) ) X® = Xcost — Ysing
Axis rotation ) ) ) (3.27)
Y® = Xsiny +Y cosy

Wheel positions — { % =1, ;sinw + I, ;cosy Vi€ [1,4 (3.28)
Time step {T — % (3.29)

The integration step length (Equatic®Z29) presents a problem if the speed is allowed to vary. The
vehicle dynamic equations are expressed as rates in theldmain whereas the grid is specified as
a function of distance. If the speed were constant, muttidon by a fixed constant would allow
rates to be expressed in terms of distance. However, thistisassible when the speed varies. For
guadrature evaluation during the optimisation, nominadikime-steps of lengtli’ [s] are chosen to
represent the time taken for the vehicle to travel betweeh gad point. Inconsistencies between
distance, speed and time are then reconciled during posegsing.

AXis rotation leads to a set of non-convex constraints dubdgresence of trigonometric terms
and the multiplication of vectors (EquatioB.27)). Inclusion of vehicle orientation for determination
of wheel positions (Equatior8(28) leads to similar problems. One solution that can oftenppdied
to robotic trajectory planning is to consider a circle offmidént diameter to enclose the entire vehicle,
in which case the orientation does not matter. However,ahgth of a car is generally significantly
longer than its width. In this case, such an encompassictgairould exceed the boundaries, which
are defined in terms of the vehicle width. Thus it is necessarnclude the vehicle orientation.
However, if it is assumed that the vehicle heading angle iallsra first-order Taylor expansion of
these trigonometric functions leads to an affine formutatio

In the constraint equations that follow, these non-conwagons are replaced with approxima-
tions in which only the vectors denoted with an over-line gary during the optimisation, i.e?,
%, ﬁ, ) andW—i@. All other parameters and vectors are held constant dunitignsation, but
may be altered during post-processing.
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3.3.4 First pass

The optimisation is performed in three stages. To formukateonvex problem, the first stage
optimisation requires several assumptions and approimatthat affect the suitability of the
solution. The second and third stages make use of earligltsds relax some of these assumptions,
thus enabling closer convergence with the true solution.

The first pass determines a feasible path, the locus of whistah appropriate shape to respect
the boundary constraints and which is attainable within ttaetion limits of the tyres. Several
assumptions and approximations are made to render tharsysta convex form. In particular, it
is assumed that: the manoeuvre is performed at constard §lhgqaation 8.32); there is no lateral
slip (Equation 8.31)); and the heading angle remains small (Equat®8@). The resulting trajectory
will not obey the boundary limits when mapped into the reatdiarth axis system but provides a
useful starting point for refinement in subsequent stages.

Having identified an approximate solution, the trajectapost-processed. The tangent to the
trajectory is calculated throughout the manoeuvre to deter the heading angle, still assuming
no lateral slip. This heading angle is then used to rotate/éthacity vector and calculate the path
that the vehicle would actually have followed. This proaedaffectively removes the small angle
approximation from the result.

The first pass can be summarised as follows:

Approximations |

costp «— 1

Small angle (3.30)
siny <«
No lateral slip {}"f —0 (3.31)
X <0
Constant speed ] (3.32)
T «—A/XY
Convex constraints |
. . X% =X
AXxis rotation - o (3.33)
Y® =X

Wheel positions {W—z@ =l 41, Vi€ [1,4] (3.34)
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Figure 3.9: First pass. The chained line shows the trajggiarduced during the first stage optimisation. The
solid line shows the corrected trajectory after first staggtyprocessing. Dotted lines indicate the positions of

the wheels, assuming that the vehicle’s orientation res@ingential to its corrected path, and dashed lines
indicate the manoeuvre boundary.

Post-processing |
Following the optimisation, the vehicle position at eaclinpds re-evaluated using the calculated

heading angle); instead of the small angle approximation

t.
X;ej — X& + / ’ Xycosty — Yrsinaydt vy € [0, L] (3.35)
’ 0
tj .
Yl@j — Y —|—/ Xysiniyr + Yy cosydt vy €10, L] (3.36)
’ 0

where the subscrigt denotes the final values following completion of the optatisn and; = j x T
denotes the time at which each grid pojnis reached. The heading profile is then rescaled so that
it corresponds to the specified grid positioﬁ? rather than the longitudinal positiodé}‘?j actually
attained by the vehicle at each point.

vr(X7) —¢r(X7;)  Vielo,L] (3.37)

3.3.5 Second pass

Starting with the result of the first pass, a second optirmsahen allows the speed to vary, holding
constant the yaw acceleration profile, as a function of lofgnal distance, under the assumption
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that the shape of the optimal trajectory will be similar tattifiound in the first optimisation pass.
During this second optimisation, it is assumed that theitadgal position at each time coincides
precisely with the initial grid spacing. Thus it is assumiealt tthe vehicle covers a distandein each
integration step no matter what its velocity (Equati8r()).

By pre-calculatingcos vy andsin v ; using the heading profileé; from the preceding optimi-
sation, it is possible to introduce these trigonometricregpions into the constraint equations as
constants, allowing an affine/convex formulation of theiekehtrajectory in the fixed Earth axis
system and partially dispensing with the small headingeaagproximation (Equatior8(39).

The second pass can be summarised as follows:

Approximations Il

cosy <« 1 ) ]
Small angle for axis rotation (3.38)
siny <«
. . : costh  «— cosyy iy
Fixed heading profile for wheel positions (3.39)
sinYy <« cosyy
No lateral slip {Y —0 (3.40)
T «—A/XY
Constant speed ) (3.41)

X —Xp }for axis rotationy® only)

Convex constraints Il

T E S

AXxis rotation S o (3.42)
Yo = Xoy

Wheel positions {W;B =l isintr +1,cos¢; Vi€ [l,4] (3.43)

Post-processing |l

Following the second optimisation, the resulting velocjtgofile is used to calculate the true
longitudinal position of the vehicle at each instant. Reiucin vehicle speed during the manoeuvre
reduces the distance covered. Consequently, the vehitieyibimpinge on the boundary constraints
because the car turns too early. The trajectory is thereémaibrated (stretched) to compensate for

this deficiency.



CHAPTER 3. FEASIBLE TRAJECTORY GENERATION 66

80

Wheels

60

a
o
T

PositionX® [m]
o
o

w
o
T

20

.2 3
PositionY® [m]
Figure 3.10: Second pass. The chained line shows the waygmioduced during the second stage optimisation.
The solid line shows the corrected trajectory after secdagdespost-processing. Dotted lines indicate the

positions of the wheels, assuming that the vehicle’s oaiiort remains tangential to its corrected path, and
dashed lines indicate the manoeuvre boundary.

The actual vehicle position at each instant is calculated

X?IJ — X§ + /Otj Xyrcosry — Yyrsinapppdt Vi€ [0,L) (3.44)
Yﬂ;,j — YO69 + /Otj Xyrsinerr 4+ Yir cos rpdt Vi e 0, L] (3.45)
and the heading angle profile is recalibrated to match theifggx grid positions
bir(X7) — (X)) Vielo L] (3.46)
The subscript' I here indicates the values obtained from the second pass.

3.3.6 Third pass

A third optimisation pass is then performed. As before, thtues from the previous run can
be used to insert non-convex expressions into the probleruifg@mtion by holding them constant
(Equation 8.48). In this final optimisation, the heading angle (from thewpous step) is included
in the calculation of longitudinal position (Equatio®.$1). The longitudinal velocity profile of the
previous (recalibrated) trajectory is also used when ¢atitiy lateral position, instead of assuming
that the vehicle remains at its initial speed (EquatiBrb5@). The result of this pass corresponds
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closely with the vehicle’s behaviour in the fixed Earth axed & the solution sought.
The third pass can be summarised as follows:

Approximations Il

Small angle {Simp — }for axis rotation (3.47)

. . . cosy  «— costry o
Fixed heading profile for wheel positions (3.48)

sinYy <« sinygy

No lateral slip {Y —0 (3.49)
T «— A/)(g9
Constant speed ) ) ) (3.50)
X «— Xy } for axis rotation(Y'® only)
Convex constraints Il
% = }COS
AXxis rotation _ o v (3.51)
Y® =Xy
Wheel positions { W = I, isintr + ly.icosrr Vi e [1,4] (3.52)

3.3.7 Optimisation results

Figures3.9to 3.11 show the evolution of the trajectory as the optimisationcpoure runs through
each of the three stages. Fig8® shows that the first pass optimisation successfully detersna
trajectory that remains within the specified boundarieswvéir, it should be noted that this trajectory
is dependent upon the assumptions under which it was cedulln particular, it is assumed that the
forward speed remains constant.

In Figure3.1Q it can be seen that the second optimisation pass sucdgssfuhages to replicate
the shape of the manoeuvre from the first pass while accayufdirvariation in speed. However, the
effect of speed reduction, neglected in the first pass, carldagly seen: a manoeuvre that would
have avoided the boundaries at constant speed does indasttbe boundary when the speed change
is taken into account because the vehicle starts its seamedchange too early.

After the trajectory has been recalibrated to account fer¢hange in speed, the third pass
successfully achieves a trajectory that respects theslimihile relying on fewer assumptions. The
trajectory is shown in Figursd.11

The CVX programme, running in Matlab on an Intel Pentium I\fgomal computer with an
Ubuntu GNU/Linux operating system performs the entire iraitige optimisation in less than a
minute.
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Figure 3.11: Third pass. The chained line shows the trajggimduced during the third stage optimisation.
The solid line shows the corrected trajectory after thiragst post-processing. Dotted lines indicate the
positions of the wheels, assuming that the vehicle’s oaiiort remains tangential to its corrected path, and
dashed lines indicate the manoeuvre boundary.

3.4 Conclusion

Two trajectory generation methods have been developedragfeic method and an optimal method.

The geometric method relies on placement of circles whiehttaen connected by straight lines.
The resulting trajectories are designed for a vehicle tiageat constant forward speed and lead to
the vehicle being taken to its physical limits.

The optimal method trades braking against steering to nigeiryaw acceleration throughout the
manoeuvre. Manoeuvre boundaries, axis rotation and fiimits. on vehicle dynamics are expressed
as constraints in a series of convex optimisations. Cotwexiables the use of a powerful solution
algorithm which solves the optimisation problem in a vergrstime.

The two trajectory generation methods are assessed anchoednipp Chapteb in the context of
the overall obstacle avoidance problem.
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Chapter 4

Controller design

Make everything as simple as possible, but not simpler.
— Albert Einstein

Methods for calculating a reference trajectory have beemldped in ChapteB. This chapter
develops an automatic controller that causes the targéatlgdb perform a specified manoeuvre(ISO
3888) by providing control inputs for the steering and bnaglkéubsystems.

R. W. Hamming opined that “in the ideal situation the simiolatgrows into the design, and that
in turn flows into the evaluation of the system; it is wrong éparate the three phase$lgmming
1973 §43). That is broadly the approach used in this work. The odletrdesign model (MexCar,
developed in Chapte)) is used in simulations to develop and refine the controksigh. Simulations
using both MexCar and the proprietary CASCaDE model are fzedvaluation of the resulting
system. Consequently, it is not possible to separate Bntie evaluation of simulation results
from explanation of the design method. Simulation restiéd are of importance for making design
decisions are presented here. Further simulation resiges] to evaluate the performance of the
controller, are presented in ChapBewith a more detailed discussion.

In the sections below, an analysis of the problem specificdti used to develop an architecture
for the controller that enables the steering and brakingystbms to be controlled simultaneously.
Consideration of the available actuators and their redatierits for controlling aspects of the vehicle’s
behaviour then leads to the development of an approach fangavith redundant actuators and a
detailed controller structure which makes use of paradeldforward and feedback control loops.
With the control structure in place, controller parametgesobtained by performing simulations and
analysing the results, leading to a full description of atadraw capable of achieving the desired
objectives.
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4.1 Architecture and problem decomposition

The aim of the controller is to enable the vehicle to autocadlii avoid an obstacle. This requires
that the vehicle body remain entirely within the manoeuyace, leading to requirements on lateral
position and yaw angle that must be satisfied throughoutxbrcise. Vehicle position relative to the
Earth is not directly controllable by the actuators so thetrdler will regulate vehicle velocity and
acceleration to achieve the desired positional controis Gbntrol will be implemented using parallel
feedforward and feedback control loops to cause the vetadiglow a reference trajectory.

The specification in Sectio.1 defines the test-track boundary for the entire length of the
manoeuvre. Given this information, it is advisable to chéw a feasible trajectory exists before
attempting to design control laws. Furthermore, havingtified a suitable trajectory, the result may
be used as part of the overall control strategy to derivaeata profiles for system states and inputs,
i.e. feedforward control.

The manoeuvre is specified in terms of position within thediarth axis system whereas the
equations of motion for the vehicle are most naturally exped in terms of velocities measured in
the body axis system; translation in space does not diraffiizt the vehicle dynamics. Although it
would be possible to implement a simple controller that antg according to a pre-defined reference
position and measured error, such a design would lead tovgbaterbitrary control of the vehicle
velocity. Given that the actuators act most directly on tbdybdynamics, which are expressed as
velocities and accelerations, it is better to use knowleafgine system to explicitly determine the
velocity profile that the vehicle is desired to follow. It imlvs that the controller architecture must
map the fixed Earth positional requirements into vehiclecity requirements. In the absence of
disturbances, sensor noise and parametric uncertaifgymépping could be entirely formulated by
defining reference velocities for the vehicle at each paithé manoeuvre. In reality, the vehicle will
deviate from any pre-determined velocity profile and it er#ffore necessary to include compensation
for errors, i.e. feedback control.

Two sub-systems are available to control the vehicle, nastekring and braking. Normal use of
these controls by human drivers offers guidance pertaitarige controller structure. Although both
the steering and braking systems affect vehicle velocipedd and direction), the steering system
is designed primarily to give the driver control over the ieéh orientation, a positional parameter.
In contrast, the brakes are usually used to reduce vehiéedspentirely independent of position.
Intuitively, it may be expected that the steering system offer better positional control; and the
brakes will provide better speed control. Considerationasmal driving behaviour also suggests use
of the steering system as the primary means of navigatingte,rwith the brakes used primarily to
ensure that the car can be steered safely.

For a car equipped with a brake-by-wire system, it is poediinl the controller to use differential
braking, that is application of different forces on eachesid the vehicle, or single tyre braking,
to provide a level of yaw control beyond that available to lanndrivers. This is seen increasingly
commonly on production vehicles in the working of electostability programmes which control
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the brakes independently to induce a stabilising yawing sram

Both the steering and braking systems ultimately operatgemerating tyre forces. The forces
generated by each system are not independent. The coiunikeft braking forces to the overall
yawing moment depends on the steering angle of the wheektidin saturation also couples the
systems. Use of steering reduces the traction availabldridding andvice versa Thus, in an
evasive manoeuvre, there is a trade-off between braking ottty way of removing energy from
the system - and steering to avoid an obstacle. As well as anconset of actuators, i.e. the tyres,
both actuation subsystems have similar latencies and saragls. A cascade controller structure is
therefore unlikely to be efficient and parallel loops arellko be more effective. With such a design,
it is imperative that the control loops should be well intggd and not conflict with each other. This
suggests that it may be beneficial if they co-operate to seldecommon objective, reinforcing the
case for using a pre-defined reference trajectory.

The steering and braking inputs are used to control threeo$etutputs: the longitudinal, lateral
and yaw dynamics of the vehicle. As well as being multi-inputlti-output (MIMO), the design of
the controller is complicated by virtue of the system haviagundant actuators. The use of four
brakes to control, at most, three independent vehicle itedecand/or accelerations (longitudinal,
lateral and yaw) means that the system is non-square and-detemined. There exists no unique
solution for obtaining a specified output. Nor is it possilideassign any single actuator to have
primary responsibility for any controlled output.

Classical linear design techniques, which focus on stghifi isolated control loops, offer little
benefit when designing controllers for highly nonlinear sygeems which exhibit such a degree of
interaction between the control inputs. Individual Chdmxealysis and Design (ICAD)@'Reilly &
Leithead 199) does explicitly consider the interaction of parallel Isdp a MIMO system. Using
an ICAD framework, analysis is usually performed while flatdoops are closed, initially using
nominal controllers. The ICAD method does, however, relyneanipulating square matrices, a
luxury that does not apply in this case. The technique has bgelied to non-square systems
(Dudgeon & Gribble 1998Liceaga, Liceaga & Amézquita 20PBut these are over-determined
systems which the authors decompose into series of squbsystems, represented by adequate
linear models. Nevertheless, the basic premise of ICAD t-dhalysis and design of control loops
should be performed in a manner that fully considers thectsffef, and on, interacting controllers —
is entirely sound.

4.1.1 Longitudinal, lateral and yaw control by steering

The steering system provides direct control over vehicle rgde. EquationZ.10 specifies a directly
proportional relationship for a one-track vehicle exeugta steady turn. While the relationship is
slightly more complex for a two-track vehicle undergoingking, the power of the steering system
to turn the vehicle is increased, not diminished.

If traction saturation occurs, lateral weight transfer caduce the total traction available.
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Although all load transfered from one side is transferedssthe vehicle, traction saturation prevents
all the traction lost by the inside wheels from being receddry those on the outside, which are more
heavily loaded during a turn. Longitudinal weight transdé&so has a significant effect. For a braking
vehicle, weight transfers to the front (steering) wheedsising the front of the vehicle body to pitch
down. This increases the traction available to the steerezbis, at the expense of those at the rear of
the car.

Steering the vehicle does not directly affect the vehictegitudinal and lateral speed measured
in the body axis system, other than creating a small increadeag; a negligible effect. However,
the effect of steering the front wheels does have a signifieffact on the translational velocity,
and hence position, measured relative to the fixed Earth &tiss arises as a consequence of the
effect on the vehicle heading angle (Equati@ril)). The steering system also impacts on control of
longitudinal speed due to interaction with the braking eyst There are two sources of this coupling.
Firstly, because of traction saturation, steering the \ghaffects the traction available to the brakes
to control the vehicle. Secondly, by altering the directadrthe front wheels, the steering system
changes the line of action of the braking forces.

4.1.2 Longitudinal, lateral and yaw control by braking

The braking system provides direct control of longitudimelocity — its primary purpose. At small
steering angles, the braking system has negligible effedhe vehicle lateral velocity. At larger
steering angles, when the longitudinal wheel forces areerolmsely aligned with the lateral axis of
the vehicle, there is potential for the brakes to have a mioeetdeffect on vehicle side slip.

The braking system can also be used to control yaw rate, lsuistsubject to limitations. When
operating comfortably within the physical limits of the Ve, braking the wheels on the inside track
can be used to increase the magnitude of yaw acceleratiohelpdhe vehicle to turn; this is how
tanks and other caterpillar-tracked vehicles manoeuvosveyer, as the lateral acceleration increases,
weight transfers from the inner wheels to those on the otaekt(Equation2.17)). This reduces the
braking force that may be applied by the inner track, henwoditig the scope for increasing yaw
rate through braking. Conversely, the increased load orotiter wheels enhances the ability to
apply a retarding moment and hence decrease yaw rate. Téusakes can potentially be used in
a servo-actuation role to track yaw rate under benign cimmdit but are more suited to stabilisation
of yaw rate close to the vehicle’s physical limits. Duringrexne manoeuvres, Electronic Stability
Programmes use brakes in this manner to stabilise yaw retprauent vehicles from spinning out of
control.

Brake force allocation

To solve the problem of allocating control effort betweercteaf the four brakes, a force
allocation matrix is used. This is derived from the velodigsed linearisation of the vehicle model
(Equation 2.21)). The linearised input matrii ;(p) relates the vehicle accelerations to the brake
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forces. Inverting the relationship gives a force allocatioatrix. B is not square, so cannot be
inverted directly. Instead, the pseudo—inveBsTjg(p) is computed.

A complication arises from the inclusion of the lateral decgtion row inB,. For small
steering angles, longitudinal wheel forces have negkgédfect on lateral acceleration. Wh&hy
is (pseudo-)inverted, the very small elements associaftdthese lateral dynamics become very
large, dominating the matrix and reducing its usefulnessifocating forces. At low steering angles
it would be desirable to neglect the lateral acceleratiamgompletely. However, for larger steering
angles, when the front wheels turn towards the lateral éxiseobody, the braking forces do have an
important effect on lateral acceleration; an effect thahcd reasonably be neglected from the vehicle
dynamics. Thus the problem is to eliminate the unwanted dande of the inverted lateral dynamics
terms when steering angles are small, while retaining themigher angles where they become more
important.

0
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Figure 4.1: Singular values & plotted as functions of steering angl¢rad]. The singular values are scaled
by the weight of the carng to improve clarity. The blue line shows the singular vatug associated with

c’)X/c’)fw; the green line shows the singular vahug relating to&ﬁ/c’)fw; and the red line shows the singular
valuec, linked with 9Y /9f ..

The solution is to consider a singular value decompositfdhematrix and the effect of singular
values on pseudo-inversion. Figu¥d shows how the singular valuesBf: vary as the steering angle
changes. The red line shows how the singular valuessociated with the lateral dynamics tends to
zero for small steering angles and stabilises abg\ge‘or steering angles greater thdnrad]. Note
that the other two singular values remain far larger thas tfiioughout the entire range of steering
angle.
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When pseudo-inverting a matrix, a tolerancenust be specified. Singular values less thare
equated to zero during the pseudo-inversion procedure sBigu to eliminate singular values below
the chosen valu%%, lateral dynamics terms can be suppressed until the effecsme important
and the numerical properties of the matrix will not be conmpiseed by their inclusion. It should be
noted that this tolerance is many orders of magnitude grélaa® the default values used in matrix
algebra tools such as Matlab and GNU Octave, in which valaagparable to the machine precision
are typical.

It will be useful to consider the effect that specifying thiderance has on the (spectral) matrix
norm of the force allocation matrix. The matrix norm of thpuh matrixB ; can be expressed as

|Bfll2 = max \/eingBf = max X (4.1)

where ¥ = T/eigBJIZIBf is the vector of singular values and the superschiptdenotes the
(Hermitian) conjugate transpose. The singular values @fm;eudo—invers@} are the reciprocals
of each element ir. The matrix norm of the inverse is therefore equal to theprecial of the
smallest singular value & . By eliminating the smallest singular values, the toleeanthus places
an upper bound on the matrix norm of the pseudo-inversion

=2 (4.2)

S
N =

1B (p)l2 = = <

wherec = minX : o > 7.

4.2 Simulations

Description of the controller design process is aided bjusion of simulation results, for illustration
and parameter selection. All simulations in this chapterthe non-linear MexCar model, described
in Section2.8, within Matlab 7 (R2006a) on a 2.4 [GHz] Intel Pentium IV pamal computer running
Ubuntu GNU/Linux. The simulations are performed using fargvEuler integration with a time-step
T = 0.005 [s]. Data are logged and the simulations controlled by “m*fdcripts. These provide a
means of specifying the manoeuvre to be performed, sefettimtrajectory generation method to be
used and setting parameter values such as controller dtred, speed, friction coefficient and noise
parameters. The scripts also implement the actuator lemidsdelays specified in Tablgsl and2.2
Results from simulations of two manoeuvres are detailed, mamely the double lane-changes of
ISO 3888 Part 1 and Part 2. The simulations are conductedawithitial forward speed of 80 [km/hr]
on a surface with friction coefficient = 1.0. Simulations of the Part 1 manoeuvre are used to
illustrate the effect of using only feedforward controldamence to determine design objectives for
other elements of the controller. The reference trajeesoior these simulations are calculated using
both the geometric and optimal trajectory generation nagtaescribed in Chapt& Simulations
of the Part 2 manoeuvre are used for controller tuning anankethe optimal trajectory generation



CHAPTER 4. CONTROLLER DESIGN 75

method.

