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Abstract
This thesis investigatesthe principle of co-ordination of chassis subsystemsby
proposing a new control structure for co-ordinating active steering technologies and
a brake based directional stability controller.

A non-linear vehicle handling model was developed for this study using the
Mattab and Simulink tools. This consists of a4 degree of freedom (d. o.f) lumpedparameter model that includes longitudinal, lateral, yaw and roll motions with quasistatic longitudinal load transfer effects including non-linear suspension and tyre
descriptions. The non-linear vehicle dynamics are discussed for the whole operating
In
identified,
driving
the
two
tasks
stability.
steerability
and
are
and
specific
regime
context of the vehicle states these are yaw rate control and side slip angle bounding
respectively.

Linear active steering controllers for front, rear and four wheel steering are
designed and evaluated in the context of the vehicle handling problem throughout
the non-linear operating regime to assist the driver in the two driving tasks
dynamics
in
is
defined.
It
the
the
the
through
vehicle
of
analysis
shown
previously
Chapter 3 that linear controllers can be used to significantly improve the handling
behaviour of a non-linear vehicle when only one active input is considered, however
is
inputs,
approach
required to
non-linear multivariable
when controlling two active
deal with the strongly coupled nature of the vehicle handling with respect to front

and rear steeringinputs.
A brake basedstability systemthat reflects the stateof the art is implemented.
The work then proposes a novel co-ordination controller structure for cobased
brake
for
controller
stability
a
and
ordination of an active steeringcontrollers
improving to vehicle handling control. The controller was assessedboth in steady
driving
manoeuvresover the
state and transient tests selectedto simulate real world
whole non-linear vehicle handling regime.
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The co-ordination controller is found to lead to a trade-off between stability and
limit cornering performance. The proposed structure improves vehicle stability and
reduces interactions in the longitudinal vehicle motion.

A detailed discussion of the implications

of a coordinated control approach

showing it to be a powerful tool providing, the interactions can be conveniently
related vehicle

handling

task and that an appropriate

measure of

vehicle

performance is available. The limitations of the approach are discussed. The most
significant limitations being a) the difficulty in proving the optimalty of a heuristic
control structure, b) the difficult

in assessing the controller behaviour and its

interaction with a real driver and c) the likely complexity of the rule base for
coordinating more than 2 or 3 systems or describing more complex interactions than
were observed here.
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1

Introduction

The use of electronic controllers for affecting the ride and handling properties of
passenger vehicles has been ongoing since the late 1970's. Considerable advances in
performance have been achieved through control of individual aspects of vehicle
behaviour. Early studies have reported improved ride through reduction of body
vertical accelerations, improved handling through reductions in dynamic tyre load
using active suspension and improved vehicle stability during braking through wheel
slip control using the, now common place, anti lock braking systems (ABS). In fact,
the development of individual controllers for many aspects of vehicle behaviour
relating steering, braking, transmission and suspension have all been widely
researched and investigated. Though these advanced control systems first appeared
commercially on luxury passenger cars, they are now becoming more widespread in

usage and even mid market saloons are now available, for example, with yaw
stability systemsthat have beendevelopedfrom ABS technology.

1.1 Vehicle Ride and Handling Control
Many of the currently available systems are designed to improve or control a
single aspect of vehicle behaviour but rarely are the effects limited to just a single
aspect, i. e. active suspension improves body control and ride comfort and dynamic
tyre load through controlling the vertical forces at each corner of the vehicle. This
improvement in dynamic tyre load improves the ability of the tyres to generate both
lateral

and

longitudinal

forces,

and

also

influences

the

handling

and

acceleration/braking of the vehicle.

The next logical step is to consider using more than one of these systems to
exploit these interactions, for instance, braking and suspension controllers and
indeed literature exists to suggest that this is the current vogue, for example
(Smakman 2000a; Brennan and Alleyne 2001 a).

-2One of the key benefits of this proliferation of automotive control systems is the
potential to increase vehicle safety as dynamic stability and predictability

are

improved in severe manoeuvres.

There are two immediately apparent approaches to integrating vehicle controllers
with these interactions in mind, a) take two or more of the previously well
understood handling controllers and apply them to a vehicle or b) design a single
controller that explicitly describes the interactions between the inputs and outputs of
the system. These can be considered from a design point of view to be "bottom - up"
or "top - down", respectively.

These two methods have specific strengths and weaknesses. The top-down
approach is a complex task requiring a detailed description of the system to be
controlled, however it provides the most analytic and quantitative approach. The
bottom-up approach is comparatively simple as it can make use of previously
designed and well understood systems. It does, however, require a careful study of
the systems in question as interactions between them may exist. If this is the case, an
additional level of knowledge based control is required to prevent interactions
detrimental to vehicle performance, in much the same way as advanced drivers
understand the interactions between braking and steering.

1.2 Benefits of System Integration
Aside from the potential to improve the vehicle behaviour as described above,
two other additional and attractive benefits exist

a)

Controllers attempting to improve a specific aspect are likely to use
the same sensors, for instance with respect to handling a steering
system improving vehicle yaw rate response requires a measure of yaw
rate to implement feedback control, a brake based stability controller
also requires a measure of yaw in order to assess vehicle stability and
estimate side slip angle. If these two systems were implemented
separately, two yaw rate sensors would

be required. Stand alone

systems generally require a set of sensors per system. The co-

-3ordination of controllers allows the use of information from one sensor
in many systems. A second aspect of this sharing of information is
improved robustness or virtual redundancy that can be achieved
through communication between different systems.

b)

The increased scope for affecting vehicle handling properties and a
reduction in traditional trade-offs allows a degree of tuning to occur
through software. This can be exploited in two ways, a reduction in the
length of the development cycle as the need for mechanical tuning is
reduced and secondly, to improve the potential market. For example,
one vehicle can have selectable ride and handling characteristic to
appeal to a broader range of people, a sporty setting as well as a more
leisurely behaviour but still be able to respond appropriately in critical
driving situations.

The potential for these improvements is limited by the level of integration and the
number of different systems available. Since this linked to cost, it is almost

inevitable that this potential for greaterflexibility will be explored on the expensive,
luxury class of passengercarsin the first instance.

1.3 This Thesis
In order to investigate some of the implications of the trends described above,
this thesis is arrangedas follows
Chapter 2 will present a review of the many techniques that have been studied
for improving vehicle handling performance. In the context of this broad review, a
detailed set of aims and objective for thesis will be defined.

Chapter 3 describes the necessary level of vehicle modelling required for a
simulation

study into the effects of vehicle control system co-ordination.

In

particular, a detailed discussion of the practical vehicle dynamics is presented. The
outcome of this discussion is a clear understanding between the control problem and

the vehicle dynamicsproblem.

-4Chapter 4 presentsthe developmentof active steering controllers for the vehicle
dynamics problem described in Chapter 3. Importantly, it is found through a proper
understanding of what is required, linear controllers can be used to improve the
vehicle handling behaviour throughout the vehicle handling regime when only one

actuator is used, i. e. active front or rear wheel steering. However when both front
is
improve
be
handling,
to
used
approach
must
and rear steering
vehicle
a non-linear
applied in order to tackle the strong coupling between steer inputs and vehicle states.

Chapter 5 documentsthe development of active steering controllers and brake
based stability systems for use in a co-ordination strategy.

Chapter 6 details the design and implementation of a co-ordination strategy for
the controllers developed in chapters 4 and 5. Predicted simulation results for this
involving
for
handling
The
implications
vehicle
control
are
approach
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for
braking
in
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and
steering
and
specifically,
systems
general
multiple
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heuristic
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The
this
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power
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"off
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controllers.
shelf'
existing
using
Chapter 7 presents an overview of the work and identifies the key conclusions to
be drawn in the context of the aims and objectives defined in chapter 2. Future areas

of researchare also highlighted basedon the outcomesof the thesis.
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2

Review of active vehicle handling systems

This chapter presents a review of the literature relating to active control systems
for vehicle handling behaviour. In this thesis, handling specifically relates to the
lateral vehicle behaviour, and does not include systems such as antilock braking
handling.
It
longitudinal
(ABS)
(TCS)
traction
these
to
control
and
as
relate
system
does include systems such as differential braking and active suspension as these
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longitudinal
forces
to
affect
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or
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The development of systems for affecting vehicle handling has been ongoing
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-6(Donges 1995; Konik, Bartz et al. 2000), and Landrover with ARC, (Everett, Brown
et al. 2000b). The next challenge in vehicle dynamics is to seek to integrate the

functionality

of each of these systems in various combinations such that the

greatest cost/benefit is achieved.

Two approaches to this problem have appeared in the literature, the analytic, topdown approach and, by contrast, the more pragmatic bottom-up co-ordination
approach. The former will be referred to as Generic Motion Control (GMC) in this
thesis and is characterised by the use of modern multivariable control techniques.
Figure 2-1 shows a typical structure of a such a system.

Figure

2-1 Structure

of a generic

motion

controller

with

the multivariable

controller

responding to vehicle states and driver commands.

The latter, i. e. bottom-up approach, applies what is commonly referred to as
expert knowledge, to develop handling controllers. These rule based controllers
typically

arbitrate between two or more stand-alone systems, Figure 2-2 shows a

typical structure of this type controller.
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Figure 2-2 Structure

of co-ordination

approach

showing the co-ordination

block as an

interface between controllers and vehicle

The following review will seek to understand what has already been achieved in
each area of stand-alone handling control systems. It will go on to review what has
been done both in the co-ordination of existing systems and in the development of
GMCs. From this review conclusions on new directions for research will be drawn
and used to formulate the aims and objectives of this thesis.

2.1 Chassis sub-system control
2.1.1 Steering based active control systems
Active

vehicle steering systems present the most obvious opportunity

affecting vehicle handling as they are traditionally

for

the primary vehicle input,

steering is also the most direct form as it is the only input that directly controls the
amount of generated lateral force rather than manipulating it through affecting the
amount of vertical or longitudinal force. The introduction of active controllers to the
steering system has been investigated since the early 80s.

The techniques associated with active front steering fall into three distinct
categories,

-8removal of the physical link between driver and the front steered

a)

wheels,steer-by-wire (SbW)
b)

change the ratio between the steering wheel and the steered wheels,
variable ratio steering (VRS) or superimpose an additional steering
angle onto the drivers steer input, front wheel steering intervention
(FWSI)

affect the level of assistanceprovided by controlled electric power
assistedsteering(SPAS) or hydraulic power assistedsteering(HPAS).

c)

Steer by wire uses an actuator to steer the wheels and a second actuator to
provide feedback to the driver and provides the greatest opportunity to affect the
handling behaviour.

VRS and FWSI typically use some form of planetary gear arrangement. The
advantage of such a system is that the physical link is retained and should the active
portion of the system fail, control is retained by the driver, albeit at reduced
functionality.

EPAS is a direct replacement for current hydraulic power steering systems
though it brings packaging benefits, reduced fuel consumption and, of most interest
here, an opportunity to improve the vehicle handling behaviour. All three techniques
have been used to improve vehicle handling and stability with varying degrees of

complexity and associatedcost.
Finally,

vehicles which have active steering front and rear have also been

investigated, active four wheel steering (A4S or 4WS, though the latter abbreviation
is also commonly used for vehicles where only the rear wheels are actively steered
and will not be used again in this thesis).

2.1.1.1

Active Front Wheel Steering (AFS)

This section will consider all the variants of AFS discussedi. e. HPAS, EPAS,
FWSI, VRS and Steerby wire.

-9Electric and Hydraulic Power Assisted Steering
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approach with respect to handling is that it becomes simple to affect the assist
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to potential improvements in steering feel, fuel economy and reduced complexity.
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understood though little attention is given to the ideal steering characteristic.

An approachby (McCann 2000) similarly claims to improve transmissibility of
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10small. A well discussed work is marred due to the simple linear modelling and
insufficient results to appropriately evidence the arguments made. Intuitively
however, the conclusions of the work are sound. A more detailed study with
appropriate modelling and an investigation of parameter variations, such as µ is
needed.
(Yuhara, Horiuchi et al. 1992) provides a theoretical and experimental study of
the driver-vehicle system during on-centre handling. The work proposes that the
torque feedback to the steering wheel is proportional to either lateral acceleration or
yaw rate and compares the effects of these two different controllers. The theoretical
analysis of this suggests that the gain between disturbance and lateral deviation is
reduced and so the driver will find tracking a straight line easier. An experimental
study using fixed base simulators as well as an experimental vehicle validates the
assumptions: drivers do find it easier to track a straight line in the presence of
external disturbances due to cross winds and that driver workload is reduced. The
work load results are based on a secondary task method. The greatest improvements
are found using lateral acceleration rather than yaw rate. Though the reasons for this
are not discussed, it is unsurprising because lateral acceleration is the second
derivative of lateral error and therefore the torque generated artificially

produces a

is
increase
lateral
While
to
the
this
torque
an
work
reduce
of
error.
steering
interesting study, it does not address driver-vehicle interaction during anything other
than straight ahead driving, it is not clear if the results would be the same if some
low lateral acceleration course following manoeuvres where examined, i. e. a lane
change. The strategy suggested probably has its greatest potential during motorway
driving but the speeds involved in the study are too low (only 30mph) to draw
conclusions.

The papers reviewed so far have concentrated on EPAS systems and the effect on
handling. The literature available is sparse though the work here suggests that
improvements to driving quality are possible and that this leads to an improvement

in vehicle stability at the limit and a reduction in driver work load away from the
limit of vehicle handling. The following section will review work based on the
secondapproach,VRS and FWSI.
Variable ratio Steering and front wheel steering intervention

-11Thesetwo approachesare closely linked as the hardwaretends to be very similar,
the typical method is to use an epicyclic planetary gear arrangementas describedin
(Kramer and Hackl 1996; Millsap and Law 1996). One shaft to the steering wheel,
the other to the steering rack, and the carrier velocity or position is controlled by a
worm drive. It appearsthe main advantageof this arrangement suggestedin the
literature is one of safety. If the electronic control or actuator fails, the physical link
is retained by locking the position of the carrier, hence the vehicle is still
controllable although with a deterioratedsteering characteristic.A further benefit is
a low power consumption compared to fully active steering or Steer by Wire. In a
fully active system, additional power is needed for torque feedback to the driver.
Using this type of gear arrangement,all torque is still reacted, by the driver, at the
steeringwheel.
The difference between a VRS or FWSI is the way in which the problem is
posed. In VRS, for given steer input, there is a computed steer angle that is also a
function of vehicle speed or some other state. With FWSI, an ideal steer angle is
calculated, based on some control scheme, and the actuator is moved to superimpose
the difference between the controllers desired steer angle and drivers commanded
steer angle, Figure 2-3.

Traditional
Steer
Input

Figure 2-3 Front wheel steering intervention

system

In essence, VRS is a feedforward system, and FWSI is a feedback system. In this
fully
VRS
is
FWSI
to
than
system.
closely
more
allied
active
a
respect,
steering
With FWSI however, if the driver does not provide the necessary reaction torque no
control is possible. The following section will discuss work based on VRS and then
finally FWSI and Steer by wire together.

-12(Kramer and Hackl 1996) presentfour simple control strategiesto investigate the
effectivenessof a the epicyclic gear arrangementdescribed above. These strategies
are

a)

A power assistedsteering

b)

A phaselead compensator

c)

Yaw rate tracking controller

d)

Yaw rate compensation strategy for yaw disturbances
induced by braking on split-µ surfaces.

The power assisted steering system is found to fall short of conventional
hydraulic systems and is not discussed in detail. The phase lead and yaw rate
tracking are both found to improve handling characteristics,showing reductions in
peak lateral accelerationsand steeringeffort with improved driver subjective ratings
during a double lane change manoeuvre at 90kph on a dry road. The yaw torque
compensationimproves braking behaviour on a split-it surface, a 70% reduction in
driver steer angle and 25% reduction in peak yaw rate. The work was performed on
an experimentalvehicle. A clear discussionof 4 strategiesshows the potential of this
system to improve vehicle handling behaviour through improved yaw responseand
improved rejection of external disturbancessuch as crosswinds and also suggests
that significant benefits can be achieved through co-ordination with a brake based
system manifested as reduced deviation from the desired course and reduced
stopping distance.
(Yoshimoto, Tanaka et al. 1999; Hayama, Nishizaki et al. 2000) present two
strategies based on qualitative analysis of two specific situations, i) spin out during
oversteer instability and ii) split µ braking respectively using an idealised AFS
system. The main problem with these approaches is the lack of generality required

by a steering system as the main form of vehicle control, i. e. these two specific
situations will not be the only two encounteredin typical driving. The conclusionsof
the work themselvesoffer little to the field AFS control. (Hayama, Nishizaki et at.
2000) claims that AFS has a greaterability to stabilise the vehicle than a brake based

-13stability system which contradicts the rest of the literature and most analysis on the
situation, it does seem to concur with (Kramer and Hackl 1996) in that a coordinated AFS and brake based system potentially offer significant benefits over
suchbrake basedsystemsalone.
(Abe, Shibahata et al. 2000) provide a much more detailed discussion of the
effect of steering gain on driver behaviour utilising the implementation described in
(Shimuzu, Kawai et al. 1999), an alternative to the more common planetary gear
train. The method is less versatile but less complicated and is a genuine variable
gear ratio system. The work is evidenced using a mixture of simulation, fixed base
simulator and experimental results. The study is well reasoned and suggests that
there is an upper and lower ideal limit on steering gain and that the most important
scheduling parameters are lateral acceleration and speed as these relate the vehicle
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shows that dynamically changing the steering gain can mitigate the deterioration of
vehicle handling characteristic using a plot of yaw rate gain and effective yaw rate
time constant. This approach for presenting information about the quality of the
vehicle handling characteristic was first presented in (Weir and DiMarco 1978) and
is commonly referred to as -Weir-DiMarco

plot. The work does not discuss the

robustness of the approach, particularly with respect to µ, as this will affect the
lateral
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A human factors study on the VRS system is presented in (Akita, Satoh et al.
2000). The work use a mixture of linear vehicle and driver model simulations and an
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discuss the severity of the manoeuvres. It does concur with (Abe, Shibahata et al.
2000) that there is an upper and lower bound on steering gain. The most interesting
aspect- is the investigation
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-14(Tajima, Yuhara et al. 1998; 1999; Yuhara, Tajima et al. 1999) also study the use
of steer by wire to improve the performance of the driver-vehicle

system. Gain

scheduling' between steering wheels and steered wheel is studied as is the
introduction of an additional torque to the driver to provide information

about

tracking error measured from road markers. A technique for calculating an ideal
gain and two gain scheduling strategies are proposed; one favouring heading angle,
the other lateral error. A fixed based simulator study finds that the benefits of each
strategy are inherently linked to driver task, continuous lane following or a discrete
lane change. It is also found that the calculated ideal gain is ineffective if driver
measurements are poor, introducing a torque feedback to the driver is found to allow
the gain to be set closer to ideal. A more complete and improved description of the
work is found in (Yuhara and Tajima 2001). This work proposes a number of
extensions. The conclusion in the previous work that the ideal gain is related to task
is reaffirmed and augmented in that it is also related to driving mood. Strategies for
determining task and mood are proposed using neural networks for mood and auto
regressive moving average technique for driving situation, lane change or lanefollowing. A I.

based yaw rate controller is also used to extend the earlier gain

scheduling concept. The advanced steering system proposed addresses a far broader
range of the man-machine interface issues than the other work and suggests
solutions to a number of them. Whilst the motivation for some of the approaches is
poorly justified, a working system that is found to be subjectively preferable to a
conventional

system using an experimental

vehicle is proposed, though the

subjective results presented are too narrow to be conclusive. The task identification
is also shown to be effective through measured data, though the influence of mood
on the control system is not discussed beyond it use in the controller and its
identification, it is unclear whether it bring any benefit in the final system or not.

The following papers use the same actuation principle but treat the relationship

betweensteering wheel and steeredwheels as dynamic, usually in responseto some
measuredvehicle state,i. e. yaw.
(Wang and Nagai 1992) present an adaptive AFS system for tracking yaw rate
and lateral accelerationreferencemodels on a 14 tonne commercial vehicle but the
study use the 2 D.O.F. single track vehicle model (STVM) description of vehicle
handling and henceis applicable to passengervehicles. A self tuning pole placement

-15controller is designed in discrete time and found to improve vehicle response in the
presence of step changes of cornering stiffness for both under and neutral steering

vehicles.The main weaknessof the simulation results is that no description is given
of the model.

LQR control is developed for AFS in (Smith, Benton et al. 2000). The work
suggests that the controller is a non-linear optimal controller. However what is
described in the text is gain scheduled a linear state feedback controller using
forward velocity as the scheduling parameter. This neglects the important nonlinearities due to suspension and tyre characteristics that would be observed in a real
vehicle at the high lateral accelerations discussed. The gains are calculated using a2
D. O.F. STVM to minimise an LQR-type cost function. This is tested, through
simulation on non-linear vehicle model with Dugoff tyre model, (Dugoff 1970), in a
number of aggressive handling manoeuvres (0.5-0.6g peak) and shown to be
effective and robust to changes in cornering stiffness, µ,

and mass. The results

indicate steer angles at the wheel of 25° which seems excessive as peak force is
generated at somewhere less than 3° in the tyre model plots presented, no discussion
of this feature is included.