4.3 Controller structure

Five inputs are available for controlling the vehicle: thment wheel steering anglé and braking
forcesf, on each wheel. Three independent outputs are potentiaiytatbe controlled directly:
longitudinal, lateral and yaw acceleration, or time intdgrand derivatives thereof. For successful
navigation of the obstacle course, it is also necessarydoust for vehicle position relative to the
fixed Earth axes.

Feedback
> controller > Steering .
0 Position
subsystent—p| _ —> S
»| Feedforward | & limits Vehicle ensors
Reference controller dynamics
. &
trajectory Feedforward '
) > . traction
controller Braking | ¢ limits Velocit
subsystem—p —> Senso)r/s
,| Feedback| | & limits
controller

?

Figure 4.2: Controller structure. The controller uses ferdard and feedback control of the steer-by-wire and
brake-by-wire systems to cause the vehicle to follow a exfee trajectory.

Figure4.2 shows the controller structure that is used to generatenfhé signals for the steering
and braking systems. It comprises five significant companemamely: a generator of feasible
reference trajectories; a feedforward steering contraléeedback steering controller; a feedforward
braking controller; and a feedback braking controller.

The feedforward controllers both make use of inverse modéis feedforward steering controller
calculates a front wheel steering angle to follow a refeeeyaw rate profile. The feedforward brake
controller calculates brake forces to follow a referencggitudinal acceleration profile.

The control signals from each of the feedforward contrsllare augmented by the outputs of
proportional feedback controllers. The feedback steecmgroller acts upon position and velocity
error signals. The feedback braking controller acts onlyelocity errors.

4.4 Feasible trajectory generation

The most important element of the control strategy is refeedrajectory generation. If the trajectory
is not feasible then the obstacle will not be navigated ssfadly. Two trajectory generation methods



CHAPTER 4. CONTROLLER DESIGN 76

are described in the previous chapter: a geometric meth8edtion3.2 and an optimal method in
Section3.3

The geometric method produces a reference profile for lgtesition Y,* (X?) as a function of
longitudinal position. A full set of reference profiles - fams, velocities and accelerations - can be
obtained by assuming that:

1. the forward speed is constant;

2. there is zero lateral slip - resulting in zero lateral e#lg and

3. the vehicle heading remains tangential to its path.
The first two assumptions lead directly to reference profdeshe longitudinal and lateral velocities,
and hence accelerations. Requiring that the vehicle hga@imains tangential to the trajectory
produces a yaw angle reference profilg X®). The geometric trajectory generator calculates a
reference yaw rate by forming the product of the forward dp€ewhich is assumed to be constant,

and the the derivative of the yaw angle with respect to digtagivingy, = X j;f% . Yaw acceleration

. . - L > dipy
is derived similarly:, = X 2.

The optimal generation method yields reference positiegiecities and accelerations directly as

a result of the optimisation procedure.

4.5 Feedforward steering and braking control

After the feasible trajectory generator, the next most irgu element of the controller is
feedforward control based on inverse models. Feedforwiaeting is used to produce a steering
angle demand based on the reference yaw rate; feedforwakéhris used to cause the vehicle to
follow the reference longitudinal acceleration profile.

Each of the actuation subsystems is subject to a commuoricdélay: 40 [ms] for steering and
20 [ms] for braking. In the time it takes for the steering eystto respond to a control input, a car
with a speed of 80 [km/hr] travels almost a metre — a significhastance in a tightly constrained
space. To counteract these delays, predicted posich%lsandX%, calculated by assuming constant
forward speed, are used for generating the reference itpthe feedforward loops

X{(t) = XP(t) + 0.04X (t) = XO(t 4 0.04)

Ky

o@

=
I

XO() +0.02X (t) ~ XP(t 4 0.02)

The Ackermann steering angle is a function of the longitadamd yaw velocity of the vehicle and
the length of its wheelbase (Equatichi10). As a purely geometric construction, it is independent
of the tyre characteristics, which are highly variable andnost cases, uncertain. It is eminently
suitable as a feedforward element for the controller. Thkerstg controller, shown in Figur&.3
calculates a feedforward steering angje based on the Ackermann steering angle for a reference
yaw rate. The radius of curvature, used to obtain the tangfeiyt;, is calculated using the reference
yaw rate and the initial speed of the vehicle. The brake fabecation matrix, developed in
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Uy (XE%) — Pl arctan

Figure 4.3: A feedforward steering controller uses an isedvicycle model to calculate the feedforward
steering anglé; [rad/s] based on the reference yaw rate and initial spedukofehicle.

Section4.1.2 relates the vehicle acceleration to the brake forces. Thkebcontroller, shown in

¢
.. T 0 0 f, ..
V| ) —els o — B b car —» X(1)
(0

T
Figure 4.4: A feedforward braking controller uses a pseinderted force allocation matrix to calculate

feedforward brake forcefs, ;; [N] based on the reference longitudinal acceleration.

Figure4.4, calculates feedforward braking forcgs; ; using the force allocation matrix and reference
longitudinal acceleration.
Before proceeding to refine the controller design, it is ingoat to identify the areas that require
improvement. Figurd.5shows simulation results from the application of the feaedérd steering
and braking inputs shown above for a car performing the 1S8838 double lane-change. The
reference trajectory is obtained using the geometric ggioer method.
The format of simulation results presented in the sequishvich common pattern. In each figure:
subfigure (a) shows the trajectory of the vehicle centre of mass (solice Hine) within the
manoeuvre boundary (dashed black lines). The positionkeofmMheels are shown as dotted
blue lines. The reference profile is depicted using a blaelnclne for the reference centre of
mass and black dotted lines to show the reference wheelgusit

subfigure (b) shows the brake forces applied to each wheel: front leftelbléront right (green),
back left (red), back right (cyan);

subfigure (c) shows the applied (solid blue) and reference (dashed b&e&jing angle;

subfigure (d) depicts the actual (solid blue) and reference velocitiesgitudinal, lateral and yaw);
and

subfigure (e) depicts the longitudinal, lateral and vertical tyre forcesth the same colours as
subfigure (b).

Beneath each figure there is a tabulated summary of the sionlka which it pertains, describing:

the model used (MexCar or CASCaDE); the manoeuvre (ISO 38&8381por 2); the forward speed

[km/hr]; the trajectory generator (geometric or optimétle surface type and friction coefficient; and

whether the signals include disturbances (clean or noisy).

Figure4.6 shows the results of a similar simulation in which the refeeetrajectory is generated
using the optimal method. The vehicle model is MexCar, thdinear two-track model of Chaptér
with delays and rate-limits imposed between the contralhat actuator outputs. It can be seen that
the simulation ends while the vehicle is still inside the weuwvre boundary - the car stops because
of the braking action performed during the manoeuvre.
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Figure 4.5: Simulation of a double lane change manoeuvrgusily feedforward control to follow a trajectory
produced by the geometric generation method. Referendiegrare shown as black chain lines; simulation
outputs as coloured solid lines.
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The effect of inertia is evident in the yaw response (Figutfd) when the geometric reference
trajectory generator is used. Combined with short shargreabdemands, inertia prevents the car
from achieving the desired yaw rate throughout the maneewlich leads to significant drift in the
final heading angle. For the optimal trajectory, which usgsratle yaw rate reference profile, inertia
poses less of a problem (Figutes(d).

The controller causes the vehicle to perform a double ld@@ge whichever reference trajectory
generator is used, but the track limits are violated. Addai compensation is required:

1. the yaw tracking response must be enhanced to accomnioddia and bring the trajectory
back towards the reference during the lane-changing paneahanoeuvre; and

2. lateral position and heading angle error must be elirathduring the final lane-keeping phase
of the manoeuvre.

4.6 Feedback steering control

Under normal conditions, drivers have no difficulty acquiriand keeping lanes using only the
steering wheels, without recourse to differential brakifthere is no reason why the single input
of the steering wheel angle cannot be used to control meltptputs. Three are of particular interest
for lane changing and lane keeping: lateral posifith, yaw angley and yaw rate).

The feedback steering loop comprises three parallel cdéerisp each acting on the front wheel
steering angle in concert with the feedforward steeringrotiar. Reference profiles for each of the
three controlled outputs are defined as functions of lodgial positionX ®.

Classical loop-shaping was initially performed, using b&city-based linearisation of the two-
track model, to design loops for each of the three outputse dttempt was entirely fruitless, with
none of the resulting controllers having any redeemingitie@alwhatsoever. The difficulty appears to
have arisen because of the highly nonlinear nature of thersygarticularly the interaction between
the steering angle and longitudinal forces. Equat®Ai) includes the product of brake forces and
trigonometric functions of the steering angle, but thisdoret is not retained in the linearised steering
dynamics, where the equations of motion are partially tbffiliated with respect to the brake forces.

Therefore it was decided to design the controller with tlieadi simulation, making direct use
of the MexCar model to enable these important nonlinearctffto be adequately accommodated.
Using simulations in this manner is somewhat similar torignéontrollers on real hardware. For a
successful design strategy, it makes sense to choose altmmtype that is amenable to such tuning.
With this in mind, PID control is the obvious choice, beingrsficantly easier to tune than more
mathematically sophisticated controller forms - hencevittiespread use in industry.

However, the outputs are not independent. Yaw rate and ygie ane, respectively, the derivative
and integral of each other with respect to time. Althoughepehdent error signals are available for
each, a proportional gain on yaw rate serves much the sarmpegmias a derivative controller on yaw
angle. Similarly, a proportional gain on yaw angle is laygetjuivalent to an integral gain on yaw
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rate. Thus simple proportional control on each loop woukhssufficient to get most of the benefit
of full PID control on each loop, while being much simpler tmé.

The third output, lateral position, is less closely relatedhe vehicle dynamics than the yaw
parameters. Its inclusion is primarily to assist with aeteiane-acquisition and lane-keeping. The
error depends on the history of the vehicle’s rotation infiked Earth co-ordinate system, so the
derivative and integral with respect to time have littleexgince to the problem. Consequently,
proportional control would also seem appropriate for tlasameter.

Proportional controllers are inserted into each of the nbbn K 540 from yaw rate error to the
steering angle commands,, from yaw angle error to the steering angle command; ARg-«
from lateral position error to the steering angle commante $um of the individual channels is
then added to the feedforward steering angle input. It iget$o obtain a set of three sympathetic
gains that will improve overall trajectory-tracking pemftance without exhibiting significant adverse
interaction between the loops.

/N »hrctan Ww Car
@ ==
. + Kyel >+ E > —
w ref A i +
X® X® X®
Y® /M >_'@ > Kpos Yo Y@
Y/ s T v W

Figure 4.7: Controller (steering elements) with feedfadwsteering control of yaw rate and feedback steering
control of yaw rate, yaw angle and lateral position. The Aokann steering anglé; is obtained from an
inverse bicycle model. The feedback control loops have grtamal gain matrice¥,,,, = (0, Ksye, Kw)

andK,,, = (0,0,Kéﬂ/-)).
The steering elements of the controller structure are shiowigure4.7.

4.6.1 Gaintuning: simulation-based optimisation

A small number of trial runs are performed with the MexCar elo identify the approximate
parameter space in which the controller gains should lieekoh gain, five decades is ample, ranging
from small gains which have no effect to excessively largagthat degrade performance. To ensure
sufficient resolution within the parameter space, the fivaades are divided into 251 exponentially-
spaced points.

Five blocks of simulations are performed, each comprisibg) 2ins. The first three blocks are
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used to identify initial gains. A subsequent two blocks asedito refine these values. The total
computational time required is less than 7 hours. Each sitionl uses the nonlinear MexCar model to
perform an 1ISO 3888-2 double lane change manoeuvre folipammoptimal trajectory. The controller
in each case uses feedback steering control with the feeafdrsteering and braking loops described
in Sectiond.5. Within each block, two of the gains are held constant whigethird is assigned values
from a range spanning five decades. Data from each simulatmunsed to calculate error vectors:
yaw rate erroke,(t) = v (X®(t, K,)) — 9(t); yaw angle errory(t) = (X% (t, Ky )) — 9 (1);
and lateral position erroey« (t) = Y¥(X%(t, K,)) — Y®(t), where K, represents the varying
gain. To quantify overall performance for the duration afleaimulation, error norms are calculated:

lleg (8 Ko l2, llew(t, Ky)|l2 and|leye (2, K l2-

Table 4.1: Gain variation for investigating the effect of three proportional feedback steering control loops.

| | Block 1 (K ;) | Block 2 (K5, | Block 3 (K5 y=) |
K,, 10{ 3.00, 298, 11.8,12.00] 0 0
K(s’w 0 10{~3-00,-2.98,.-- +1.98,42.00} 0
K; ;/@ 0 0 10{~4.00,-3.98,--- +0.98,41.00}

Blocks 1 to 3 are used to obtain an initial understanding eféfiect of each gain on system
behaviour. The constant gains are set to zero (Tald)eso that the effect of the individual controllers
can be seen.

Error responses are plotted in: Figuts, for varying Ks Figure4.9, for varying K5, ; and
Figure4.1Q for varying K5y« . The graphs show how each of the loops in isolation affeedtttee
errors measurements.

The plots show that in each case the five decades span theafigle rof interest, from very
low gains that produce negligible effect, to very high gaihat degrade tracking performance.
Distinct global minima are evident in all error response:ewﬁw andKs ,, vary, making selection
of suitable gains a straightforward matter. The error rasps to variation ink;y« are more
ambiguous; tracking displacement in the fixed Earth axisesysn which the vehicle rotates while
moving adds complexity to the task. These results suggastite gains relating to yaw response
should be tuned first, with the lateral position gain addrdsafterwards to fine-tune the system
behaviour close to the controller design point.

Determination of a criterion for optimal selection of gaigjuires the relative importance of
each error measurement to be considered. Of the three ree@nis, lateral position is the most
important for ensuring that the vehicle stays within thekrimits. Indeed, as long as good tracking
of lateral position does not cause excessive degradatigemiresponse, which might lead to the front
or rear of the vehicle crossing the boundary, it is reas@nablconsider only lateral position error.
Figures4.8 and 4.9 support this approach, indicating that little degradaiimyaw response would
arise as a result of selectirig; ;, and K, such that|ey 2 is minimised.

The first three simulation blocks reveal the effect of attgrihe gain in each loop when acting in
isolation. Interaction between the loops leads to diffecgatimum values when they are all operating
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Figure 4.8: Block 1. The effect of changing the steering Ipay rate gaier on each of the error responses:
yaw rate (blue); yaw angle (green); and lateral positiod)(r&he manoeuvre is the ISO-3888-2 double lane-
change performed at 80 km/hr following an optimal trajegtevith friction coefficientu = 1 and controller
gainsKs;y = 0, andK;ye = 0.

in parallel. To converge upon a (locally) optimal soluti@ach loop is activated in turn, with the
most recently activated loop tuned to accommodate the atttere loops. It is arbitrarily decided to
activate the yaw rate loop first, using the gain identified/jongsly.

Table 4.2: Gain variation for tuning the proportional feadk steering control loops.

| H Block 4 (K.) | Block 5 (K5y0) |
K, 0.12 0.12
Ké:w 10{—3.00,—2.98,-- ,+1.98,42.00} 0.36
Ksvo 0 10{—4.00,~3.98,--,40.98,+1.00}

The yaw angle and lateral position loops are refined in ssemesising a further two blocks of
simulations (Blocks 4 and 5, Tab#e?). From Figure4.8a gaian = 0.12 is chosen to minimise
lateral position errofiey« ||2. For Block 4, the lateral position gaili; y« is set to zero and the yaw
angle gainks ,;, is varied. The resulting error responses are shown in Figure From this plot, a
yaw angle gainks , = 0.36 is selected to further reduce lateral position error.

The exercise is then repeated with Block 5 to identify a slétéateral position gain. The resulting
error responses, shown in Figyrd 2 are well behaved (c.f. Figure10 and indicate that selection of
again in the rangé.2 < K;y« < 1.0 willimprove tracking performance, with higher gains hayin
the most impact on the error. Selecting the optimal gfé{% = 1.0 that results in the minimum
error||ey« |2 gives a controller with excellent trajectory-tracking foemance (Figuret.13).
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Figure 4.9: Block 2. The effect of changing the steering lgag angle gaink; . on each of the error
responses: yaw rate (blue); yaw angle (green); and latesilipn (red). The manoeuvre is the 1SO-3888-2
double lane-change performed at 80 km/hr following an oatimajectory, with friction coefficient = 1 and
controller gainsk; ; = 0, andKs yo = 0.
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Figure 4.10: Block 3. The effect of changing the steeringltateral position gai; y-» on each of the error
responses: yaw rate (blue); yaw angle (green); and latesiipn (red). The manoeuvre is the 1SO-3888-2
double lane-change performed at 80 km/hr following an oatitmajectory, with friction coefficient = 1 and
controller gainsk; ; = 0, andKs, y = 0.
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Figure 4.11: Block 4. The effect of changing the steeringplgaw angle gaink; ., on each of the error
responses: yaw rate (blue); yaw angle (green); and latesilipn (red). The manoeuvre is the 1SO-3888-2
double lane-change performed at 80 km/hr following an oatimajectory, with friction coefficient = 1 and
controller gainsks ; = 0.12, andKs yo = 0.
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Figure 4.12: Block 5. The effect of changing the steeringplstteral position gaink; -« on each of the
outputs: yaw rate (blue); yaw angle (green); and lateraitipos(red). The manoeuvre is the 1SO-3888-2
double lane-change performed at 80 km/hr following an oatitmajectory, with friction coefficient = 1 and
controller gainsK; ; = 0.12, and Ky, = 0.36.
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4.6.2 Noise and disturbances

The signals in the previous simulations are clean, i.e.etlaee no noise or disturbances present in
the control and measurement outputs. It is essential thant@adler be robust in the presence of the
noise and disturbances that it will encounter.

For linear feedback control systems, the effects of distucks (noise) are usually analysed
in terms of (complementary) sensitivity functions. The ogpt of sensitivity functions has been
extended to nonlinear systemSefon & Goodwin 1996 However, in light of the difficulties
encountered when attempting to design the controller bp-kiaping, it is questionable that any
such analysis would produce meaningful results. Intesadietween control inputs plays a dominant
role in the system behaviour; signal errors will interantigrly. Noise and disturbances are therefore
considered in the design by way of simulation with delibetrors injected into signals.

The vehicle measurement data for the real target vehicléodre provided by an observer (still
under development at the time of this research) that malesfusultiple sensors, applies filters and
makes corrections to provide best estimates. The preciseenaf these corrections are not specified
but it is reasonable to suppose that the eventual signafdiedpo the controller will be subject to
errors following a normal distribution with a variance teléto that of the normal signal range.

A noise model is therefore constructed as follows. For eaehsurement and control signal,
the standard deviatiom is calculated from the data recorded during a nominal marreaundertaken
with clean signals (Figuré4.13. For the brake force vector, the mean of the four standar@tiens is
used. The results in Tabte3are obtained. The simulation is then re-run with noise astiidhances

Table 4.3: Standard deviation of clean signals obtainethdsimulation of the emergency double lane change,
ISO 3888-2.

. Standard :
Signal deviationg Units
X 23.08 [m]
Y® 1.09 [m]
) 0.10 [rad]
X 5.95 [m/s]
Y 0.29 [m/s]
¥ 0.21 [rad/s]

X 0.11 [m/s?]
Y 0.93 [m/s?]
¥ 0.69 [rad/<]
f, | 102.21 [N]
0 0.04 [rad]
applied to each signal(t) such that
x(t) = x(t) + v & randn (4.3)

wherev is a scaling factor, arbitrarily chosen as 0.5%, amadn is a normally distributed random
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number with zero mean and unity variance calculated usintalfa default method: Marsaglia’'s
Ziggurat algorithm. Before simulation, the state of thed@m number generator is set to zero to
ensure that results are repeatable.  Including noise ahdltbsice model in the simulation reveals
that the controller is over-tuned (Figu#eld). The gains are too specific to the exact conditions
under which they were tuned and the overall controller isgfuee insufficiently robust. The steering
controller over-reacts to small lateral position erroeading to wild steering inputs in the region
20 < X% < 60 [m]. The solution is to reduce the gait; y-« .

Returning to Figuret.12 a region of degradation is apparentf@fy« > 1, where the error
norms rise dramatically and oscillate erratically as the gacreases. Meanwhile, it can be seen that
the error norms for yaw ratge;; ||, and lateral positiorjeyo||s cross atksye = 0.26. It would
seem appropriate to select this point which provides anwategnargin to the region of degradation
while balancing the two error measurements.

Figure4.15demonstrates that relaxing the lateral position gain elatas the undesirable steering
behaviour.

4.7 Feedback braking control

With the steering wheels being used to control yaw and laparsition, it is not possible for them
to control yaw rate fully and independently, so there is asfimilgty of yaw instability occurring if
the steering should become too aggressive. Electronidistgirogrammes are starting to appear
on production cars and one is installed on the target vehidledeed, it is through the ESP that
brake control is achieved. It would therefore be possiblallow the ESP to guard against the
vehicle spinning out of control, acting in parallel with tbellision avoidance controller. However, it
would seem beneficial to integrate the two systems to aclpiey@er co-ordination rather than leaving
the interaction of two systems to chance. Integrating ESRtionality into the collision avoidance
controller also allows the conservative production sysietme disabled, potentially allowing the car
to be taken closer to its physical limits.

The essential characteristics of an integrated yaw stalitin system are that it should prevent
yaw instability and that adverse effects on the performaoifcthe collision avoidance controller
should be minimised. Because yaw stabilisation prevergscdr from yawing to the full extent
demanded by the driver (or automatic control system), itas possible to entirely eliminate all
negative impact on the trajectory tracking task. Maintagnthe ability to closely control yaw
dynamics comes at the price of sacrificing a degree of pattialon

As well as limiting yaw acceleration, conventional yaw dtahtion systems attempt to limit
the lateral slip experienced by the wheels. It is unnecgswado that in this case because the
vehicle lateral position and yaw angle are controlled diyday the steering controller. Lateral slip is
therefore necessarily constrained implicitly.
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The stabilisation loop can potentially act on either an Eraéon or velocity signal. Attempting
to control yaw acceleration would undoubtedly interferehwihe yaw rate and angle tracking
performance of the steering control loops. It is therefarefgrable to operate on velocity so that
the steering and braking controllers can operate on the yameate error signal and complement
each other rather than conflict. For improving velocity kiag, the simplest reasonable control law
u; is a proportional controller acting on the yaw rate erronalg

uf:foef:Kf,dlx% (4.4)

whereK, is a diagonal gain matrix with non-zero eleméﬁ} ., andey is a vector of velocity errors
with non-zero element;, = ¢, (X®(t)) — 1 (t), the yaw rate error.

|
|
|
Xr + e u Yy I X
v | () —»(D—L» K, e B} —»f car (> |V

by T ¢

Figure 4.16: Brake loop. A proportional yaw rate feedbadktmaler K, = diag(0, 0, Kf,¢) in series with a
force allocation matriB}.

As with the feedforward braking loop, the pseudo-inverteput matrixB} is used for force
allocation. The loop is shown in block diagram form in Figdrd6 Physical insight simplifies
parameter selection for this loop. The car is not equippél an electronic torque vectoring system
S0 it is not possible to demand positive longitudinal foréresn the controller. Nor is there any
braking action from a driver which must be eliminated. Heacmgative gain would be meaningless.
The minimum gain, zero, contributes nothing towards tnagkperformance but would have no
adverse effects. On the other hand, an extremely high gaindiead to saturation of the brake
forces. This would impair the effectiveness of the steedagtroller, or place greater demands upon
it, but would not lead to instability. The ABS prevents thelkwes from operating in the unstable
slip-traction regime. Even in the absence of an ABS, brakesrderently stabilising, removing
energy from the system whether or not the wheels are lockied.nTain risk from excessive braking
is disruption to the steering control loop. Thus any positjain is potentially acceptable and it
is necessary only to find one that interacts well with thersigesystem and offers good driving
characteristics; a goal which is somewhat subjective.

A good controller should make full use of the available bmgkpower in extreme conditions,
but should not apply excessive braking that would interfeita normal operation of the collision
avoidance controller. In particular, the brake forces #hamot saturate excessively, which would
prevent the steering controller from operating well. A Ibak can be struck by considering the
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traction limits to which the vehicle is subject. The preasgree of force that would lead to saturation
is a complex and generally unknown function of the wheelrstgeangle. However, in all cases it will
be less than or equal to the longitudinal force that would keesaturation if the wheels are pointing
straight ahead. The total longitudinal force is the maxinabsolute column sum norm of the brake
forces and must be less than or equal to the available tractio

4
Ifalli = 1foil < nmg (4.5)
i=1
The maximum longitudinal force on any wheel is the corresiimyn absolute row sum norm and,
assuming that the weight of the car is evenly distributedstrba less than or equal to a quarter of the
total available traction
pmy

foHoo = m?X\fx,i\ < T (4.6)

The product of these norms is greater than or equal to theeaiahe spectral normeisstein
2004 hence an upper bound can be placed on the spectral norm

I£2113

IN

£zl X [[f]loo
pmg

IN

1 X pmg
— fall < 557 (4.7)

Now, the brake forces are the product of the control signahnd the force allocation matrET, o]

Ifoll2 = 1B} % wyll
< |BY 2 x [yl
< [IBll2 x 1K} x eyl

(4.8)

The requirement to prevent traction saturation, in the mtxsef steering inputs, therefore translates
into a sufficient (but not necessary) upper bound on the gatnixn

pmg
Bl > Ky x e < 5=
— K pmyg (4.9)

) <
Bl x e

Recalling Equation4.2), the norm of the force allocation matrix can be replacedheyexpression

1 T
Bi|p=—-==x
1Bfll2 = — = —

N =

(4.10)
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With a tolerancer = £34, this gives

2
x By _ o (4.11)

K, < 5
7'61/; T 61/-)

f?w

RS

The fractiono /T can be calculated for any vehicle state, but has a lower badindity. It
is necessary to estimate the maximum yaw rate error thatalky Ito occur during normal operation.
Running a simulation using the MexCar model for the vehiclliving an optimal trajectory through
the ISO 3888-2 manoeuvre, with an initial speed of 80 [km#md a friction coefficient of 1, the yaw
rate error can be measured. It is found that the maximum emcountered during the simulation of
¢\|00 = 0.1366 [rad/s]. Using Equation4(.1]) yields a gain ome = 15.
This gain is added to the controller and the simulation isure- The results (Figuré.17) show

Figure4.15is ||e

that differential braking is employed to counteract yave mtrors. At their peak® ~ 30 [m]), the
brakes are just applied to their full extent (Figdrd7(b). Thus it is seen that the calculated gain for
the brake feedback control loop does cause the brakes tatepaecisely as intended. Nevertheless,
this operation does still interfere slightly with the stagraction. Figuret.17(d)shows that the yaw
rate error is relatively large & ® = 30 [m]. This in turn leads to the vehicle just clipping the final
corner of the test-track (Figuse1?). Yaw stabilisation should therefore only be used if neagss

4.8 Control law

l [ .
d¢f = arctan ( ! + " x wr(Xi%)> (4.12)
Xo
5:5ff—|—0.12 X6¢+0.36X6¢—|—0.26 X ey o (4.13)
£, = B} x X,.(X5)) (4.14)
+ 15 x B} X €, if yaw stabilisation is required (4.15)

Combining the feedforward steering and braking contrs]lére feedback steering controller and
the yaw stabilisation feedback braking controller yielus final control law. The controller is shown
schematically in Figurd.18
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Figure 4.18: Controller with feedforward steering contofl yaw rate; feedforward braking control of
longitudinal acceleration; and feedback steering cortifofaw rate, yaw angle and lateral position. The
Ackermann steering angl&; is obtained from an inverse bicycle model. The force alloramatrix B!
is the pseudo-inverse of the (velocity-based) lineariseatttack input matrix3,, with tolerance4/(mg)

used during the pseudo-inversiorﬁ} is updated according to the vehicle state and control inpdise
proportional feedback control loops have gain matrisgs= diag (0, 0, KM-)), K5 = (0, K(;,yea,Kg_w)

andK,,, = (0,0,K(w) where the gains have valués, ; = 0 or 15, K5ye = 0.26, K5, = 0.36 and
Ks, =012,
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4.9 Conclusion

An emergency obstacle avoidance controller has been gmatloReference position, velocity and
acceleration profiles are obtained for trajectories gdadrasing either of the methods (geometric or
optimal) described in the previous chapter. Feedforwadifaadback control are used to integrate
steer-by-wire and brake-by-wire functions to control thedicle, causing it to follow the reference
trajectory.

The steering loop comprises: a feedforward element, defrem an inverse bicycle model, to
calculate a nominal front wheel steering angle based onesereée yaw rate profile; and feedback
elements, consisting of proportional controllers actimgtloree error signals - yaw rate, yaw angle
and lateral position.

A simulation-based method of tuning has been presentedufing the steering controller
parameters. Each of the three control loops is first tunedpeddently to identify the general
behaviour of each and to obtain an initial set of gains. Tlgdoare then activated and tuned in
succession to accommodate each other. This method acdouthte highly nonlinear nature of the
system and interaction between parallel control loops.

The brake loop comprises: a feedforward element, used wedae vehicle to follow a reference
longitudinal acceleration profile; and a feedback elemetin@ on a yaw rate error signal. Both
the feedforward and feedback loops act through a force altmt matrix, constructed by pseudo-
inverting an input matrix derived from a velocity-basecelnisation of a nonlinear two track vehicle
model.

Consideration of the singular values of the brake forcecation matrix and the tolerance used
during the pseudo-inversion procedure allows the unwadbedinance of lateral dynamic terms to
be neglected when the front wheel steering angle is small.ethad for calculating an upper bound
on the spectral norm of the force allocation matrix has besstiibed. This is used to define a gain
for the brake feedback loop to prevent traction saturation.

A noise model has been developed to inject normally disithwuandom disturbances and noise
into the simulated system. This noise model is based on #relatd deviation of normal signal
values. Injection of noise during the simulation is usecefme the controller parameters to make the
final controller more robust.

Evaluation of the performance of this controller is presdrinh Chapteb.
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Chapter 5

Controller evaluation

Eppur si muove.
— Galileo Galilei

Two feasible trajectory generation methods have been olegdlin ChapteB and a design for an
automatic controller was developed in Chaptern this chapter the trajectory generation methods
are compared and the performance of the controller forviatlg these trajectories is evaluated.
Conclusions follow in Chaptes.

5.1 \Verification and validation

There are two essential steps for testing any system: \aidit and validation. Verification
demonstrates correct implementation of the specified desiyalidation demonstrates that the
designed system satisfies its requirements when measuaatstie real world.

Systems may be validated by experiment or by simulation.allgevalidation is performed
by measurement and comparison against real world expetd#ndata. However, where that is
impractical, it is normal to validate against an independandel, preferably one which has itself
been validated by experiment.

The MexCar model developed in Chaptecan be used twerify that the controller functions
as designed. It is also suitable fealidating those aspects of the controller which are designed
independently of it, such as the trajectory generators aedférward control. However, it is not
sufficiently independent for validating the complete dedigpcause it is used directly to tune the
feedback control loops and calculate the force allocatiatrisn

In this chapter, DaimlerChrysler's CASCaDE model servesrtie of an independent, validated
model against which the overall system design may be te€Et&ECaDE has been validated over
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several years against experimental data obtained fronanaseehicles operating under controlled
conditions on test tracks.

All MexCar simulations presented here are run within Mattaban Intel Pentium IV personal
computer running Ubuntu GNU/Linux using forward Euler gna&tion with a time-stepl’ =
0.005 [s], as in the previous chapter. Various auxiliary scripts ased to control the simulations,
set parameters and implement delays and actuator limits.

Simulations that use CASCaDE are run on the same platform oUtput data rate is the same as
MexCar (200 Hz) but the internal integration step size ioregg to bel” = 0.001 [s] and the model
uses its own numerical integration routine. A Simulink ifdee and various parameter files perform
equivalent functions to the auxiliary MexCar script files.

5.2 Comparison of trajectory generation methods

Two methods of calculating a feasible reference trajectwgydescribed in Chapt8 a geometric
method and an optimal method. The first step in assessing tmeshods is to verify that the
trajectories they generate are in fact feasible: that patlesfound which avoid the test track
boundaries and respect the specified vehicle limits.

To establish feasibility, trajectories are generatech@bioth generators - geometric and optimal)
for both of the double lane change manoeuvres(ISO 3888 Reud Part 2) at 80 [km/hr]. Following
successful trajectory generation, the MexCar model is tsel@monstrate that the vehicle would be
capable of following each trajectory while subject to thaestoaints included in the model.

During each simulation, the controller developed in thevimgs chapter is used to cause the
model car to follow the reference trajectory. It is not the a&if this section to evaluate the controller
itself. Nevertheless, certain characteristics of theettajry generation methods are revealed by the
control inputs and these are discussed.

5.2.1 1S0O 3888-1 double lane-change

In the previous chapter, reference trajectories for the 8888-1 double lane change manoeuvre
were generated to evaluate the performance of feedforwandratlers acting without feedback
compensation. By repeating those simulations using tHec@udtroller, it can be shown that the
generated trajectories are indeed feasible for a vehialdgtsubject to the specified limitations. The
results are shown in Figute 1 for the geometric trajectory and Figuse2 for the optimal one. It can
be seen that the car successfully follows both trajectavidsout violating the test track boundaries.

The controller is identical in both cases, but the very déffe nature of the reference trajectories
leads to markedly different control inputs, and hence fiicanitly different vehicle behaviour. The
geometric trajectory demands short, sharp control inputisreas the optimal trajectory requires
prolonged, gentle control. This was also evident in the fatians using feedforward-only controllers
(Figures4.5and4.6).
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Perhaps the most significant difference between the two enames is the speed at which they
are performed. Following the geometrically-derived tcéjey, the vehicle exits the obstacle course
with its speed virtually unchanged (Figusel(d). In contrast, the vehicle halts within the test track
while following the optimal trajectory. This difference behaviour arises because of the different
braking strategies that are employed. For the geometrjectray, calculated using a constant-
speed assumption, there is no feedforward component tortie lzontrol input (Figurés.1(b).
Contradistinctly, the optimal trajectory specifies brakithroughout the duration of the exercise
(Figure5.2(b).

When following the optimal trajectory, the steering profdksely matches the feedforward
reference steering angle; relatively little feedback ection is required (Figur&.2(c). This is not
the case for the geometric trajectory; large deviationsftbe feedforward profile are indicative
of the difficulty that the car has in following such an aggiesgath (Figures.1(c). The effect is
mirrored in the yaw rate response (Figlré(d) High steering angle inputs are required to keep the
vehicle close to its reference position. Neverthelessctimroller does manage to achieve this, thus
demonstrating the feasibility of the trajectory.

It is also noteworthy that far greater lateral weight trengdccurs during the more aggressive
turns associated with the geometric trajectory; a diffeeenf almost 4 [kN] is seen between the
wheel load on either side of the car (Figusel(e) as opposed to 0.5 [kN] for the optimal case
(Figure5.2(e). This weight transfer is due to the far higher lateral aa@lon, and hence rolling
moment, experienced by the vehicle when following the gddoigajectory. The difference in lateral
acceleration for each case can be inferred from the latgralforces in Figure$.1(e)and5.2(e)
respectively.

Yaw rate stabilisation

The differing nature of the reference trajectories produag the two generation methods also leads
to differences in the operation of the optional yaw rate iation brake controller. Figures.3
and5.4 show the result of repeating the previous two simulationth wie feedback brake control
loop activated.

The feedback brake loop has little effect on the vehicle wiodlowing the optimal trajectory.
The only indication that it is active is the differential kinag visible in Figure5.4(b) Small errors in
yaw rate lead to increased brake forces on one side of th&lcase are counterbalanced by decreased
forces on the other side.

In contrast, feedback braking has a dramatic effect whewehile follows the geometric profile.
Instead of exiting the course almost as fast as its entrydsphe car slows to less than 40 [km/hr]
(Figure 5.3(d). This is a consequence of large yaw error rates that ocdeflybthroughout the
manoeuvre. Large brake forces applied on one side of theacaiot be counterbalanced by reduced
forces on the other (Figur3(b)); the mean brake force is zero before these forces are dpgtie
positive longitudinal control forces cannot be generatétiaut using the engine and differential to
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apply drive torque to specific wheels, i.e. torque vectarifgese unbalanced retarding forces lead
to the observed deceleration in vehicle speed. This detelaris exacerbated by the rate limits on
the rate of change of brake pressure, which prevent the bifadwn releasing as quickly as they are
applied. It can be seen that large brake forces continue tppked on one side of the car while
the brakes are being applied on the other to cause the vébitlen in the opposite direction. This
rate limit effect is not noticeable when following the opéihtrajectory (Figuré.4(b), where smaller
brake forces are observed.

The ISO 3888-1 double lane-change on a dry asphalt surfaeel() is not so demanding that all
available tyre traction must be used throughout the mameetience, excessive deceleration during
turns does not prevent the vehicle from navigating thissesuccessfully. However, in a more tightly
constrained manoeuvre, braking instead of steering casedailure (c.f. Figurel.17).

A further feature of the brake controller is visible whenldaling the geometric trajectory but
not so readily apparent when following the optimal profildaTis the effect of the force allocation
matrixB} on the split of front/rear braking. The front wheel steeramgyled appears in the terms of
B}. While following the geometric reference profile, relativéarge steering anglesd( > 5 [deg])
are generated (Figue3(c). At these times, the corresponding brake forces (Fig§uBéb) exhibit
differences between the front and rear wheels. The brakegare higher on the rear wheels than the
front wheels, which are not pointing straight ahead. Altjioa small effect, this is a potentially useful
feature that arises automatically from the use of the foilmeation matrix. Shifting the braking
burden to the rear wheels leads to a consequent reductioeirierence with the steering action of
the front wheels. However, there is a limit on how much of theking effort can be transferred to the
rear of the car because weight transfers to the front wheglegldeceleration, reducing the traction
available to the back tyres. This effect is not seen in thelkitions because MexCar does not include
pitch dynamics.

It should be noted that the combined lateral and longitudioeces exhibited in Figures.3
are greater than would actually be achievable by the car. M&eCar model does not explicitly
account for the reduction in traction that arises from carati slip conditions. Nevertheless,
the simulation does demonstrate the qualitative behavibar controller attempting to follow the
geometric trajectory.
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Figure 5.3: Simulation of a double lane change manoeuvrguki full controller with yaw rate stabilisation
to follow a trajectory produced by the geometric generatimihod. Reference profiles in subfigures (a) and
(d) are shown as black chain lines; simulation outputs asucetl solid lines. In subfigure (c), the black chain
line shows the feedforward steering profile.
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5.2.2 1S0O 3888-2 emergency double lane-change

The Part 2 emergency double lane-change is more challetigamgits non-emergency counterpart
because of far tighter constraints. Both trajectory gdimranethods have been used to determine
reference profiles for navigating this test track.

In Chapter3, the optimal method was explained with an example trajgdtora vehicle travelling
at 80 [km/hr]. Meanwhile, the geometric method was used toutate a trajectory for a vehicle
travelling more slowly at 60 [km/hr]. The reason for thisphsity is that the geometric method is
incapable of finding a feasible path at the higher speed. Tiginal design goal of the geometric
method was to perform singlelane changeRevan, Gollee & O’Reilly 200&) at 80 [km/hr] while
deliberately taking the vehicle to its physical limits. &ig5.5 shows the result of attempting to use
the geometric method to generate a reference trajectoyehicle travelling at 80 [km/hr] through
the emergency course. The radius of each circle used toaertbe waypoints is too large for the
manoeuvre space. The circles intersect, with the cepdrbeing placed befor€,. This creates a
discontinuity at longitudinal distancE® ~ 20 [m]. The method cannot produce a feasible reference
trajectory without modification. In contrast, the optimaétimod continues to work well even for
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Figure 5.5: Reference trajectory for an ISO 3888-2 emengdaable lane-change manoeuvre generated using
the geometric method for a vehicle travelling at 80 [km/hndlahe waypoints that produce it (c.f. Figu8e).

The circles cannot be placed without intersecting, whialsea a discontinuity in the generated trajectory. This
trajectory is not feasible.
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this more difficult task, as evidenced by successful trajgajeneration during the controller design
process outlined in the previous chapter (FiglwEy).
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Figure 5.6: Optimal reference trajectory for the 1SO 3888r2ergency double lane change manoeuvre at
157 [km/hr].

The optimal trajectory generator is in fact capable of daking trajectories for speeds as high
as 157 [km/hr] (Figureb.6) without exceeding the track limits. However, to make useswth a
trajectory, the controller would have to be re-tuned to afeeat twice its design speed and cope with
excessive traction saturation. This high speed trajeateeg the full width of the road. A prominent
feature is the initial turn to the left to create more spacddter turns. Like a good driver, the optimal
trajectory generator takes account of the road ahead.

5.3 \Verification of controller performance using MexCar

The aim of the controller is to cause the vehicle to perform&D 3888-2 emergency double lane
change manoeuvre with an initial speed of 80 [km/hr] on dngsth asphalt with state measurements
provided by an on-board observer making use of various s&nso

Verification of the controller performance is undertakemgshe MexCar model. It is first
demonstrated that the controller performs as requiredrudédal conditions and the results are used
to highlight aspects of how the controller works. It is théown that the controller copes adequately
in the presence of noise, disturbances and parameter aimtiex.
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5.3.1 Operation of feedback control loops

In the previous chapter, Figurdsband4.6 show that sole use of feedforward control as implemented
is insufficient to perform even the relatively undemandioglale lane-change specified in ISO 3888-
1. Sectiond.5identifies two specific requirements for the feedback combdaps: improvement of
yaw tracking during lane-changing and correction of ldtaral yaw position for lane-keeping. To
verify that the inclusion of feedback control does indeedaxi these problems, the simulations are
repeated using the full controller. Figurgd and5.2 demonstrate that both lane-changing and lane-
keeping functions are improved by the addition of feedbaxkrol. Improvement in yaw rate tracking
is seen in the yaw rate response for the geometric traje@agyre5.1(d) when feedback is included
(c.f. Figure4.5(d) The peak yaw rate for the geometric trajectory attains —sdigtitly exceeds — the
demanded reference value. As a result, the vehicle turfigisutly to track the reference path and
the trajectory is thus followed far more precisely.

Also in Chapter4, the overall performance of the controller for tracking there demanding
ISO 3888-2 emergency double lane change manoeuvre is showiglire 4.15 The controller
configuration uses feedforward steering and braking andbfeek steering. The feedback braking
loop for yaw rate stabilisation is inactivef(%; = 0). A noise and disturbance level = 0.5%
represents disturbances and noise, using the model of iBgyat3). Figure4.15(a)shows that the
vehicle completes the manoeuvre successfully, avoidiegast-track limits. The path is smooth and
the vehicle follows it closely. Thus the controller doesfpen as required.

A high correlation is seen between lateral velocity and yate in Figure4.15(d) It is possible
for a car to experience either lateral slip without yawingglsas when driving in a cross-wind, or to
yaw without experiencing lateral slip, such as when turrah¢pw speed. However, at high speeds
both effects are usually experienced together. It is diffituforce a car to yaw without slipping
laterally, which would require exact cancellation of thenfirand rear lateral forces. That these forces
do not generally cancel is seen in the graplf,pin Figure4.15(e) Because the controller does not
attempt to track lateral velocity, the correlation with yeate does not cause any problem; but if the
controller were to be modified to do so, it would be necessargnisure consistency between the
lateral and yaw velocity reference profiles.

Figure4.15(e)shows that the weight transfers to the outside wheels degdiag turn. This accords
with the behaviour of real vehicles, instilling some confide in the correctness of the simple weight
distribution model of Equatior2(17).

5.3.2 Effect of increasing noise and disturbances

The robustness of the controller with respect to noise astidiances is investigated by altering the
noise level applied during simulation.

Figure 5.7 shows the effect of a five-fold increase in the noise level; te 2.5%. Figures5.8
and5.9 show two further doublings of the noise level,ito= 5% andr = 10% respectively. In all
cases, despite significant disturbances, the controliseés to perform well, tracking the reference
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trajectory without any signs of instability in the contesllresponse. However, the vehicle is seen to
brush against the final corner, clipping it by a couple of ikeetres for the most severe noise level of
10% (Figure5.9).

If noise and disturbances of such severity are encountgrétkelrontroller, it would be prudent to
include a small margin when generating the reference t@jeca soft limit a few centimetres inside
the true boundary to accommodate random perturbationsvidecbthat the trajectory is not at the
limit of what is feasible, this can be accomplished simplyirimyreasing the virtual width of the car or
narrowing the track dimensions within the trajectory getar

A further doubling of the disturbance level & 20%, Figure5.10 shows that there are limits to
how much the controller can withstand. The vehicle startdejoart significantly from the reference
trajectory atX® = 20 [m]. If such severe disruption were believed likely, thewduld be necessary
to perform additional filtration of measurement and errgnals before use.

5.3.3 Effect of loss of traction

No reports have been found in the literature of experimemtstertain a minimum friction limit for

a car and driver to navigate the ISO 3888-2 emergency obstacdrse. 1ISO 3888 double lane change
manoeuvres were simulateéncosu & Arosio 200pand performedodd & Gothié 200% on
show and ice as part of the VERTEC project, but using only tbeenbenign Part 1 test-track¢dd
2007.

The lowest friction coefficient for which a feasible trajegt can be generated for the ISO 3888-2
emergency double lane-change with the target car, usingptimal generation method, jis= 0.25.
The controller is designed to operate in conditions withiém coefficient ofu ~ 1; not for wet or
icy conditions, or for driving on gravel or loose surfacegvirtheless, it is of interest to see how the
controller behaves away from its design conditions.

To test performance of the controller on a surface with redutiction, the Part 2 emergency
double lane-change is simulated on wet asphak=(0.7) which provides 30% less traction for the
tyres than a dry road. The results are shown in Figudel The (unmodified) controller copes
perfectly well. Slightly larger steering angles are emplbyhan for a dry road, but there is otherwise
little difference in behaviour.

Similar simulations are performed with the friction redddearther. It is seen that a 5% reduction
in friction coefficient prevents the controller from accdisping its objective (Figuré.12. The
vehicle remains stable but exceeds the test-track limif“at= 30 [m].

If the controller is to work on more slippery services, it Mdently necessary to generate a
trajectory more suited to lower friction conditions. Thancbe accomplished readily by changing the
friction coefficient in the trajectory generator. The optim balance between steering and braking
forces may be rather different for a low-friction trajegtorequiring a different set of controller
parameters for the new surface/trajectory combination.
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Figure 5.12: Simulation of an emergency double lane-chavithea friction coefficient ofu = 0.6.
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A trajectory is generated for a surface which produces aidriccoefficienty = 0.6 with the
vehicle tyres. After trajectory generation, the controlie re-tuned using batch simulations as
described in the previous chapter.  Figue&3to 5.15 show the error responses of yaw rate,
yaw angle and lateral position arising from variation of ttentroller gains, resulting from batch
simulations as described in Sectidr6.1 Figure 5.13 suggests a yaw rate gaiisiw = 1.0 to
minimise lateral position error — indeed, to minimise alltbé error norms; Figur®.14 suggests
a yaw angle gainks, = 2.0; and Figure5.15 suggests a range for the lateral position gain
04 < Ksye < 3. Avalue of K5ye = 1.0 is approximately the midpoint of the range on a
logarithmic scale and is selected to provide a degree ofstobss.

Each of the gains selected for the low friction case is sigaifily higher than for the standard
scenario, although none differ by an order of magnitude. ydve rate gain has increased from 0.12,
by a factor of 8.3; the yaw angle gain has increased from 26 factor of 5.6; and the lateral
position gain has increased from 0.26, by a factor of 3.8.s€&hecreases suggest that much tighter
control is required on a low friction surface, which woulccad with intuition. With all the gains
increasing, the balance between the control loops doesffert greatly.