(Zhang, Xu et al. 2001) presentsa sliding mode controller for a three degreeof
freedom vehicle model. The paper claims the model used for controller development
includes the important vehicle non-linearities. The model actually only includes
cross coupling terms between the longitudinal, lateral and yaw velocities and some
linear approximation of aerodynamic effects. A further assumption, "most roads are
straight" reduces the applicability of the' controller to the handling problem. The
same model is used for development and assessment of controller performance.
Simulation results for the rejection of a step lateral velocity error and longitudinal
acceleration are presented. Sliding mode control can clearly be applied to this
system, however the link to the real vehicle dynamics problem is not discussed.

(Peng, Tan et al. 2000) propose a decoupling controller to decouple the lateral
dynamics with the roll degree of freedom. The work suggests that interactions
between yaw and roll are significant between 1 and 4Hz, but only for softly sprung
vehicles. The controller is basedon a look aheadschemefor use in an autonomous
highway system (AHS). This frequency range would appear to be above the

-16frequenciesof interest for the handling of a softly sprung vehicle particularly if used
in a look aheadscheme.Active steeringis a prerequisitefor such an AHS. The work
fails to describethe model used for simulation. The controller is derived using H.
and µ-synthesis techniquesincluding a description of the structured uncertainties.
However, it is not clear how this description is arrived at nor is its effect on
controller performanceor robustness.
Three papers on the same study, (Ono, Hosoe et al. 1996; 1998a; 1998b), present
a new analysis of non-linear vehicle instability using bifurcation theory and an AFS
H. controller to prevent instability; the most detailed of which is (Ono, Hosoe et al.
1998a). The analysis of stability is performed through a study of the trajectories of a
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various
steer
angles,
work
yaw-side slip
previously well understood features of vehicle dynamics such as the effect of rear
tyre force saturation on stability. An adaptive H. controller is shown to effectively
stabilise a vehicle in simulation through not only controlling front steer angle but
also through identifying the peak lateral force of a tyre and limiting the steer angle
so that cornering stiffness' remain greater than zero front and rear. The work is clear
for
is
let
down
by
inappropriately
but
the
simple
model
use of an
and well argued
demonstrating the effectiveness of the control strategy.

A body, of work, (Guldner, Utkin et al. 1994; Sienel and Ackermann 1994;
Ackermann 1996aa; 1996bb; 1997; Guldner, Ackermann et al. 1999; Akita, Satoh et
al. 2000), develop a mixture of linear and nonlinear controllers
following

for pathway

in an AHS. Whilst the work is largely theoretical and not directly

in
framework
here,
it
does
handling
to
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problem
considered
applicable
which to solve the problem, including a technique for solving the trade-off between
good tracking with harsh variations in lateral acceleration and passenger comfort.
The main value of the work however comes from (Ackermann, Guldner et al. 1995),
it shows through simulation that very little difference is observed in terms of
for
linear
formulations
between
and
control
path tracking
performance
nonlinear
though this is only tested in the linear region of vehicle handling; it remains to be
seen if this is assertion is still valid in wider operating regimes including tyre nonlinearities. Whilst the work is thorough in its analysis as far as it goes, the controller
performance is not characterised over a wide enough operating regime to draw
useful conclusions.
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(Ackermann and Bunte 1997), discuss the effect of actuator rate limits. The
theoretical study based on a STVM

was performed

in response to earlier

experimental work where limit cycles where observed for some speeds and surfaces.
Hence the limit cycle behaviour was examined with respect to Hoo and speed. A
technique is presented that reduces the required actuator bandwidth and removes the
limit cycle behaviour. The limit cycle behaviour is unreported in other studies and it
is likely a property of the particular robust control approach applied. No simulation
results are presented. Whilst it does provide a technique for reducing actuator
requirements, it is of little practical value, particularly as it is restricted to the linear
range of vehicle motion.

(Sienel 1997) presents a study of the effect of front tyre cornering stiffness on the
robust control strategy described (Ackermann 1996a; Ackermann and Bunte 1997)
for AFS. The motivation for this study is that near the limit of vehicle handling, the
robust controller causes vehicle instability. A estimation technique for cornering
stiffness is presented and used to detect the point when it approaches zero. At this
condition, an expert driver is mimicked, the steer angle is reduced by some integral
of the drivers steer angle. Simulation

results present an extreme cornering

manoeuvre to demonstrate the effectiveness. Whilst

the new strategy is an

improvement over the original one, unusually, it does not appear to be a substantial
improvement over the passive vehicle. Further weakness are the lack of an

appropriatemodel, whilst it doesinclude tyre non-linearities in the form of a Dugoff
tyre model, (Dugoff 1970), it does not include load transfer or dynamic roll effects
in a transientmanoeuvreresulting a peak lateral accelerationof 0.6g.
(Huh, Seo et al. 1999) proposea techniquefor estimating lateral tyre force at the
individual wheels using Kalman filtering. A fuzzy logic controller is then developed
to compensatethe lack of tyre lateral force experienced on low mu surfaces by
controlling the actual front steer angle.The work is demonstratedusing hardwarein
the loop simulation (HIL). Though the technique is found to be effective, its effect
on vehicle handling is not demonstrated.It appearsfrom the results presentedthat
the combined estimation and control algorithm introduce some high frequency
dynamics that a driver, might potentially, find irritating or lead to unnecessary
actuatorusage.

-18(Wang and Ackermann 1998), present a study of PID controllers for AFS;

through an analysis of the STVM, it is shown that an oversteering car cannot be
destabilisedby any collection of positive PID gains, but an understeeringcar can.
The application of this result is unclear.
(Tagawa, Ogata et al. 1996) also use AFS in the context of AHS. They propose to
design robust model matching controller using Hoo control to achieve a vehicle
characteristic

invariant

to

speed, mass, geometry,

surface coefficient,

and

acceleration. Simulation results are presented using a mixture of linear and nonlinear models using open loop and closed loop tests, as well as frequency domain
results. As far as it goes, the work successfully achieves its yaw rate tracking aims
up to 0.6g lateral acceleration, but at the expense of large side slip angles, 4deg at
0.6g. This suggests that the vehicle is approaching its handling limit, and it is not
discussed how the controller copes with the impending tyre force saturation.

Whilst much of the reviewed work has considered a number of robust or optimal
control strategies, by far the most convincing and complete discussion of the control
problem can be found in (Mammar and Baghdasarian 2000; Mammar and Koenig
2002), the latter in particular. The earlier work presents a highly idealised Hoo
controller for the two degree of freedom control problem, i. e. good disturbance
rejection and good state tracking, in this case, yaw rate. The later work deals with
most of the earlier assumptions. In particular, out of the many papers on this subject,
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wide range of handling only manoeuvres on various surfaces and at various speeds,
however, the lateral accelerations achieved are too low allow proper evaluation of
the robustness properties of the developed controller, even on the low it surfaces.

2.1.1.2 Active Rear Wheel Steering (ARS)
Active rear steering was one of the first active controllers considered for
improving vehicle handling and as such has received a considerable amount of
interest. Further work has consideredthe effect controlling both front and rear steer
angles actively. Much of this literature considers both ARS and A4S. This section

-19will consider only ARS variants. And the following section will consider A4S and
A4S and ARS comparisons.
(Irie and Kuroki 1990) details Nissan's early strategies for improving vehicle
dynamic behaviour using feedforward control, from Nissan's earliest attempts dating
back to 1977. The first production system was released by Nissan in 1985. A similar
discussion, this time for commercial vehicles, comes from Mitsubishi,

(Susuki,

Matsuda et al. 1994). These papers discuss the same three control strategies, i)
proportional to front steer angle, ii) first order delay, and iii) a non-minimum phase
controller (called phase reversal control). The first order delay strategy is found to
have the greatest effect on stability and is improved further by scheduling gain time
constant with

vehicle payload. The phase reversal controller

provides most

improvement to the vehicles yaw rate response. Both these studies are carried out
using experimental vehicles.

A simulation study is found in (Lee 1995) which compares the feedforward
proportional strategy with one feeding back yaw rate through a phase lead-lag
compensator, showing improved transient response of yaw rate. An experimental
linear
feedforward
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Sugasawa
by
(Inoue
comparing
and feedback
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and
control shows that a combination of both can improve yaw dynamics whilst
description
BMW
disturbances.
the
of the
a
provide
reducing
effect of external
feedforward strategy Active Rear Axle Kinematics (ARK), (Donges and Wimberger
1993). These works are representative of much of the early literature.

A detailed study of the benefit of ARS is performed on a single track vehicle
model by (Whitehead 1988). A passive front wheel steeredvehicle, a proportional
feedforward and a zero side slip angle ARS are comparedboth with and with out a
the effects of the steering system at low and high speeds.The zero side slip angle
strategyis derived from the equationsof motion and is a yaw rate feedbackand steer
feedforward control. The author arguesthat many papershave reported transient and
subjective improvements in vehicle behaviour but none have been able to explain
why with respect to the vehicle dynamics. A number of important conclusions are
made. 1. ARS is not necessarilya good thing at low speeds,an analysis of parallel
parking shows it is most favourable to steer only at one end of the vehicle. 2.

-20Improvementsfrom zero side slip angle strategythat are at the expenseof excessive
understeer,result from three distinct features:

a)

yaw damping is improved at high speedsbecauseit effectively reduces
the trade-off between short chassis for manoeuvrability and long
chassis for stability

b)

it improves the balancebetween front and rear tyre force with respect
to high frequency steer inputs as it increases the rate at which rear tyre
slip is generated

c)

a complex interaction exists at high frequencies between steer input
torque and a free resonance of the vehicle called the weave mode. The
study demonstrates that the zero side slip strategy totally removes the
weave mode which is suggested to be responsible for drivers losing
control at the end of extreme obstacle avoidance manoeuvres. This
improvement allows a driver to "feel more secure" when driving ARS
vehicles.

The work importantly points out that the improvements, for the zero side slip
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tangible. The use of the side slip angle reduction is commonly cited, e.g. (Sato,
Kawai et al. 1991; Kleine and van Niekerk 1998), but none provide the level
analysisfound in Whitehead's study.
(Xia and Law 1990) compareWhitehead's closed loop zero side slip control with
(Sano,
Furukawa
by
The
1986).
loop
controllers
version
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et
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and an open
are

applied to a vehicle using combined steering and braking for collision

-21avoidance. Whilst the work is well argued and shows an appropriate selection of
results, the modelling only includes the interaction between longitudinal and lateral
forces, other factors affecting vehicle non-linearities such as load transfer are not

considered.A 15% decreasein the distancerequired to miss a 10 ft wide obstacleis
demonstrated.

Side slip control is again considered in (Sutantra and Kaelani 2000). In this study,
three different control algorithms, either zero side slip, side slip control or control of
instantaneous centre of turning are compared. The work notes that the control
strategy is linked with driving task which concurs with (Whitehead 1988) but the
analysis of the vehicle dynamics is less detailed than that work.

In addition to more classical control techniques described above, two papers have
implemented a fuzzy logic technique for controlling ARS. (Szosland 2000) presents
an open loop algorithm which reduces side slip angle. The technique is shown to be
highly effective on a non-linear vehicle model. It would appear that the success
however is dependent on the controller being tuned to a particular vehicle as no
feedback exists. As such a discussion of sensitivity of the controller parameters on
an objective measure of handling performance would allow more confidence in the
presented conclusions. Further the main value in using a fuzzy technique is to
describe the vehicle dynamics in terms of linguistic

variables, and though a

description of these variables is given, no discussion of how the rules where tuned is
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both
This
to
to
would
appear
presented.

and eventual

performance and robustness analysis.

An implementation with more value to the real vehicle dynamics problem is
presented in (Will, Teixeira et al. 1997). A local model technique is presented based
on the 2 D. O. F. STVM where two LQR based controllers for yaw and side slip are
designed and scheduled against slip angle. The simplicity of the technique presented
makes it an attractive solution to this non-linear problem, one linguistic variable
with two sets, BIG and SMALL.

This is compared with the 196 rules of the

approach in (Szosland 2000). The accuracy of the fuzzy model is compared against a
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-22version. More appropriate modelling and a broader selection of results is required to
confirm the effectiveness 'of the technique.

Much of the work has focused on classical control techniques for yaw rate and
side slip control. Few works include a detailed vehicle dynamics analysis of the
effects of the controller. An exception to this is the work by (Whitehead 1988)
where it is shown that the benefits of ARS are closely linked with driving task and

the benefits of approaches controlling purely to

side slip or yaw rate are

questionable.

2.1.1.3 Active Four Wheel Steering (A4S)
This section will consider the problem of controlling front and rear steer angles
actively, it also includes works where ARS and A4S have beencompared.
The simplest approach to controlling

vehicle motion is through the use of

feedforward control. A muddled discussion of the "Dynamics of four-wheel-steering
vehicles" by (Spentzas, Alkhazali et al. 2001) compares two feed forward ARS and
one feedforward A4S algorithm on 3 different

models; one model for each

controller. In the ARS case, a zero side slip angle control is proposed. In the A4S
case, rear steer angles are calculated as a function of front steer angle and its
derivative with gains selected using a numeric optimisation

technique to again

minimise side slip. The model used for the A4S case is a non-linear model and
includes roll and load transfer effects and a Pacejka tyre model. It is unclear what
the author set out to achieve, the conclusions are therefore impossible to interpret.
No base vehicle is shown for comparison, controller objectives are inconsistent as is
the model used for each controller. It may well be that simple feedforward control is
effective, but it can not be assessedon the basis of this work.

(Tran 1994) compares the principle of feedforward ARS and A4S control to
reducethe effect of wind disturbancesproducedby wind disturbances.The need for
disturbance rejection is linked to the improved aerodynamic characteristics with
respect to drag. Improving the fuel economy in this way has causedvehicles to be
more susceptible to side winds. The discussion of the controllers is based on an
analysis of the way external forces and moments are produced on the body by

-23external wind. Proposedfeed forward controllers for AFS,ARS A4S are evaluatedin
simulation with a STVM and ARS on an experimental vehicle. Simulation results
suggestthat significant improvements are found with A4S and ARS being the best
and worst respectively. AFS is very close in performance to A4S. The predicted
effectivenesswas not confirmed during experimental trails; in fact the driver rated
the vehicle subjectively worse. The work is an interesting study and the author
suggestsit as an alternative to yaw rate feedback;a comparisonof yaw rate feedback
and crosswind feedforward may have proved more insightful.
(Kleine and van Niekerk

1998) discusses the ARS controller developed by

(Whitehead 1988) which leads to zero side slip angle, the controller is derived
analytically

based on the single track vehicle model(STVM)

equations. This

particular algorithm creates an increase in the understeer behaviour of the vehicle
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drivers ability to control the steering wheel in response to torques generated by the
road, hence a different strategy can used if the front steer angle is to be controlled in
addition to the rear. The work is demonstrated on an appropriate non-linear vehicle
model and result for an aggressive lane change manoeuvre are presented. The
controller improves yaw damping and decreases the response time, the strong
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actually an ideal steering characteristic. In addition, as the author points out, much
work is required to asses robustness to parameter variations and also in order to
implement the algorithm.

Four companion works, (Ackermann 1990; 1992; 1993; 1994), provide a
theoretical discussion of robust handling controller development. They describe a
technique for controlling lateral accelerationat the front axle using AFS, allowing
the driver to track a given path, though it remains to be seen if this control is
desirable by a driver. The control is then improved by introducing a second loop
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-24degradedby the first control loop. Whilst the work provides interesting insight into
the vehicle dynamics problem, it is not sufficiently practical to be of much interest.
Theseworks proposecontrollers to changethe vehicle dynamics in ways different to
the rest of the literature but provide not evidence or even analysis on why these
techniques are an improvement. Further, it fails to demonstrate improvements to
vehicle handling away from the linear regime despite claims that the controllers are
robust. Although some simulation results are presented,none use a realistic vehicle
model and although the controllers are claimed robust, no study of parameter
variation is presentedin the simulation work.
A similar robust approach drawing

from Ackermann's

work

is found in

(Koumboulis and Skarpetis 2002). The work is again a theoretical derivation of a
robust control

strategy for zero side slip and yaw and lateral acceleration

decoupling. The results are attractive as the final implementation relies on the tuning
of single gain to affect behaviour. The work suffers from many of the same
problems

however.

lack

of

appropriate

models,

assumptions

and handling

manoeuvres; in this respect it adds little though it at least acknowledges the need for
a study of the inherent non-linearities.

Robust control has received a substantial amount of interest with respect to A4S
and ARS; probably the most insightful and most clearly explained is by (Gianone,
Palkovics et al. 1995). The work compares a conventional LQR controller for ARS
and A4S with a robust LQR/Hoo approach with a structured description of the
parametric uncertainties for state tracking a yaw rate and side slip angle. In this
study, only cornering stiffness is considered variable but the approach is readily
extendible to include mass etc. The work is performed through simulation on a
linear model. Performance is assessedboth with respect to a lane change manoeuvre
and a side wind disturbance. The robust strategy is shown to have equal performance
to the nominal LQR system with 35% variation in cornering stiffness, no discussion
is given of variations greater than this. Though the work is clear and well argued, a
broader range of simulation results and the use of a non-linear model would provide
further insight in to the features of the proposed controller.

(Mitschke and Ahring 1994) address the problem of parameter variations by
attempting to develop a controller to provide an "Invariable vehicle characteristic",

-25i. e. one with characteristics that do not vary in response to parameters changes such
as mass, inertia of surface coefficient

of friction.

It is shown through the

manipulation of ideal and actual vehicle transfer functions that this characteristic can
not be achieved, even if it is possible to measure all vehicle parameters, by the use
of only one extra input; only one state can be made invariant. It is demonstrated on a
STVM, using seven different parameter sets to represent load and surface variations
that a2D. O. F. controller(feedforward

and feedback) can make the vehicle largely

invariant in handling behaviour in open-loop tests. When a driver-model and a
handling manoeuvre is performed however, the controlled vehicle behaviour is
found to be unstable on low-µ surfaces such as an ice coated road. The analysis
suggests that estimation of parameters is required to mitigate changes in vehicle
handling behaviour due to large parameter variations such as iced roads. It is not
clear whether this analysis remains valid using a non-linear vehicle model though it
is likely to be representative.

A further implementation of the feedforward and feedback control approach is
found in (Aga, Kusunoki et al. 1990). Of particular interest here is the discussion of
reference model. The work is performed in both simulation on a linear vehicle
model and with the use of an experimental vehicle. A simple linear frequency
domain controller is developed for yaw rate and side slip angle tracking. Subjective
evaluation of this strategy found that the vehicle experienced increase roll rates and
this was found to be unpleasant, this is unreported elsewhere in the literature. To
deal with this problem, the states tracking problem was redesigned as one of yaw
rate and roll angle. Simulation and experimental results show effective yaw rate
tracking and the work also reports on an improved subjective rating due to the
smoother roll response. Improved stability is claimed but a insufficiently

complete

set of results is presented. In the final analysis, comparisons and results are only
included for ARS as a function of steer angle, ARS for yaw rate tracking and A4S
for yaw and roll tracking, hence it is difficult interpret this result with respect to the
more common yaw and side slip tacking strategy.

(Shiotsuka, Nagamatsu et al. 1994) present two Neural Network(NN)

techniques

for state tracking of yaw and zero-side slip behaviour using A4S. The first technique
uses a NN to capture the tyre non-linearities and is then used in to vary the gains in a

control loop. The secondusesa NN to capturethe full vehicle model and a secondto

-26implement a non-linear controller. Both are compared to a fixed gain controller
based on optimal control theory. The work is performed in simulation and validated
on an experimental vehicle. Whilst both NN controllers show an improvement over
the fixed gain approach, there is the commitment of a significant NN teaching task
and the need to re-teach the controller if the tyres are changed. It is also assumed in
the controller that surface coefficient of friction,

µ, can be measured. Though

improvements

are clearly -available through the use of adaptive non-linear
techniques, there is no discussion of issues such as robustness to parameter
variation, time for adaptation to take place, i. e. the time to teach the NN or the
required computational

power required to make these techniques feasible on

production cars.

2.1.1.4

Conclusion

This foregoing section has reviewed the body of work pertaining to active
steeringcontrollers for vehicle handling.
AFS systems have received attention both in terms of the practicalities of
implementing the system and also in terms of the benefits of various robust and
optimal control strategies. The overriding

weight of study has been aimed at

complex control strategies to simple situations rather than a realistic and general
discussion of the vehicle dynamics problem. The studies reviewed either solve very
specific problems, i. e. split-,u braking or crosswind rejection or the implementation
of a control strategy. Specifically relating to

control, out of a very large number of

publications, only one attempted a description of the uncertainty to the parameters of
the vehicle.

The resulting work largely fails to address the problems of designing controllers
to work over the full range of the vehicle non-linear handling regime which must be
a prerequisite for a realistic implementation. Particular failings of this area of study
are i) the use of inappropriately simple models for testing complex controllers and
ii) the lack of realistic and wide enough ranging handling manoeuvres to fully
investigate the performance and limits of proposed controllers. Further, only one
study investigated the behaviour of the steering controller at the point where tyre

-27force saturates with respect to steer angle and this study implemented an ad-hoc
strategy to mitigate its effects.