A simulation is then run with the new configuration. Figbré6shows that the new combination
of trajectory and controller parameters work for the lowéstion surface.
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Figure 5.13: Re-tuning; ; for low friction. The effect of changing the steering loopyeate gain on each of
the outputs: yaw rate (blue); yaw angle (green); and lafaraition (red). The manoeuvre is the 1ISO-3888-2
emergency double lane-change performed at 80 km/hr faligwah optimal trajectory, with friction coefficient
p = 0.6 and controller gain&’s , = 0, K5 ye = 0andK; = 0.
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5.4 Comparison of vehicle models

Having verified with the MexCar model that the controller @oplishes its design task and performs
as required, the CASCaDE model is used for independentatadiul
CASCabDE is essentially a “black box” model. It has been reffiand validated against reality
over many years. The model is of a high order, with many degpééreedom. However, it includes
significant features, including embedded closed-looprotiats, which are of little interest for the
task at hand but lead to complex behaviour that inhibitsyaiglbf the dynamic response to inputs
(see SectiorR.2).
Due to its complexity, the CASCaDE model is more fragile tMexCar. For example, it is not
possible to perform the verification manoeuvre describeBeiction2.9. An attempt to do so results
in the simulation aborting prematurely because of errose@ated with an inverse model of vertical
dynamics used by its active body controller, even if this meds not active during the manoeuvre.
Nevertheless, it is useful to compare the output of both nsdakfore using CASCaDE to validate
the controller. A similar manoeuvre is defined to the vertfwa exercise, but the steering inputs
are reduced by a factor of five, which is sufficient to preveASCaDE from aborting during the
simulation. Using both models, MexCar and CASCaDE, theoWdlhg manoeuvre is therefore
performed:
accelerate from rest: apply an accelerating tyre force of magnitufle; = mg [N] on each wheel
for 5 seconds with all wheels pointing straight ahe&ae=(0 [rad]);

describe an arc: remove the longitudinal tyre forces and steer the front \ghe&0 [rad] (1.4 [deg])
to the right for 5 seconds;

brake in a straight line: remove the steering input (= 0) and apply braking tyre forces of
magnitudef, ; = —mg/4 [N] on each wheel for 5 seconds;

brake in a turn: without changing the braking forces, again steer the frdmelsr/80 [rad] to the
right for 5 seconds; and

brake in a straight line: re-centre the wheel® (= 0) while continuing to apply the braking forces
for a further 10 seconds.

Figure 5.17 shows the trajectory followed by both models, MexCar and CABE, while
Figure 5.18 shows the calculated longitudinal, lateral and yaw velesit Visual inspection shows
that the basic behaviour of the vehicle is similar in botresabut there are clear differences between
the two sets of results. In particular, CASCaDE is seen tabitxsignificant oscillation in its yaw
response whereas MexCar does not.

It is also noticeable that the maximum velocity attainedirtyurthe CASCaDE simulation
(approximately 18 [m/s]) falls short of the 20 [m/s] attadi®y MexCar and predicted by consideration
of Newton’s second law applied to a rigid body. The reasonthig is that during the CASCaDE
simulation, the initial application of longitudinal tyrerces does not cause the vehicle to start
accelerating immediately. Instead, for the first couple @fomds, the vehicle remains almost
stationary while internal body dynamics settle down.
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Just as the peak longitudinal velocity is lower in the CASEainulation, so is the peak yaw rate,
which is significantly lower (less than 10 [deg/s] for CASGaRompared to 15 [deg/s] for MexCar)
because of oscillation in the yaw response. ConsequendyCASCaDE simulation predicts that the
vehicle would not travel as far, or turn as sharply, as the Gégsimulation would suggest.

The oscillation predicted by CASCaDE arises as a result efviFhicle’s vertical and internal
dynamics. Unlike MexCar, which uses a quasi-static loattidigion model, CASCaDE includes
a full model of the suspension system and body-chassisagiten. The results from CASCaDE
indicate that vertical dynamics have a greater effect ogitadinal, lateral and yaw dynamics than
would be inferred from MexCar.

Without experimental data, which are not available, it i$ passible to say for certain which
model more accurately predicts the vehicle response. Hemvengineers at DaimlerChrysler claim
that CASCaDE does predict vehicle behaviour very well. &l a prerequisite of installing any
controller on their research vehicles that the controfidirst tested with CASCaDE. For the purposes

of this research, itis therefore assumed that CASCaDE doegle an accurate representation of the
relevant vehicle dynamics.
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5.5 Validation of controller performance using CASCaDE

Simulations of the ISO 3888-2 emergency double lane-changgerformed using the CASCaDE
model and the controller developed previously. CASCaDERikitions do not generally start from a
steady state. The vehicle lateral and yaw velocities, fndreel steering angle and wheel brake forces
are initialised to zero and the longitudinal velocity is skghtly higher than the required forward
speed. With these conditions, it takes a short while for dret@ reach equilibrium. To allow initial
dynamics to settle down, an initial run-up of 30 [m] is inchadbefore the start of the obstacle course.
During the run-up, the controller acts only to keep the Vehiavelling straight ahead with as little
speed loss as possible. If the speed at entry to the obstawtsecis not correct, the simulation is
repeated with slightly different starting speeds untistbondition is met.

The controller parameters, derived in ChapteareKé’d-} = 0.12, K54 = 0.36, K5ye = 0.26
ande = 0 or 15. Figure5.19shows simulation results when yaw rate stabilisation isuseid
(Km = 0) and Figures.20shows the corresponding results when it[sf’(b = 15).

Without yaw rate stabilisation, the vehicle fails to attie necessary yaw rate at the first turn,
cuts across the first corner, fails to correct in time for theosid turn and exits the manoeuvre space
through the boundary. With yaw rate stabilisation, the ltaswsimilar, but the vehicle does follow
the reference path slightly more closely, as evidenced &y#nrower wheel tracks; the front and rear
wheels follow more similar paths.

In both cases, the manoeuvre begins to go wrong shortly40tpn], a distance of 10 [m] into the
start of the obstacle course. The reason can be seen in §gt8e)and5.20(e) The vertical load
on the right rear tyre drops to zero; the tyre leaves the roddsaunable to contribute to controlling
the vehicle. Similar behaviour is not exhibited by the Mex@adel (Figure4.15and4.17).

There are two noteworthy aspects to the discrepancy betMexCar and CASCaDE in this
respect. Firstly, it is seen that only the rear wheel liftsrirthe ground. A considerable load remains
on the front right wheel. This longitudinal weight transinot modelled within MexCar which does
not consider the effect of pitching motion. The other siguaifit difference between the models that
contributes to this difference of behaviour is the roll modéexCar employs a quasi-static roll model
(Equation R.17) whereas CASCaDE allows the body to move relative to thesibaand integrates
the dynamic roll equations that result from forces withie uspension system. Consequently,
MexCar is seen to underestimate the roll experienced byahduring an aggressive manoeuvre.

There are several possible approaches to resolving theedesacy. It would be possible to add
these dynamics to MexCar, at the expense of making the maatel complex. Alternatively, it would
be to impose additional constraints on the trajectory ggngrwhich can be done simply. However,
in either case, the outcome would be predictable. The fuedtahproblem is that the car is required
to perform a manoeuvre that is too aggressive. The sevefitigeoturn must be reduced. If the
boundary remains fixed, this must be achieved by reducingdsgarlier in the manoeuvre.

Repeating the design exercise, including optimisationuld/de expected to increase early
braking, by the minimum amount necessary. However, it isctedr that this is actually the most
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desirable behaviour for a collision avoidance system. @ltgh this research does not focus on human
factors, it is useful to briefly consider how such a system ldidoe implemented on a production
vehicle.

An aggressive lateral collision avoidance manoeuvre iengwmething to be undertaken lightly.
The driver must be given every opportunity to decide wheskieh action should be taken, or whether
it would instead be preferable to crash into an obstructiam.example, in the presence of pedestrians,
undetected by the vehicle’s sensors, it may well be preferabcrash into a car in front, sustaining
damage to vehicles and mild injury to occupants, than toecthesdeath of unprotected bystanders.

In a realistic scenario, the vehicle computer would corgilyuanticipate possible collisions and
plan how to avoid them should the need arise, much like a huinigar. As the risk of collision
increases, it is likely that the vehicle would perform thiédiwing sequence of actions:

1. warn the driver about the presence of danger;

2. increase the alert level and warn the driver that autana&tion is imminent;

3. increase the alert level further while initiating brakifwithout steering) to give the driver time
to act and mitigate the effects of any impact, while indiogtio other vehicles that evasive
action is imminent;

4. execute a last minute lateral collision avoidance mavreeuthe focus of this research.

On the roads, braking is generally considered to be a safoenare. Although there may be
instances where braking would be foolish, such as halfwagsaca level crossing, it is usually the
responsibility of other drivers to drive in a manner thatwas they would be able to cope with an
emergency stop by another vehicle. Consequently, it is/iket a lateral collision avoidance system,
which entails severe risk, would be used only after longjitaldavoidance or mitigation.

From this perspective, the initial sections of the ISO 38&haruvres, during which the vehicle
is not permitted to turn, can be seen as the period duringhithe vehicle performs only longitudinal
collision avoidance and warns other vehicles of impendctga, without leaving the vehicle’s lane.
In this context, it is desirable that the vehicle should brh&rd during this phase of the manoeuvre.
To continue driving at full speed through this region withperforming any control action wastes a
large proportion of the traction available within the caurg\pplication of the brakes in this region
will not have any adverse impact on the ability of the tyre émerate lateral forces for turning later.
Indeed, using this phase of the manoeuvre to remove kinetigg from the system would be very
sensible behaviour.

The controller is modified to include a pre-braking elemehhe control loops and parameters
remain as before, as does the steering profile, but the referdengitudinal acceleration profile is
altered. Upon entering the test-track, the reference ae@n X is set to—pg [m/s?] for the first
12 [m]. The results of this modification to the control law af®wn in Figure$.21and5.22for a
controller with and without yaw rate stabilisation resjasy.
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Figure 5.19: Simulation of an emergency double lane-chasgg the CASCaDE model. Without pre-braking.
Without yaw stabilisation.
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Figure 5.20: Simulation of an emergency double lane-chasgg the CASCaDE model. Without pre-braking.
With yaw stabilisation.
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Figure 5.21: Simulation of an emergency double lane-chasgey the CASCaDE model. With pre-braking.
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Figure 5.22: Simulation of an emergency double lane-chasgey the CASCaDE model. With pre-braking.
With yaw stabilisation.
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Without yaw rate stabilisation, the vehicle behaviour isctnimproved. Its path follows the
reference trajectory closely through the first turn withbiiting the boundary. Nevertheless, the
vehicle is not fully on the reference trajectory when theogeglcturn starts. Consequently, the vehicle
is unable to make the second turn and crashes through theldgunHowever, with yaw rate
stabilisation included in the control law, the vehicle iseaid make the second turn without violating
the boundary. The vehicle is thus able to complete the mameeuwccessfully, stopping within the
test-track as predicted by MexCar.

5.6 Discussion

In this research, a simulation-based design process idop@ee The use of simulation allows
the effects of highly complex, nonlinear dynamic interac and transformation to be considered
and accommodated. Two complementary models are criticidcsuccess of the approach: the
formulation of the trajectory generator as a convex optitios problem and the MexCar dynamic
model.

Neither model exactly matches CASCaDE which, for the purpaxf the project, is deemed to
be an entirely accurate representation of reality. Needz#ls, they are sufficient to allow the design
of a good controller that does meet the design objectivesyidenced by Figuré.22 Both models
- MexCar and the trajectory generator - neglect verticalagyics to some extent, not accounting for
the lifting of a wheel from the road surface during an aggvessirn. There is therefore scope for
improvement of the design process, either by including teisaviour in the models, or altering the
vehicle to suppress this unfavourable lifting; the emeegent Active Body Control (ABC) in which
actuators apply vertical forces makes it feasible to carsidaintaining weight on the inside wheels.

At first sight, the method of batch-simulation appears to Beraewhat brute-force approach to
optimisation. However, the principle of running multipleperiments and measuring the output is
well established in control engineering; it is after all tnederlying basis for classical frequency-
based design methods and analysis resulting from systentifidation.

Unlike optimisation methods that produce a single optinadditeon, the simulations produce a
useful tool for later refinement of the design. The tuning snap error responses against gain
parameter variation are ideal for understanding how eaciraoloop affects the overall system
response and show the ranges through which each gain mayiég. vBhus they would be invaluable
for field engineers wishing to make small refinements to therofler parameters after conducting
experiments with real hardware. Retaining the benefits Bf &Introl advocated byiang & Gao
(2001, the design method should prove useful in an industriaingget

Moreover, the final design has only four proportional gaimet trequire tuning. Generation of
reference profiles in conjunction with feedforward contrelieves much of the burden from the
feedback loops. The entire structure is such that each sfafpe design greatly simplifies the task
for remaining stages.

The choice of objective or cost function is a critical com@oihof any optimisation procedure. For
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generating feasible trajectories, minimisation of yawedetion is highly appropriate. The selection
of lateral position error as the objective for controllergraeter selection is slightly less satisfactory.
It leads to appropriate gains, but the lateral positionratoes not directly measure the true objective,
which is to ensure that the vehicle remains within the testkt boundary at all times.

5.7 Conclusion

A controller has been developed to cause a Mercedes 'S’,class, to perform an 1ISO 3888-2
emergency obstacle avoidance double lane change manodin@erformance of the controller has
been validated in simulations using a highly complex peetarly model provided by DaimlerChrysler.

A simulation-based approach to the design relies on cdloolaf a feasible reference trajectory,
which is produced using a convex formulation of the testkrand vehicle dynamic specifications.
A two track vehicle model is used to identify appropriate tcoller parameters to cause the car to
follow the reference path.

The resulting controller integrates steering and brakiigpa and is of a form that is amenable to
further refinement by field engineers.
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Chapter 6

Conclusions and future work

If we knew what it was we were doing, it would not be calledaege would it?
— Albert Einstein

Chapter5 contains a comparison of the two trajectory generation austhhat are developed
in Chapter3. It also features a presentation of simulation results gnatused for evaluating the
performance of the controller developed in Chagtemn this chapter, conclusions are drawn on the
basis of results and discussion in the preceding chapters.

6.1 Conclusions

Successful execution of ai®0-3888-2:2002emergency obstacle avoidance manoeuvre has been
demonstrated by simulation (Chap@rwith a proprietary vehicle model that has previously been
extensively calibrated and validated against real worfzteexnental data.

A new vehicle model has been developed. A non-linear twoktnmodel, it is capable of
generating velocity-based linearisations at non-equiiib conditions. This model is described in
Chapter2.

A new trajectory generation method has been developed gldsseries of convex optimisations,
it produces a feasible trajectory through a demanding olesteourse. This optimal trajectory
generation method is described in Cha@er

A controller design strategy has been developed to produmtoller that integrates steering
and braking actions. The strategy results in a controllar ilhamenable to tuning by test engineers,
making it practical for use in an industrial setting. Cotitnodesign is described in Chapr



CHAPTER 6. CONCLUSIONS AND FUTURE WORK 130

6.1.1 Vehicle model

A nonlinear two-track vehicle model has been developed mpdemented in C++ with interfaces to
Matlab and GNU Octave. The model, which is designed for sthgliateral dynamics, includes the
effects of steering and braking on the vehicle longituditetkeral and yaw velocities.

Linear state and input matrices can be obtained from the hettdany operating condition,
whether or not the point lies on a manifold of equilibria. Thatrices are obtained using velocity-
based linearisations that have been derived symbolicatiyn fthe non-linear model and account
explicitly for its states and inputs.

A simple lateral weight distribution model based on a leastmsolution has been used to model
the vertical load on each side of the car. The general betwagfoweight transfer is correct, but lack
of pitch dynamics and movement of the body relative to thessisameans that the model does not
predict the lifting of wheels from the road surface.

6.1.2 Trajectory generation

Two trajectory generation methods have been used. Thedfigeipmetric method similar to previous
methods of generating paths for robots, has been used ttodexdrajectory that would take a car
to its physical limits while manoeuvring through #0-3888-1:199%ouble lane-change obstacle
course at constant speed. This method was found to be unisuite finding a feasible path through
the more demandintpO-3888-2:2002mergency obstacle avoidance course.

The second trajectory generation method is new, and usegxaptimisation to balance use
of brakes against steering. By performing the optimisatiomultiple stages, a highly non-linear
problem has been formulated as a series of convex appragimsathat have been solved using
powerful off-the-shelf optimisation software. The methuas been shown to be capable of finding
a feasible path through the more demandi8@®-3888-2:200Zourse at speeds that far exceed the
requirements of the standard.

6.1.3 Controller design

The optimal feasible trajectory generator has been usetdeafirst stage in the controller design,
to generate reference profiles and feedforward controlaggnwith the aid of inverse models, for
generating steering and braking inputs.

Parallel proportional feedback control has been used tmangthe feedforward control to correct
errors that arise while the vehicle follows the referenegetitory.

Simulations have been used for tuning proportional gairthénsteering feedback loops. It has
been found that graphical display of three error norms pies/useful insight for controller parameter
selection.

Consideration of the singular values of the pseudo-indelitgearised input matrix, combined
with estimation of yaw errors by means of simulation, hashesed to determine a suitable gain for
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a proportional feedback brake controller which is used faw gtabilisation.

Overall, the velocity-based model, optimal trajectory gration routine and controller design
strategy lead to a controller that successfully achieves dbsired aim: to cause a vehicle to
automatically execute an emergency lateral obstacle amo&manoeuvre at high speed.

6.2 Future work

There is scope for improvement of both the MexCar vehicle@hadd optimal trajectory generation
routine. Under-estimation of weight transfer, and negdecbf pitching dynamics, leads to over-
estimates of the traction available to the vehicle. Refimgnoé the weight distribution model
would be expected to improve predictive power. An improveotdai should, in turn, improve the
performance of controllers designed using its predictions

There is wide public interest in active safety technologyvehicles. Many requests for further
information arose from an article about this research irSiheday TelegrapiQray 200%. However,
the system is not yet ready for use on public roads. There Bas Bn underlying assumption
throughout this work that the vehicle computer would havedontrol of the steering and braking
inputs during any manoeuvre. In reality, many drivers wdoddextremely reluctant to surrender
complete control of the vehicle during automatic operatampoint made repeatedly during several
recent BBC radio interviewsBBC Radio 5 Live 200@,b, BBC Radio WM (West Midlands) 2008
BBC World Service 2008 If the driver is to retain some degree of control, severaggions arise
which would form a useful basis for future research. The afadriver/computer interaction will be
particularly important.

When, precisely, should a vehicle computer initiate an gemy lateral manoeuvre? Waiting
until the last moment is inherently more risky than earligtian, but drivers would not take kindly to
a vehicle that continually pre-empts them.

How and when should the vehicle computer warn the driver dmer oad users about its intended
action? The earlier information can be given to the driveg, inore chance he or she has to act, but
false alarms could be extremely annoying and distractiegcé increasing danger.

If, during an automatic manoeuvre, vehicle stability iselegient upon individual wheel braking,
which cannot be accomplished using the driver’s brake petialild control of the brakes be returned
to the driver? Or should the braking system be redesigne tmdre integrated with the steering
system for routine driving?

If, during an automatic manoeuvre, the driver moves therisigavheel, should the computer
ignore this, attempt to interpret the driver's wishes, oume full control to the driver?

How could an automatic collision avoidance system be impleied such that drivers remain
attentive and do not come to rely on the computer at the expafitaking responsibility for their own
actions?

The best answer to all these questions may be that the sysiemdsnot be fully automatic.
Perhaps, like existing electronic stability programmhbs,domputer should only attempt to augment
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the driver’s actions. In this case, significant work is regdito determine how the computer should
interpret the drivers intention and how typical driverslwglspond to any such intervention.

6.2.1 Wider issues

There are several issues that remain to be addressed befemuld be practical to attempt to
implement a lateral collision avoidance system on a pradactehicle, particularly relating to
sensing of the external environment and the manner in whictral would pass from the driver
to the vehicle computer; then back again. The work presemieel focuses purely on control of the
vehicle dynamics to perform a fully automatic emergencyisioh avoidance manoeuvre under the
assumptions that there is a clear adjacent lane into whekhehicle may safely move and a decision
to proceed has already been taken either by a vehicle maeageaomputer or a driver-initiated
action.

Performing aggressive lateral manoeuvres at high speedtia step to be undertaken lightly.
Even if it is certain that the car can be controlled satisfidlgt there are other dangers to consider.
Other cars may be relatively easy to detect. Pedestriantg;darly children, and cyclists never will
be.
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Code

(©Copyright 2005-2007 Geraint Paul Bevan
g.bevan@mech.gla.ac.uk

This program is free software: you can redistribute it andfmodify it
under the terms of the GNU General Public License as pulididghethe Free
Software Foundation, either version 3 of the License, ory@ir option) any
later version.

This program is distributed in the hope that it will be usefout WITHOUT
ANY WARRANTY; without even the implied warranty of MERCH¥BNOITY
or FITNESS FOR A PARTICULAR PURPOSE. See the GNU GeneraicH
License for more details.

You should have received a copy of the GNU General PublimkiEealong with
this program. If not, sebttp://www.gnu.org/licenses/.

A.1 Vehicle model code

A.1.1 Carhh
/] —s—CH+—x—

[ 5k ok sk ok ok ok sk ok ok ok ok sk ok sk ok ok ok ok ok ok sk ok sk ok ok ok ok sk sk ok ok sk sk ok ok sk sk sk ok ok ok ok ok sk sk ok ok ok ok ok sk ok okok ko ok
* Car.hh declares Car — a non—linear vehicle model.

Geraint Paul Bevan <g.bevan@mech. gla.ac.uk>
Initial Revision : <2005-06—21>
Latest Time—stamp: <2007—08-05 21:18:12 geraint>

$ld: Car.hh,v 1.1 2008—01-09 14:21:13 ghevan Exp $

*
*
*
*
*
*
*
Kook ok ok ok ok K oK ok K oK ok KK ok ok K oK oKk K ok ok oK ok ok oK ok ok oK ok K oK ok ok K ok ok ok oK ok ok ok ok kK ok ok K koK K Kok ok ok [

#i fndef _CAR HH_
#define _CAR_HH_

/1l nonlinear two—track model of a car.

[ %

x Car implements a non—linear two—track model of vehicle
dynamics. The model is intended primarily for lateral
dynamics analysis.

During simulation, the continuous states are the
longitudinal , lateral and yaw velocity of the vehicle
body and the rates are the corresponding accelerations.

* X X X ¥ ¥
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*
x The inputs are the wheel longitudinal forces (in their
x Oown axis system) and the steering angle. Wheel speeds and
x forces are retained, thus acting as discrete states.
x/
cl ass Car
public:
Car();

[/l axis is a structure containing three vector elements.
% %
x The axis elements are used for containing longitudinal ,
x lateral and yaw components of position, velocity and
x acceleration .
x/
struct axis {
/+x longitudinal component x/

doubl e X;

/+«x lateral component x/
doubl e Y;

/++ yaw component x/
doubl e Psi;

2
/x% a structure to contain vector components. x/
typedef struct axis axis;

/1l wheel is an enumeration for indexing wheels.
[ % *
+ — FL: Front left;

x — FR: Front right;
+ — RL: Rear left;
x* — RR: Rear right.
*
x« A prefix increment operator is defined so that it is
x possible to loop over each of the wheels with a "for”
x construct: for (i = FL; i <=RR; ++i) { ... }
*/
enum wheel { FL = 0, FR, RL, RR };
[ % %

% an enumeration to provide clear and unambiguous
x reference to each of the vehicle’'s wheels.

x/

typedef enum wheel wheel;

axis get_position( voi d) const;

axis get_velocity( voi d) const;

axis get_acceleration( voi d) const;

doubl e get_friction_coefficient( voi d) const;

doubl e get_wheel_lateral_force( const wheel i) const;

doubl e get_wheel_lateral_speed( const wheel i) const;

doubl e get_wheel_longitudinal_force( const wheel i) const;
doubl e get_wheel_longitudinal_speed( const wheel i) const;
doubl e get_wheel_slip_angle( const wheel i) const;

doubl e get_wheel_steering_angle( const wheel i) const;

doubl e get_wheel_vertical_force( const wheel i) const;

virtual void integrate_euler( doubl e dt);

voi d set_acceleration( const axis &accel);

voi d set_friction_coefficient( const doubl e friction_coefft);

voi d set_velocity( const axis &vel);

voi d set_wheel_lateral_force( const wheel i, const doubl e force);
voi d set_wheel_longitudinal_force( const wheel i, const doubl e force);
voi d set_wheel_slip_angle( const wheel i, const doubl e angle);
voi d set_wheel_speed( const wheel i, const doubl e speed);

voi d set_wheel_steering_angle( const doubl e angle);

voi d set_wheel_vertical_force( const wheel i, const doubl e force);

voi d write_parameters( voi d) const;

pr ot ect ed:

134



APPENDIXA. CODE 135

voi d update_acceleration( voi d);
voi d update_tyre_forces( voi d);
voi d update_weight_distribution( voi d);

voi d update_wheel_speeds( voi d);

/1l stores the vehicle position (fixed Earth).

[ % %

x The position of the centre of gravity of the Car is
x measured relative to the Earth axis system.

*/

axis position;

/1l stores the vehicle velocity.

[ % *

x The velocity of the centre of gravity of the Car is
x measured relative to its body axis system.

x/

axis velocity;

/1l stores the vehicle acceleration.

[ % *

x The acceleration of the centre of gravity of the Car is
x measured relative to its body axis system.

x/

axis acceleration;

/] parameters

/xx vehicle mass (kilogrammes) x/
doubl e m;

/«x moment of inertia (kilogrammes metres squared) x/
doubl e lzz;

/«x longitudinal moment arm to wheels (metres) x/
doubl e X[4];

/«x lateral moment arm to wheels (metres) x/
doubl e Y[4];

/«x height of centre of mass (metres) x/
doubl e Z0;

/«x tyre lateral parameter (non—dimensional, Pacejka) x/
doubl e By, Cy, Dy, Ey;

/xx gravitational constant (metres per second squared) x/
doubl e g;

/xx friction coefficient (=) =/
doubl e mu;

/] inputs

/xx wheel steering angle (radians) =/
doubl e delta[4];

/«x tyre longitudinal force (Newtons) x/
doubl e x[4];
/! intermediate variables

I«x tyre slip angles (radians) x/
doubl e alpha[4];

Ixx tyre lateral forces (Newtons) x/
doubl e fy[4];

/«x wheel longitudinal speeds (metres per second) x/
doubl e vx[4];

/xx wheel lateral speeds (metres per second) x/
doubl e vy[4];
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/«x tyre vertical load (Newtons) x/
doubl e fz[4];

1

Car::wheel & oper at or ++(Car::wheel &w);

#endif // _CAR_HH_
A.1.2 Crash.hh

/] —x—CH+—x—

[ 5 sk ook ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok K oK oKk K ok ok K oK ok ok K ok ok oKk R K ok ok K KOk KoK KOk KOk K K K K KOk K K

* Crash.hh

Geraint Paul Bevan <g.bevan@mech. gla.ac.uk>
Initial Revision : <2005—-06—23>
Latest Time—stamp: <2007—-08-05 21:59:13 geraint>

$ld: Crash.hh,v 1.1 2008-01-09 14:21:13 gbevan Exp $

*
*
*
*
*
*
*
*

Kook o ok ok ok ok K oKk R K oKk K Kk KoK oKk K oKk KoK oKk K oKk K ok KoK ok ok K oK ok KoK KOk Kk R Kok ok kR Rk k[

#i f ndef _CRASH_H_
#define CRASH H_

/1l An exception that can be thrown.
cl ass Crash

-
public:

/«x can be called with a message which can be read by the
x error handling routine.

x/
Crash( const char *message) {

std::cerr << message << std::endl;

}

k

#endif // _CRASH_H_
A.1.3 Car.cc

/] —x—CH+—x—

/************************************************************
x Car.cc defines Car — a non-linear vehicle model.

*
x Geraint Paul Bevan <g.bevan@mech. gla.ac.uk>

x Initial Revision : <2005-06—21>

x Latest Time—stamp: <2007-08-05 21:20:10 geraint>
*

*

*

%

$ld: Car.cc,v 1.1 2008—01-09 14:21:13 gbevan Exp $
>k 3k 3k sk skosk sk sk sk skosk sk sk skosk sk sk skosk sk sk skosk sk sk skosk sk sk skosk sk sk skosk sk skoskosk sk sk sk sk sk skosk sk sk sk skosk sk sk sk ok okok */

#i ncl ude <iostream>
#i ncl ude <cmath>
#i ncl ude "Crash.hh"
#i ncl ude "Car.hh"

/1] initialises the Car.
[ %

x The mass and moment of inertia are defined along with the
x moment arms to each of the wheels. Parameters are set to
x define the lateral tyre characteristics. The steering

x and slip angles of each wheel are set to zero, as are the
x forces and speeds of each wheel.

x/
Car::Car(  void) {

/1 initial conditions

position.X = 0.0;

position.Y = 0.0;
position.Psi = 0.0;
velocity.X = 1.0;
velocity.Y = 0.0;
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velocity.Psi = 0.0;

acceleration.X 0.0;
acceleration.Y 0.0;
acceleration.Psi = 0.0;

/! mass and moment of inertia
m = 2360; // standard: 1900; v220ts
lzz = 4700.0; /] standard 2870.0; v220ts from kfzpw220.h

/I gravitational constant
g = 9.81,

/]l friction coefficient
mu = 1.0;

// moment arms to wheels
X[FL] = 1.67;
X[FR] = X[FL];

X[RL] = -1.41;
X[RR] = X[RL];

Y[FL] = -0.80;
Y[FR] = -Y[FL];

Y[RL] = Y[FL];
Y[RR] = Y[FR];

[/l height of centre of mass

Z0 = 0.5;
/] tyre lateral parameters
By = 18.0;
Cy = 1.0;
Dy = 0.9;
Ey = -1.0;
/l wheel initialisation
for (wheel i = FL; i <= RR; ++i) {
alpha[i] = 0.0;
deltafi] = 0.0;
fx[i] = 0.0;
fyli] = 0.0;
vx[i] = 0.0;
vy[i] = 0.0;
fz[i] = m * g/ 4.0;
}
}
/1l performs one Euler integration step.
[ % *

x The vehicle acceleration is updated and then integrated
% over a period of dt seconds to obtain new vehicle

x velocities; these are integrated in turn to obtain a new
x vehicle position.

x/
voi d
Car:integrate_euler( doubl e dt) {
update_acceleration();
velocity. X += dt * acceleration.X;
velocity.Y += dt * acceleration.Y;
velocity.Psi += dt * acceleration.Psi;
position.X += dt * (+ velocity.X * cos(position.Psi)
- velocity.Y * sin(position.Psi));
position.Y += dt * (+ velocity.X * sin(position.Psi)
+ velocity.Y * cos(position.Psi));
) position.Psi += dt * velocity.Psi;
/1l returns the acceleration of the Car’s centre of gravity.
[ %

x The acceleration components are returned in Sl units:
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x metres per second squared and radians per second squared,
x for translational and rotation units respectively. These
x acceleration components are defined relative to the Car’s
x body axis system.

x/

Car::axis

Car::get_acceleration( voi d) const {

ret urn acceleration;

/1l returns the friction coefficient between the tyres and road.
[ % *

x A coefficient of 1.0 corresponds to dry asphalt; 0.6 is

x reasonable for wet roads; for ice it may be 0.05.

x/
doubl e
Car::get_friction_coefficient( voi d) const {

return mu,
}

/1l returns the position of the Car’s centre of gravity.
% %

x The position components are returned in Sl units: metres
x and radians, for translational and rotation units

x respectively. These position components are defined
x relative to the Earth axis system in which the Car was
x initialised .

x/
Car::axis
Car::get_position( voi d) const {

return position;

/1l returns the velocity of the Car’'s centre of gravity.

%

x The velocity components are returned in Sl units: metres
x per second and radians per second, for translational and
x rotational units respectively. These velocity components
x are defined relative to the Car’s body axis system.

x/
Car::axis
Car::get_velocity( voi d) const {

return velocity;

/Il returns the lateral force between a wheel and the road.
%

x The force is returned in Sl units: Newtons. This force
x component is defined relative to the wheel’s axis system
x and is therefore perpendicular to the rolling motion of
x the wheel.

*/
doubl e
Car::get_wheel_lateral_force( const wheel i) const {

return fy[i;

/Il returns the lateral speed of a wheel.
[ % *
x The speed is returned in Sl units: metres per second.
x This velocity component is defined relative to the
x Wheel’s axis system and is therefore perpendicular to the
x rolling motion of the wheel.
*/
doubl e
Car::get_wheel_lateral_speed( const wheel i) const {
return vyli;

/Il returns the longitudinal force between a wheel and the road.
[ % *

x The force is returned in Sl units: Newtons. This force

x component is defined relative to the wheel’s axis system



APPENDIXA. CODE 139

x and is therefore co—linear with the rolling motion of the
x wheel.

x/

doubl e

Car::get_wheel_longitudinal_force( const wheel i) const {
return fx[i;

/1l returns the longitudinal speed of a wheel.

[ % *

x The speed is returned in Sl units: metres per second.
x This velocity component is defined relative to the

x wheel’s axis system and is therefore co—linear with the
% rolling motion of the wheel.

*/

doubl e

Car::get_wheel_longitudinal_speed( const wheel i) const {
return vx[i;

/1l returns the wheel slip angle of a wheel relative to the road.
% %
x The angle is returned in Sl units: radians. The slip
x angle is the angular difference between the wheel’s
% orientation and its direction of motion.
*/
doubl e
Car::get_wheel_slip_angle( const wheel i) const {
return alphali;

/Il returns the angle at which a wheel is oriented.
[ %
x The angle is returned in Sl units: radians. The steering
x angle is defined relative to the Car’'s body axis system.
*/
doubl e
Car::get_wheel_steering_angle( const wheel i) const {
return deltafi;

/1l returns the vertical load on a wheel.

[ % *

x The force is returned in S| units: Newtons.

x/

doubl e

Car::get_wheel_vertical_force( const wheel i) const {

return fz[i;

/Il sets the acceleration of the Car’s centre of gravity.
% %

x The acceleration components are specified in Sl units:

x metres per second squared and radians per second squared,
x for translational and rotation units respectively. These
x acceleration components are defined relative to the Car’s
x body axis system.

*/
voi d
Car::set_acceleration( const axis &accel) {

acceleration = accel;

I/l sets the friction coefficient between the tyres and road.
[ % *

x« A coefficient of 1.0 corresponds to dry asphalt; 0.6 is

x reasonable for wet roads; for ice it may be as 0.05.

*/

voi d

Car::set_friction_coefficient( const doubl e friction_coefft) {

) mu = friction_coefft;

/1l sets the velocity of the Car’s centre of gravity.
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%

x The velocity components are specified in Sl units: metres
x per second and radians per second, for translational and
x rotational units respectively. These velocity components
x are defined relative to the Car’s body axis system. The
x Wheel speeds are updated accordingly.

*/

void

Car::set_velocity( const axis &vel) {

velocity = vel;
update_wheel_speeds();

/1l sets the lateral force between a wheel and the road.

[ %

x The force is specified in Sl units: Newtons. This force
x component is defined relative to the wheel’s axis system
x and is therefore perpendicular to the rolling motion of
x the wheel.

*/

voi d

Car::set_wheel_lateral_force( const wheel i, const doubl e force) {
fy[i] = force;

/1l sets the longitudinal force between a wheel and the road.

%

x The force is specified in Sl units: Newtons. This force

x component is defined relative to the wheel’s axis system

x and is therefore co—linear with the rolling motion of the

* wheel.

x/

void

Car::set_wheel_longitudinal_force( const wheel i, const doubl e force) {
fx[i] = force;

/1l sets the wheel slip angle of a wheel relative to the road.

[ %

x The angle is specified in Sl units: radians. The slip

x angle is the angular difference between the wheel’s

* orientation and its direction of motion.

x/

voi d

Car::set_wheel_slip_angle( const wheel i, const doubl e angle) {
alphali] = angle;

/1l sets the longitudinal speed of a wheel relative to the road.
[ %
x The speed is specified in Sl units: metres per second.
x This velocity component is defined relative to the
x Wheel’s axis system and is therefore co—linear with the
x rolling motion of the wheel.
x/
voi d
Car::set_wheel_speed( const wheel i, const doubl e speed) {
vX[i] = speed;

/Il sets the angle at which the front wheels are oriented.
[ % *

x The front wheels are constrained to have the same

x steering angle. The rear wheels remain fixed straight
x ahead. The steering angle is defined relative to the
x Car’'s body axis system.

x/
voi d
Car::set_wheel_steering_angle( const doubl e angle) {
delta[FL] = angle;
delta[FR] = angle;
delta[RL] = 0.0;
delta|[RR] = 0.0;
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}

/1l sets the vertical load on a wheel.

[ % *

x The force is specified in Sl units: Newtons.

*/

voi d

Car::set_wheel_vertical_force( const wheel i, const doubl e force) {

fz[i] = force;

/1l updates the vehicle acceleration.
[ %
x Components of acceleration are calculated from the forces

x generated between the tyres and road at each of the
x wheels.
x/
voi d
Car::update_acceleration( voi d) {
update_weight_distribution();
update_tyre_forces();

axis F = {0.0, 0.0, 0.0}
for (wheel i = FL; i <= RR; ++i) {

/1 traction saturation
doubl e ft = sqrt(fx[i] *fX[i] + fy[i] = fy[i]);
doubl e fmax = mu * fz]i];
if (ft > fmax) {
std::clog << "Traction saturation" << std::endl;
X[i] *= fmax/ft;
fyli] *= fmax/ft;

/!l wheel rotation

doubl e FX = + fx[i] =*cos(delta[i]) - fy[i] * sin(deltali]);
doubl e FY = + fx[i] =sin(delta[i]) + fy[i] * cos(deltali]);
double MZ = -Y[i] *FX + X[i] *FY;
F.X += FX;
F.Y += FY,
F.Psi += MZ;
}
/1 Newton II
acceleration.X = F.X / m;
acceleration.Y = F.Y / m;
) acceleration.Psi = F.Psi / lzz;
/1l updates the lateral tyre forces.
[ % *

x Lateral tyre forces are calculated using Pacejka’s magic
x formula and the slip angles at each of the wheels.

x/
voi d
Car::update_tyre_forces( voi d) {
update_wheel_speeds();
doubl e phi;
for (wheel i = FL; i <= RR; ++i) {

if (vwx[i] '= 0.0) {
alphali] = atan(vy[i] / vx[il);
} else if (vwy[i] == 0.0) {
alpha[i] = 0.0;
} else {
alphafi] = 0.5 * M_PI;
if (vwy[i] < 0.0) {
alphali] = - alpha[il;

}

/1 Pacejka’s magic formula
phi = By * alphali;
fy[i] = - Dy * sin(Cy = atan(phi - Ey * (phi - atan(phi))));

fy[i] *= mu * fz][i];
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}
h

/1l dgelss (LAPACK) is used for pseudoinversion
[ % *

x See netlib.org for more details about LAPACK

x http ://www. netlib .org/lapack/index. html

x/
extern "C" {

voi d dgelss ( int *m, int *n, int =*nrhs,

doubl e *a, int xlda, double *b, int =xldb,

doubl e *s, doubl e *xrcond, int =*rank,
doubl e *w, int* Ilwork, int =xinfo);
}
/1l updates the weight distribution.
[ %
x The vehicle is assumed to be rigid so the moments from
x vertical loads balance those from lateral and
x longitudinal forces.
*
* [l 1.1 1 1 m«g ||
« min || Y1 Y2 Y3 Y4 x Fz — —ZO0xFy ||
x Fz || X1 X2 X3 X4 —Z0xFx ||2
P
x dgelss (LAPACK) is used to calculate the pseudoinverse
*/
voi d
Car::update_weight_distribution( voi d) {

doubl e Fx = mracceleration.X;
doubl e Fy = mracceleration.Y;

i nt nrow=3, ncol=4, nrhs=4;
doubl e rcond = 0.0;

doubl e A[3][4] = { /I A will be pseudoinverted
.0,
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0, 10, 10 1},
Y[FL], Y[FR], Y[RL], Y[RR]}
) X[FL], X[FR], X[RL], X[RR] }
doubl e B[4][4] = { /I B will become the answer
1.0, 0.0, 0.0, 0.0 },
0.0, 1.0, 0.0, 0.0 },
0.0, 0.0, 1.0, 0.0 },
) 0.0, 0.0, 0.0, 1.0
doubl e S[3][4] = { /I singular values
0.0, 0.0, 0.0, 0.0 },
0.0, 0.0, 0.0, 0.0 },
) 0.0, 0.0, 0.0, 0.0

[/l Fortran arrays

are the transpose of C arrays

doubl e AT[ncol *nrow], BT[nrhs  *nrhs], ST[ncol * Nrow];

for (int i =0;i<
for (int j=0;]j
AT[j + nrow =*i]
ST[j + nrow =*i]

}
for (int i =0;i <
for (int j=0;]
BT[] + nrhs «i]
}
}

/! LAPACK: solves

ncol; ++i) {

< nrow; ++j) {
AfiN

S0

nrhs; ++i) {
< nrhs; ++) {

= BLI0L;

min_x || Ax —b ||

i nt Ida=nrow, ldb=ncol, lwork=16;

i nt rank=0, info=0;
doubl e work[lwork];
dgelss_(&nrow, &ncol,

&nrhs,

AT, &lda, BT, &ldb, ST, &rcond, &rank,
work, &lwork, &info);

for (int

i = 0; i < nrhs; ++) {
for (int j=

0; j < nrhs; ++)) {
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B[jl[il = BT[j + nrhs

*i];

} // B contains pseudoinverse of A

for (wheel i = FL; i <= RR; ++i) {
fz[i] = B[i][0] x meg
+ B[i[1] = (-Z0 *Fy)
+ BJi][2] * (-Z0 *Fx);
#i f def DEBUG
for (int i = 0; i < ncol; ++i) {
for (int j = 0;j < nrow; ++j) {
A[jllil] = AT[j + nrow *i];
S[jlli] = ST[j + nrow *i];
#endi f
}

/1l updates the velocity at each wheel.

[ % *

x The velocity of each wheel is calculated from the Car’s

x body velocity and consideration of geometry.

x/
voi d

Car::update_wheel_speeds(

for (wheel
vX[i] =

+ (velocity.X - Y[i]
+ (velocity.Y + X][i]

wli] =

- (velocity.X - YIi]
+ (velocity.Y + X]i]

}
}

FL; i <= RR; ++i) {

voi d) {
* velocity.Psi) + cos(delta]i])
* velocity.Psi) *  sin(deltal[i]);
* velocity.Psi) * sin(delta[i])
* velocity.Psi) * cos(delta]i]);

/'l writes vehicle parameters to standard output.

voi d

Car::write_parameters(

std::cout <<

}

/1l allows
[ %

voi d) const {

"=== Vehicle parameters ===" << std::endl

<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<

<< "

-nforn

"mit" <<
"lzz\t" << lzz << std::endl
"mu\t" << mu << std::endl
"X[FL]M" << X[FL] << std::endl
"X[FR]\t"
"X[RL]\W"
"X[RR]\t"
"Y[FL]\t"
"Y[FR]\t"
"Y[RL]\W"
"Y[RR]\t"
"Byt <
"Cy\t" <<
"Dy\t" <<
"Ey\t" <<

<

m << std::endl

<< X[FR] << std::endl
<< X[RL] << std::endl
<< X[RR] << std::endl

<< Y[FL] << std:endl

<< Y[FR] << std::endl
<< Y[RL] << std::endl
<< Y[RR] << std::endl
By << std:endl
Cy << std::endl
Dy << std::endl
Ey << std:endl

" << std:endl;

constructs to loop over the wheels.

x Implementation of the prefix increment operator allows

*
*
*
*
* )

*/
Car::wheel &

for (wheel
do_something_to_wheel(i);

constructs such as:

= FL;

i < RR; ++i) {

oper at or ++(Car::wheel &w) {

int i =w

w = stati’c_cast<Car::wheeI>(i + 1);

return w;

}
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A.1.4 DldCar_usage.hh

/«x \ file DIldCar_usage.hh
*

x contains the usage strings for the functions
x which are exported via the Matlab and

x+ GNU Octave dynamic link library interfaces.
*/

#i f ndef DLDCAR_HH
#def i ne DLDCAR_HH
#endi f

#if (! defined (OCTAVE) & ! defined (MATLAB))
#error Define OCTAVE or MATLAB
#endi f

#i ncl ude <map>
#i ncl ude <string>

/«x serves to prevent errors from occurring if
x usage_text is called by a function for which
x a description of the usage has not been yet
x been written.
*/
const char =
usage_text(std::string function,
std::string arguments,
std::string null)
{return "™}

/xx returns information about the usage of functions.

const char =
usage_text(std::string function)

static std::map<std::string,std::string> arguments;
static std::map<std::string,std::string> description;

static bool is initialised = fal se;
if (! is_initialised) {
is_initialised = true;

arguments['get_A"]

description["get_A"]
"Return the state matrix of the linear\n"
"velocity-based vehicle model.\n";

arguments['get_B"]

description["get_B"]
"Return the input matrix of the linear\n"
"velocity-based vehicle model.\n";

arguments["get_friction_coefficient"]
description["get_friction_coefficient"]
"Return the friction coefficient\n"
"between the tyres and the road.\n";

m,
)

arguments["get_position"]

description["get_position"]
"Return the position of the vehicle\n"
"(in the Earth axis system).\n";

arguments["get_velocity"]

description["get_velocity"]
"Return the velocity of the vehicle\n"
"(in its body axis system).\n";

arguments['get_acceleration"] =

description["get_acceleration"] =
"Return the acceleration of the vehicle\n"
"(in its body axis system).\n";

arguments['get_wheel_lateral_forces"] = "

description["get_wheel_lateral_forces"] =
"Return the lateral force of each wheel\n"
"as a column vector [FL; FR; RL; RR].\n";

x/
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arguments['get_wheel_lateral_speeds" = "

description["get_wheel_lateral_speeds"]
"Return the longitudinal speed of each wheel\n"
"as a column vector [FL; FR; RL; RR].\n";

arguments['get_wheel_longitudinal_forces" = "

description["get_wheel_longitudinal_forces"] =
"Return the longitudinal force of each wheel\n"
"as a column vector [FL; FR; RL; RR].\n";

arguments['get_wheel_longitudinal_speeds" = "

description["get_wheel_longitudinal_speeds"] =
"Return the longitudinal speed of each wheel\n"
"as a column vector [FL; FR; RL; RR].\n";

arguments['get_wheel_slip_angles"] = "
description["get_wheel_slip_angles"] =
"Return the slip angle of each wheeln"
"as a column vector [FL; FR; RL; RR].\n";

arguments['get_wheel_steering_angles"] = "

description["get_wheel_steering_angles"] =
"Return the steering angle of each wheel\n"
"as a column vector [FL; FR; RL; RR].\n";

i,
1

arguments['get_wheel_vertical_forces"]
description["get_wheel_vertical_forces"]
"Return the vertical load on each wheel\n"
"as a column vector [FL; FR; RL; RR].\n";

arguments['integrate_euler_linear"]

description["integrate_euler_linear"]
"Perform N steps of Euler integration with\n"
"timestep DT seconds using the derived linear\n"
"model of the vehicle.\n";