Similarly, the ARS and A4S literature suffers many of the same problems. A
lack of generality being the main one.
In the ARS case,the most common aim seemsto be a reduction in side slip angle
and a decoupling of side slip and yaw behaviour, this however has been shown to
induce understeer. Whilst Whitehead demonstrated that ARS control aims are

different depending on speed and driving task, few authors seem to have studied
anything other
than the high speed driving task. In fact, many of the works considered revisit
Whitehead's work without addressing many of the issues that Whitehead raises,
excessive understeer in particular. Further it is clear that logic that dictates which
control aims are appropriate will be key to an effective implementation and this
appears to have been given no consideration with respect to ARS. The modelling
practices also seem to fall short of what is required to fully

investigate the

controllers developed. Though the STVM is appropriate for high speed lane change
manoeuvres, providing side slip is small, a few works have considered combined
manoeuvres where this model is not valid.

The A4S approachallows two vehicle statesto be controlled and yaw and side
slip or lateral accelerationand side slip are most common. A4S is again viewed as a
control problem with little analysisof the vehicle dynamics problem.
The development of handling control systems using steering systems needs to be
pursued in the light of clear and well defined objectives for improving vehicle
handling over the whole lateral acceleration range. It is not suggested that steering
can eliminate effects such as tyre force saturation or low-µ

surfaces, but the effect

of such uncontrollable parameters needs to be clearly identified and addressed.

The presentation of advanced robust or optimal control algorithms for active
steering systems can not be said to be advantageous unless the studies consider an

appropriately broad range of handling manoeuvreson a vehicle model containing

-28with appropriate degree of complexity. A clear discussion of what is required and
why when formulating control objectives is lacking in this areaof the literature. It is
recognisedthat this is difficult as it involves many subjective as well as objective
factors but control solutions that neglect to consider the tasks required are of little
value.

2.1.2 Brake-based handling systems
Brake-based handling systems, e.g. direct yaw moment control (DYC),

are well

developed in the literature and are also now common place options on the mid to
high end cars from most manufacturers. A significant reason for this is the lack of
additional hardware required for implementation on vehicles already equipped with
ABS. The literature in this section is broadly split into: (I) studies of simple,
typically affecting only one wheel, algorithms for modulating the yaw moment
acting on the vehicle during severe manoeuvring, studies of advanced control
algorithms for controlling a particular vehicle state, side-slip or yaw rate through the
use of differential
implementing

braking

and (II),

brake based stability

studies investigating

the problems

of

systems ready for use by the automotive

industry, this final section also includes papers dealing with the prerequisite
parameter and state estimation techniques.

In order to affect the lateral behaviour of a vehicle, brake based systemsexploit
the fact that modulating wheel slip has the effect of rotating the tyre force vector on
the braked wheel. This can be used to control the lateral forces and yaw moment to
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braking is presented in Chapter 6, and will be referred to DYC.

An early and important contribution

to the analysis of vehicle stability

is

presented in (Inagaki, Kshiro et al. 1994), by Toyota. The work presents a series of
results utilising the side-slip angle, ß, phase plane to analyse the stability of the
vehicle. Side slip angle rate instead of yaw rate (commonly

used in vehicle

dynamics studies) ensures the phase plane characteristics are largely invariant with
respect to speed. The method is a natural extension to the study by (Shibahata,
Shimada et al. 1992) (discussed in section 2.1.3) where the name ?-method is
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-29to confine the vehicle state in a region of the phase plane. If the vehicle states
exceed this region a braking action at one wheel is generated.Experimental tests
carried out with a novice driver show this control strategy is effective and robust to
rapid changesin surfacecoefficient of friction, L.
(Yasui, Tozu et al. 1996a) presents a qualitative analysis of how a yaw moment
can be created by steering, braking or traction systems. The conclusion is that
braking is the best solution as it can a stabilise the yaw behaviour and reduce the
vehicle speed. The weakest feature of the analysis is the assertion that the tyres stay
within their friction limit. In reality it is the ability to balance the front and rear
lateral tyre forces, whether or not lateral tyre saturation is reached, that make this
system effective. The work exploits the ß-phase plane method for assessing vehicle
stability. An analysis of the yaw moment generated by controlling individual wheel
slips is given leading to the conclusion that front outer and rear inner wheels are
most effective for generating stabilising yaw moments. It is suggested that only the
front wheel needs to be braked, however this assumption is not related to the fact
that their test vehicle has an oversteering tendency and that using just the front
for.
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are proposed, again
generality. The work is validated through actual vehicle tests. A closed loop test
result shows a clear reduction in high frequency driver corrections at the expense of
larger low frequency inputs. Through out the work, no analysis is presented on the
inevitable interactions with the longitudinal vehicle motion. The attractiveness of the
technique presented is its simplicity.

The importance of the characteristic of hydraulic brake actuators is further
suggested in the work by (Nishimaki, Yuhara et al. 1998). A robust Hoo two degree
of freedom controller is designed. The work is validated experimentally. It is shown
that the requirements for DYC with respect to actuator transport delay and rise time
can be satisfied for all reasonable situations even in the presence of extreme
environmental

conditions

providing

an appropriate controller

is deigned. A

is
demonstrated
improvement
in
DYC
in the presence of the
performance
substantial
new actuator control strategy.

-30A further work by (Yasui, Tozu et al. 1996b),comparesthe above algorithm for a
braking in turn manoeuvre with Brake force Distribution Control (BDC). BDC
moderatesthe amount of rear brake force such that it is maximised but limited such
that the rear tyres do not reach lateral force saturation, and hence ensure stability
when braking and cornering. The presented results show that in the combined
manoeuvres,BDC performs as well as DYC with respect to lateral behaviour, but
that DYC has the addedability to improve behaviour when the no braking is taking
place, i. e. a lane change. The commercial advantageof BDC is that on a vehicle
fitted with ABS, no addition hardwareis required. Despite the fact that BDC is only
active during a braking manoeuvre,no comment as to which system provided the
greatestdecelerationwhilst maintaining stability is given, though the DYC system
implying
brake
be
to
the
pressure
wheels
shorter
allows greater
applied at
rear
stopping distances.
Toyota present a similar approach in (Koibuchi, Yamamoto et al. 1996). The
work is based on the same principle as the previous work but extends the single
wheel algorithm to include braking of all four wheels in fixed proportion. The
simulation work is evaluated on the basis of minimum

achievable steady state

cornering radius at various speeds. It is shown that the braking of more than one
wheel increases the generated yaw moment and the system therefore has a greater
ability to either stabilise the vehicle in the ß phase plane or for yaw rate tracking.
However this greater actuation ability is only applied to yaw rate tracking, referred
to as course trace, the one wheel algorithm is still used in stability control. The
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stability has priority.

Again the work is validated experimentally through a closed loop lane change
and a J-turn manoeuvre with deceleration, i. e. braking and steering. The lateral

behaviour', is as predicted and the very large braking forces suggest large
deceleration,but no results are presented.Again, no discussion of the longitudinal
dynamics are presented.

Work exploiting hardware in the loop simulation(HILS) is presentedby (Ryu,
Lee et al. 1998). The work clearly explains the HILS technique with respect to
evaluating the performanceof a single wheel DYC system. The work confirms the

-31effectiveness of the braking algorithm whilst adding little to what has already been
done. However the real value of the work is the analytic description of generated
yaw moments through controlling

wheel slip based on the Dugoff

tyre model

(Dugoff 1970) and more importantly, the fact the technique is highly robust to
variations in surface coefficient of friction, it.

(Cheng 1998) proposes a single wheel braking algorithm that is substantially
more complicated than any of those already reviewed. The paper presents an ad-hoc
collection of "modification factors" and fuzzy rules designed to allow the system to
be easy to implement. A rule based arbitration technique for ABS controller and
DYC is presented. Also of interest is the assertion that DYC should be used to
control yaw rate away from the limit but when this is no longer feasible, side slip
angle should be controlled. In common with the papers reviewed, the implications
on the longitudinal dynamics of yaw rate tracking through differential braking are
not discussed. Whilst both simulation and experimental results suggest the technique
is successful; justification of the complexity of this "simple" approach is weak.

The most structured approach to the simple one wheel DYC algorithm is by
(Bang, Lee et al. 2001). The work starts by developing a SMC wheel slip controller
for a quarter car model with an effective friction force estimation technique and
hence optimises braking distance. The approach suffers due to a lack of robustness
to external disturbances yaw disturbances and the stability benefits are small. As is
the case in BDC systems. A simple PID algorithm is introduced to moderate the
reference wheel slip in order to generate a yaw moment from the front wheels. This
algorithm is only active during braking but the structured approach lends itself to
extensions to a full DYC. The work-is demonstrated on a full non-linear vehicle
model in an extensive set of severe combined braking and handling manoeuvres.

The forgoing papers demonstrated the development of DYC algorithms based on
qualitative analysis of the influence of the non-linear tyre characteristic under
braking and steering. The single wheel braking algorithm based on ß phase plane
method was found to be effective at controlling vehicle directional stability in severe
steering only and combined steering and braking manoeuvres. The following papers
predominantly

use modern control

theory

to develop controllers

mathematical descriptions of vehicle handling behaviour.

based on

-32The work presented in (Kimbrough 1994) optimises vehicle deceleration through
the use of a Linear Program. Posing this vehicle dynamics problem in the framework
of a linear program allows the author to gain insight into this high coupled nonlinear dynamic system. The author uses the technique to quantitatively compare
what is a essentially a DYC system using differential braking with a BDC. The
results concur with (Yasui, Tozu et al. 1996b). Namely, that BDC works well in
preventing instability in the vehicle behaviour during braking but not in steering
only manoeuvres, however during combined and steering only manoeuvres, DYC is
more effective. This work explicitly shows, that stopping distances can be optimised
through the use of differential

braking when compared with BDC. The highly

idealised description of the vehicle is claimed to be effective in capturing the
important interaction between longitudinal

and lateral forces when braking and

steering through the use of bilinear tyre model. However, the controller performance
is not validated on a vehicle model with non-linear tyre characteristic and hence the
work remains highly academic in nature.

Another paper which concentrateson the more theoretical control aspectsis by
(Draknov, Ashrafi et al. 2000). The controller is basedon left to right distribution of
brake torque. The real benefit in the proposedformulation is that it is shown that no
knowledge of the tyre characteristicis needed.However the work falls far short of
being practically useful due the highly idealised analysisof vehicle handling.
A more practical approachis given in (Kwak and Park 2000) which attempts to
for
dynamics,
implementations
issues
SMC
the
namely
vehicle
with
addresssomeof
the needto differentiate estimatedstates.The results presentedfrom a full non-linear
vehicle model only show that state tracking is good and no discussion is presented
with respectto actuatorusageor the effect on longitudinal vehicle behaviour.
A sliding mode control(SMC) approach is presented by (Yoshioka, Adachi et al.
1998; Yoshioka, Adachi et al. 1999). Both papers present identical controllers and
simulation results, and the latter adds a brief description of the state and parameter
estimation techniques used. A simple tyre model is presented for use in the
controller development. In the work, PD, SMC and adaptive SMC systems are
being
found
is
SMC
there
technique
though
most
effective,
with
standard
presented

-33little explanation of the failure of the adaptive version to improve on the basic
system.The work is validated with a real vehicle.
It is of note that a control systemdevelopedfrom a model of the vehicle performs
in exactly the samefashion
as the strategiesdeveloped qualitatively, i. e. the control action is to brake only
one wheel; either the front outer or rear inner. This confirms the validity of the
simpler strategies.
Another description of the SMC technique is from (Abe, Kano et al. 1999). A
clear and well reasoned discussion of the use of side-slip control as an improvement
over yaw rate control is presented and the work is experimentally validated. The
results are clear and comprehensive. The most practically important fact to be
asserted is that accurate estimation of road coefficient of friction is not necessary for
good control performance in the vehicles side slip behaviour.

So far, two basic approacheshave been presented:control design basedon expert
knowledge and control design based on mathematical models of vehicle dynamics.
The first approach lends itself to fast practical implementations and this is reflected
by the fact that much of the work done is commercially driven. The second more
analytical approach is useful in two respects. Firstly, it allows the control objectives
to be formulated in ways which provide insight into the nature of the vehicle
dynamics problem being tackled and the importance of different aspect of the
implementation, i. e. state and parameter estimation. Secondly, it is frequently found
that the control action from the first expert knowledge algorithms closely mimics the
control action from the model based controllers. This gives confidence in both
approaches. So the analytic approach allows engineers to be much more quantitative

in their formulation of control algorithms for complicated systems.
In addition to investigations of the effects of brake control on vehicle handling
dynamics and the developmentof control algorithms, much work has beenpublished
implementations
body
the
and
a
smaller
of work on the human factors.
on
practical
Again many of thesepublications have been commercially driven. Due to the nature

-34of this study, this review will not be comprehensive but will include the most
important papers in this category.

Bosch have been a major protagonist in advancing the development of brakebased safety systems, which they name VDC, and released their first commercial
system in 1995. Bosch have documented much of their work in (van Zanten, Erhardt
et al. 1995; 1997; 1998) and most recently presented an overview of their efforts in
(van Zanten 2000). The first publication

details the first generation of VDC

available for rear wheel drive cars. The detail relates to the formulation of control
objectives, controller and software structure. The conclusions of which are:

1.

Vehicle behaviour should be linearised so the drivers have experience
of the vehicle characteristicsup to the limit.

2.

Interventions from the system should be minimal and smart so the
driver is unaware of the action. This is achieved using optimal control.

3.

Software structure is critical to the safety of the system. The ability to
recognise a failure in any system component is prerequisite.

The second publication is devoted to modifications made to VDC to (I) allow it
to be used on vehicles other than rear wheel drive, (II) improvements to sensor and
actuation technologies, and (III) the extensive restructuring of the software such that
some VDC functions are available even in the event of sensor or actuator failure.
This reduced availability is a substantial improvement over the earlier strategy. The
third paper is predominantly an overview of the system. The main interest in this
publication is the qualitative analysis of the performance requirements in relation to
driver perception in different driving modes, i. e. cruising, sporty handling or panic
braking and robustness characteristics with respect to changes in vehicle parameters
i. e. snow tyres in cold countries.

BMW presenta description of the developmentof their third generationstability
system in (Leffler, Auffhammer et al. 1998; Leffler, Krusche et al. 1998). Both
papersdiscussrationalisations in hardwarerequirementsand software development
In
in
implementation
to
cost.
addition, the secondpaper presentsan
order
reduce
and

-35electronic brake management(EBM)system to facilitate the DSC actuator demands.
The advantageof this hierarchical approachis that brake actuation technology can
be changed, i. e. Electro-hydraulic or Electromechanical brakes without change to
the DSC algorithm. Also additional brake functionality such as brake assist and/or
functions for Automatic Cruise control(ACC) can be included here. A complete
discussion of the benefits of EBM as an enabling technology is given in (Leffler
1996).

The main driving factor behind this cost reduction exercise is to achieve
penetration into the medium sized and compact car market. This implies that the
automotive industry, or least BMW, have decided that brake based stability systems

have an important role to play with regard to safety and product differentiation in
cars other than top end luxury models.
The importance of the software structure and robustnessis further reinforced in
the publication by (Fennel and Ding 2000) who introduce a model based technique
including many redundant sub-models of the various actuators and sensors. The
conclusions from the work are that through appropriate use of measured and
estimated signals, that sensor redundancy is unnecessary.

Modern active chassis control systems have the ability to significantly change the
typical vehicle handling characteristics. This change in behaviour requires that the
effect of these systems on the driver is investigated. (Sharp 2000) discusses the
problem in the context of the man machine interface. The drivers control task is
discussed with respect to eleven aspects of vehicle dynamics including stability,
steerability, behavioural consistency, control quality and performance envelope
amongst others. As evidence of the need for study in this area, the work highlights a
number of anecdotal situations where vehicle behaviour as influenced by active
chassis control systems such as active roll control, is changed in such a way as to
contradict the idea that vehicle handling characteristics should be. The main
conclusion is that there is little known about the subject. And that which is known
is
further
before
it
useful.
analysis
requires

A similar work is presentedby (Donges 1995), comparing the hierarchy of the
human control behaviour and the nature of the vehicle driving task. It then goes on

-36to show how BMW control systems, active rear axle kinematics(ARK)
three generations of dynamic stability control(DSC),

and the first

have reduced the drivers

workload. The conclusions contrast the functional pros and cons of both approaches
and show the commercial reasons for pursuing brake based systems. A dominant
factor is much of the required hardware and sensor technology is already well
developed and produced in large volumes, where as ARK has is expensive to
implement and is relatively low volume.

2.1.2.1

Conclusion

The above review of brake based stability systems has concentrated on the
development of algorithms, implementation issues and briefly considered human
factors and commercial reasons for pursuing this approach to chassis control. The
literature presented above is targeted at the passenger car sector, however much of it
is general. This technology is not limited to this sector and a number of publications
have been presented on commercial vehicles, articulated vehicles and car-caravan
combinations, (Kageyama 1992; Palkovics and Boker 1994; Gerum, Palkovics et al.
1998; Harada, Shinjyou et al. 1998; Sakakura, Shimosaka et al. 1998; OBrien and
Piper 2000). This work will not be reviewed here.

Brake based stability systems have reached acceptance as a commercially viable
technique for improving

limit

handling. Two broad approaches to the control

problem have been suggested: model based and knowledge based control. Both
techniques have been demonstrated to be effective in improving the limit handling
behaviour of vehicles and assisting drivers in a wide range severe cornering, braking
and combined cornering and braking manoeuvres. Both approaches, reassuringly,
yield a similar algorithm, i. e. most or all braking occurs at the front outer or rear
inner wheel depending on the required stabilising yaw moment. A number of
problems regarding the implementation of brake based stability systems were raised,
particularly that of state and parameter estimation, however this has not hindered
Bosch or BMW amongst others from releasing systems in to the market. Further, the
friction
has
been shown to have little effect on the
surface
coefficient
of
effect of
performance of DYC systems.

-372.1.3 Driveline-based handling systems
Driveline based systems again exploit the interactions between longitudinal and
lateral tyre forces. The advantage of driveline based systems is that the interferences
in longitudinal vehicle motion present in brake based systems are removed in an
ideal system. In order to transfer torque from left to right or front to rear, there are
essentially four basic techniques.

1.

Control using braking: Braking one wheel on a traditional differential
cause torque to be increased on the opposite side.

2.

Control of a limited slip differential(LSD):

This approach reduces

the speeddifference betweenthe left and right sides of the vehicle. The
level at which a speeddifference causelocking is variable.
3.

Drive torque control: Two clutches at either wheel are controlled to
vary torque at each wheel.

4.

Torque Bypass: An extra gearbox is arranged across the existing
differential so that torque can be transferredbetween outputs. This can
be done using either a continuously variable transmission (CVT) or a
fixed ratio gearbox with controlled clutches.

These approachescan be used for both left/right torque transfer and front/rear
torque transfer. Whilst it is recognisedthat the implementation method is crucial to
the commercial successof driveline control, the intricacies of the transmission will
itself
further
in
following
The
be
discussed
this
concern
study.
will review will
not
with systems effect on the handling dynamics and on the control strategies applied.

The

following

literature

falls

into

three broad

groups,

theoretical

and

experimental handling studies and implementation studies. Finally, a discussion of
the studies investigating handling of electric vehicles(EV) with individual wheel
be
is
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from
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-38The work by (Shibahata, Shimada et al. 1992) demonstrates a new technique, the
ß-method, for analysing the vehicle dynamic behaviour throughout the non-linear
handling regime and the effects of longitudinal

acceleration or deceleration on

handling. The excellent analysis allows the authors to relate side-slip angle to
vehicle stability. The relationship is then used to successfully predict the required
in
for
handling
to
vehicle
yaw
moment
compensate
changes
of
external
amount
behaviour due to lateral longitudinal acceleration. The unfeasibility of generating an
external yaw moment is then dealt with by generating the yaw moment through
distributing torque between left and right sides of the vehicle. The technique is
found to significantly

increase the vehicle performance envelope in combined

cornering and brakinglacceleration manoeuvres. The analysis and control design is
validated experimentally. The commercial product, Honda's Active Torque Transfer
System(ATTS), is presented in (Kuriki and Shibahata 1998), the main outcome of
this implementation study is that implementing ATTS on a front wheel steer vehicle
due
ATTS
be
to
the
torque
to
to
the
steer
zero
suspension
modified
ensure
requires
system.

A study on the relative merits of front/rear and left/right torque distribution is
given in (Motoyama, Uki et al. 1993). The work examines the potential of both
left
in
The
the
to
the
that
control
ability
simulation.
conclusions
are
approaches
/right torque distribution has the greatest potential to affect vehicle handling limit
due the ideal use of tyre lateral and longitudinal

forces. This concurs with the

previous studiesby Shibahata.The work is validated on an experimental vehicle.
(Doniselli,

Mastinu et al. 1994) investigate left/right

torque distribution.

An

theoretical analysis of different mechanical approaches is presented. A control
ideal,
improve
differential
be
is
to
to
the
a
shown
presented
and
scheme, assuming
the steady state and transient properties of vehicle handling. It is also suggested that
a vehicle with a controller differential has the potential to be more efficient though
this is not substantiated. The work is carried out on a non-linear vehicle model
including tyres, elasto-kinematics, dampers, engine and transmission characteristics.

Mitsubishi present an implementation of an active torque control system, Active

Yaw Control(AYC) in (Sawaseand Sano 1999). A discussion of different approach
to torque distribution is presented.A control strategy, with au estimation technique

-39is included. The system is then integrated with a brake based DYC system. The
integrated system is shown to control yaw more effectively than the brake based
DYC alone. The author draws attention to the fact that most drivers find brake based
DYC systems unpleasant in normal or sporty driving, however, no discussion of the
improvement, or otherwise, of this human aspect is discussed in the conclusions.
However, size and frequency of driver corrections during acceleration in a curve are
shown to be reduced.

Another experimental study is given in (Matsuno, Nitta et al. 2000). The work
presents a ?-estimation technique on which a control strategy is based. The work
does not detail the control strategy, but suggests it is largely based on detecting
driver intention and scheduling with respect to µ and throttle and is co-ordinated
with a brake based stability system. The structure of the system is unclear. Though
experimental results show the system is an improvement on fixed torque distribution
systems when limit handling is concerned.

In contrastto the controlled differential techniquesdescribedpreviously, Electric
vehicles present an ideal platform for investigations of such strategies,particularly
with the use of in-wheel motors due to the fast torque generating properties of
electric motors. (Sakai and Hon 2000) presents a description of such an
experimental vehicle and some simple controllers that demonstratethe potential of
such an approach.
Three papers have been presented (Shino, Miyamoto et al. 2000; Shino, Wang et
al. 2000; Shino and Nagai 2001) concerning the use optimal control theory to
control two electric motors used for drive on an electric vehicle. The nature of this
vehicle means it is ideally suited for studies into torque transfer control strategies.
However the others only present variations on a Linear Quadratic Gaussian(LQG)
feed-forward feed-back approach. Simulation results are presented for a model with
a non-linear brush tyre model, however the manoeuvres are only at low levels of
lateral acceleration and are therefore presumably in the linear regime of the vehicle.

A similar LQG basedstudy is presentedin (Park and Heo 2000). This study also
includes the developmentof u and side-slip angle estimation. Using the estimated
found
is
linear
design
to work well on a vehicle model with
the
controller
values,

-40non-linear tyres on a low it surface. A simulation

of a combined steering,

acceleration manoeuvre is presented.

2.1.3.1

Conclusion

The studies considered show the potential of driveline torque distribution sytem
for affecting vehicle handling. They show these systems are only less able to affect
the vehicle handling at the limit compared with brake based systems as the drive
torque involved has a lower limit than braking torque and although torque transfer
devices may have very fast responses, engines generally do not in comparison to
brake based systems. The characteristics of the devices with regard to the amount
and rate at which torque can be applied to a given wheel has not been fully presented
in the literature, nor have these requirements been clearly related to the vehicle
dynamics behaviour. In fact, it can be implied from (Sawase and Sano 1999;
Matsuno, Nitta et al. 2000) that during transient limit manoeuvring, a co-ordinated
brake and driveline approach is required. The benefits of a torque transfer system
therefore need to be investigated further with respect to transient manoeuvring in the
context of actuator limits.

Whilst the generalprinciples with respectto handling are identical, control theory
has not been so rigorously applied compared with the brake based approaches. As a
result the insight provided and the diversity of control approaches is not apparent.
The early papers are excellent and many of the conclusions are general and have
formed the basis of the studies on brake based systems in the previous sections,
(Shibahata, Shimada et al. 1992) in particular. However many of the later papers are
concerned with the implementation of the system and the discussion of controllers is
largely qualitative, and so, consequently is the discussion of the improvements in
handling behaviour.

The techniqueof torque transferacrossthe vehicle has obvious value with respect
to handling, (Motoyama, Uki et al. 1993), however scope for refinement of the
control strategiesand understandingof actuatorlimitations still exists.

-412.1.4 Suspension-based handling systems
Active suspension systems have been under investigation for affecting both
handling and ride since the early 80's. There are four main types of active
suspension:
1.

Fully Active, High Bandwidth A force generating actuator, usually
hydraulic, replacespassivespring and dampercomponents.

2.

Fully Active, Low Bandwidth A force generating actuator, usually
hydraulic, is included with passivespring and dampercomponents.

3.

Semi Active

Only the damping rates are modified thorough
controllable dampers. These switch or constantly vary orifice sizes
within the damper to achieve different rates. More recently they have
used Electro or Magneto Rheological fluids; this fluid changes its
viscosity in the presence of a electrical or magnetic field.

4.

Active roll systems Only the roll stiffness of the suspensionis actively
controlled using either a linear or rotary actuator to affect the roll bar
properties.

High and Low bandwidth fully and semi-active system based on actuators at each
wheel station however, have failed to become commercially attractive due to the
complexity of implementation, problems with harshness in ride and with large
power consumption though research is ongoing. A

specific

example of an

implementation of fully active suspension for ride and handling is presented in
(Williams

and Haddad 1997); the result only show improvements in passenger
discomfort, handling improvements are claimed and a technique for dynamically
controlling the roll moment is included within the strategy. A review of the control
aspects of the problem is presented by (Hrovat 1997) or (Gordon, Palkovics et al.
1994) and a discussion of the different approaches and practical problems can found
in (Williams 1997a; Williams 1997b). The conclusion is that semi-active systems
(controllable dampers) combined with some form of roll control system is the most
likely to be considered viable by vehicle manufacturers due to its low degree of

-42complexity, low cost, and simple packaging compared to other approaches. Systems
that affect the roll properties of the suspension in particular

have received

considerable interest recently. A significant benefit of these systems is that handling
benefits are not only achievable through an "ideal" suspension characteristic but
handling characteristics can be actively control through the use of roll moment
distribution(RMD).

Although semi-active suspension has been investigated with

respect to actively control the handling characteristic, (Murata and Ikeda 2000), little
has been published. The bulk of this section is concerned with techniques for
affecting vehicle handling through controlling the roll properties of a suspension.

The ability to affect the roll propertiesof a suspensionis attractive as it allows the
designerto reduce the ridethandling trade-offs associatedwith passive suspension,
more specifically, ride propertiescan be improved with sacrificing body roll control
benefit
further
issues.
A
the
potential
or
power
consumption
and without
complexity
of active suspensionsystemsis that the ability to affect the vertical forces at a tyre
directly influences the ability of that tyre to generatelongitudinal and lateral forces.
This ability to affect the vertical force of the tyre has been studied with a view a
control the lateral handling behaviour of vehicles and is commonly referred to as
RMD. Specifically, the greater the difference in vertical tyre forces at an axle, the
smaller the sum of lateral forces produced. A sensitivity study on the effects of
lateral load transfer distribution on vehicle handling can be found in (Clover and
Bernard 1993). The ability to control where the roll moment is reacted affects the
is
in
the
an
and
passive
vehicles
characteristic
of
vehicle
understeeror oversteer
important tool for affecting vehicle handling at mid to high (>0.4g) lateral
acceleration.
A number of papers have been published that detail the development of active
roll control systems.The largest portion of these is concernedwith improvement of
roll characteristics and the implementation of systems to achieve this; although a
number of these point to improvements in handling characteristics. A brief review of
the most interesting of these will be given along with the main conclusions. The

lesser
the
this
number of papers that specifically
of
section
will
review
remainder
investigate roll control or roll moment distribution to affect the lateral handling
propertiesof the vehicle and potential control approachesto achievethis.

-43A paper by (Shuttlewood, Crolla et al. 1993) details a roll control algorithm
is
in
fully
The
limited
bandwidth
suspension
system.
algorithm
active
roll
utilising a
addition to a ride and handling controller. The study includes detailed modelling of
the actuators. The main value of the work is that it demonstratesthat the nonlinearities involved with actuators significantly affect the control performance and
that studies on this type of system must include these characteristics. Secondly, that
the longitudinal

position of the lateral acceleration sensor used in the control

algorithm affects the control performance; if the sensor is a long way forward of the
C. o.G, then although control over the largest frequency range is possible, and
therefore a good transient response, undesirable oscillations in roll occur.

Another work that considers active suspension at each wheel station is by
(Murata and Ikeda 2000) where a semi active technique is used. As it only possible
to affect the damping rates using switchable dampers,only transient characteristics
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"driver security" through the use of an experimental vehicle. Only one control
algorithm is describedhowever(the better one) and no comparisonswith a passive
vehicle are presented.The control algorithm presentedinvolves the use of a virtual
damper at the inside of the corner, some distance from the vehicle. The paper
however offers little value without a more comprehensiveset of results, and detailed
objective and subjectivecomparisonswith other strategies.
(Cech 2000) compares the more common active roll bar strategy with an active
suspension approach and a passive vehicle. Whilst the work shows that the active
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improvement to the passivesystemat only modestcost and power consumption,it is

-44unlikely to receive much interest due to the associated proprietary suspension
system. The simulation work is validated experimentally

and demonstrates an

improvement in body roll angles and vehicle aquires an increasingly neutral steer
characteristic.

A simulation study by (Lang and Walz 1991) considering a large rear wheel drive
car using actively controlled anti roll bars with a rotary type actuator at the front and
rear. According to this paper, the first description of a technique for modifying roll

bar propertiesis in a Germanpatent,(van Winsen and Schumacher1961).
Few details of control, implementation, or the vehicle parameters are given
though control is based on lateral acceleration.For a step steer input leading to a
max lateral acceleration Of 0.45g, peak power is expected to be in the region of
220w although this is doubled if the lateral accelerationderivative is included in the
control algorithm. During a sinusoidal input, roll angles are reduced by a factor of
10 with peak lateral accelerationsof about 0.35g though power consumption is not
discussedfor this input. The work hints at the ability to affect understeer/oversteer
behaviour.

A paper by (Reusing, Ochs et al. 1992), presents some experimental results for
Renault Espace fitted with a rotary type actuator on the front and rear roll bars, in
much the same way as the previous work. The controller uses lateral acceleration
and its derivative, calculated from steer angle and speed rather than measured, to
calculate the required extra roll moment. The distribution of this moment from to
front to rear appears also to be a function of lateral acceleration and is used to
promote a more neutral steer characteristic except when a critical driving situation is
detected, in which case, an understeer characteristic is induced. The levels of roll are
reduced to zero up to 0.45g and then increase linearly, this increase in roll serves to
alert the driver that the vehicle limit is approaching. The fuel consumption of the
system is predicted to be 0.11 per 100km of normal driving, though this increases
linearly as more time is spent at higher lateral accelerations. The results are well
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system
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-45approximately 2Hz and consumes 1800w, though for typical driving conditions, a
bandwidth or power consumption is not suggested where the control signals are
smaller.

(Sharp and Pan 1992) perform a simulation based study with detailed models of
the hydraulic configuration of an active roll bar system. The work investigates the
various effects of flow rate limitations,

sensor positioning,

lateral acceleration

derivative feedback gains and control valve bandwidth for a typical rotary actuator
and suggests bounds a number of these. The issue of sensor position is again
discussed, the main conclusion is that the further forward, the better initial transient
response but at the expense of roll oscillations; concurring with (Shuttlewood, Crolla
et al. 1993). It is also stated that the sensor should be placed lower than the body
C. o.G. but this is not demonstrated with results or justified qualitatively. Also, the
use of lateral acceleration derivative is found to be beneficial in small amounts;
large derivative gains induce a counter roll at the start of transient manoeuvres
which, it is argued, would be found subjectively bad. A companion work, (Sharp
and Pan 1993) investigate the effect of controller sampling time performance and
similarly suggests bounds for a large saloon car. This second work also discusses
energy usage and, in contrast to the suggested 220W peak in (Lang and Walz 1991),
suggests a more realistic figure is 4kW peak. A very brief, qualitative discussion of
this work is given in (Sharp 1994).

Evidence of the importance of the characteristics of the hydraulic system is
further found in (George, Burdock et al. 2000). A genetic algorithm technique is
presentedfor optimising the electrical and mechanicalcharacteristicsof the pressure
control valve used in Landrover's

Active Cornering Enhancement(ACE),

now

available on the Discovery 2.
These three works by Sharp and Pan do not discuss in detail the effect on
handling but do present some lateral acceleration responses without conclusion. The

work is the most comprehensivediscussionof the design and implementation issues
for such roll control system.

Though there are a number of other papers relating to passengercars, (Darling,
Dorey et al. 1992;`Darling and Ross-Martin 1997; Darling and Hickson 1998;

-46Darling, Tilley et al. 1999; Everett, Brown et al. 2000a; Parsons, Pask et al. 2000),
which cover similar ground, both experimentally and in simulation, but add little. In
addition, commercial vehicles have also been considered as a potential platform for
roll control systems (Lin, Cebon et al. 1993; Kusahara, Li et al. 1994; Lin and
Cebon 1996; Sampson and Cebon 1998; Sampson, McKevitt et al. 1999). The main
aim here however, is an improvement

in roll

over stability.

Secondly, the

implementation and control strategies are significantly different due to the structural
flexibility

of large vehicles as noted in Kushahara. These papers will

not be

reviewed here as they offer little useful information when considering how to affect
handling of passenger car.

The remainder of this section will be devoted to studies of systems affecting
handling through distribution of roll moment, RMD.
(Abe 1992) presents a RMD strategy for use with an active suspension which is
not described, though the results are general. Actual roll moments are assumed to be
a first order lag of the demand roll moments. The work proposes a series of rules
based on the side-slip yaw rate phase plane to asses the vehicles stability; the
is
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is then calculated to match weight

this is first modified with respect to changes in longitudinal
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transfer due to longitudinal acceleration and then with respect to driver intention and
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strategy
aggressive
and only affects handling if the vehicle is close to a drift out or spin out situation.
The main weakness is the lack of robustness to surface variations due the use of yaw
in the phase plane; though the strategy could easily be transferred to the ß phase
plane which would go some way to alleviating this. Further, the RMD has the
potential to affect handling away from the limit and this is not discussed.

Two more studies confined to limit handling are proposed in (Constantine and
Law 1994; Kahrs and Law 1995). Both works lack the structure and the clear
largely
based,
developed
by
The
Abe.
algorithms
control
are
rule
objectives of work
from qualitative analysis with the aims to promote low roll and lateral stability under

-47handling, though the later paper includes a yaw rate tracking controller utilising
RMD. The simulation results do suggest some improvements in yaw rate tracking
but the lack of clear objectives undermines the conclusions and comparisons
between algorithms. The rule based algorithms are likely to be largely invariant to
surface variations though no discussion is given to robustness issues.

Most of the implementation

work

suggests that simple P or PD lateral

acceleration feedback control provides adequate performance of for roll control
systems, though some feedforward of steer angle was also reported with good effect.
(Hwang and Park 1994; Hwang and Park 1995) present a model predictive
control(MPC) for roll and roll moment distribution with aim of dealing with the
inherent limitations of the slow hydraulic actuators.

Whilst predictive control would appear to be appropriate control algorithm for
this type of problem, the work falls short of providing a convincing argument on a
number of counts. The work is highly idealised and it is assumed that a roll moment
can be generated and it possessesthe characteristic of a first order lag with a 300ms
time constant. Whilst this concurs with results in (Sharp and Pan 1992), it appears
too idealised to provide genuine insight into the effect of actuator characteristics and
therefore, ways to reduce their effect on controller and handling performance; in fact
it fails to demonstrate there is actually a real problem associated with this delay. The
model used for controller design is a linear model including yaw, lateral velocity and
roll. This model may well be sufficient if the controller is suitably robust however
no comment is given on robustness problems associated with mismatch between
predictor model and non-linear vehicle plant. The robustness characteristics of MPC
are difficult to demonstrate for non-linear plants and are closely associated with the
correct selection of design parameters such as control and prediction horizons,
(Camacho and Bordons 1999). No discussion of the selection of these parameters is
given. The latter paper includes the effects of actuator saturation, the demand and
saturated values only differ by less than 10%, the robustness claims are therefore
unconvincing.

The work contrasts feedforward and MPC for ARC and RMD. Whilst the
predictive control shows improvement over feedforward control and the passive
vehicle for both body control and a combined cornering-braking

manoeuvre. The
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steady state handling leading to zero roll or a constant understeer gradient, it is
therefore unsurprising that model based controller is an improvement. MPC
predictive control may however be a useful tool for this control problem,
particularly with respectto power consumptionand the oscillations associatedlateral
accelerationsensorpositioning, it remainsto be seen.
The other significant contribution with respect to alternative control approaches
for RMD is from (Williams and Haddad 1995). A non-linear sliding mode controller
is developed using a simple non-linear empirical tyre model. In addition a simple
proportional yaw rate tracking strategy is employed for comparison. Both controllers
where designed to achieve neutral steer behaviour. The work is a demonstrated both
in simulation and experimentally, though only the proportional controller is tested
experimentally. The simulation study is weakened by using the same model for plant
and controller development. The work concludes that the simple strategy approaches
the performance of the SMC version and is preferred as the requirements for state
and parameter estimation are much reduced. Whilst improvements where shown,
subjective issues relating to the high yaw rate accelerations where apparent, and had
to be addressed by filtering the steer angle input to the controller, slowing down the
vehicles dynamic response. The effects of low µ surfaces where not addressed,
though control signals do saturate on high it surfaces and both performance and
stability are demonstrated; it is likely to be similar on low µ surfaces.

More recently, (Konik, Bartz et at. 2000) published a description of BMW's
latest driver aid, Dynamic Drive; a combination of roll control and their proprietary
DSC, a brake based stability algorithm. The paper provides no description of the
control algorithm, though it is likely to based on yaw and side slip angle as the
system shares information with DSC. This assumption is based on other BMW
publications, (Smakman 2000a; Smakman 2000b) which will be reviewed in more
detail in the section 2.1.5. A description of the hardware and associated development
include.
is
Significant reductions in roll angle and in steer angle, 80% and 15%
cycle
at 0.6g respectively during steady state cornering. This behaviour converges to the
passive vehicle handling characteristic above 0.6g to warn the driver of the
lane
double
During
limit.
change manoeuvre including peak
a
approaching vehicle
lateral accelerations of 0.8g, the yaw rate during the second phase was reduced by

-4950% suggesting increased linearity between steer input and yaw rate and lateral
acceleration responses.The impact of these changes is judged to be subjectively
good. It was also noticed that systemencourageddrivers to driver in excessof 0.5g
for 0.4% of driver time, this is a five fold increaseon the passive vehicle but it is
unclear whether this was due to experiencedtest drivers or typical untrained drivers.
The praisefor this systemis glowing, however the results and details are sparse.The
systemis available on the latest 7 seriesas standard.

2.1.4.1 Conclusion
The early interest in fully active suspensionsystems has eventually led to the
commercial interest in comparatively simple semi active and active roll control
systems. The latter have been shown to have a strong ability to affect vehicle
handling properties and have already been acceptedby manufacturesof expensive
luxury cars and of SUVs where the high centre of gravity means that roll is a
significant problem.

From the literature, the largest body of work is concernedwith implementation of
roll control. Most studiesutilising lateral accelerationand its derivative for feedback
controllers or steer angle and forward velocity for feed forward controllers. These
predominantly aim to reduce body roll while cornering and most studies report an
associatedimprovement in handling, this has been attributed to a reduction in
camber effects at the tyre contact patch and more effective use of the suspension
working space.
Little consideration has been given to the robustness of these control algorithms
with regard to variations in load, C.o. G. or surface variations, though (Everett,
Brown et al. 2000a) shows that feedback of roll angle improves performance with
found
it
first
Unlike
brake
based
that
two.
the
to
the
systems
was
where
respect
controller performance was largely invariant to surface variation, no similar analysis
has been performed with respect to roll control systems.

Roll moment distribution systems have also been considered and a mixture of
generalstrategiesbasedon yaw rate tracking or on measuresof understeerparameter
have been proposed along with limit manoeuvring strategiesaimed at maintaining

-50stability during critical situations like high lateral acceleration combine braking and
steering. Similarly to the roll control work, robustness has not been largely studied;
BMW have a commercially

available system and the problems are clearly not

insurmountable and are likely to be of a practical nature.

The control algorithms for RMD are more varied with the introduction of MPC
and SMC, the latter being used to bench mark a proportional controller for yaw rate
tracking, again, variations in parameters are not investigated. Whilst the justification
of the use of advanced control algorithms is not convincing and the studies are
inclusive, there may be the potential to improve some aspects of performance like
power consumption or the roll oscillations associated with lateral acceleration sensor
positioning through a proper application of these model based techniques; further
research is required.

2.1.5 Comparative studies
An excellent paper by (Shimada and Shibahata 1994) of Honda presents an
analytic study of torque transfer, roll moment distribution, and active rear wheel
steering through an analysis of the vehicle dynamics. The study also serves to
demonstrate the power of the ß-method, developed in (Shibahata, Shimada et al.
1992). The analysis details the ability of each system to generate a stabilising yaw
in
behaviour
hence
improve
the
to
the
steady state
ability
vehicle
moment, and

i.
deceleration,
and
e. on a vehicle with
combined cornering
acceleration and
is
detailing
forward
It
the ability of the systems
therefore
speed.
a
study
constrained
to mitigate changesin vehicle handling due to longitudinal load transfer and tyre
operatingpoint. The conclusionsare summarisedin Table 1.
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ARS

Scope of
operation

Acceleration

Deceleration

Effective at only
low side slip
angles.

Effective in
maintaining
cornering
characteristic
and effect
declines in a
progressive

Less
effective and
handling
behaviour
changesin a
very abrupt
way as effect
declines.

way.

RMD

Effective only at

Moderately effective in

slip angles
approaching6°.

maintaining cornering
characteristicand effect declines in

The effectiveness

a progressive way.

of this systemis
highly dependent
on the weight
distribution of the
vehicle.
ATTS

Effective
throughout the
vehicle handling
regime.

Highly Effective in maintaining
cornering characteristicthroughout
the vehicle handling regime.