"DT, N

arguments["integrate_euler_nonlinear] = "DT, N";

description["integrate_euler_nonlinear"] =
"Perform N steps of Euler integration with\n"
"timestep DT seconds using the underlying\n"
"nonlinear model of the vehicle.\n";

arguments[“set_acceleration"] = "A";
description["set_acceleration] =
"Set the vehicle acceleration with the\n"
"column vector A [longitudinal; lateral, yaw]\n"
"(in the body axis system).\n";

arguments[“set_friction_coefficient"] "mu’;

description["set_friction_coefficient"]
"Set the friction coefficient\n"
"between the tyres and the road.\n";

arguments["set_velocity"]
description["set_velocity"] =
"Set the vehicle velocity with the\n"
"column vector V [longitudinal; lateral; yaw]\n"
"(in the body axis system).\n";

s

arguments["set_wheel_longitudinal_forces"]
description["set_wheel_longitudinal_forces"]
"Set the longitudinal tyre forces with the\n"
"column vector F [FL; FR; RL; RR]\n"
"(in the wheel axis systems).\n";

=

arguments["set_wheel_slip_angles"] = "ALPHA";
description["set_wheel_slip_angles"] =
"Set the slip angles (radians) with the\n"
"column vector ALPHA [FL; FR; RL; RR].\n";
arguments["set_wheel_speeds"] "VX";
description["set_wheel_speeds"]
"Set the wheel speeds (m/s) with the\n"
"column vector VX [FL; FR; RL; RRJ\n"
"(in the wheel axis systems).\n";

arguments['set_wheel_steering_angle"]
description["set_wheel_steering_angle"]

"DELTA";
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"Set the steering angle of the front wheels\n"
"to DELTA radians.\n";

arguments["set_wheel_vertical_forces"] = "F";

description["set_wheel_vertical_forces"] =
"Set the vertical wheel loads with the\n"
"column vector F [FL; FR; RL; RR]\n"
"(in the wheel axis systems).\n";

arguments["write_parameters"] = ";
description["write_parameters”] =
"Writes internal parameters.\n"
"If no car is initialised,\n"
" a new one is created.\n";

}

std::string s("™);
#if OCTAVE

s += "OctCar_" + function + "(" +

#endi f
#i f MATLAB

s += "MexCar(" + function + "";
i f (arguments[function] = ") {

S +=

, " + arguments[function];

S += "
#endi f
s = s + "\n" + description[function];
return s.c_str();

A.1.5 MexCar.cc

[l —s—CH+—x—

/* 3K 3K 3K 3k 3k 3k >k 3k 3k 3k ok 3k Sk 3k 3k 3k 3k >k >k >k >k sk sk ok 3k ok Sk sk Sk Sk Sk Sk sk 3k 3k 3k 3k >k sk sk sk sk ok sk ok Sk sk Sk sk sk Sk sk sk Sk 3k sk >k sk sk sk koK kokoskokoskosk sk

* ¥ X X ¥ ¥

MexCar. cc

arguments[function] + ")\n"

Geraint Paul Bevan <g.bevan@mech. gla.ac.uk>
Initial Revision : <2005—-08—10>

Latest Time—stamp: <2007-08-06 16:40:53 geraint>

Kook ok koK ok K oKk R K oKk oK ok KK oKk K oK ok R oK ok ok ok ok ok K ok ok K Kk KK ok kK oKk oK ok koK ok ok K oKk R oK ok ok ok ok R Kk ok ok ok k[

I+ \ file MexCar.cc

*

x An instance of the model can be created
x and initialised by calling the function
x "MexCar” from the matlab prompt.
k
x Functions of LinearisableCar
x been created can then be called by passing the
x function name as an argument.
*
x For example, after initialising
x matlab> MexCar () ;
x the state matrix can be obtained by:
* matlab> MexCar('get_.A");
x/
#i ncl ude <iostream>
#i ncl ude <string>
#i ncl ude <map>
#i ncl ude <mex.h>
#i ncl ude <LinearisableCar.hh>
#i ncl ude <DldCar_usage.hh>
#i f def DEBUG
#defi ne DEBUGPRINT printf
#el se
#defi ne DEBUGPRINT//
#endi f
static LinearisableCar *car;

implements an interface to the LinearisableCar class.

/1] function list.

for which a handle has

the model with
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/% %
% Calling this function presents a list of functions which
x may be called from the Matlab interpreter after the
x LinearisableCar has been initialised.
x/

const char =*usage_MexCar =

"MexCar()\n"

ll\nll

"A Matlab interface to a linearisable car model:\n"

"Initialises a velocity-based model of a car\n”

"\and displays the vehicle parameters.\n"

e

"Related function:\n"

MexCar_get_A\n"

MexCar_get_B\n"

" MexCar_get_position\n"

" MexCar_get_velocity\n"

" MexCar_get_acceleration\n”

MexCar_get_friction_coefficientin”

MexCar_get_wheel_lateral_forces\n"

" MexCar_get_wheel_lateral_speeds\n”

" MexCar_get_wheel_longitudinal_forces\n"

MexCar_get_wheel_longitudinal_speeds\n”

MexCar_get_wheel_slip_angles\n”

MexCar_get_wheel_steering_angles\n"

" MexCar_get_wheel_vertical_forces\n"

" MexCar_integrate_euler_nonlineann"

" MexCar_integrate_euler_lineann"

MexCar_set_acceleration\n”

MexCar_set_friction_coefficientin"

MexCar_set_velocity\n"

" MexCar_set_wheel_longitudinal_forces\n"

" MexCar_set_wheel_slip_angles\n"

MexCar_set_wheel_speeds\n"

MexCar_set_wheel_steering_angle\n"

MexCar_set_wheel_vertical_forces\n"

" MexCar_write_parameters\n”;

/«x function calling routine x/
voi d CallMexSubfunction( const char =*subfunction,
i nt nlhs, mxArray *plhs|],
int nrhs, const mxArray =prhs[]);

/«x initialises the LinearisableCar. x/
voi d mexFunction( int nlhs, mxArray * plhs[],
int nrhs, const mxArray =*prhs[])

if (nrhs == 0) {
if (car !'= NULL) {
del et e(car);

std::cout << usage_MexCar << std::endl;
car = new LinearisableCar();
car->write_parameters();
} else
char buf[128];
mxGetString(prhs[0], buf, si zeof (buf)-1);
std::string s(buf);
CallMexSubfunction(buf, nlhs, plhs, nrhs-1, prhs+1);

%et urn;
voi d

MexCar_get_A( i nt nlhs, mxArray *plhs]],
int nrhs, const mxArray =*prhs[])

if (nrhs = 0) {

mexWarnMsgTxt(usage_text("get_A"));
mexWarnMsgTxt("ignoring extra arguments");

doubl e *A_array;

plhs[0] = mxCreateDoubleMatrix(LinearisableCar::NX,Li nearisableCar::NX,mxREAL);

A_array = mxGetPr(plhs[0]);
car->get_A(A_array);
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return;

voi d
MexCar_get_B( i nt nlhs, mxArray *plhs]],
int nrhs, const mxArray =*prhs[])

if (nrhs 1= 0) {
mexWarnMsgTxt(usage_text("get_B"));
mexWarnMsgTxt("ignoring extra arguments");

doubl e *B_array;

plhs[0] = mxCreateDoubleMatrix(LinearisableCar::NX,Li nearisableCar::NU,mxREAL);
B_array = mxGetPr(plhs[0]);

car->get_B(B_array);

return;

}

voi d
MexCar_get_position( i nt nlhs, mxArray * plhs[],
int nrhs, const mxArray =*prhs[])

if (nrhs 1= 0) {
mexWarnMsgTxt(usage_text("get_position™));
mexWarnMsgTxt("ignoring extra arguments");

Car::axis position;
position = car->get_position();

doubl e *P_array;
plhs[0] = mxCreateDoubleMatrix(3,1,mMxREAL);
P_array = mxGetPr(plhs[0]);

P_array[0] = position.X;
P_array[1] = position.Y;
P_array[2] = position.Psi;
return;
}
void
MexCar_get_velocity( i nt nlhs, mxArray *plhs]],

int nrhs, const mxArray *prhs[)

if (nrhs = 0) {
mexWarnMsgTxt(usage_text("get_velocity"));
mexWarnMsgTxt("ignoring extra arguments");

Car::axis velocity;
velocity = car->get_velocity();

doubl e *V_array;
plhs[0] = mxCreateDoubleMatrix(3,1,mxREAL);
V_array = mxGetPr(plhs[0]);

V_array[0] = velocity.X;

V_array[1] = velocity.Y;

V_array[2] = velocity.Psi;

return;
}
voi d
MexCar_get_acceleration( i nt nlhs, mxArray * plhs[],

int nrhs, const mxArray *prhs[])

{

if (nrhs 1= 0) {

mexWarnMsgTxt(usage_text("get_acceleration™));
mexWarnMsgTxt("ignoring extra arguments");

Car::axis acceleration;
acceleration = car->get_acceleration();

doubl e *A_array;

plhs[0] = mxCreateDoubleMatrix(3,1,mMxREAL);
A_array = mxGetPr(plhs[0]);

A_array[0] = acceleration.X;

A_array[1l] = acceleration.Y;
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A_array[2] = acceleration.Psi;
return;

}

voi d
MexCar_get_friction_coefficient( i nt nlhs, mxArray * plhs[],
int nrhs, const mxArray =*prhs[])

if (nrhs 1= 0) {
mexWarnMsgTxt(usage_text("get_friction_coefficient" ));
mexWarnMsgTxt("ignoring extra arguments");

doubl e *mu;
pIhs[O] = mxCreateDoubleMatrix(1,1,mxREAL);
mu = mxGetPr(plhs[0]);
péjt[O]r car->get_friction_coefficient();;
u

}

voi d
MexCar_get_wheel_lateral_forces( i nt nlhs, mxArray *plhs]],
int nrhs, const mxArray =*prhs[])

if (nrhs = 0
mexWarnMsgTxt(usage_text("get_wheel_lateral_forces" ));
mexWarnMsgTxt("ignoring extra arguments");

doubl e *Fy;

pIhs[O] mxCreateDoubleMatrix(4,1,mxREAL);
mxGetPr(plhs[0]);

= car->get_wheel_lateral_force(Car::FL);
car->get_wheel_lateral_force(Car::FR);
car->get_wheel_lateral_force(Car::RL);
car->get_wheel_lateral_force(Car::RR);

'r|
o=,

1<)
SN

retur

}

voi d
MexCar_get_wheel_lateral_speeds( i nt nlhs, mxArray *plhs]],
int nrhs, const mxArray *prhs[)

if (nrhs = 0
mexWarnMsgTxt(usage_text("get_wheel_lateral_speeds" ));
mexWarnMsgTxt("ignoring extra arguments");

doubl e *vy;

pIhs[O] mxCreateDoubleMatrix(4,1,mxREAL);
vy = mxGetPr(plhs[0]);
car->get_wheel_lateral_speed(Car::FL);
car->get_wheel_lateral_speed(Car::FR);
car->get_wheel_lateral_speed(Car::RL);
car->get_wheel_lateral_speed(Car::RR);

<
=
N
II I

}

voi d
MexCar_get_wheel_longitudinal_forces( i nt nlhs, mxArray * plhs[],
int nrhs, const mxArray *prhs[)

if (nrhs 1= 0) {
mexWarnMsgTxt(usage_text("get_wheel_longitudinal_fo rces"));
mexWarnMsgTxt("ignoring extra arguments");

doubl e *Fx;

pIhs[O] = mereateDoubIeMatrlx(4 1,mxREAL);
mxGetPr(plhs[0]);

car->get_wheel_longitudinal_force(Car::FL);

car->get_wheel_longitudinal_force(Car::FR);

car->get_wheel_longitudinal_force(Car::RL);

_car->get_wheel_longitudinal_force(Car::RR);

Fx[O]
Fx[1]
Fx[2]
FXES]
retuar

}

voi d

3II I n
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MexCar_get_wheel_longitudinal_speeds(

if (nrhs 1= 0) {

mexWarnMsgTxt(usage_text("get_wheel_longitudinal_sp

mexWarnMsgTxt("ignoring extra arguments");

doubl e *vx;
plhs[0] = mxCreateDoubleMatrix(4,1,mMxREAL);
vx = mxGetPr(plhs[0]);

nrhs,

vx[0] = car->get_wheel_longitudinal_speed(Car::FL);
vx[1] = car->get_wheel_longitudinal_speed(Car::FR);
vx[2] = car->get_wheel_longitudinal_speed(Car::RL);
vx[3] = car->get_wheel_longitudinal_speed(Car::RR);
return;

}

voi d

MexCar_get_wheel_slip_angles(

i nt nrhs,

if (nrhs 1= 0) {

mexWarnMsgTxt(usage_text("get_wheel_slip_angles"));

mexWarnMsgTxt("ignoring extra arguments");

doubl e *alpha;
plhs[0] = mxCreateDoubleMatrix(4,1,mMxREAL);
alpha = mxGetPr(plhs[0]);

alpha[0] = car->get_wheel_slip_angle(Car::FL);
alpha[l] = car->get_wheel_slip_angle(Car::FR);
alphal[2] = car->get_wheel_slip_angle(Car::RL);
alpha[3] = car->get_wheel_slip_angle(Car::RR);
return;

}

voi d

MexCar_get_wheel_steering_angles(

int nrhs,

if (nrhs 1= 0) {

i nt nlhs, mxArray
const mxArray = prhsl[])

i nt nlhs, mxArray * plhs[],
i nt

const mxArray *prhsl])

eeds"));

* plhs],

i nt nlhs, mxArray * plhs[],
const mxArray *prhs]])

mexWarnMsgTxt(usage_text("get_wheel_steering_angles ");

mexWarnMsgTxt("ignoring extra arguments");

doubl e =*delta;
plhs[0] = mxCreateDoubleMatrix(4,1,mMxREAL);
delta = mxGetPr(plhs[0]);

delta[0] = car->get_wheel_steering_angle(Car::FL);
delta[1l] = car->get_wheel_steering_angle(Car::FR);
delta[2] = car->get_wheel_steering_angle(Car::RL);
delta[3] = car->get_wheel_steering_angle(Car::RR);
return;

}

voi d

MexCar_get_wheel_vertical_forces(

i nt nrhs,

if (nrhs 1= 0) {

mexWarnMsgTxt(usage_text("get_wheel_vertical_forces
mexWarnMsgTxt("ignoring extra arguments");

doubl e *Fz;
plhs[0] = mxCreateDoubleMatrix(4,1,mMxREAL);
Fz = mxGetPr(plhs[0]);
Fz[0] = car->get_wheel_vertical_force(Car::FL);
Fz[1] = car->get_wheel_vertical_force(Car::FR);
Fz[2] = car->get_wheel_vertical_force(Car::RL);
Fzg3 = car->get_wheel_vertical_force(Car::RR);
retarn;

}

voi d

MexCar_integrate_euler_linear(

i nt nrhs,

i nt nlhs, mxArray

const

i nt nlhs, mxArray * plhs[],
const mxArray *prhs]])

)

* plhs[],
mxArray * prhs[])
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if (nrhs 1= 2) {
mexWarnMsgTxt(usage_text("integrate_euler_linear")) ;

mexErrMsgTxt("incorrect number of arguments");
return;

}

doubl e *argil,;

doubl e *arg2;

argl = mxGetPr(prhs[0]);

arg2 = mxGetPr(prhs[1]);

doubl e dt = argl[O0];

int n = static_cast<int>(arg2[0]);

for (int i =20;1i < n; i++) {
DEBUGPRINT("n = %i\n", n);
car->integrate_euler(dt);

return;

}

voi d
MexCar_integrate_euler_nonlinear( i nt nlhs, mxArray *plhs]],
int nrhs, const mxArray *prhs[)

if (nrhs 1= 2) {
mexWarnMsgTxt(usage_text("integrate_euler_nonlinear ");

mexErrMsgTxt("incorrect number of arguments");
return;

doubl e *args;

doubl e dt = *mxGetPr(prhs[0]);

int n = static_cast<int>(*mxGetPr(prhs[1]));

for (int i =20;i < n; i++) {
car->Car::integrate_euler(dt);

I}’ eturn;
}
voi d
MexCar_set_acceleration( i nt nlhs, mxArray * plhs[],
int nrhs, const mxArray *prhs[])
if (nrhs 1= 1) {
mexWarnMsgTxt(usage_text("set_acceleration"));
mexErrMsgTxt("incorrect number of arguments");
return;
}
doubl e *A;

A = mxGetPr(prhs[0]);

Car::axis acceleration;

acceleration.X = A[0];

acceleration.Y = A[1];

acceleration.Psi = A[2];

DEBUGPRINT("Setting acceleration = [%f;%f;%f] ... ", A[0] , All], Al2));
car->set_acceleration(acceleration);

DEBUGPRINT("done.\n");
return;

}

void
MexCar_set_friction_coefficient( i nt nlhs, mxArray *plhs]],
int nrhs, const mxArray *prhs[)

if (nrhs 1= 1) {
mexWarnMsgTxt(usage_text("set_friction_coefficient" );

mexErrMsgTxt("incorrect number of arguments");
return;

doubl e *mu;

mu = mxGetPr(prhs[0]);

DEBUGPRINT("Setting mu = %f ... ", *mu);
car->set_friction_coefficient( *mu);

DEBUGﬁRINT("done.\n");
return;

}

voi d
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MexCar_set_velocity( i nt nlhs, mxArray
int nrhs, const mxArray =*prhs[])

}

if (nrhs 1= 1) {

*plhs[],

mexWarnMsgTxt(usage_text("set_velocity"));
mexErrMsgTxt("incorrect number of arguments");

return;

}

doubl e *V;
V = mxGetPr(prhs[0]);

Car::axis velocity;
velocity.X = V[0];
velocity.Y = V[1];
velocity.Psi = V[2];

DEBUGPRINT("Setting velocity = [%f;%f;%f] ...

car->set_velocity(velocity);

DEBUGPRINT(“done.\n";
return;

voi d
MexCar_set_wheel_longitudinal_forces(

if (nrhs 1= 1) {

", VIO, V[1 1. VI2));

i nt nlhs, mxArray * plhs[],
int nrhs, const mxArray =*prhs[])

mexWarnMsgTxt(usage_text("set_wheel_longitudinal_fo rces"));
mexErrMsgTxt("incorrect number of arguments");

return;

}

doubl e *Fx;
Fx = mxGetPr(prhs[0]);

car->set_wheel_longitudinal_force(Car::FL, Fx[O]);
car->set_wheel_longitudinal_force(Car::FR, Fx[1]);
car->set_wheel_longitudinal_force(Car::RL, Fx[2]);
car->set_wheel_longitudinal_force(Car::RR, Fx[3]);

mxArray * plhs[],
const mxArray *prhs[])

returnj
}
voi d
MexCar_set_wheel_slip_angles( i nt nlhs,
i nt nrhs,
if (nrhs 1= 1) {
mexWarnMsgTxt(usage_text("set_wheel_slip_angles"));
mexErrMsgTxt("incorrect number of arguments");
return;
}

}

doubl e *alpha;

alpha = mxGetPr(prhs[0]);
car->set_wheel_slip_angle(Car::FL, alpha[0]);
car->set_wheel_slip_angle(Car::FR, alpha[l]);
car->set_wheel_slip_angle(Car::RL, alphal2]);

car->set_wheel_slip_angle(Car::RR, alpha[3]);
return;

voi d

MexCar_set_wheel_speeds(

i nt nlhs, mxArray *plhs|],

int nrhs, const mxArray =*prhs[])

if (nrhs 1= 1) {

mexWarnMsgTxt(usage_text("set_wheel_speeds"));
mexErrMsgTxt("incorrect number of arguments");

return;

}

doubl e *vx;

vx = mxGetPr(prhs[0]);
car->set_wheel_speed(Car::FL, vx[0]);
car->set_wheel_speed(Car::FR, vx[1]);
car->set_wheel_speed(Car::RL, vx[2]);

car->set_wheel_speed(Car::RR, vx[3]);
return;
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voi d
MexCar_set_wheel_steering_angle( i nt nlhs, mxArray * plhs[],
int nrhs, const mxArray =*prhs[])

if (nrhs 1= 1) {
mexWarnMsgTxt(usage_text("set_wheel_steering_angle" );

mexErrMsgTxt("incorrect number of arguments”);
return;

doubl e *angle;
angle = mxGetPr(prhs[0]);

DEBUGPRINT("Setting delta = %f ... ", *angle);
car->set_wheel_steering_angle( *angle);
DEBUGPRINT("done.\n");
return;
}
voi d
MexCar_set_wheel_vertical_forces( i nt nlhs, mxArray *plhs]],
int nrhs, const mxArray =*prhs[])
if (nrhs 1= 1) {
mexWarnMsgTxt(usage_text("set_wheel_vertical_forces ");
mexErrMsgTxt("incorrect number of arguments");
return;
}
doubl e *Fz;

Fz = mxGetPr(prhs[0]);

car->set_wheel_vertical_force(Car::FL, Fz[0]);
car->set_wheel_vertical_force(Car::FR, Fz[1]);
car->set_wheel_vertical_force(Car::RL, Fz[2]);
car->set_wheel_vertical_force(Car::RR, Fz[3]);

returnj
}
voi d
MexCar_write_parameters( i nt nlhs, mxArray * plhs[],
int nrhs, const mxArray =*phrs[])
i f (car == NULL) {
) car = new LinearisableCar();
car->write_parameters();
return;
}

typedef void (*pMexF)( int, mxArray *[], int, const mxArray *[]);

voi d
CallMexSubfunction( const char =*subfunction,
i nt nlhs, mxArray * plhs[],
int nrhs, const mxArray *prhs[])

{

pMexF f;

i f (! stremp(subfunction, "get_A")) {
f = &MexCar_get_A;

} else if (! stremp(subfunction, "get B")) {
f = &MexCar_get_B;

} else if (! strcemp(subfunction, "get_position")) {
f = &MexCar_get_position;

} else if (! stremp(subfunction, “get velocity")) {
f = &MexCar_get_velocity;

} else if (! stremp(subfunction, "get_acceleration")) {
f = &MexCar_get_acceleration;

} else if (! stremp(subfunction, "get friction_coefficient")) {
f = &MexCar_get_friction_coefficient

} else if (! stremp(subfunction, "get wheel_lateral_forces")) {
f = &MexCar_get_wheel_lateral_forces;

} else if (! stremp(subfunction, "get wheel_lateral_speeds")) {
f = &MexCar_get_wheel_lateral_speeds;

} else if (! stremp(subfunction, "get wheel_longitudinal_forces ") {
f = &MexCar_get_wheel_longitudinal_forces;

} else if (! stremp(subfunction, "get wheel_longitudinal_speeds ") {
f = &MexCar_get_wheel_longitudinal_speeds;

} else if (I stremp(subfunction, "get wheel_slip_angles")) {

f = &MexCar_get_wheel_slip_angles;
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el se i f (! strcmp(subfunction, "get wheel_steering_angles")) {
f = &MexCar_get_wheel_steering_angles;

el se if (! stremp(subfunction, "get wheel_vertical_forces")) {
f = &MexCar_get_wheel_vertical_forces;

el se i f (! stremp(subfunction, "integrate_euler_linear")) {

f = &MexCar_integrate_euler_linear;

el se if (! stremp(subfunction, "integrate_euler_nonlinear")) {
f = &MexCar_integrate_euler_nonlinear;

el se if (! strcmp(subfunction, "set_acceleration”)) {

f = &MexCar_set_acceleration;

el se i f (! stremp(subfunction, "set_friction_coefficient")) {

f = &MexCar_set_friction_coefficient;

el se if (! stremp(subfunction, "set_velocity")) {

f = &MexCar_set_velocity;

el se if (! stremp(subfunction, "set_wheel_longitudinal_forces ") {
f = &MexCar_set_wheel_longitudinal_forces;

el se i f (! strcmp(subfunction, "set_wheel_slip_angles")) {

f = &MexCar_set_wheel_slip_angles;

el se if (! stremp(subfunction, "set_wheel_speeds")) {

f = &MexCar_set_wheel_speeds;

el se i f (! stremp(subfunction, "set_wheel_steering_angle")) {
f = &MexCar_set_wheel_steering_angle;

el se i f (! stremp(subfunction, "set_wheel_vertical_forces")) {
f = &MexCar_set_wheel vertical forces;

el se if (! stremp(subfunction, "write_parameters")) {

f = &MexCar_write_parameters;

el se {

mexErrMsgTxt("Unknown subfunction");

e e e e e e e e e e A e e e e

f(nlhs, plhs, nrhs, prhs);
return;

}
A.1.6 OctCar.cc
[l —s—CH+—x—

/* Sk sk sk sk sk sk sk sk sk sk sk sk skoske sk sk sk sk sk skosk sk sk sk sk sk sk sk sk sk sk sk sk sk skoske sk sk sk sk sk skoske sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok
OctCar.cc

*

P
* Geraint Paul Bevan <g.bevan@mech. gla.ac.uk>

* Initial Revision : <2005-06—24>

* Latest Time—stamp: <2007-08-05 21:31:17 geraint>
*

%

>k 3k 3k 3k 3k >k kosk sk sk Sk sk ok 3k 3k 3k >k 3k >k 3k sk ok sk sk Sk sk Sk Sk sk Sk ok 3k 3k 3k sk >k sk >k sk koK Sk 3k Sk 3k sk Sk sk ok ok ok ok ok ok ok ok ok */

/«x \ file OctCar.cc implements an interface to the
x LinearisableCar class. An instance of the model can be

x created and initialised by calling the function ”"OctCar”
x from the octave prompt.