Table 2.1 Summary of (Shimada and Shibahata 1994)

The work does not include actuator characteristics.However, by analysing the
control action in accelerationand decelerationit is shown that torque transfer has the
greatestpower to affect the vehicle in changesfrom accelerationto decelerationand
large lateral accelerations.(Motoyama, Isoda et al. "=1998) of Mitsubishi

present a practical technique

utilising a flat belt chassis dynamometer to perform a similar analysis to that by
(Shimada and Shibahata 1994). In addition a study of the effect of front/rear torque
distribution. The work includes simulation and road tests. Whilst similar conclusions

are reached,the analysis with respect to the vehicle dynamics is less rigorous and
interpretationof the results is much more qualitative.

-52(Hac and Bodie 2002) attempt a comparison of ARS, AFS, DYC, and RMD by
active roll bar and by magneto-rheological(MR)

dampers. Initially,

an analysis of

the reason for vehicle instability is performed on 2 D. O. F. STVM with non-linear
tyres. Stability criteria are identified and it is stated that changes in the yaw moment
on the vehicle can promote stability. The ability of each system to generate a yaw
moment is presented though little conclusion is drawn about the relative merits.
Results are presented which show that MR dampers when integrated with DYC
significantly

reduce the brake usage compared with only DYC

in a transient

manoeuvre.

2.2 Co-ordination approaches
The review so far has looked at the many systems that have been developed,
utilising different aspects of the vehicle dynamic to affect lateral vehicle handling.
More specifically the systems have been stand-alone. This means that potential
synergies are not exploited and more importantly,

from a safety point of view,

conflicts are not mitigated. Studies of the potential for improving vehicle handling
through the use of two or more systems will be reviewed in this section. The
but
handling
co-ordination
at
performance
are not only aimed
advantages of system
Wallentowitz
implications,
have
discussed
in
(Roppenecker
and
commercial
as
also
1993; Wallentowitz

1995). The ability to exploit the information contained in one

improve
in
be
the
to
sensors,
number
vehicle control system another can
used reduce
robustness or simply
controller

to reduce computational

overheads by not duplicating

computations. The benefits may involve cost reduction and almost

certainly, a space saving by reducing the number of ECUs distributed throughout the
vehicle and a discussion of this is found in (Wallentowitz

1990). This section will

review only a selection of studies that best reflect the ideas behind a co-ordination
approach: the combination of stand-alone systems to exploit information and reduce
interferences.

The combined use of two systems for affecting vehicle handling is becoming
increasingly popular and has already found its way in to the top end of the market
place, BMW's 7-series being one example that includes RMD and a brake-based
stability program.

-53An early, if somewhat vague, discussion of the co-ordination of a fully active
suspension and an open loop ARS system is presented in (Yokoya, Kizu et al. 1990)
by Toyota. Most of the work is dedicated to a discussion of the implementation of
both systems, it emerges that a few rules are included in the control strategy to
improve handling. It is this introduction of rules to improve the combined behaviour
that is typical in co-ordination approaches. In this case, the suspension control gains
are scheduled as a function of the ARS steer angle to improve lateral handling. The
is
this
to react more roll gain to the rear of the vehicle to generate a pro
effect of
cornering moment. This experimental study demonstrates a 5% improvement of
maximum achievable speed in a slalom compared with the vehicle with only ARS
and 8% with conventional uncontrolled vehicle. Unfortunately, the results presented
do not allow the effects of introducing rules to control systems to be appreciated. A
further work by Toyota is presented in (Kawakami, Sato et al. 1992). Similar
conclusions are reached with the only extension being the addition of a yaw rate
sensor allowing closed loop control of yaw rate.

Braking and ARS are co-ordinated in (Plochl and Lugner 1996) but only for
braking on split-it surfaceswhere the ability to steerthe rear wheels allows braking
forces to be increasedmuch more rapidly with out generating a yaw that the driver
cannot control, this leadsto reducedstopping distanceand reduced lateral deviations
due to the induced yaw moment.
(Everett, Brown et al. 2000b) describe a vehicle with TDS, ARC and RMD. It is
suggested that although RMD has a significant ability to affect steady state handling
and reduce the effects of large mass variations on handling characteristics, it does
not significantly improve transient behaviour. A scaling factor schedules the TDS
system based on yaw acceleration; this is the only description of the control system.
Although it is noted that RMD has the ability to affect the sizes of forces generated
by TDS it is not discussed whether this feature is exploited. Good yaw rate tracking
is demonstrated on a non-linear vehicle model; results for the controller are limited,
it is therefore difficult

to draw conclusions about the quality of the control strategy.

A study by (Alleyne 1997) integrating active suspensionwith ABS attempts to
demonstratereductionsin stopping distanceby modulating the normal force at each
function
The
brake
torque.
work usesa static tyre model and therefore
as
a
wheel
of

-54fails to include the transient properties of the tyre which are shown to have an effect

force
Besselink
lateral
in
(Pacejka
longitudinal
to
and
the
and
produce a
ability
on
1997;Zegelaarand Pacejka 1997).
The most detailed example of a co-ordination or bottom up technique is found in
(Smakman 2000a; 2000b) of BMW. A thorough vehicle dynamics analysis of brake
based and suspension based stability

systems is provided. An internal model

DYC
for
RMD
one
wheel
system
scheduled
a
simple
gain
and
scheme
control(IMC)
The
found
interfere
These
to
co-ordination.
work
out
with
systems are
are proposed.
investigates the interactions and proposes a simple rule that prevents this interaction.
In addition, the longitudinal interactions observed with DYC are reduced through
improve
demonstrates
This
to
the
the
these
ability
rules.
work
proper selection of
behaviour of two control systems by understanding the interactions between them.

2.2.1.1

Conclusion

The reviewed work aims to co-ordinate different chassis control systems.
Although many authors claim, to integrate systems, it is rarely through a detailed
literature,
dynamics.
In
the
to
of
the
much
contrast
vehicle
understanding of
Smakman provides a detailed discussion of the technique and the need for
integration from the point of view of the vehicle dynamics. Though it seemslikely
that this co-ordination approachis the one actually followed in industry (much of the
BMW),
Toyota
is
by
here
a
and
vehicle manufacturers such as
work reviewed
detailed description of methodologies-are not available. The value or otherwise of
the approachhas yet to be fully understood.

2.3 Generic Motion Control(GMC)
The term Generic Motion Controller(GMC) is applied to studies that investigate
from
This
differs
the coto
multivariable control approaches vehicle motion.
ordination
describedearlier in that the controller is explicitly designedto integratecontrol of
based,
GMC
Typically
possessesthe greatestpotential
model
many vehicle motions.
for significant improvements in vehicle dynamics control through mathematically

-55describing the interactions between motions such as braking, steering and induced
vertical motions(pitch, roll and bounce). This design process can be considered a
"Top Down" approach and is attractive due to its analytic nature and the fact that a
quantitative

framework

for controller

evaluation

is inherent.

This

potential

improvement is tempered by the substantial increase in complexity of the design
process and the need for expensive state and parameter estimation and reliable
sensors in the implementation. The following

section will review work that has

applied multivariable techniques to the vehicle handling problem. This review will
not be exhaustive but will serve to identify the important issues in this field of
vehicle handling control.

A strategy proposed in (Hirano, Harada et al. 1993) uses Hoo based technique to
design a2D. O. F. yaw rate tracking controller for a vehicle with rear steering and a
front-rear torque distribution system. The strategy does not explicitly

describe the

interactions between longitudinal and lateral tyre forces but is shown to be robust to
them suggesting further improvements are possible. The authors observe that at the
limit of handling, large yaw rates are limited by the road surface and as such the
desired reference model is no longer realistic. This problem is addressed through the
use of an adaptive gain that reduces the demanded yaw rate when an estimated side
slip angle is high. This suggests that interactions with yaw and side slip need to be
addressed in limit handling and concurs with other literature already reviewed. The
advantage of the technique proposed here is that side slip is not used directly in the
control algorithm, and provided that any estimation of slip is an over estimate, the
system is stable. An extension of this work is found in (Hirano and Ono 1994) where
by
for
introduced
is
NN
this
to
the
tyre
strategy
need
adaptive
remove
a
model
estimating the tyre characteristic online, though similar performance is shown. The
controller is demonstrated through simulation and on an experimental vehicle.

(Salmon 1990) presents an LQR approach to controlling combined AFS and
braking. A simple approach demonstrating marginal improvements using a linear
controller on a non-linear model through simulation. The work only augmentsthe
drivers actions, i.e. moderatesbrake pedal pressure and front steer angle; though
simple it shows that an understandingof the interactions betweenthe two can lead to
improvementsin much the sameway as an experienceddriver can control a vehicle
in difficult situations. A comparison of the previous approach with control of

-56individual wheel torques and rear steering is found in (Venkataramanand Waldron
1993), both are compared to a passive vehicle and a vehicle with brake
is
This
time
controller.
pole
used
stand
alone
steering
placement
proportioning and a
to design the controller. The system with individual wheel torque and steering
improvements
in
lateral
marginal
acceleration and yaw, rate
control shows only
though side slip angle is reduced by 50% compared with the Salmon's work. It is
unclear from the study why the improvements suggested by other studies on
individual

brake torque control are not observed here. It is claimed the main

advantage is a reduced sensitivity to parameter variations though no evidence for

this is provided.
A model based technique, Non-linear Model Predictive Control(NLMPC), is
F.
O.
Okada
1999bb).
A7D.
in
(Horiuchi,
1998;
1999aa;
vehicle
et
al.
proposed
model(longitudinal, lateral, yaw and four wheel speeds)and simplified Dugoff tyre
model is used to for controller development and evaluation. The controller is
designed for yaw rate tracking, longitudinal velocity tracking and zero side slip
angle by integrating control of torque at eachwheel and of steerangle front and rear.
The simulation results presentedshow excellent performanceand good robustnessto
in
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are
side
slip
control.
with
zero
results
system
design model is used for evaluation in model based controllers, though the results
with large changes in µ provide some reassuranceas to the robustness of the
based
demonstrates
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the
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control
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work
power
controller.
techniquesto this problem, the work assumesall statesand tyre normal forces are
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in terms of state estimation, or more probably both. Though the controller was
in
be
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to
changes
robust
surface friction, no discussions of the required
shown
accuracyor upper limits on noise for such sensorsand estimatorsis provided.
(Yu and Moskwa 1994) again use a model based technique. Using input-output
linearisation and applying sliding model control to longitudinal

and lateral body

forces which are calculated based on driver inputs. The controller model in this case
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-57Horiuchi, the use of model based control is again shown to be highly effective. The
main draw back to this specific work is demonstrated in (Manning, Selby et al.
2002). The use of the Dugoff tyre model limits performance at the limit of vehicle
handling as it does not accurately represent tyre behaviour at this operating point.
The implication of this to all model based controllers is that control is only as good
as the model used. This model based approach is shown to be largely robust to the
limitations of the Dugoff tyre model in the work (Manning, Selby et al. 2002)
through the use of Pacejka tyre model for controller testing. This robustness is not
demonstrated through appropriate modelling in the work by (Yu and Moskwa 1994)
as the same Dugoff model is used for controller testing. Controller performance is
seen to be excellent, partially because there is no consideration to the mismatch
between the model used for controller development and the real world plant.

A further paper, (Manning, Crolla et at. 2000), discuss how the same SMC is
extended to control roll and bounce. Though good set point tracking is shown in
investigate
braking
handling
does
the
whether
and
work
not
aggressive
manoeuvre,
the controller integrates the vertical tyre forces into the control of handling motions
in the same way that RMD systems do. There is clearly a control trade-off to be
investigated, whether set point tracking of body motions are dominant or whether
handling is dominant.

A number of other papersexist that integrate the control of vehicle motions (Abe,
Ohkubo et al. 1994; Abe 1998; You and Chai 1999; Abe, Kano et al. 2001; Brennan
and Alleyne 2001a; Nagai, Shino et al. 2002), however the work reviewed here
reflects the studieswhich most encompassthe idea of 'Top Down" design.

2.3.1.1 Conclusion
The literature reviewed in this section presentsan overview of the work in the
field of multivariable vehicle handling controllers. Most of the papers presented
demonstrate excellent control of vehicle handling, and in some cases body control,
through describing,

mathematically,

the interactions

between vehicle

control

inputs(steering, braking and suspension) and vehicle states. The analytic nature of

the proposedmethodshas two distinct advantages,a) a great deal of insight can be
in
heuristic
in
the
elsewhere
more
approaches
reviewed
gained, as can confidence

-58this thesis, and b) the top down approach provides a benchmark for other control

is
it
achievable through combined
quantitative
study
of
what
approachesas allows a
control of vehicle inputs.
Many of the papers reviewed here assume state and parameter information

is

available rather than actually implementing such schemes. Although many of the
schemes presented here have inherent robustness properties, i. e. SMC, a detailed
investigation of what is required in terms of maximum noise and minimum accuracy
on estimated variables is not presented. Further, the ability to implement complex,
computationally expensive control algorithms is not discussed in the context of the
typical embedded computer systems which would be required to perform in real
time.

Most of the works reviewed use simple tyre models for the models and the effect
descriptions
difference
between
the
these
tyre
accurate
simple
and
of
models
more
such as Pacejka's is not discussed except in (Manning, Selby et al. 2002).

The applicability of the work presented here is unclear at present though
excellent performanceis clearly achieved.These complex multivariable controls are
expensivein terms of required information; many publications concerning state and
it
is conceded that the computational
though
estimation
exist
parameter
requirements are high and many of the algorithms perform complex optimisation
functions at eachcontrol stepto determinethe required control action.

2.4 Discussion
This literature review has covered all the individual systems for affecting vehicle
handling, both for steerability and stability and also comparative studies of those
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handling properties is clearly very important to academicsand industrial engineers

-59alike, as can be seen from the volume of the literature here and over one hundred
papers on the subject in the last 2 years.

The above review covered all the potential areas that have been applied to
affecting the handling behaviour of modern passenger cars. The system that
currently finds most favour in the market place is the brake based system. The
literature suggests a number of important reasons for this. Not least is the apparent
robustness of the approach to road surface variations and other parameter variations.
A second reason is that heuristic control strategies, which are simple to implement
and have shown excellent and robust dynamic performance.

The field of brake basedstability systemsalso has other interesting features that
can be applied to other vehicle handling control problems. The use of advanced
optimal and robust control techniquessuch as sliding mode control have also been
applied with great success.The use of the model basedapproacheshave confirmed
the validity of the earlier heuristic approachesand to some degree can be used to
benchmarkthe performanceof earlier approachesas the controller performanceand
robustnessis defined quantitatively. Despite the difficulties in applying advanced
multivariable control techniques to vehicle handling problems in a "real world"
situation, it appearsthis approachhas an important role to play in allowing a proper
evaluationof the potential performanceof many individual systems.
The brake-based system can be seen to be a subset of the more general torque
distribution systems(TDS), and the underlying analysis is identical. The use of these
TDS seems likely to be limited to niche markets aimed at sporty drivers due to the
high cost of implementation. Most of the open literature reflects this trend and is
done largely by vehicle manufacturers. The problems limiting a more widespread
application seems to be the cost of the hardware involved rather than anything more
fundamental. The advantage of the brake based systems is that they make use of
largely existing ABS hardware and only require the addition of a small number of
sensors. One of the main disadvantages of brake based systems cited in the literature
is the interaction with the longitudinal dynamics which does not exist with the TDS
approach and it can therefore be applied over wider range of vehicle operating
conditions.

-60The problem of brake based systems only being subjectively acceptable at the
limit can be solved by the introduction of a second (or indeed, a third) handling
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effect
as
a
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distributed and hence the system cannot be used at low lateral accelerations.
However, vehicle manufacturers have become highly proficient

in making cars

behave in subjectively favourable ways in this region. The system looks to be
particularly appropriate in large SUVs where large roll angles are problematic, an
ARC system can be simply extended to provide RMD functionality. This is unlikely
to be the case in passenger cars in all except the most expensive luxury cars and the
BMW 7-series is the only car that currently uses such a system. Control theory has
not been so rigorously applied to RMD systems as in the area of braking and
steering and most systems described rely on simple P and PD feedback schemes
based on lateral acceleration or feed forward of steer angle and speed. The ability to
improve performance or reduce energy consumption

through more advanced

approaches has not been quantified.

In contrast active steering controllers have received a large amount of attention
from control theorists and have had the broadestrangeof control techniquesapplied.
This however has not meant that the field is the most developed with respect to
practical solutions to the vehicle handling problem. Though a vast amount of
literature has been published on techniques for improving the vehicle dynamic
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studied with respect to ARS, more recently though AFS has received renewed
commercial interest.
It seems likely that vehicle manufacturers will continue the trend of increasing
the number of active handling systems on cars and a considered methodology is

required
to ensure that interferences are mitigated and possible synergies exploited. The
systems discussed above are all powerful tools for defining the behaviour of the
vehicle and it may be that in combination they become more powerful than the sum
of their individual effects.

Two approachesto this have become apparent. The "bottom up" approach of
adding systems with some supervisory action to deal with the interactions
heuristically and the "top down" approach to quantitatively describe system
interactions with respectto vehicle handling behaviour. The parallel developmentof
thesetwo approachescan, potentially be likened to the situation in the development
of brake basedcontrollers where both heuristic and model based approacheshave
used.
The model based approach is likely to be unfavourable from an industrial
perspectiveas it comparatively difficult develop and is computationally expensive.
There also remain a number of state and parameter estimation or measurement
problemsto be solved. However this approachis useful for providing insight.
Co-ordination based approaches, in contrast, make use of previously developed
and well understood vehicle handling controllers to improve behaviour. This
modular approach allows control and development work to broken down into subtasks with the associated reduction in complexity. From a commercial point of view,
it allows the subsystems to be developed by tier-1 suppliers in much the same way
as ABS and DYC currently are but to retain control of the high level algorithm
which will ultimately vehicle behaviour.

The approachesto co-ordination in the literature are not based on a detailed
analysis of the vehicle dynamics. This suggests that the interactions between
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co-ordination, this analysis is required. With out a detailed understanding of the
problem, the full benefits of a co-ordination approachare unlikely to be achieved.
The above discussion has led to an understanding of the control for vehicle
handling problem. In order to answer some of the questions raised, it is required to
specify the details of the following investigation. It seams clear that most vehicles in
the future will have some brake based stability system. In addition a system is
required to affect the vehicle away from the limit. Active steering is to be coordinated with a brake based system. This is because steering systems are well
understood and therefore likely to find favour in early commercial interest. Steering
systems are also the most general system considered in this review as steering is the
dominant control input by drivers and therefore clearly very powerful. A number of
works have selected these systems and have implemented multivariable control for
vehicle handling. This allows the co-ordination approach to be validated and its
effect quantified. The development of a co-ordination strategy for any two systems
would allow this to be done but the development of both a multivariable controller
and a co-ordination approach is considered to be beyond the scope of this project.
Further, the insight gained from this study should be applicable to any two, or more,
systems.

2.5 Aims and Objectives
The following aims and objectives will define the nature of the work in this thesis
and follow directly from the abovereview.

2.5.1.1 AIMS
1.

Through an analysis of the vehicle dynamics and, in particular, its nonlinear behaviour,a definition of driving task will be proposed.This will
allow an objective definition of the control task to be solved in the
developmentof vehicle handling controllers.

2.

Again through study of the vehicle dynamics, a controller structure will
be proposedto co-ordinate different vehicle handling controllers. It is

-63desired that this controller structure will allow vehicle handling
systems to interact more effectively to improve vehicle handling
behaviour of the full range of non-linearities.
3.

Through the use of a non-linear model of vehicle handling, the value of
co-ordinated approachesto vehicle handling will be comprehensively
assessedover the complete rangeof vehicle handling motions.

2.5.1.2 OBJECTIVES
In order to achievetheseaims, the following specific objectives will be met.
1.

A vehicle model which allows a study of handling over the entire range
of vehicle non-linearities will be developed.

2.

A discussion of vehicle handling behaviour will allow an objective
definition of the control task.

3.

Simple linear controllers will be developed for AFS, ARS and A4S in
the context of the definition of handling control task. This will allow
the relative merits of these three systems assessedin the context of a
co-ordination approach.These three systems have not been compared
effectively in the literature and it is necessary to establish what is
required in terms of the vehicle handling problem.

4.

A brake basedhandling systemfrom the literature will be implemented

5.

A structured approach to a co-ordinated control system will be
developed for the above two systems to gain understanding and to
proposea methodologyfor future development.

2.6 Conclusion
The chapterhas presenteda detailed and broad review of the literature relating to
vehicle handling controllers. The specific trends and features with respect to each

-64for
directions
been
discussed
have
handling
and possible
system
vehicle
improvement in each field have been suggested. Finally, a discussion of the
integration of vehicle handling systemshas allowed the aims and objectives of this
thesis to be specified. The following chapter will present a discussion of vehicle
modelling and a discussionof the non-linear vehicle handling regime.
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3

Vehicle Modelling and Control Objective Formulation

The following

chapter will discuss the development of linear and non-linear

vehicle models based on data provided by a vehicle manufacturer for a generic large
modern saloon car. It will develop the relationship between the formulation

of

control objectives for affecting the lateral handling behaviour throughout the vehicle

operatingregime and practical vehicle dynamics.
A discussionof the vehicle handling for which controllers will be developedwill
justify the featuresthe model describes.
Terms used to relate the practical vehicle dynamics handling behaviour to the
formulation of control objectives will be defined. The discussion will break down
the vehicle handling regime into three distinct regions of low, mid and high lateral
acceleration. This characterisation of the handling behaviour will be used to
illustrate the difficulties of designing control systems to improve all aspects of
vehicle handling behaviourover the entire range of possible operating conditions.