*

x Functions of LinearisableCar for which a handle has been
x created can then be called by appending the function name
x to the prefix OctCar_.

*

x For example, after initialising the model with

* — octave> OctCar() ;

x the state matrix can be obtained by:

x — octave> OctCar_get_A();

k

x* A list of available functions can be obtained by typing
x OctCar and pressing the tab key.

x/

[+x \ file MexCar.m

x implements a simple wrapper so that the OctCar
functions defined in OctCar.cc can be called

with the same names and arguments as the functions
defined in MexCar.cc.

Thus common scripts can be written to work identically
in either GNU Octave or Matlab.

Example: to call the function OctCar_get_.B() using the
Mex—style interface, type MexCar('get.B’).

* K XX X X X ¥

*
~
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#i ncl ude <octave/oct.h>
#i ncl ude <LinearisableCar.hh>
#i ncl ude <DldCar_usage.hh>

stati c LinearisableCar * car;

/Il function list.
[ % *
x Calling this function presents a list of functions which
x may be called from the Octave interpreter after the
x LinearisableCar has been initialised.
*/
const char =*usage_OctCar =
"OctCar()\n"
"
"An Octave interface to a linearisable car model:\n"
"Initialises a velocity-based model of a car\n”
"{:md displays the vehicle parameters.\n"
e
"Related functions:\n"
" OctCar_get_A\n"
" OctCar_get_B\n"
" OctCar_get_position\n"
" OctCar_get_velocity\n"
OctCar_get_acceleration\n"
" OctCar_get_friction_coefficientin”
" OctCar_get_wheel_lateral_forces\n"
" OctCar_get_wheel_lateral_speeds\n”
" OctCar_get_wheel_longitudinal_forces\n"
" OctCar_get_wheel_longitudinal_speeds\n"
" OctCar_get_wheel_slip_angles\n"
" OctCar_get_wheel_steering_angles\n”
" OctCar_get_wheel_vertical_forces\n"
OctCar_integrate_euler_nonlineann"
OctCar_integrate_euler_lineann"
OctCar_set_acceleration\n"
" OctCar_set_friction_coefficientin"
" OctCar_set_velocity\n"
" OctCar_set_wheel_longitudinal_forces\n"
" OctCar_set_wheel_slip_angles\n”
" OctCar_set_wheel_speeds\n"
" OctCar_set_wheel_steering_angle\n"
" OctCar_set_wheel_vertical_forces\n"
" OctCar_write_parameters\n";

/xx initialises the LinearisableCar. x/
DEFUN_DLD(OctCar, args, ,
‘ usage_OctCar)

octave_value_list retval;
i f (args.length() !'= 0) {
usage(usage_OctCar);

i f (car !'= NULL) {
del et e(car);

car = new LinearisableCar();
car->write_parameters();
retval(0) = true;
return retval

}

DEFUN_DLD(OctCar_get_A, args, ,
usage_text("get_A"))
{

octave_value_list retval;
i f (args.length() '= 0) {
usage(usage_text("get_A");

doubl e A_array[LinearisableCar::NX * LinearisableCar::NX];
car->get_A(A_array);
Matrix m(LinearisableCar::NX,LinearisableCar::NX);
i nt counter = O;
for (int i = 0; i < LinearisableCar:NX; i++) {
for (int j = 0; | < LinearisableCar:NX; j++) {
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m(j,i) = A_array[counter++];

retval(0) = m;
return retval;

DEFUN_DLD(OctCar_get_B, args, ,
‘ usage_text("get_B"))

octave_value_list retval;
i f (args.length() '= 0)
usage(usage_text("get_B"));

doubl e B_array[LinearisableCar::NX * LinearisableCar::NUJ;
car->get_B(B_array);
Matrix m(LinearisableCar::NX,LinearisableCar::NU);
i nt counter = 0;
for (int i = 0; i < LinearisableCar::NU; i++) {
for (int j = 0; ) < LinearisableCar::NX; j++) {
m(j,i) = B_array[counter++];

retval(0) = m;
return retval;

}

DEFUN_DLD(OctCar_get_position, args, ,
‘ usage_text("get_position"))

octave_value_list retval;
i f (args.length() !'= 0) {
usage(usage_text("get_position"));

ColumnVector p(3);
Car::axis position;
position = car->get_position();

p(0) = position.X;
p(1) = position.Y;
2) = position.Psi;

p(
retval(0) = p;
return retval;

}

DEFUN_DLD(OctCar_get_velocity, args, ,
usage_text("get_velocity"))
{

octave_value_list retval;
i f (args.length() '= 0) {
usage(usage_text("get_velocity"));

ColumnVector v(3);
Car::axis velocity;
velocity = car->get_velocity();

v(0) = velocity.X;
v(1) = velocity.Y;
v(2) = velocity.Psi;

retval(0) = v;
return retval;

}

DEFUN_DLD(OctCar_get_acceleration, args, ,
usage_text("get_acceleration™))
{

octave_value_list retval;
i f (args.length() '= 0) {
usage(usage_text("get_acceleration"));

ColumnVector a(3);

Car::axis acceleration;

acceleration = car->get_acceleration();
a(0) = acceleration.X;

a(l) acceleration.Y;

a(2) acceleration.Psi;

retval(0) = a;

return retval;
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DEFUN_DLD(OctCar_get_friction_coefficient, args, ,
usage_text("get_friction_coefficient"))
{

octave_value_list retval;
i f (args.length() '= 0) {
usage(usage_text("get_friction_coefficient"));

doubl e mu;

mu = car->get_friction_coefficient();
retval(0) = mu;

return retval;

}

DEFUN_DLD(OctCar_get_wheel_lateral_forces, args, ,
usage_text("get_wheel_lateral_forces"))

octave_value_list retval;
i f (args.length() '= 0) {
usage(usage_text("get_wheel_lateral_forces"));

ColumnVector fy(4);

fy(0) = car->get_wheel_lateral_force(Car::FL);
fy(1) = car->get_wheel_lateral_force(Car::FR);
fy(2) = car->get_wheel_lateral_force(Car::RL);

(3) = car->get_wheel_lateral_force(Car::RR);

fy
retval(0) = fy;
return retval,

}

DEFUN_DLD(OctCar_get_wheel_lateral_speeds, args, ,
usage_text("get_wheel_lateral_speeds"))

octave_value_list retval;
i f (args.length() !'= 0) {
usage(usage_text("get_wheel_lateral_forces"));

ColumnVector vy(4);

vy(0) = car->get_wheel_lateral_speed(Car::FL);
vy(1) = car->get_wheel_lateral_speed(Car::FR);
vy(2) = car->get_wheel_lateral_speed(Car::RL);
vy(3) = car->get_wheel_lateral_speed(Car::RR);
retval(0) = vy;

return retval;

}

DEFUN_DLD(OctCar_get_wheel_longitudinal_forces, args
usage_text("get_wheel_longitudinal_forces"))
{

octave_value_list retval;
i f (args.length() '= 0) {
usage(usage_text("get_wheel_longitudinal_forces"));

ColumnVector fx(4);

fx(0) = car->get_wheel_longitudinal_force(Car::FL);
fx(1) = car->get_wheel_longitudinal_force(Car::FR);
fx(2) = car->get_wheel_longitudinal_force(Car::RL);
x(3 car->get_wheel_longitudinal_force(Car::RR);
retval(0) = fx;

return retval

}

DEFUN_DLD(OctCar_get_wheel_longitudinal_speeds, args
usage_text("get_wheel_longitudinal_speeds"))
{

octave_value_list retval;
i f (args.length() '= 0) {
usage(usage_text("get_wheel_longitudinal_speeds"));

ColumnVector vx(4);

vx(0) = car->get_wheel_longitudinal_speed(Car::FL);
vx(1l) = car->get_wheel_longitudinal_speed(Car::FR);
vx(2) = car->get_wheel_longitudinal_speed(Car::RL);
vx(3) = car->get_wheel_longitudinal_speed(Car::RR);
retval(0) = vx;

return retval;
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DEFUN_DLD(OctCar_get_wheel_slip_angles, args, ,
usage_text("get_wheel_slip_angles"))
{

octave_value_list retval;
i f (args.length() '= 0) {
usage(usage_text("get_wheel_slip_angles"));

ColumnVector alpha(4);

alpha(0) = car->get_wheel_slip_angle(Car::FL);
alpha(1) = car->get_wheel_slip_angle(Car::FR);
alpha(2) = car->get_wheel_slip_angle(Car::RL);
alpha(3) = car->get_wheel_slip_angle(Car::RR);
retval(0) = alpha;

return retval

}

DEFUN_DLD(OctCar_get_wheel_steering_angles, args, ,

usage_text("get_wheel_steering_angles"))

{

octave_value_list retval;
i f (args.length() '= 0) {
usage(usage_text("get_wheel_steering_angles"));

ColumnVector delta(4);

delta(0) = car->get_wheel_steering_angle(Car::FL);
delta(l) = car->get_wheel_steering_angle(Car::FR);
delta(2) = car->get_wheel_steering_angle(Car::RL);
delta(3) = car->get_wheel_steering_angle(Car::RR);

retval(0) = delta;
return retval;

}

DEFUN_DLD(OctCar_get_wheel_vertical_forces, args,
usage_text("get_wheel_vertical_forces"))
{

octave_value_list retval;
i f (args.length() '= 0) {
usage(usage_text("get_wheel_vertical_forces"));

ColumnVector fz(4);

fz(0) = car->get_wheel_vertical_force(Car::FL);
fz(1) = car->get_wheel_vertical_force(Car::FR);
fz(2) = car->get_wheel_vertical_force(Car::RL);
fz(3) = car->get_wheel_vertical_force(Car::RR);

retval(0) = fz;
return retval;

}

DEFUN_DLD(OctCar_integrate_euler_linear, args, ,
usage_text("integrate_euler_linear"))

octave_value_list retval;

i f (args.length() '= 2) {
usage(usage_text("integrate_euler_linear"));
error("incorrect number of arguments");
retval(0) = fal se;
return retval

}
doubl e dt = args(0).double_value();

int n = static_cast<int>(args(l).double_value());

for (int i =20;i < n; i++) {
car->integrate_euler(dt);

retval(0) = true;
return retval;

}

DEFUN_DLD(OctCar_integrate_euler_nonlinear, args, ,
usage_text("integrate_euler_nonlinear"))

octave_value_list retval;

i f (args.length() !'= 2) {
usage(usage_text("integrate_euler_nonlinear"));
error("incorrect number of arguments");
retval(0) = fal se;
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return retval;

doubl e dt = args(0).double_value();

int n = static_cast<int>(args(l).double_value());

for (int i =0;1i<n;i++) {
car->Car::integrate_euler(dt);

retval(0) = true;
return retval;

}

DEFUN_DLD(OctCar_set_accleration, args, ,
usage_text("set_acceleration"))

octave_value_list retval;

i f (args.length() '= 1) {
usage(usage_text("set_acceleration"));
error("incorrect number of arguments");
retval(0) = fal se;
return retval

}

ColumnVector a(3, 0.0);

a = args(0).column_vector_value();
Car::axis acceleration;
acceleration.X = a(0);
acceleration.Y = a(l);
acceleration.Psi = a(2);
car->set_acceleration(acceleration);
retval(0) = true;

return retval;

}

DEFUN_DLD(OctCar_set_friction_coefficient, args, ,
usage_text("set_friction_coefficient"))

octave_value_list retval;

i f (args.length() '= 1) {
usage(usage_text("set_friction_coefficient"));
error("incorrect number of arguments");
retval(0) = fal se;
return retval;

doubl e mu = args(0).double_value();
car->set_friction_coefficient(mu);
retval(0) = true;

return retval

}

DEFUN_DLD(OctCar_set_velocity, args, ,
usage_text("set_velocity"))

octave_value_list retval;

i f (args.length() !'= 1) {
usage(usage_text("set_velocity"));
error("incorrect number of arguments");
retval(0) = fal se;
return retval;

}

ColumnVector v(3, 0.0);

v = args(0).column_vector_value();
Car::axis velocity;

velocity.X = v(0);

velocity.Y = v(1);

velocity.Psi = v(2);
car->set_velocity(velocity);

retval(0) = true;

return retval;

}

DEFUN_DLD(OctCar_set_wheel_lateral_forces, args, ,
usage_text("set_wheel_lateral_forces"))

octave_value_list retval;

i f (args.length() '= 1) {
usage(usage_text("set_wheel_lateral_forces"));
error("incorrect number of arguments");
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retval(0) = fal se;
return retval;

}

ColumnVector f(4, 0.0);

f = args(0).column_vector_value();
car->set_wheel_lateral_force(Car::FL, f(0));
car->set_wheel_lateral_force(Car::FR, f(1));
car->set_wheel_lateral_force(Car::RL, f(2));
car->set_wheel_lateral_force(Car::RR, f(3));
retval(0) = true;

return retval;

}

DEFUN_DLD(OctCar_set_wheel_longitudinal_forces, args
usage_text("set_wheel_longitudinal_forces"))
{

octave_value_list retval;

i f (args.length() '= 1) {
usage(usage_text("set_wheel_longitudinal_forces"));
error("incorrect number of arguments");
retval(0) = fal se;
return retval;

}

ColumnVector f(4, 0.0);

f = args(0).column_vector_value();
car->set_wheel_longitudinal_force(Car::FL, f(0));
car->set_wheel_longitudinal_force(Car::FR, f(1));
car->set_wheel_longitudinal_force(Car::RL, f(2));
car->set_wheel_longitudinal_force(Car::RR, f(3));
retval(0) = true;

return retval

}

DEFUN_DLD(OctCar_set_wheel_slip_angles, args, ,
usage_text("set_wheel_slip_angles"))

octave_value_list retval;

i f (args.length() '= 1) {
usage(usage_text("set_wheel_slip_angles"));
error("incorrect number of arguments");
retval(0) = fal se;
return retval

}

ColumnVector alpha(4, 0.0);

alpha = args(0).column_vector_value();
car->set_wheel_slip_angle(Car::FL, alpha(0));
car->set_wheel_slip_angle(Car::FR, alpha(1));
car->set_wheel_slip_angle(Car::RL, alpha(2));
car->set_wheel_slip_angle(Car::RR, alpha(3));
retval(0) = true;

return retval

}

DEFUN_DLD(OctCar_set_wheel_speeds, args, ,
usage_text("set_wheel_speeds"))

octave_value_list retval;
i f (args.length() !'= 1) {
usage(usage_text("set_wheel_speeds"));

/1 error("incorrect number of arguments”);

retval(0) = fal se;
return retval;

ColumnVector vx(4, 0.0);

vx = args(0).column_vector_value();
car->set_wheel_speed(Car::FL, vx(0));
car->set_wheel_speed(Car::FR, vx(1));
car->set_wheel_speed(Car::RL, vx(2));
car->set_wheel_speed(Car::RR, vx(3));
retval(0) = true;

return retval

}

DEFUN_DLD(OctCar_set_wheel_steering_angle, args,
usage_text("set_wheel_steering_angle"))

octave_value_list retval;
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i f (args.length() '= 1) {
usage(usage_text("set_wheel_steering_angle"));
error("incorrect number of arguments");
retval(0) = fal se;
return retval;

}

doubl e angle = args(0).double_value();
car->set_wheel_steering_angle(angle);
retval(0) = true;

return retval

}

DEFUN_DLD(OctCar_set_wheel_vertical_forces, args, ,
‘ usage_text("set_wheel_vertical_forces"))

octave_value_list retval;

i f (args.length() !'= 1) {
usage(usage_text("set_wheel_vertical_forces"));
error("incorrect number of arguments");
retval(0) = fal se;
return retval;

}

ColumnVector f(4, 0.0);

f = args(0).column_vector_value();
car->set_wheel_vertical_force(Car::FL, f(0));
car->set_wheel_vertical_force(Car::FR, f(1));
car->set_wheel_vertical_force(Car::RL, f(2));
car->set_wheel_vertical_force(Car::RR, f(3));
retval(0) = true;

return retval;

}

DEFUN_DLD(OctCar_write_parameters, args, ,
‘ usage_text("write_parameters"))

octave_value_list retval;
i f (car == NULL) {
car = new LinearisableCar();

car->write_parameters();
retval(0) = true;
return retval;

}
A.1.7 MexCarm

fupcti on retval = MexCar(subfunc, varargin)
ry
s = ['"OctCar_", subfunc];
f = str2func(s);
retval = f(all_va_args);
catch
subfunc, varargin, s, f
err or ('something is broken’)
end_try_catch
endfunction

A.2 Trajectory generation code

A.2.1 createreference profiles.m

%% —x—matlab—x—

function [refman] = create_reference_profiles(parameters)

USE_OPTIMISATION = true;

%% operating conditions

mu = parameters.mu;
spec = parameters.spec;
VX = parameters.Vx;

%6 vehicle parameters

v220_par_050710;

If = fazP_kafi_Fzg_lv; % m
Ir = fazP_kafi_Fzg_lh; % m
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w = 2«fazP_kafi_Fzg_spb;

%% manoeuvre specification
manoeuvre = define_manoeuvre(spec, w);

X0 = manoeuvre.lO;

X1 = manoeuvre.ll + XO;
X2 = manoeuvre.l2 + XI1;
X3 = manoeuvre.l3 + X2;
X4 = manoeuvre.l4 + X3;
X5 = manoeuvre.l5 + X4;

di sp([X0,X1,X2,X3,X4,X5]'); [X0,X1,X2,X3,X4,X5]

Y1 0.0;

Y3 Y1 ..
- manoeuvre.wl/2 ...
+ manoeuvre.w2 ...
- manoeuvre.w3/2;

Y5 = Y3 ..
+ manoeuvre.w3/2 ...
- manoeuvre.w4 ...
+ manoeuvre.w5/2;

di sp([Y1,Y3,Y5]); [Y1,Y3,Y5]

%% constants of nature
g = 0.81;

if (C USE_OPTIMISATION)

% p0 starting position

% pl end of first straight

% p2 first approach to first corner
% p3 end of first turn

% p4 midpoint of first 2 circles
% p5 start of second turn

% p6 second approach to boundary
% p7 end of second turn

% p8 start of third turn

% p9 third approach to boundary
% pl0 end of third turn

% m

%
%
%
%
%
%

333333

% m

% m

% m

% m/s2

% max acceleration
% circular motion

% pll midpoint between 3rd and 4th circles

% pl2 start of fourth turn
% pl3 fourth approach to boundary
% pl4d end of fourth turn

% (Xa,Ya) P1 end of straight, start of first arc

% (Xb,Yb) P3 end of first arc, start

of straight

% (Xc,Yc) P5 end of straight, start of second arc
% (Xd,Yd) P7 end of second arc, start of straight
% (Xe,Ye) P8 end of straight, start of third arc

% (Xf,Yf) P10 end of third arc, start

of straight

% (Xg,Yg) P12 end of straight, start of fourth arc
% (Xh,Yh) P14 end of fourth arc, start of straight

% Unknown: Xpl,Xp3,Xp4,Xp5,Xp7,Xp8,Xpl0,Xpll, Xpl2,Xpld

Xp0 = 0;
Xp2 = X1 + w/2;
Xp6 = X2 - w/2;
Xp9 = X3 + w/2;
Xpl3 = X4 - w/2;
Xpl5 = X5;

% Unknown: Yp3,Yp4,Yp5,Ypl0,Ypll,Ypl2
YpO0 = Y1,

Ypl = Y1,
Yp2 = Y1 + manoeuvre.wl/2 - w/2;
Yp6 = Y3 - manoeuvre.w3/2 + w/2;
Yp7 = Y3;
Yp8 = Y3

Yp9 Y3 - manoeuvre.w3/2 + w/2;
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Ypl3 = Y5 + manoeuvre.w5/2 - wi/2;
Ypld = Y5;

Ypl5 = Y5;

thetal = acos(1-(Yp2-Ypl)/r);
theta2 = acos(1-(Yp7-Yp6)/r);
theta3 = acos(1-(Yp8-Yp9)/r);
theta4d = acos(1-(Ypl3-Ypl4)/r);
Xpl = Xp2 - r *sin(thetal);
Xp7 = Xp6 + r=sin(theta2);
Xp8 = Xp9 - r *sin(theta3d);
Xpld = Xpl3 + r *si n(thetad);

% circle centres

Xol = Xpl; Yol = Ypl +r;
X02 = Xp7; Yo2 = Yp7 -1
Xo3 = Xp8§; Yo3 = Yp8 - r1;
Xo4 = Xpl4, Yo4 = Ypld + 1,
Xp4 = (Xol+Xo2)/2; Yp4 = (Yol+Yo02)/2;
Xpll = (Xo3+X04)/2; Ypll = (Yo3+Yo04)/2;