3.1 Vehicle modelling
In order to investigate the interactions of different subsystem controllers for
lateral handling, the vehicle operating regime and its associatednon-linearities must
be considered.For low levels of lateral acceleration,a simple linear description, the
2 D. O.F single track vehicle model(STVM), servesas a useful tool in gaining insight
in to the propertiesof the vehicle system,(Dixon 1991).
Beyond these low lateral accelerations, the vehicle's non-linearities become
important. In order to investigate the vehicle and controller behaviour, a4D. O.F
model using non-linear tyre and suspensiondescriptions is developed; this model
will be referred to as the non-linear vehicle model(NLVM). The data required to
is
is
by
Though
this
this
study
vehicle
populate
model provided
a
manufacturer.
confined purely to lateral handling controllers, the NLVM includes a quasi-static
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description of longitudinal load transfer to account for the effects of using braking
systems to affect lateral handling behaviour.

Finally,

a technique that allows the 2 D. O. F model to be used to investigate
observed in the 4 D. O. F. non-linear

effect of vehicle non-linearities

the

vehicle model is

described.

3.1.1 Linear 2 D. O. F. model.
The STVM model has been described extensively in the literature. The derivation
of the STVM by (Dixon 1991) is particularly good. The model describes the lateral
handling behaviour,
linear

range. The

Throughout

lateral velocity
linear

and yaw modes, at low lateral accelerations;

range of the vehicle

the

to be 0 -3 0.3g.

is considered

this chapter, this range will be referred to as the low lateral acceleration
is not used for predicting

regime. This description

of vehicle behaviour

of developed controllers

in this study. However,

details of vehicle behaviour.

it is commonly

It is also used directly

performance

referred to clarify

for controller

development.

Its

use as a design tool is described in more detail in Section 3.1.3.

A schematic of the STVM

model is shown in Figure 3-I,

variable

names are

defined in Table 3-1.
h

a

v,

ö,
U
h,

Figure 3-1 Single track vehicle model

Where: -

F,

-67Name/State

Symbol

Units

Lateral

v

m/s

r
8I

rad/s

Rear steer
angle

S2

rad

Front axle

Ff

N

F,

N

velocity

Yaw rate
Front steer
angle

rad

lateral
force
Rear axle
lateral
force

Table 3.1 State Variable, Actuator and Force Naming

The forces shown acting at the front and rear of the vehicle, shown as Ff and F,.,
are generatedby the tyres. The force generatedis proportional to the slip angle at the
wheel. Lateral slip angle, a, is the angle between the plane of the tire and the tyre's
direction of travel. If the wheel is steered,then lateral slip is a function of the wheels
lateral and longitudinal wheel velocities and steerangle Equation 3-1.
ar

afv+
fuu

and a=v-

br

Equation 3-1 Wheel lateral slip angle

Tyre force is related to slip angle by the cornering stiffness of the axle, Equation
3-2.
F

f., ) =C ct.. ) "a(J. )

Equation 3-2 Tyre force

Assuming constant forward velocity, Equation 3-3 describesthe vehicle dynamic
forces.
to
tyre
response

-68m(v+ ur) = Ff + F,
Izr=aF, -bF,

Equation 3.3 Newtonian description of single track model

Using Equation 3-1, Equation 3-2 and Equation 3-3, the vehicle responseto a
steer input at front or rear is described by Equation 3-4.
J_
1

aCf+bC,
_u

muu

ý

I-cf

zz
cf+b

+C,
_a

C,

8,
8=
+C,
r+C.

S2
+bC,
_u r+aCfS,

z

Equation 3-4 Equations of motion for single track vehicle model

3.1.1.1 Parameter set
The parameterset for the linear 2 D. O.F. vehicle model used in this study is as
follows.
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Symbol

Value

Units

Vehicle forward
velocity

u

30 (67)

m/s (mph)

Distance of front

a

1.544

m

Distanceof rear
axle to C.o.G.

b

1.364

m

Vehicle mass

m

1712

kg

Vehicle yaw

1Z

3344

kgm2

Front axle
cornering
stiffness

Cf

111

kN/rad

Rear axle
cornering
stiffness

Cr

121

kN/rad

axle to C.o.G.

inertia

Table 3-2 Parameter Naming and Nominal Values used In this study

3.1.2 Non-linear 4 D. O.F. vehicle model
A simple description of the vehicle dynamics describedabove is a useful tool for
understandingthe key featuresof vehicle handling behaviour. However, beyond the
low lateral acceleration region, described earlier, it cannot capture the vehicle
behaviour. The following section will describe and justify the features included in
the NLVM to be usedin this study.
The cause of these non-linearities can be accounted for through a study of
individual systems,i. e. tyres or suspension,of the vehicle. A number of these nonlinearities are `designedin' to improve the driver experience. The dominant nonlinearities that affect the vehicle are to be found with in the suspensionand tyres.
Therefore by implementing a non-linear suspension and tyre model, a good
representationof vehicle behaviourcan be produced.
The dominant effect of the suspension with respect to the lateral handling
behaviour is the roll mode as this affects the lateral transfer of vertical tyre load,
which in turn affects the available tyre force. The vehicle is assumedto run on a flat,
smooth road surface, consequently, vehicle bounce can be ignored. In additional

-70longitudinal decelerations are assumed to be small, therefore pitch is also ignored.
However, in order to account for the longitudinal load transfer during the use of
brake based handling systems, a quasi-static description of longitudinal load transfer
is include. Hence, to capture the vehicle dynamics for this study a4D. O. F. vehicle
is
The
tyres
vehicle model therefore
and
suspension
adequate.
non-linear
with
model
has longitudinal, lateral, yaw and roll degrees of freedom represented by
respectively.

Figure 3-2 shows the vehicle from above with the statesdescribed in the single
track model. Figure 3-3 shows the effect on vertical tyre forces due to changesin
longitudinal motion. Figure 3-4 shows the vehicle unsprung mass with the vehicle
body free to roll about the roll axis shown.
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Fy4

Fxl

F

Fxa

Front unsprung
mass C.o.G.

Fyl
u

a

r
Vehicle
C.o.G.

v

Fx2

Fx3

F

F y2

Rear unsprung
C.
G.
o.
mass

y3

t

Figure 3-2 Plan view of NLVM showing transnational and rotational states, tyre forces and
dimensions in the x-y plane. Nomenclature is defined In Table 3-3.

u
ý

h+d

LTR)
RC(ü,
.

ýý

Fe (4, LTR)

FxR

bIa

Figure 3-3 Side view of NLVM showing longitudinal state, tyre forces and dimensions in the
longitudinal
function
force,
F(zRe,
The
tyre
acceleration
of
a
zF)
are
shown
as
vertical
x-z plane.
and load transfer ratio(LTR).
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mb Fy

4

F

Figure 3-4 Rear view of NLVM
in the y-z plane.

showing roll and lateral states, tyre forces and dimensions
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FxI, F,

Name
Longitudinal force producedat the
front left, rear left, rear right and
front right wheels respectively

F,,3, Fx4
,

Lateral force produced at the front
left, rear left, rear right and front

Fyl Fy2, Fy3, Fy4
,

right wheels respectively
FXL, Fes;

Longitudinal force produced at the

FyF, FyR

left and right axles respectively
Lateral force produced at the front
and rear axles respectively

F, L, FR;, FzF FZRe
,

Vetrical forces corresponding to

MZ

Moment about the roll axis

vehicle left and right sidesand
front and rear axles

Table 3-3 Nomenclature for forces and moments used in descriptions of vehicle model.

The non-linear suspensiongeneratesa moment about the roll axis to affect body
roll angle in responseto lateral accelerations.This roll moment also influences the
vertical tyre force. The equations of motion are generated using a Lagrangian
approach,(Wells 1967),Equation 3-5.
Equations of motion

Qs = mm(ü -; iv) +(am -bm, ) yi2
f
Qy =m1(v+yiu)+(amf

-bm, -mbh)i%i
Qy, =(amf -bm, ) v+(amf -bm, )uyý+; H,
Q =-mbgho+(y

u-v+)mbh+jIs

and generalisedforces
Q=FyF+Fyx
Qy =FxL+F
Q4,=aFYF -bFyR+t(FYF-F'R

Q.=MZ(O,
$)
Equation 3-5 Lagrangian equations of motion and genralised forces for 4 D. O.F model
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The non-linear suspension description comprises a non-linear spring and damper
elements and an anti roll bar to affect lateral load transfer distribution from front to
rear. The description comes from data provided by a vehicle manufacturer for a
typical large European saloon car. Data for roll moment due to the springs and
dampers respectively is shown Figure 3-5 and Figure 3-6.

Data in Figure 3-5 and Figure 3-6 is used to calculate the term, Q, in Equation
3-5 and corresponds to the combined suspension moments generated by all sprung
elements and the combined damping effects generated by all damping elements,
shown in Equation 3-6.
(0,4=
MZ

3-6 Seperation

Equation

of vehicle roll

M.
M

(0) +M.,

(ý )
vP

moment in effects from

effects due to stiffness elements.

Measured roll moment as a function of roll angle

7

6

5

E
Z4

3
3
o:
2

1

0
0

1234567
Roll angle (deg]

Figure 3-5 Total roll moment as a function roll angle.

damping

elements and

-75-

Measured

roll moment

as a function of roll rate

1

0.9
0.8
0.7
Z

0.6

0.5

ö

0.4

0.3
0.2
0.1
0

0

10

123456789
Roll rate [deg/s]

Figure 3-6 Total roll moment as a function of roll rate.

Load transfer distribution describes the ratio of roll moment reacted at the front
of the vehicle compared to the total roll moment. This is affected by the relative
bar.
Load
front
the
anti
roll
suspension
of
any
rear
and
stiffness
and
stiffness of
transfer ratio as function of roll angle, again manufacturers data, is shown in Figure
3-7.
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0.8

0.75

0.7

0.65

01234567
Roll angle [deg]

Figure 3-7 Lateral

load transfer distribution.

front, 0.5 indicates equal distribution

1 indicates all load transfer

is reacted at the

front and rear, 0 indicates all load transfer reacted at the

rear wheels.

The tyre forces are functions of the longitudinal

and lateral wheel slips.

Longitudinal slip ratio is the deviation from a state of pure rolling. The tires are the
dominant force-generating component of a vehicle. As such, an accurate model of
the non-linear behaviour of the tyres is essential. The characteristic relating tire
force, slip angle, slip rate and tire vertical load has been modelled using the Pacejka
"Magic Formula" (Bakker, Nyborg et al. 1987). The implementation and Pacejka
coefficients are included in Appendix A.

3.1.2.1

Parameter Set

The parameter set for the linear 4 D. O. F. vehicle model used in this study, in
addition to the non-linear suspension parameters presented in the previous section is
given Table 3-4.
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Symbol

Value

Units

Vehicle
forward

u

30 (67)

m/s (mph)

Distanceof
front axle to
C.o.G

a

1.544

m

Distanceof
rear axle to
C.o.G.

b

1.364

m

Vehicle track

t

1.541

m

Vehicle
sprungmass

mb

1552

kg

Vehicle

mf

80

kg

m,

80

kg

Roll axis
height at
C.o.G

h

0.59

m

Sprungmass
height above
roll axis

d

0.2

m

Unsprung
massheight

h,,,

0.3

m

Vehicle yaw

IZ

3344

kgm

Vehicle roll

Ix

563

kgm

velocity

unsprung
mass front
Vehicle

unsprung
mass rea

inertia

inertia

Table 3-4 Vehicle geometry, massesand inertias used for non-linear vehicle model

3.1.2.2 Vehicle handling behaviour results
The steady behaviour of a car is typically described through the use of the
understeerparameter,a definition and discussionof the usefulnessof this parameter
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is found in (Dixon 1991). The understeer parameter, K, is defined as the rate of
change of steer angle at the wheels with respect to lateral acceleration, Equation 3-7.

as,

K=
a

Fr
mb

Equation 3-7 Understeer paramter

+mJ

+m,

using previously defined nomencalture

One particular advantage of this characterisation of steady handling is that it is
easily extracted in practice from skid pan tests and from vehicle simulations and is
plotted for the NLVM

in Figure 3-8. It also characterises the understeer/oversteer

behaviour, a negative value is an oversteering vehicle and a positive number is an
understeering vehicle, a value of zero means the vehicle has a neutral steer
characteristic.

5

4

3

E

ä
N2
3

I

0
-0.5'

Nýutral Steer

ýý
L
0

0.1

02

03

04

05

Lateral Acceleration,

06

07

08

09

[g]

Figure 3-8 Understeer parameter plot for typical generic large saloon car described.

The vehicle in question can be seen to be slightly oversteering at low lateral
accelerations, changing to understeering at around 0.2g and become progressively

-79more understeeringup to the vehicle steady state limit. This is referred as limit
understeer, any increase in steer angle has progressively less effect on lateral
acceleration. Also the idea of the vehicle having a linear regime can be seen. The
curve is locally flat up to about 0.3g; it is this region that the single track vehicle
model is typically used to describe.

3.1.3 Using the vehicle models for controller development
Designing controllers for any system requires an appropriate description of the
linear
linear
descriptions,
In
this
two
model
and
a
plant
a
non
mode,
plant.
study,
have been proposed.The 2 D. O.F linear model is easily converted to a form useful
for controller development.In this case,the frequency domain description of the 2
D.O.F model will be used;the transfer function matrix, Equation 3-8.
Y(s)
X (S)

= H(s)

Equation 3-8 Transfer function description

Y(s) is the Laplace transform of the output, X(s) is the Laplace transform of the
input, and H(s) is the Laplace transfer function matrix of the complete system. As
in
frequency
domain.
from
inputs
H(s)
describes
the
to
the
all
outputs
path
all
such
In the case of the bicycle model, the system has two inputs and two outputs and

henceH(s) is a 2x2 matrix, Equation 3-9.
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H(s)=

[H2.
H1.1(s) H.
i(s)
where

2(s)
H2.2(s)

(a
bC,
+b)-m,,,, u2a)
uC1(sI, u +
a,
H(sý=
den(s)
(sltu+aCf(a-b)+2b2C,
uC,
u2a)
-mMa,
H,.
2(sý=
den(s)
(sm,.,.,
(a
Cf
C,
+ b))
u
ua +
Hsl210
den(s)
(sm..,
)
(a-b)-2bC,
C.
C,
+
ub
HZ. (s) =uC,
z
den(s)
where den(s) = s21m"a, u+su(ma2C, +mb2C, +I=(Cf +C,
CfC, (a+b)+m.
C,ab
+2C.,
wubCf
and m,,., = mb+m j +m,

))+...

Equation 3-9 Transfer function matrix elements where s is the Laplace variable.

Figure 3-9 shows the physical meaning of each of the above componentsof the
transfer function matrix.

INF

Figure 3-9 Cross coupling effects In a MIMO system

With reference to the STVM description, the inputs are front and rear steering
and outputs are lateral velocity and yaw rate. By inspection of the transfer function
matrix, if either the terms on the diagonal or the terms off the diagonal are small,
then it can be seen that one input predominantly affects one output, and hence the
control of one state can be assigned to one input; called input-output pairing. In the
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control task studied here will be quantified and discussed in section 4.4.3.

This expression of the system behaviour is found to be very useful for gaining
insight into the nature of the control problem to be solved. Whilst the NLVM
provides a complete description of the vehicle dynamics of interest for handling
studies, it is cumbersome to use when trying understand how vehicle handling
changes as a function of operating point. By populating the STVM with values of
cornering stiffness at different operating points, insight in to the change in handling
behaviour can be gained by viewing these changes as different linear systems.

The dominant non-linearities in vehicle handling arise from the highly non-linear
relationship between tyre force, lateral slip angle, longitudinal slip ratio and tyre
vertical force. The vehicle can be described over any small operating regime using
the STVM. Tyre forces are related to steer angle by the cornering stiffness, Equation
3-2. The cornering stiffness describes the change in tyre force for a unit change in
steer angle. This property can be used to describe the vehicles behaviour at any
operating point for small deviations from that operating point. The cornering
stiffness can be extracted from the NLVM

as it is the gradient of tyre force with

respect to wheel steer angle. This technique allows the vehicle to be described using
a simple linear description for perturbations about any fixed operating point. Figure
3-10 shows cornering stiffness plotted against steady state lateral acceleration.

This ability to describethe full non-linear system in terms of many simple linear
models is very useful in understanding vehicle behaviour at different operating
points.
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Figure 3-10 Tyre cornering stiffness extracted from a non-linear

vehicle model.

It can be seen that cornering stiffness remains largely unchanged up to 0.5g, this
is commonly referred to as the linear region of vehicle handling.

The limit of vehicle handling is determined by the saturation of tyre force.
Modern vehicles are designed such that the front tyre force saturates before the rear
so that at the limit of handling, the vehicle understeers. Figure 3-10 shows the front
cornering stiffness at zero before the rear. This is considered to be safer than the
oversteer which would occur if rear tyre force saturated before the front. At this
operating point a small change in front steer angle will have virtually no effect on
the tyre force generated because the tyre cornering stiffness is zero. From this it can
be seen that active steering has little effect at the limit. However, away from the
limit, where cornering stiffness is still large, the effect of additional steer angles
generated by an active steering system have a significant effect on vehicle handling
response.

This example of the insight that can be gained using this technique also highlights
the need to validate controller design on a realistic vehicle model.
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interactions
between
interest
behaviour
The
the
understanding
strategies.
of
when
is
different
in
such
strategy
where the vehicle
control
systems
a
co-ordination
many
handling characteristic changes rapidly. As such the NLVM is used for all
investigationsof the interactionsbetweenmultiple controllers.

3.2 Control objectives for improvement of vehicle handling

behaviour
In the review of existing vehicle chassis sub-systems,it is clear that different
systemshave specific strengthsand weaknesswith respect to the operating regime
into
is
break
down
It
to
this
the
systemsthat are most effective
of
vehicle.
possible
in the low, mid, and high lateral acceleration regimes of a car. These operating
regimes have been identified as :-

A

0

4

0.3g

Low lateral acceleration

B

0.3

4

0.7g

Mid lateral acceleration

C

0.7

4

Limit

High lateral acceleration

Examples of systems which work in a particular regime would be active steering
in A and B, roll moment distribution in B and C, and Direct Yaw Moment in C.

That fact that a systemis particularly effective in one of these three regions does
not entirely preclude its use away from this region to support another system. For
instance, (Smakman 2000b), uses RMD to improve vehicle handling in the mid
lateral acceleration region. In addition to this, RMD is used to maximise the effect
of DYC in the high lateral acceleration region.

It can therefore be stated that the control task is closely related to the vehicle
operating point.
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for
individual
define
important
in
is
the
task
the
to
order
clearly
objective
regimes
control algorithms.

In this problem, there are two clear tasks:1.

Improve

the

vehicles

handling

response:

Steerability

2.

Ensure limit stability.

However, the boundarybetweenthesetasks is not distinct.
The rest of this section will discuss the meaning of these tasks and the interface
between them with respect to the practical vehicle dynamics problem.

These two tasks need clearly defining from the point of view of the practical
development.
from
the
then
of
view
of
controller
point
vehicle systemand

3.2.1 Steerability as a control objective
The vehicle handling response,is related to the ability of the vehicle to track
handling
is
however
important
from
driver.
It
that
to
the
recognise
commands
decision.
Much
is
(or
work
subjective
a
vehicle
ultimately
of
a
otherwise)
quality
has been published on the link between subjective and objective measures of vehicle
handling (Bisimis et Al. 1977, Weir and Dimarco, 1978, Ash et al, 2001), the
application of these metrics to determine the `ideal' vehicle response is beyond the
in
However,
the
the
the
to
this
a
vehicle
characteristics
of
ability
alter
scope of
work.
beneficial way according to classical metrics will
DiMarco

be demonstrated. Weir and

suggest that a vehicle can be evaluated with respect to its yaw rate

for
The
of
values
yaw rate steady state gain and
work
suggests
a
range
response.
by
driver
The
typical
time
work
will regard as good.
constant which a
equivalent
(Salmon 1990), suggests -that during most closed loop driving manoeuvres, i. e.
is
lateral
driver
the
attempting to
acceleration
region,
mid
moderate cornering,

-85control the yaw rate of the vehicle. This concurs with the work by (Weir and
DiMarco 1978).

A typical driver spends the majority

of

time operating in the low-lateral

acceleration region of the vehicle, i. e. the linear region (Mitschke, Wallentowitz et
al. 1991; Shibahata, Abe et al. 1994; van Zanten, Erhardt et al. 1995). A typical
driver is therefore inexperienced at controlling a vehicle in the non-linear region of
its handling behaviour. It can therefore be considered a favourable objective for the

vehicle responseto remain unchangedover a wide range of operating conditions, i. e.
the vehicle should be predictable, regardless of changes due to vehicle operating
point, external disturbances or parameter variations such as mass or yaw inertia.

Hence it can be stated that a specific objective for a steerability controller is to
track a reference yaw rate behaviour. This link between the general description of
good vehicle handling dynamics and the exact definition of the control problem is
important.

For the purposesof this study, the referencemodel will be basedon the bicycle
in
for
described
3.1.1,
data
the unladen vehicle during
with
model,
populated
vehicle

straight aheaddriving.

3.2.2 Stability as a control objective
The second task to ensure limit stability, also needs the link between practical
is
limit
dynamics
The
the
specific control problem establishing.
vehicle
vehicle
and
basedpurely on the ability of the tyres to generatea force. Further the behaviour at
the limit of vehicle handling is determined by whether it is the front or rear tyres
which saturate first. These two modes at the vehicle limit are referred to as limit
limit
oversteer respectively. A controller designed to operate at the
and
understeer
vehicle limit will be required to deal with both these situations.

Stability analysis with respect to linear dynamic systems and controller
development is related to eigenvalue analysis. However, this technique is not
directly applicable to the highly non-linear vehicle considered here. Limit
in
However,
is
or
ploughing,
unstable
a
strict
context.
understeer,
not
mathematical
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vehicle; in fact small changes in front steer angle will have no effect on the vehicle
due to the nature of the tyre characteristic. Limit oversteer, or spinning, on the other
hand is unstable in the mathematical sense. Again control of vehicle direction is also
lost. Thus, the second control task, ensure limit stability is related to controlling the
directional behaviour of the vehicle at the limit.

(Shibahata, Abe et al. 1994) showed that directional stability of the vehicle can be
determined on the sideslip or lateral velocity phase plane, and that bounding side
slip behaviour on the phase plane can ensure vehicle stability. In the definition of the
vehicle model presented here, the states are lateral velocity and yaw rate rather than
side slip angle and yaw rate. Lateral velocity and side slip are easily related and
Shibahata's analysis is still appropriate. Hence a controller will also be designed to
control the lateral velocity behaviour. The problem in this case, however, is not to
maintain a predictable behaviour for the lateral velocity state as was the case for
steerability. However, the problem can still be posed in this way, and a modified
be
discussed
in
Section
6.2.
behaviour
will
reference

3.2.3 Co-ordination of objectives over complete vehicle handling regime
The previous discussion has broken down the vehicle handling regime and the
into
These
two tasks were then
tasks
steerability
stability.
and
control
associated
related to the mathematical description of vehicle handling. It was established that a
subjective improvement in handling quality is related to the vehicle yaw state and
that a reference model tracking controller provides a framework to achieve an
improvement. Also, it was shown that stability is related to the ability to fix bounds
on the vehicle side slip angle and vehicle side slip angle velocity. By inspection of
Equation 3-9, it can be seen that the vehicle states, yaw and side slip, are strongly
coupled. In addition to this, directional stability is not in question away from the
vehicle limit; yaw rate tracking and handling quality are unimportant at the vehicle
limit as safety is the dominant concern. The nature of this boundary is indistinct and
becomes a feature for the designer to tune.

Through a detailed understanding of the vehicle dynamics relating these two
tasks, it is proposed to develop a rule basedstrategy to co-ordinate active steering

-87and brake based handling systems. The study aims to identify the key features
required for such an approachand assesesthe suitability of the studied systemsfor
use in a co-ordinated chassis system. It is desired that the synergies and conflicts
between the systems can be exploited and mitigated respectively through the use
rule base to schedule both control task and actuation system.

3.3 Conclusion
This chapter has demonstratedthe development of two vehicle models, a linear
single track model and a4D. O.F. non-linear model. The features of each model
have been discussedand justified with respect to the study to be performed. The
uses of these models for controller development tools as well as for testing
developedcontrollers has been discussed.A technique for using the linear model to
understandthe non-linear featuresof vehicle behaviour has beenproposed.
The relationship between practical vehicle dynamics and the development of
controllers to affect the handling has been exposed. In particular, the task of
improving the drivers control of the vehicle has been termed steerability. This
steerability task has been linked to yaw rate tracking. The ability to control the
behaviour has beenrelated to directional stability.
vehicles limit understeer/oversteer
These two different tasks have been shown to be conflicting and the nature of the
interface betweenthem discussed.

In addition, the language relating to driving tasks, controller design objectives
and vehicle handling terminology has been clarified in relation to this study. These
terms will be used throughout this thesis.
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4

Steering sub-system controller design

Active steering algorithms have been widely developed in the literature. The
review in chapter 2 concluded that whilst a wide variety of control algorithms have
been applied to achieve different vehicle responses,i. e. yaw rate tracking or zero
side slip angle, no consensus has yet been achieved on what is desirable.
Furthermore, few have tackled the problem from the practical vehicle dynamics
point of view with an aim to control the vehicle outside its linear operating regime.
This lack of consistency throughout the literature makes it difficult

to draw

conclusions about the suitability of a particular approach for a particular control
objective using either front, rear or four wheel steering. Initial results of a number
the control algorithms presented in the literature where compared on linear vehicle
model using a lane change manoeuvre and a side wind disturbance using seven
metrics covering driver workload, path tracking, tyre workload

and vehicle states

where compared on a linear driver and vehicle model. This work is found in (Selby,
Brown et al. 2000).

The aim of this study is to investigate the benefits of different active steering
systemsas part of a co-ordinatedstrategyto affect the vehicle handling dynamics. In
this study, the situation of high speed driving is considered on a constant or
homogeneousµ surface.
This section will show the development of controllers for each of active front
steering(AFS), active rear steering(ARS) and active four wheel steering(A4S). In
order to compare the suitability of these three systems for use in a co-ordinated
approach with a brake based handling system, controllers will

be designed to

address both control objectives discussed in section 3.2. In order to aid this
comparison of the effectiveness of AFS, ARS and A4S, a consistent approach to

controller design will be applied, i.e. the control design algorithm will be applied to
all steeringvariations for both statetracking problems.
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4.1 Control objectives
The control objectives discussed in section 3.2 linked the development of
handling controllers to a state-tracking problem, Figure 4-1. A classical control
approach will be applied to solve this problem.

STEERING
CONTROLLER
fiver inputs
O/P
:hicle States

STEERING SUB SYSTEM
Control
Demands

VEHICLE

Steering
Action

Vehicle
States

Vehicle States

Figure 4-1 Control Structure

The following controllers will be developed, Table 4-1.
System

Control task

Referred to asi

Active front steering

Yaw rate tracking

AFSYRi

Active front steering

Lateral velocity
tracking

AFSLVi

Active rear steering

Yaw rate tracking

ARSYR1

Active rear steering

Lateral velocity
tracking

ARSLVi

Active four wheel steering

Lateral velocity
tracking

A4SLVi

Active four wheel steering

Yaw and Lateral
velocity tracking

A4SYRLVi

Table 4-1 Steer controllers

to be designed

The characteristics of the reference models selected will be briefly discussed in
the following section. Stability control has been related to lateral velocity bounding,
it is appropriate, however to design a state-tracking controller,
reference behaviour as will be discussed in the co-ordination section.

and bound the

-904.1.1 Yaw Rate Tracking
As has been discussed earlier, the aim for the steerability controllers is to extend
the linear range of the vehicle and maintain the handling characteristic in the
presence of parameter variations. This is to be achieved through the use of reference
following controller. The reference model selected is the bicycle model, described in
3.1.1, for yaw rate response to a steer input at the front axle, H21(s) in Equation 3-9.

4.1.2 Lateral Velocity Tracking
The stability task has been related to lateral velocity tracking. Similar to the yaw
in
behaviour
linear
lateral
tracking
task,
response to a steer
a
model
of
velocity
rate
input at the front axle has been selected as the reference model, H»(s) in Equation
3-9. However in relation to the overall problem, the goal is to bound the lateral
bounds
The
hence
directional
behaviour
the
of
vehicle.
stability
and
ensure
velocity
for this vehicle state are predetermined as it is directly related to the stability of the
5
in
Chapter
for
is
discussed
determining
bounds
The
these
and the
process
vehicle.
6.
in
Chapter
be
discussed
bounds
to
the
these
steering controllers will
application of

4.2 Control Algorithm Selection
As mentioned earlier, the literature is difficult to interpret with respect to the
This
for
task.
a
given
most appropriate actuation system and control algorithm
dynamic
different
to
the
vehicle
the
affect
approaches
comparison of
makes
responsedifficult.
In this study, the same control algorithm will be applied to AFS and ARS. A4S is
a substantially more complicated problem due to its multivariable nature and will
in
be
designed
However
different
the
three
systems
will
approach.
all
require a
context of a reference model tracking approach in order that the actuators

themselvescan be comparedin the context of a co-ordination approach.
This requirement to implement a number of different controllers quickly suggests
the use of a simple well understood classical approach. The task here is to develop a
tracking controller that has good disturbance rejection and robustness characteristics.

-91This problem is generally solved using a combination of feed forward and feedback
control. The technique selected in this case is internal model control, sometimes
referred to as "Q-"

or "Youla-"

parameterisation. (Moran

and Zafiriou

1989)

provide an excellent text on the technique. This approach allows the control design
engineer to select a controller based upon knowledge of the plant to be controlled.
Rearranging the classical feedback problem in terms of all stabilising controllers,
(Moran and Zafiriou 1989), allows the design process to be reduced to two stages,
1) select a nominal stable controller, 2) apply a low pass filter, the cut-off frequency
of which determines the robustness-tracking performance trade-off. This will be

discussedin further detail in the following section. Further, this approachallows a
degreeof insight into the dynamics of the plant, not readily accessiblein the more
classical formulations. The techniquehas been successfullyapplied in other fields of
vehicle dynamics,an exampleis found in the work by (Smakman2000b).
The selectionof an algorithm for A4S is discussedin section 4.6.

43

Internal model control (IMC)

Internal model control is a two degree of freedom (feedforward and feedback)
control technique which has traditionally been used in situations where good servo
tracking performance is required and good robustness to disturbances (either
external or due to unmodellednonlinearities), (Glad and Ljung 2000). The desire, in
this case, is for the vehicle to track a reference behaviour and be robust to
disturbances. IMC is an attractive technique due to the simplicity of its application.
A further advantage is that closed loop stability is easy to demonstrate if both the
controller and the plant are open loop stable, (Glad and Ljung 2000).

Internal model control is a control technique commonly

used with model

reference schemes. It allows controllers to be developed simply provided that a good
approximation of the plant and its inverse can be found.

-92d(s)
Disturbance

S(s)
Ci.. (s)

M(s)
Reference
Model

r(s)

Inverse
Model based
Controller

u(s) P(s)

+

y(s)

Actual Plant

A
P(s)
Plant Model

e(s)

Figure 4-2 Internal Model Control Structure and Reference model

Term

Description

P(S)

Internal Plant Model

CMI(s)

Inverse Model Based
Controller

d(s)

External Disturbance Signal

e(s)

FeedbackError Signal

M(s)

Reference Model, either H»(s)
or H21(s).

P(s)

Actual Plant

r(s)

Desired ReferenceState

u(s)

Control Signal

y(s)

Controlled State

Table 4-2 Nomenclature used in Figure 4-2

The controller C;,,u(s) in Figure 4-2 can be any stable system; a further practical
requirement is that the system be realisable.The IMC approach allows the concept
of "perfect" control to be introduced. If C;,,u.(s) is selectedas the inverse of the plant
model and all modelling is assumedto be perfect then the controller is open loop as
the feedbackpath is reduced to zero. It can be seen that C;,,,,(s).P(s) is unity in the
idealisedcase;perfect tracking, the systemoutput perfectly tracks the reference.The
closed loop system is guaranteedto be stable in this formulation providing the
internal model is close enoughto the real plant. Bounds on tolerable levels of plant

-93and model mismatch can be found using the small gain theorem, (Glad and Ljung

2000), Equation 4-1, the loop gain of the IMC structure is found from the left hand
side.
I

(l w)(Poco)-

P0a))

<1

Equation 4-1 Small gain theorem stability criteria for IMC, where w Is frequency in rad/s
and j=J-1, (Glad and Ljung 2000).

A first requirement for perfect control is that the plant has a stable inverse i. e. that
the plant be minimum phase. The implications for a system that is non-minimum
phase(NMP) or has an unstable inverse, is that control performance is inherently
limited by the dynamics of the plant rather than the control strategy. It can be seen
that a plant having NMP zeroes will

have an unstable inverse. However an

approximation of the plant excluding or reflecting the NMP zeroes is often a
sufficient approximation. In the idealised situation where a NMP plant is inverted,
"perfect" control clearly requires that the actuators have no saturation or bandwidth
limitations as the control output from the inverse is unstable. The implication is that
NMP zeroes severely restrict controller performance, (Moran and Zafiriou 1989). A
study of the zeros for the lateral velocity dynamics of the STVM will show that this
is the case, performance is restricted by NMP behaviour, for the transfer function of
front and rear steer angle and lateral velocity. It can be predicted that tracking
performance of lateral velocity will be poor in light of this conclusion. A second
feature of this technique is that a stable inverse will not be realisable as it will
generally not be strictly proper and causal. A system must have at least more poles
than zeros for this condition to be met. This second point is solved by adding to the
plant model inverse, an appropriate number of extra poles, ie placing the inverse in
series a low pass filter of order such that the controller becomes strictly causal and
proper, (Moran and Zafiriou 1989).

The above features of this arrangement lead to a simple controller design
procedure, though the design is not optimal, excellent performance and robustness is
usually achieved in the SISO case.

-94The control design procedure is

1. Select Chas) as a good stable approximation of the system inverse. This
controller will provide good nominal performance. The requirement that CC, (s)must
be causal can be neglected at this stage.

2. Make the system realisable. C;,,,,(s) must be augmented by another system.
This is usually selected to be a unity gain low pass filter of sufficient order that
Cf,,.(s) becomes strictly proper. It can be shown that the effect of this filter is to
improve the robustness characteristics of the closed loop system at the expense of
closed loop bandwidth. The cut-off frequency is thus selected such that the closed
loop systems bandwidth is the maximum that will satisfy the small gain theorem for
all expected plant variations. This reduces the tuning process of the control system
to the selection of an appropriate filter time constant.

Step 2 affects the performance and robustnessof the closed loop system. The
values selectedin step 2 provide a generally good first guessfor the controller. The
performance is then investigated on the NLVM and the controller is tuned if
necessary.

4.4 Description of Steering Sub-systems
The following section will discussthe nature of the plant dynamics for AFS, ARS
and A4S.
In light of the insight gained from the above controller design methodology, a
brief discussion of the plant dynamics for each of the steering subsystems will
follow.

4.4.1 Active Front Steering (AFS)
The relationships between the front steer input and the vehicle lateral velocity
and yaw rate are describedby the linear vehicle model in Equation 3-9 by elements
H»(s) and H21(s).Plotting the poles and zeroesof these two functions for different
operating points allows a number of predictions to be made about controller
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Figure 4-3 Pole zero positions for lateral velocity and yaw rate in response to front steering
for increasing lateral acceleration(blue

least, cyan greatest). Root locus drawn

as a function

Cj(A, ) and CAA, ) given in Figure 3-10.

The lateral velocity response in high speed driving is NMP. As stated in Section
4.3, this suggests that active front steering lateral velocity controller performance is
inherently limited by the plant dynamics as this control technique cannot be used to
cancel the NMP dynamics associated with the r. h.p zero. An alternative control
technique, that deals explicitly

further
for
be
NMP
systems
could
selected
with

investigation. However this study is aimed at understanding the interactions between
a steering system to yaw behaviour and a brake based system to improve directional
but
handling
limit.
As
it
is
that
the
a
poor,
even
vehicle
such,
expected
stability at
stable, state tracking controller for lateral velocity will

show improvements in

vehicle handling behaviour in the context of this study. For this reason alternative
control design techniques were not investigated at this point.

-96However, the zero positions for the yaw mode are in the left hand plane. This
suggeststhat the yaw rate controller formed by inverting the plant model will cancel
the plant dynamicseffectively; leading to good control performance.
The plant model and its inverse are selected such that the plant poles and zeroes
are cancelled. The plant model selected for inversion will affect the performance of
the final system. A plant model selected is only valid for one operating point, hence
as the operating point changes, so do the pole zero positions. The internal model
should be selected so that the fixed controller pole zero positions remain close to the
plant pole zero positions for the whole operating regime so that the plant dynamics
are effectively cancelled and the system behaves like the reference model.

The poles positions also predict that at low lateral accelerations the system is well
damped. The change in pole position as the vehicle moves to higher lateral
accelerations suggests that the vehicle damping is reduced as this is related to the
angle the pole makes with the imaginary axis. The speed of response can also be
seen to reduce, i. e. the pole move towards the imaginary axis. This analysis is
confirmed in the bode plots for this steering system, Figure 4-4. The bandwidth can
be seen to reduce, and the emergence of a peak in the magnitude plot suggests a
resonant response.
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The conclusions from this simple inspection are that the vehicle response
becomes slower and less damped, more oscillatory, as the vehicle operating point
moves towards the vehicle limit. It is this change in vehicle response that the
steerability controllers aim to mitigate. Although the system behaviour is dictated by
the interactions between the pole and zero positions, it is seen in Equation 3-9 that
the pole positions are the same for each system at a given operating point, in this
case lateral acceleration. This qualitative analysis of the pole positions is the same
for all systems for which controllers are to be designed and will not be repeated.

4.4.2 Active Rear Steering (ARS)
The relationships between the rear steer input and the vehicle lateral velocity and
yaw rate are described by the linear vehicle model in Equation 3-9 by elements
H12(s) and H22(s). As in the previous discussion, the lateral velocity behaviour is
NMP; hence performance is limited by the plant dynamics, Figure 4-5.
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However previous work, (Whitehead 1988), has shown that ARS is effective at
promoting zero side slip behaviour during vehicle manoeuvring at the expense of
yaw rate behaviour.

Again, the yaw rate behaviour with respect to rear steer angle is minimum phase,
suggesting the plant dynamics can be effectively cancelled. The trend with respect to
operating point is again seen in the bode plots, Figure 4-6.
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4.4.3 Active Four Wheel Steering (A4S)
The analysis of the multivariable

plant differs from the above. The plant

description in Equation 3-9 is used in its entirety. The plant poles of a transfer
function matrix are the lowest common denominator of all matrix elements. The
plants transmission zeroes are the poles of the inverse of system transfer function
matrix. It is found that the multivariable system is minimum phase, which suggests
that good controller performance can be achieved. However, the nature of the
coupled dynamics means that this is not the only consideration. The coupling
between states and inputs must now also be considered. The states cannot
necessarily be considered in isolation. In some special cases where this is possible,
the multivariable control task is reduced to one of decentralised control.

Decentralised control, often called multi-loop
single MIMO

control, attempts to reduce the

control problem to one of many SISO problems. This approach

consists of arranging the plant into the set of input-output pairs that have the greatest
effect on each other. For example, in a2 input 2 output case of a vehicle where the
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inputs where braking and steering and the outputs yaw rate and longitudinal
deceleration, it is easy to see that the brake input controls longitudinal deceleration
and the steering, yaw rate. The ability to apportion the control of one state to one
input suggest a low degree of coupling, and hence decentralised control will work
well with this example system. However in our 2 D. O. F bicycle with front and rear
steer being the inputs and yaw and lateral velocity the outputs as described in the
equations above, the input-output pairs are not as obvious. For decentralised control
to be successful, the degree of coupling between inputs and outputs must be low.

Figure 4-7 shows a step response to front and rear steer inputs separately for both
the single track vehicle model(STVM)

and the NLVM. The data used to populate

the models is as described in Chapter 3. It is clear that a change in either input
produces substantial changes in both outputs. Therefore, the problem of controlling
an A4S system in this way is unlikely to be feasible. The figure also demonstrates
the effectiveness of the STVM in capturing the vehicle dynamics in the low lateral
acceleration region.

0.8

0.6

0.4

0.2

0

-0.2

Lateral Velocity, NLVM, [m/s/s]
Lateral Velocity, STVM, [rNs/s]
Yaw Rate, NLVM [rad/sJ
Yaw Rate, STVM, [rails]
Front steer, [deg]
Rear steer,

-0.4

-A a

0123456
Time [s]

Figure 4-7 Step responses of lateral velocity and yaw rate w. r. t. front and rear steer inputs,
shown dotted for both the NLVM
acceleration of 0.3g.

and STVM. The inputs lead to an approximate

peak lateral

101In order to extract the degree of coupling, it is possible to construct a Relative
Gain Array (RGA), A, which provides a conservative measure of cross coupling as a
function of frequency, (Moran and Zafiriou 1989). For an arbitrary system, where A
is the transfer function matrix and * signifies the product of each corresponding

elementin the matrix, the Schur product.
A (H 'w)l

=H

p_
rH Gw-1
),
'w`)*
'

31.77 153.98
6.15

31.77

Equation 4.2 Relative Gain Array defintion and value for single track model evaluated at
steady state, w=0

Applying this technique to the bicycle model of a vehicle it becomes clear that no
such input-output pairs exist that allow for decentralised control, i. e. the norm of the
RGA is large. This analysis confirms what is expected from the step responses in

Figure 4-7.

In some cases, it is possible create pre and post filters for a system to decouple
the input output relationships and hence make the plant decentralised in situations
where the amount of coupling is relatively

small. A pre-filter

to achieve the

decoupling is usually selected to be the inverse of the plant itself or some
approximation of the inverse. The post-filter is usually an identity matrix.

The RGA also provides a measureof conditioning of the plant. For 2x2 systems,
Equation 4-3 links conditioning and RGA, (Moran and Zafiriou 1989).
IIAIIM

SK
K (Fj(1CO))

(H(;w))sHAIM

where
HAIIM 2. maxtAO,,IIAII_)= 372.0
=
and
IIAII1and IIAL_are the largestcolumn and
row sum,respectively of the matrix A

Equation 4-3 Relationship between RGA and minimised plant condition number and
evaluated for the single track model, where K* is the minimised condition number.