% still need (Xp3,Yp3) (Xp5,Yp5) (Xpl0,Ypl0) (Xpl2,Ypl2)
phil2 = asin(2 xr/ sqrt ((Xo2-Xol)2+(Yo2-Yol)2))

phi34 = asin(2 xr/ sqrt ((Xo4-X03)2+(Y04-Y03)"2))

sigmal2 = atan2((Yo2-Yol),(X02-Xol))

sigma34 at an2((Yo4-Yo03),(X04-X03))
Xp3 = Xol + r=sin(phil2+sigmal2); Yp3 = Yol - r * cos(phil2+sigmal2);
Xp5 = Xo2 - r *sin(phil2+sigmal2); Yp5 = Yo2 +r * cos(phil2+sigmal?);
Xpl0 = Xo3 + r xsi n(phi34-sigma34); Ypl0 = Yo3 + r * C0S (phi34-sigma34);
Xpl2 = Xo4 - r xsin(phi34-sigma34); Ypl2 = Yo4 - r * c0S (phi34-sigma34);
[xcirc,ycirc] = pol 2cart (linspace(0,2 *pi,100),r *ones(1,100));
xcircl = xcirc + Xol; ycircl = ycirc + Yol,
Xcirc2 = xcirc + Xo2; ycirc2 = ycirc + Yo2;
xcirc3 = xcirc + Xo03; ycirc3 = ycirc + Yo3;
xcircd = xcirc + Xo4; ycirc4 = ycirc + Yo4;
clf; figure(4),
pl ot (...
[XpO0; Xp1;Xp3;Xp4;Xp5;Xp7;Xp8;Xpl0;Xpll;Xpl2;Xpl4d; Xp 15], ...
[YpO;Ypl;YpS;Yp4;Yp5;Yp7;Yp8;Yp10;Ypll;Yp12;Yp14;Yp 15], ...
sr, ..
xcircl, ycircl, -k, ...
xcirc2, ycirc2, -k, ...
xcirc3, ycire3, -k, ...
xcirc4, ycirc4d, -k
t ext (Xol,Yol,’0l%;
t ext (X02,Y02,'02);
t ext (X03,Y03,'03’);
t ext (Xo4,Yo4,04’);
title(spec, ' at ', nun2str (Vx *3.6), ' km/hr?);
x| abel (Position XE [m]’); yl abel ("Position YE [m]);
axi s(ij");
ymin = floor (-1+ m n(m n(m n(Yol,Y02),Y03),Y04)/2) *2;
ymax = ceil (+1+ max( max( max(Yol,Yo2),Yo03),Y04)/2) *2;

axi s([X0,X5,ymin,ymax])

vi ew([-90,90]);

axi s('equal’)

print -depsc 'waypoints.eps’;
saveas( gcf, 'waypoints.fig’);
figure(d);

mp = + an(sigmal2+phil2)
mq = + an(sigma34-phi34)
Xa = Xpl, Ya = Ypil,
Xb = Xp3; Yb = YpS;
Xc Xp5; Yc = Yp5;
Xp7; Yd = Yp7;
= Yp§;

Xd =

Xe = Xp8; Ye ;
Xf = Xp10; Yf = Yplo;
Xg =
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Xh = Xpl4; Yh = Yp14;

Xcl = Xol; Ycl = Yol
Xc2 = Xo2; Yc2 = Yoz,
Xc3 = Xo3; Yc3 = Yo3;
Xc4 = Xod; Yc4 = Yo4,

di sp('Xa,Xb,Xc,Xd,Xe,Xf,Xg,Xh");
[Xa,Xb,Xc,Xd,Xe,Xf,Xg,Xh]

di sp('Xcl,Ycl,Xc2,Yc2,Xc3,Yc3,Xc4,Ycd);

[Xcl,Ycl,Xc2,Yc2,Xc3,Yc3,Xc4,Yc4]

spacing = (X2-X1) / 100;
X = [0:spacing:X5];
i00 = find((X<XO0));

i11 = find((X>=X0)&(X<=Xa));
i12 = find((X>Xa)&(X<=Xh));
i22 = find((X>Xb)&(X<=Xc));

i23 = find((X>Xc)&(X<=Xd));

if (abs(Y3 - Y5) < eps)

i33 = find(X>Xd);
i34 = ;
i44 = [];
i45 = [];
i55 = [;
el se
i33 = find((X>Xd)&(X<=Xe));
i34 = find((X>Xe)&(X<=Xf));
i44 = find((X>X&(X<=XQ));
i45 = find((X>Xg)&(X<=Xh));
i55 = find((X>Xh));
end
Y(i00) = Y1;
Y(i11) = Y1;
Y(i12) = Ycl - sqrt (r2 - (X(il2)-Xcl)."2);
Y(i22) = Yb + mp *(X(122)-Xb);
Y(i23) = Yc2 + sqgrt(r2 - (X(i23)-Xc2)."2);
Y(i33) = Y3;
Y(i34) = Yc3 + sqrt(r2 - (X(i34)-Xc3)."2);
Y(i44) = Yf + mq *(X(i44)-Xf);
Y(i45) = Yc4 - sqrt (rr2 - (X(i45)-Xc4)."2);
Y(i55) = Y5;
dY_dX(lOO) = O;
dy_dX(i11) =
dy_dX(i12) = +(X(|12) Xcl)./ sqrt (rr2-(X(i12)-Xc1)."2);
dYy_dX(i22) =
dy_dX(i23) = (X(|23) Xc2)./ sqrt (rr2-(X(i23)-Xc2)."2);
dY_dX(i33) =
dY_dX(i34) = (X(|34) Xc3)./ sqrt (rr2-(X(i34)-Xc3)."2);
dY_dX(i44) =
dy_dX(i45) = +(X(|45) Xc4)./ sqrt (rr2-(X(i45)-Xc4)."2);
dY_dX(i55) =
d2Y_dX2(i00) = O;
d2Y_dX2(i11) = O;

d2Y_dX2(i12)
d2Y_dX2(i22)
d2Y_dX2(i23)
d2Y_dX2(i33)
d2Y_dX2(i34)
d2Y_dX2(i44)
d2Y_dX2(i45)
d2Y_dX2(i55)

Psi = at an(dY dXx);
dPsi_dX = d2Y_dX2./(dY_dX."2+1);
Psidot = dPsi_dX *VXx;

RoT(i00) = O;
RoT(i11) = O;
RoT(i12) = +r;
RoT(i22) = 0O;

RoT(i23) -r;

+°2./((r°2-(X(i12)-Xc1)."2)."1.5);
3L2./((r”2-(x(i23)-Xc2)f2)f1.5);
-r;AZ./((r“Z-(X(i34)-X03).“2)."1.5);
g;r ~2.1((r"2-(X(i45)-Xc4)."2)."1.5);
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el

RoT(i33) = O;
RoT(i34) = -r;
RoT(i44) = 0;
RoT(i45) = +r;
RoT(i55) = O;
delta = zeros(size(X));

nz = find(RoT);

delta(nz) = at an((If+Ir)./RoT(nz));
fref = zeros(size(X));

ref.Xe = X;

ref.Ye =Y,;

ref.Psi = Psi;

ref.Xdot = Vx =*ones( size(X));
ref.Ydot = 0 =+ones( size(X));
ref.Psidot = Psidot;

ref.Xddot = 0 =*ones( size(X));
ref.Yddot = 0 =+ones( size(X));
ref.Psiddot =0 xones( si ze(X));
ref.delta = delta;

se

figure(d); clf

i f isenpty(strfind( pat h,’cvx’))
addpath(’/usr/local/cvx/cvx’);

end

cvx_clear;

%% manoeuvre specification
dx = 1;

xinit = [X0:dx:X5+50]’;

limit = cones(spec, xinit, X0, Y1, w);
ylbo = limit.Y_lhs;

yub = limit.Y_rhs;

L = | engt h(xinit)-1;

% clearance

yb =ylb + 0 =*0.15;

yub = yub - 0 *0.15;

% parameters

a = mu-g;

m = 2364; %2360;

1zz = 4488; %4700;

% terminal conditions

rL = 0;

qL =0

yL = (ylb( end)+yub( end))/2;
% 1. First optimisation

di sp(’-- Starting run 1 --")
cvx_begin

variables x_e(L+1) y_e(L+1) g(L+1)
variables xedot(L+1) yedot(L+1)

variables xdot(L+1) ydot(L+1) qdot(L+1)
variables xddot(L+1) yddot(L+1) gddot(L+1)
variables cl1(L+1) c2(L+1) c3(L+1) c4(L+1);

minimize(  nor n(qddot));
subject to

% 1. Assumptions

cosq
sinq
xddot == 0;
yddot == 0;

% USE_OPTIMISATION

% calls define_manoeuvre

%
%
%
%
%

Earth positions
Earth velocities
Body velocities
Body accelerations
vehicle geometry

% 1. Objective

% 1. small angle
% 1. constant speed
% |. no lateral slip
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dt = dx/Vx;
% |. Constraints
x_e(1) == 0; % |. initial conditions
y_e(1) == 0;
j_) == 0;
xdot(1) == VX;
ydot(1) == 0;
qdot(1) ==
y_e(L+1) == yL; % 1. terminal conditions
q(L+1) == qL;
gdot(L+1) == rL;
x_e(2:L+1) == x_e(l:L) + dt * xedot(1:L); % |. quadrature
y_e(2:L+1) ==y e(lL) + dt *yedot(1:L);
q(2:L+1) == q(1.L) + dt *qdot(1:L);
xdot(2:L+1) == xdot(1l:L) + dt * xddot(1:L);
ydot(2:L+1) == ydot(1:L) + dt +yddot(1:L);
qdot(2:L+1) == qdot(1:L) + dt * qddot(1:L);
xedot == VX. *1;
yedot == VX. =*q;
gddot."2 <= (If *m/lzz)’2 *(mu*g)2; % |. accel limit
cl ==y e + If xsing - W/2) =*cosq; % |. geometry
c2 ==y e + If xsing + (W/2) =*cosq;
c3 ==y e-Ir =xsing - (W2) =*cosq;
c4 ==y e-Ir =*sing + (W/2) =*cosq;
cl <= yub; % |. manoeuvre boundary
c2 <= yub;
c3 <= yub;
c4 <= yub;
cl >= ylb;
c2 >= ylb;
c3 >=ylb;
c4 >= ylb;
cvx_end;
X = X_€;
y =ye
cosq = cos(q(l:L));
sing = sin(q(l:L));
xe = dt *cumtrapz(+Vx. *cos(q)-0. =*sin(q));
ye = dt »cumtrapz(+Vx. *sin(q)+0. =*cos(q));
ge = interpl(x,q,xe);
cosql = cos(qe);
singl = sin(qge);
xdotl = xdot; % VX

corners = [+If, +If, -Ir, -Ir;
-w/2, +w/2, +w/2, -w/2];

for i = 1: | ength(x)
T} = [+ cos(a(), - sin(());
~_ #sin(@(), +  cos(@@)
c{i} = T{i} * COrners;

cxe(i,:) = +xe(i) + cfi}(1,);
cye(i,:) = +ye(i) + c{i}2,);
end
plot (X, v, ..
xe, ye, 'r, ..
cxe, cye, b, ..
xinit, [ylb+w/2,yub-w/2], '--k’, ...
xinit, [ylb,yub], "K’);
| egend({CGv ''CGe ', Tyre '});
| egend boxoff;
pause(0.01);
pl ot (x, y, -.b’, xe, ye, -k, xinit, ylb, ’--b’, cxe, cye, "k,
| egend({(XE,YE)’, '(XE LLYE 1) ’, 'Cones ’, 'Wheels });
| egend boxoff;

xinit, yub,
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x| abel (Position XE [m]’);

yl abel (Position YE [m]’);

vi ew([-90,90]):

print -depsc 'optimisationl.eps’
saveas( gcf, 'optimisationl.fig’);

% 11. Second optimisation
di sp(’-- Starting run 2 --")

xinit Xe;

limit cones(spec, xinit, X0 ,Y1, w);
ylb = limit.Y_lhs;

yub = limit.Y_rhs;

cvx_clear
cvx_begin

variables x_e(L+1) y_e(L+1) q(L+1); % 11. Earth positions
variables xedot(L+1) yedot(L+1); % I1. Earth velocities
variables xdot(L+1) ydot(L+1) qdot(L+1); % I1. Body velocities

variables xddot(L+1) yddot(L+1) gddot(L+1); % I1. Body accelerations

variables cl1(L+1) c2(L+1) c3(L+1) c4(L+1);
minimize( nor m(qddot))

subject to

% 11. Assumptions

cosq = cosql;

sing = singl;

yddot == O;

dt = dx/Vx;

% I1. Constraints

x_e(1) == 0; % I1. initial conditions
y_e(1) =0

q(l) ==

xdot(1) == VX

ydot(1) == 0;

qdot(1) == 0;

y_e(L+1) == yL; % I1. terminal conditions
q(L+1) == qL;

gdot(L+1) == rL;

x_e(2:L+1) == x_e(1l:L) + dt *xedot(1:L); % 11 . quadrature
y_e(2:L+1) ==y e(lL) + dt *yedot(1:L);

q(2:L+1) == q(1.L) + dt * qdot(1:L);

xdot(2:L+1) == xdot(1l:L) + dt * xddot(1:L);

ydot(2:L+1) == ydot(1l:L) + dt *yddot(1:L);

qdot(2:L+1) == qdot(1:L) + dt *qddot(1:L);

xedot == xdot =*1;

yedot == VX. *(;

gddot.”2 <= (If *m/lzz)’2  *((mu * g)"2-xddot.”2); % 11. Accel
xdot >= 0; % no reversing

xddot <= 0;

cl ==y e + If xsing - (W2) =*cosq;

c2 ==y e + If xsing + (W/2) =*cosq;

c3 ==y e-Ir xsing - (W2) =*cosq;

c4 ==y e-Ir =*sing + (W/2) =*cosq;

cl <= yub;

c2 <= yub;

c3 <= yub;

c4 <= yub;

cl >= ylb;

c2 >=ylb;

c3 >= ylb;

c4 >= ylb;

cvx_end;
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X = X_e;

y =ye

xe = dt *cumtrapz(+xdot. *c0s(q)-ydot.
ye = dt *cumtrapz(+xdot. *Si n(qg)+ydot.
ge = interpl(x,q,xe);

cosqll = cos(qe);

sinqll = si n(qe);

xdotll = xdot;

corners = [+If, +If, -Ir, -Ir;
-w/2, +w/2, +w/2, -w/2];

for i = 1: |l ength(x)
i} = [+ cos(q()), - sin(q());
+sin(q()), +  cos(a@)l;
cfi} = T{i} * COrners;
cxe(i,r) = +xe(i) + c{i}(1,);
cye(i,) = +ye()) + c{i}(2.);
end
plot (X, Y, ..
xe, ye, 'r, ..
cxe, cye, b,

xinit, [be+w/2 yub w/2],
xinit, [ylb,yub], "K’);
| egend({CGv ''CGe ', Tyre });
| egend boxoff;
pause(0.01);

*si n(q));
*cos(q));

pl ot (x, y, -.b, xe, Ve, -k, xinit, ylb, ’--b’, cxe, cye, "k,

xinit, yub,

--b’
Iegend({’(XE YE) )(XE ILYE II) ', 'Cones ’, 'Wheels });

| egend boxoff;

x| abel (Position XE [m]’);

yl abel (Position YE [m]);

axi s([0, 80, -1.5, 5.5)]);

axi s(ij’);

vi ew([-90,90]);

print -depsc ’optimisation2.eps’
saveas( gcf, 'optimisation2.fig’);

% 111. Third optimisation

di sp(’-- Starting run 3 --')

Xinit = xe;

limit = cones(spec, xinit, X0, Y1, w);
ylb = limit.Y_lhs;

yub = limit.Y_rhs;

cvx_clear

cvx_begin

variables x_e(L+1) y_e(L+1) q(L+1)
variables xedot(L+1) yedot(L+1)

variables xdot(L+1) ydot(L+1) qdot(L+1)
variables xddot(L+1) yddot(L+1) gddot(L+1)
variables c1(L+1) c2(L+1) c3(L+1) c4(L+1);

minimize( nor m(qddot))
subject to

% 111 . Assumptions

cosq = cosqll;
sing = smqll;
yddot = ;

% 11l1. Constraints

adot(1) -0

y_e(L+1) == yL;
q(L+1) == qL;

% 111. Earth positions
% |1l. Earth velocities
% 111. Body velocities
% 111 . Body accel
% II1l. initial conditions
% 11l. terminal conditions
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gdot(L+1) == rL;

x_e(2:L+1) == x_e(1l:L) + dt *xedot(1:L); % I11. quadrature
y_e(2:L+1) ==y e(lL) + dt *yedot(1:L);
q(2:L+1) == q(1.L) + dt * qdot(1:L);

xdot(2:L+1) == xdot(1:L) + dt *xddot(1:L);
ydot(2:L+1) == ydot(1l:L) + dt *yddot(1:L);
qdot(2:L+1) == qdot(1:L) + dt *qddot(1:L);

xedot == xdot. *co0sqQ;

yedot == xdotll. *(;

gddot."2 <= (If *m/lzz)"2 = ((mu * g)"2-xddot.”2);
xdot >= 0; % no reversing
xddot <= 0;

cl ==y e+ If xsinq - (W2) =*cosq;

c2 ==y e + If xsing + (Ww/2) =*cosq;

c3 ==y e-Ir =xsing - (W2) =*cosq;

c4 ==y e-Ir =*sing + (W/2) =*cosq;

cl <= yub;

c2 <= yub;

c3 <= yub;

c4 <= yub;

cl >=ylb;

c2 >= ylb;

c3 >= ylb;

c4 >=ylb;

cvx_end

X = X_e;

y =ye

xe dt * cumtrapz(+xdot. *Cc0s(q)-ydot.  *si n(q));

ye = dt * cumtrapz(+xdot. *si n(q)+ydot.  *cos(q));
ge = interpl(x,q,xe);

corners = [+If, +If, -Ir, -Ir;
-w/2, +w/2, +w/2, -w/2];

1: | engt h(x)
[+ cos(@). - sin(@@)
+sin(q(i)), +  cos(q()l;
i} * Corners;

+xe(i) + cfip(1,);

cye(i,:) = +ye(i) + c{i}(2,);
end

plot (X vy, ..
xe, ye, 'r, ..
cxe, cye, b, ..
xinit, [ylb+w/2,yub-w/2], '--k’, ...
xinit, [ylb,yub], ":k’);
| egend({CGv ''CGe ', Tyre '});
| egend boxoff;
pause(0.01);
pl ot (x, y, -.b’, xe, ye, -k, xinit, ylb, ’--b’, cxe, cye, "k,
1__b1 .

for i

T{i}

cfi} =T
cxe(i,))

—

| egend({'(XE,YE) ', '(XE HILYE 1ll) ’, 'Cones ’, 'Wheels 7});
| egend boxoff;

x| abel (Position XE [m]’);

yl abel (Position YE [m]’);

vi ew([-90,90]);
print -depsc 'optimisation3.eps’
saveas( gcf, 'optimisation3.fig’);

% assign reference and plotting parameters
i f max(isnan(x))
return

end

ref.Xe = xe’;
ref.Ye = ye’;
ref.Psi = ge’;

ref.Xdot = xdot’;

xinit, yub,
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ref.Ydot
ref.Psidot

ref.Xddot
ref.Yddot
ref.Psiddot

ref.delta

end

xddot’;
yddot’;

= qddot’;

at an2((If+Ir)

HAVE_TRAJECTORY=1

man.lf = If;

man.r = 1Ir;

man.w = w;
man.X0 = XO;
man. X1 = X1;
man.X2 = X2;
man.X3 = X3;
man.X4 = X4;
man.X5 = X5;
man.Y1l = Y1;
man.Y3 = Y3;
man.Y5 = Y5;

A.2.2 definemanoeuvre.m

906 —x—matlab—x—

function [manoeuvre] = define_manoeuvre(spec, vehicle_width)

switch (spec)

case 'ISO 3888-1’

lane_offset = 3.5;

manoeuvre.wl
manoeuvre.w3
manoeuvre.w5

manoeuvre.w?2
manoeuvre.w4

manoeuvre.|0
manoeuvre.|1
manoeuvre.|2
manoeuvre.|3
manoeuvre.l4
manoeuvre.l5

0
1
3
2
2
1

case 'ISO 3888-2’

lane_offset = 1.0;

manoeuvre.wl
manoeuvre.w3
manoeuvre.w5
manoeuvre.w5

manoeuvre.w?2
manoeuvre.w4

manoeuvre.l0
manoeuvre.|1
manoeuvre.|2
manoeuvre.|l3
manoeuvre.l4
manoeuvre.|5

P RPRRRRPO

case ’single part

lane_offset = 3.5;

manoeuvre.wl
manoeuvre.w3

manoeuvre.w?2
manoeuvre.w4
manoeuvre.w5

1.1
1.2

manoeuvre.w3 + lane_offset;

manoeuvre.w2;

* 100;
5;
0;
5;
5;
5 + 15;

1.1 =*vehicle_width + 0.25;
1.0 =*vehicle_width + 1.00;
1.3 =vehicle_width + 0.25;
max (manoeuvre.w5,3);

manoeuvre.wl + manoeuvre.w3 + lane_offset;

manoeuvre.w2;
x*100.0;

MNP W
QUouo

1.1 =vehicle_width + 0.25;
1.2 =*vehicle_width + 0.25;

manoeuvre.w3 + lane_offset;

manoeuvre.w3;
manoeuvre.w3;

* qdot,xdot)’;

*vehicle_width + 0.25;
*vehicle_width + 0.25;
1.3 =*vehicle_width + 0.35;

170



APPENDIXA. CODE

manoeuvre.l0
manoeuvre.|1
manoeuvre.|2
manoeuvre.|l3
manoeuvre.l4
manoeuvre.|5

case ’single part

0 +=100.0;
15.0;

30.0;

25.0;

25.5;

15 + 15;

2

lane_offset = 1.0;

manoeuvre.wl
manoeuvre.w3

manoeuvre.w?2
manoeuvre.w4
manoeuvre.w5

manoeuvre.|0
manoeuvre.ll
manoeuvre.|2
manoeuvre.|3
manoeuvre.l4
manoeuvre.l5

1.1 =*vehicle_width + 0.25;
1.0 =*vehicle_width + 1.00;

manoeuvre.wl + manoeuvre.w3 + lane_offset;

manoeuvre.w3;
manoeuvre.w3;

0 +=100.0;
12.0;
13.5;
11.0;
12.5;
12.0;

case ’'gentle lane change’

lane_offset = 3.5;

manoeuvre.wl
manoeuvre.w3

manoeuvre.wl
manoeuvre.w3

manoeuvre.w?2
manoeuvre.w4
manoeuvre.w5

manoeuvre.|0
manoeuvre.ll
manoeuvre.|2
manoeuvre.|3
manoeuvre.l4
manoeuvre.l5

otherwise

error ('define_

end

A.2.3 cones.m

function limit

0
15.0;

30.0 * 1.5;
25.0;

25.5;

15 + 15;

1.1 =vehicle_width + 0.25;
1.2 =vehicle_width + 0.25;

manoeuvre.wl
manoeuvre.w3

manoeuvre.w3 + lane_offset;

manoeuvre.w3;
manoeuvre.w3;

*100.0;

*
*

1.50;
1.50;

manoeuvre: spec is invalid’);

cones(spec, X, X0, y0, w)

manoeuvre = define_manoeuvre(spec, w);

X X X X X
OOPRWNE

=
'_\

S= s
NN

yr3
ylI3

yréd
yl4

yl5
yr5

X X X X X
A WNRFRO

+
+
+
+
+

y0-manoeuvre.wl/2;

manoeuvre.l1;
manoeuvre.|2;
manoeuvre.|3;
manoeuvre.l4;
manoeuvre.|5;

yO+manoeuvre.wl/2;

ylL;

yll+manoeuvre.w2;

yr2;

yr3-manoeuvre.w3;

yr3;

yr4-manoeuvre.w4,

yl4,

yl5+manoeuvre.w5;

if (nargin < 1)
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limit.X = [ x0; x1; x1; x2; x2; x3; x3; x4; x4, x5];
limit.Y_lhs = [yl1;yl1;yl2;yI2;yI3;yI3;yl4;yl4;yI5;yl
limit.Y_rhs = [yrl;yrl;yr2;yr2;yr3;yr3;yrd;yrd;yr5;yr

pl ot (limit.X, [limit.Y_lhs,limit.Y_rhs])

el se

ifo(( si’ze(x,l) == 1) & ( size(x2) > 1))
X = X

end
limit.X = X;

limit.Y_lhs(:,1) ...

(x <= x1)
(x > x1) & (x <= x2)) .
(x > x2) & (x <= x3)) .
(x > x3) & (x <= x4)) .
(x > x4) & (x <= x5)) .
(x > x5) . = yI5;

limit.Y_rhs(;,1) ...

++ + 4+l

(x <= x1)
(x > x1) & (x <= x2)) .
((x > x2) & (x <= x3)) .
((x > x3) & (x <= x4)) .
((x > x4) & (x <= x5)) .
(x > x5) . =* yr5;

+ 4+ +

end

EE I

* % ok F X

yl1 ..
yl2 ..
yl3 ...
yl4 ..
yl5 ...

yrl ..
yr3 .
yrd ...
yrs ..

5];
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