-102If some norm of the RGA is large, it is implied that the system will be illconditioned. The relevance of this with respect to a decoupling pre-filter is that it
suggests a small change in the plant will lead to a large change in the true inverse.
Hence the required decoupling action, and the decentralised controller, will only
work well over a small range of plant perturbations.

Due to the nature of this system, the decentralised approach is not appropriate. A
technique that explicitly

deals with the multivariable

nature and high degree of

coupling is needed. This will be discussed in section 4.6.

4.5 Example of IMC applied to Lateral Velocity tracking using
AFS.
In order to illustrate the previous discussions the AFS controller for lateral
velocity tracking will be designedand appropriateresults presented.
Applying the IMC approach is a straightforward procedure, but first it is worth
looking at the system in more detail. Figure 4-8 shows a the magnitude response of
all operating points from the non-linear vehicle. Figure 4-9 shows corresponding DC
Gain and damping. It can be seen that the vehicle characteristics change
considerably over the operating range, with reduced gain and reduced damping, but
most of the change occurs near the limit The system is particularly oscillatory at
0.9g shown as the large peak in the magnitude response. Also at this point the DC
Gain has reduced by approximately 35%; indicating the need for greater steering
effort to achieve the same control of the state. As the vehicles operating point
increases further, the DC Gain approaches and crosses zero; at this point steering has
no effect on the vehicle, i. e. the vehicle limit. This feature shows that it is impossible
to design a linear time invariant(LTI)

AFS controller for use at the limit of vehicle

handling. However this system is not expected to control the vehicle at the limit.
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It is first necessaryto select an appropriateinternal model on which to base the
for
IMC
4-4
Equation
the
theorem
and
shows
small
gain
rearranged
controller.
suggests that a good choice for the internal model is the point at which the system
has it largest peak gain as this gives the greatest margin for satisfying the small gain
theorem. The peak gain, itself at 0.4g is approximately the steady state gain until
0.7g. Therefore the internal model selected will be for the 0.4g operating point.
From Equation 4 -1
IC,,,.(cO)(P(jw)POw)) <I
(jwl
I
letting
C;,,.
and
=

=

=

Ik1w'POw)-hl

IPP(jwy'Powl

2IP(Jw1

1POwy'

<1

<2

(1
<I

Equation 4-4 Small gain theorem for IMC

The next consideration is whether the internal model has a stable inverse.
Equation 4-5 shows the position of the single real zero of the transfer function
between front steer angle and lateral velocity. It can be seen that as forward speed
increases the zero becomes NMP; but at what speed? Figure 4-10 shows the zero
position with respect to forward velocity.

Re(suro)=-b2C, -abC, +amu2
wheresurois found by solving
Ht. (Suro)=0
i

Equation 4-5 The zeros of front steer to lateral velocity.
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between front steer angle

Position derived in Equation 4-5.

It is clearly necessary that controllers for a real vehicle be designed for all
forward speeds. However in this study, it is chosen to study the behaviour of the
vehicle at a typical motorway cruising speed of 30 m/s or approximately 70 mph. It
is clear from Figure 4-10 that this system is indeed NMP at this operating point. It
can also be seen from Figure 4-10 and Equation 4-5 that as cornering becomes more
severe, and hence rear cornering stiffness is reduced that the speed at which the
system becomes NMP is reduced. It can be seen therefore that the NMP nature of
lateral velocity with respect to front steer is related to the ability of the rear tyres to
generate force. The same can be shown with respect to the rear steering to lateral
velocity transfer function. Hence it is the ability of the unsteered or passive axle to
generate a force which determines the forward velocity at which the lateral velocity
dynamics of the vehicle become NMP. This relationship between the tyre cornering
stiffness, forward velocity and the NMP nature of the system can be related back to
the idea of perfect control. At high speeds, or lateral accelerations, (or on low it
surfaces), no stable inverse exists, therefore control performance of the lateral
velocity dynamic is severely restricted in the SISO case.
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There are two possible options, a) reflect the zero in the imaginary axis, b)
discard the zero. The effect of each is shown in Figure 4-11.

Bode Diagram
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Figure 4-11 Effects of reflecting and discarding zeros on the front steering to lateral velocity
transfer function inverse.

The effect of reflecting the zero is to preserve all magnitude information at the
expense of phase information. The effect of discarding a zero is to partially preserve
the magnitude information but to more closely preserve the phase information than
in the case where a zero is reflected.

In this case, discarding the zero location makes it more likely to satisfy the small
gain theorem as it leads to lower gain at higher frequencies. However, from a study
of the plant, it can be seen that the damping factor is low at higher operating points.
A large phase margin at the open loop cross over frequency corresponds to good
damping. This requires that the technique which gives the controller the most phase
lead be selected, hence in the following design, unstable zeros will be discarded.

Once the nominal controller has been selected based on the internal model, a
filter must be added to make the inverse realisable. A filter of the form of Equation
4-6 was used with selected cut-off frequency of 15Hz. This value was found
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experimentally such that the filter cut-off was high enough not to interfere with
P(s)
was
nominal performance but low enough so that robustness was preserved.
selected so that the system was strictly realisable, i. e. the order of the numerator is
strictly less than the order of the denominator for the complete controller equation.
The filter coefficients, Tp, are selected using a Butterworth

design procedure,

(Mathworks 2003b). This procedure was selected as it leads to a filter which is
maximally flat in the pass band with good attenuation above the cut-off frequency
although any procedure for designing low pass filters could have been applied. A
procedure for designing such a filter is found in the MatLAB suite of tools.

1
fJ(7.
s+1)
i-I

Equation 4.6 Filter for use in the design of the IMC controller Q(s)

The previous discussion has allowed the internal model to be selected at 4m/s/s

lateral accelerationand establishedthat the NMP zeroesbe discarded.An analysisof
the closed loop systemwill now follow.
Two functions which provide insight into the performance-robustnesstrade-off
are the Sensitivity and Complimentary sensitivity functions. For the IMC scheme,
they are shown in Equation 4-7.

1- CimrP

S+(s)
l - 1+ci., (P-P)
T(s) _
S(s)+T(s)

CimrP
1+C!

"C(P-P)

=1

Equation 4.7 Sensitivity and Complimentary Sensitivity functions where s-jw

Referring back to the principal of perfect control, if the controller is the perfect
inverse then SC(w)=0 and TQcv)= 1, however for real systemsT&) approaches0
and S&o) approaches 1 for high frequencies. The implication is that good
disturbancerejection is only possible over a finite bandwidth. The highest frequency
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shown that either
<
system
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where
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measurement noise or modelling error place an upper bound on T(s); therefore a
small T(s) implies a high degree of robustness.

Figure 4-12 shows S and T for the two nominal controller designs for lateral
it.
first
It
The
discards
NMP
the
tracking.
the
mirrors
second
zero,
whilst
velocity
can be seen that the two techniques have little

direct impact on tracking

performance. However, the reflection technique was found to lead to a poorly
damped control signal, related to the reduced phase margin as discussed above.
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Before closing the loop on the controller, the stability can be tested by applying
the small gain theorem to the loop function with different plant models, P(s),
Equation 4-1. This predicted that the controller developed will be stable for all
operating points up to the vehicle handling limit or where Cj(Ay)=0, ie steering the
front wheels has no effect on the vehicle dynamic response.

This controller has been developed under the assumption that the non-linear
system can be modelled using the simple linear technique described above. The
results must however be

confirmed on the full non-linear vehicle. Figure 4-13

shows the simulation results using the developed controller.
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Figure 4-13 Aggressive lane change maneuver using AFSLV, peak lateral acceleration 0.7g

4.6 Multivariable

Controller for Active four wheel steering.

A4S provides the opportunity to achieve improved performance over approaches
where only one set of wheels is actively steered. In the previous sections, the
tracking of lateral velocity and yaw rate have been considered as separate control
objectives. If this approach is followed with A4S, the system is over-determined, i. e.
more inputs exist than control objectives. This fact can be exploited in two ways. A

110controller can be designedsuch that both control objectives are met. Alternatively,
both inputs can be usedto control just one objective.
The first approach initially seems to be the most favourable. Many techniques
exist for developing such controllers. A number of these multiobjective
multivariable techniques are discussed in the following sections. It can be seen that
applying these approaches to vehicle dynamics is problematic.

The second approach however can be used to provide improved

tracking

it
however
does
is
This
as
not
of
a
single
objective.
problematic
performance
guarantee that the control variables will return zero, in this case it would be possible
to have zero yaw whilst having nonzero steer angles front and rear. In essence, the
SISO controllers designed above for ARS and AFS will be used together but only
for lateral velocity where the final state of the control variables is not of interest. For
the steerability task, a multivariable controller is required.

4.6.1 Vehicle Dynamics for Multivariable Control
IMC, as seen in the above sections, is a single input single output (SISO) control
scheme. The multi input multi output case (MIMO) can be tackled using IMC by
by
2000)
(Glad
Ljung
decentralised
or
selecting the
control approach
and
adopting a
controller, C 4's),

through the use of optimal control techniques, (Moran and

Zafiriou 1989). The development of such a controller however is beyond the scope
of this work. The problems associated are reflected in the dearth of literature that
deals explicitly with active front and rear steering based handling controllers at any
operating point other than the linear regime. The problem lies in an inherent tradeoff between robustness and performance. Linear multivariable

control techniques

when applied to the vehicle dynamics problem must be designed such that they
include the wide range over which parameters, particularly
vehicle mass

and vehicle inertia, can vary. Explicitly

cornering stiffness',

describing

these plant

variations is possible using techniques such as H. -control(Morari and Zafiriou
1989). Much work has been published for steering controllers using this technique
but is predominantly restricted to vehicles operating in the linear regime, and has
little application to the more realistic situation considered here. A technique that
takes account of the interaction between states is required. One such approach is a
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model based technique called sliding mode control. This has been applied with great
success (Yu and Moskwa 1994; Abe, Ohkubo et al. 1996; Manning, Crolla et al.
2000) over the complete range of vehicle handling. However these approaches are
not net yet to be considered viable due to the requirement for reliable state and
parameter estimation, particularly for the road surface coefficient of friction. These
approaches commonly extend the problem to include torque control at each wheel to
further improve control performance. A simplified version of sliding mode control is
proposed by (Yoshioka, Adachi et al. 1999) and will be used in this case for the
steerability controller.

Finally, the simplest approach, is to use all inputs to affect only one state and
disregard the other state in the control problem. This can be justified in the scope of
this problem as the control task is to be scheduled against vehicle operating point.
As discussed earlier, controllers designed in this way do not guarantee that control
variables, or indeed other state are zero for zero driver steer input which is a
requirement. Two controllers will be designed for each state and then scheduled
through the co-ordination approach. Each controller will be based on the SISO
control developed earlier with only small modifications discussed below.

4.6.2 Multi-loop Internal Model Control, MIMC, for lateral velocity
tracking
MIMC is a simple extension to the IMC principle. The diagram in Figure 4-2
A

remains the same except that C;,,,aj(s), Pj4(s), P 14(s), the controller, plant and
internal model respectively are now transfer function matrices, with sizes denoted by
the superscripts. Again C;mc(s) includes the filters to set robustness and loop gain
properties. The small gain theorem still applies as a test for stability. The link
between the, now four, tuning parameters and system behaviour is much less clear.
This is apparent in Equation 4-8, selecting either k1 or k2 to be zero reduces to the
SISO controller. The Sensitivity and Complimentary Sensitivity functions can also
be derived in a similar way. The robustness of the two channels can be different by
selecting different filter cut-off frequencies.
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The loop transferfunction of the multiloop IMC is

P0w))
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Applying the small gain theoremgives
1- R>a.. (X(s))

Equation 4-8 Small gain theorem for two input - single output controller where R Is selected
arbitrarily to make the stability test conservative and c,,. is the largest singular value.

In using this approach, it can be seen that a static gain is associated with each control path,

k(1,2).These two gains affect the influence of each actuator on the plant, t.e. front and rear
steering.

The selection of the four parameters is done using a numeric optimisation routine.
A cost function is to be minimised. This can be done using the small gain theorem as
a constraint to guarantee stability and the Sensitivity function to infer tracking
less
is
be
The
R
than one selected
to
selected
some
number
value
performance.
arbitrarily
optimisation

to increase the robustness of the controller

derived

during

the

from
is
An
to
tune
the
controllers
alternative
approach
process.

approximate initial guess of a good solution using the full non-linear model. The
multi input single output control design steps are now: -

1.

Select the controller as in the SISO case basedon the
plant model

2.

Select initial values for k(J,2j and for filter cut-offs.

3.

Tune k(J,2) and for filter cut-offs using NLVM and
optimisation routine.
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The optimisation routine used was gradient descent technique found in the
MatLAB suite of tools (Mathworks 2003a).

The performance of the controller is determined purely on the basis of tracking

performance,though other factors such as actuatorusagecould be included.
Using this technique, the following values where found.
k,

A4SLV

0.03

k2

0.2

Filter cut-

Filter cut-off

off
front(Hz)

rear(Hz)

22.5

17.5

The simulation selectedto tune the controllers was a single sine steer, such that
peak lateral accelerationswhere in the region of 0.7g.
The results suggest,with respectto AFSLV, that ARS is best used in isolation for
this task. This is suggestedby the small value for k1.It was also found that the effect
of filter cut-off frequency on tracking performance was very small above about
10Hz. This is to be expectedas the referencemodel bandwidth is less than 1Hz for
both states. The filter cut-offs found using this technique produced excellent
tracking but the control signal was found contain a large noise component.Reducing
the filter cut-offs to 15Hz for both front and rear removed this problem and tracking
following
degraded,
less
1%.
Hence,
than
the
performance was only marginally
valueswere used.
k,

k2

Filter cut-

Filter cut-off

off

rear(Hz)

front(Hz)
A4SLV

0.03

0.2

15

15

This result however suggests that a the SISO control approach performs better or
for
least
The
An
this
reasons
at
as well as
unexpected result.
multivariable approach.
this can be explained by referring back to the RGA and the minimised condition
number presented in Equation 4-3 and Equation 4-4 earlier. The implications of a

large condition number is that plant is highly singular, or in the context of this
inverse model basedcontroller is that a small change in the plant leads to a very
large changein the plants inverse. Hence as the real plant moves away slightly from

114
-

the design operating point, the plant controller

mismatch leads to very poor

performance and instability. The numeric optimisation technique therefore found a
solution that reduced the controller to the SISO variant. The following section will
discuss an alternative linear model based multivariable technique.

4.6.3 Simplified Sliding Mode Control for Active four wheel steering
A technique commonly referred in the literature relating to vehicle handling is
sliding mode control (SMC). The main reasons claimed for this are its inherent
robustnessto unmodelled nonlinearities, shown in (Manning, Selby et al. 2002) for
the vehicle dynamics problem. One such example of this technique, particularly
relevant to the problem here is proposed in

(Yoshioka, Adachi et al. 1999). The

work applies a simplified sliding mode controller for DYC based on the STVM. It
can be applied to vehicle steering with a very simple modification

to the design

process. It is based on the idea of using the current error between desired state and
observed state and the time derivatives of this error to calculate the required change
in force and yaw moment acting on the vehicle, Equation 4-9 and Equation 4-10
show this procedure, Table 4-3describes the nomenclature used.

Term

Description

S(v,
r)

Tracking error for (lateral velocity,
yaw rate)
Tuning variables

V(ref, obs, target)

Lateral velocity (reference model,
measured state, target value)

r(ref, obs, target)

Yaw rate (referencemodel, measured
state,target value)

AFy

Changein Vehicle Lateral Force

4Ma

Change in Vehicle Yaw Moment

SU'.
)

Steerangle (front, rear)

Table 4-3 Nomenclature for following derivation, all other variables retain their existing
meaning.
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-Vohs

S. _ -2, S,
vWvt= v, +2 Sv
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AFy

= mtaa!

Yobs )

(vtarget

-

Equation 4-9 Desired change in vehicle lateral force required

to drive vehicle state to the

desired reference state

S, =ref-r0,
Sr = -/2rSr
rrgct

Ars,
1",
+
=
f
('target

AM
z=IZ

-

rubs

)

Equation 4.10 Desired change in vehicle yaw moment required to drive vehicle state to the
desired reference state

A
for
in
Where S(y,,
tuning
the
tracking
the
and
are
are
errors
question
states
(,,,
)
)
parametersselected to weight the control effort on each state. These are used to
calculate a target rate of changefor each state which in turn is used to calculate the
force
4Ma
changes,
and
and AFy.
required moment

Once these required force and moment changesare calculated, it is required to
4-11.
in
is
in
Equation
the
them
to
change
steer
shown
a
angles which
relate

AMz
OFr

a.Cf
C1

C,
-b.

tf

C,

4,

Equation 4-11 Relationship between desired change in force and moment to change of steer
angle.

This set of two linear equationsis solved directly to give Equation 4-12, which is
then integratedto give actual steerangle.

-116AM= + AFF.b
CI (a+b)

R1=

Ls,

AM, - AFF.b
C, (a+b)

Equation 4-12 Controller output, steer angle rates

It can be seen by inspection that the control variables change only slightly for
relatively large changes in tyre cornering stiffness'. However, as cornering stiffness
lateral
happens
increasing
acceleration, the control
approaches zero, which
with
variable calculated will no longer produce the required moment and force changes;
in particular the internal model no longer adequately matches the real plant.

This technique was found to perform well in the linear regime where the
however
in
Equation
4-12
the
tyre,
the
at
of
actual
stiffness'
values
cornering
reflect
high slip angle and as the tyre saturationis approached,the controller is found to be
unstable. To solve this problem, the cornering stiffness' are described by a piecewise function shown in Equation 4-13 and Figure 4-14.
C(j.
r)
C(j.
r)

= C(f,
= L',

rat

r)

if
if

!

s(f,,
)

< (So

(j, r) '

2)

(5 o0
s2

Equation 4-13 Piece wise description of tyre cornering stiffness
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Figure 4-14 Piece-wise tyre description

The point at which the tyre is considered to saturate is low compared to a real
tyre but at the front wheels this level of steering was found not to be reached in
transient manoeuvres and at the rear 2° was selected to be the level of actuator
saturation. Csarwas selected to be IOkN/rad.

4.7 Comparison of steering controllers
The following section will present results for all six controllers developed in this
chapter. The results are presented in two forms for one manoeuvre. The manoeuvre
selected is an open loop representation of an aggressive single lane change at 30m/s
on a high µ surface; producing peak lateral accelerations in the region of 0.7g. This
is simulated on the NLVM using a single cycle sine input.
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Figure 4-15 Open loop representation

of a single lane change. Input 1 leads to peak lateral

acceleration approx. 0.7g, input 2 leads to peak lateral acceleration approx. 0.3g.

This is the most extreme situation that the steering controllers have been designed
to cope with.

The results are presented firstly as a time history of the state and

tracking error for input 1 and secondly as a single metric of performance; integral
squared error (ISE) of tracking for inputs 1 and 2, Equation 4-14.
r=5

[(v,
f
dt
ISE=
r)nfJ.
r)ObS-(v,
1=0

Equation 4-14 Tracking

metric, integral squared error for the single sine steer input for all

lateral velocity, v, and yaw r.
,

This single metric is normalised to the benchmark, `best' controller designed. In
both cases the ARS system was found to produce the best tracking performance and
as such has an ISE of 1. In addition to the high lateral acceleration case, the ISE is
presented for the same manoeuvre but with a smaller input amplitude leading to
lateral accelerations of around 0.3g. For all results, the behaviour of the passive
vehicle is presented for comparison.
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Figure 4-16 shows the time history for the single sine steer input producing high
lateral accelerations. This figure shows the state history for all lateral velocity
tracking controllers and the tracking error, shown dotted.
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Figure 4-16 Lateral velocity tracking,

all controllers.

Solid lines, state history, dotted lines,

tracking error.

Figure 4-17 shows the control signal for system. This is steer angle at the wheel.
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Figure 4-17 Steer input at wheels for Lateral velocity tracking,

all controllers.

The above state histories show that despite the NMP characteristics, lateral
velocity can be controlled through active steering. However, the performance is
poor, exhibiting

large
delay
in
the
tracking
reference
and
showing
significant

overshoots, seen as the large peaks in the state error.

AFS is particularly poor in tracking lateral velocity. The control signal for AFS is
highly oscillatory

and takes over two seconds for oscillations

to decay. The

comparatively high frequency oscillations do not, however, substantially affect the
state behaviour as they are strongly attenuated through the plant.

ARS is by far the most effective at tracking lateral velocity behaviour. The state
history shows the smallest tracking errors and the control signal does not show the
oscillations evident with AFS.

The relative performance of these three controllers is shown in Figure 4-18.
Tracking performance for lateral velocity normalised to best controller, ARSLV.
These single value metrics confirm the observations noted with regard to the time
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Figure 4-19 shows the time history for the single sine steer input producing high
lateral accelerations. This figure shows the state history for all yaw rate tracking
controllers and the tracking error, shown dotted.
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all controllers.
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Figure 4-20 shows the control signal for system. This is steer angle at the wheel.
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Figure 4-20 Steer input at wheels for yaw rate tracking, all controllers.

The performance of the yaw rate controllers

is substantially

better than

corresponding lateral velocity controllers. Peak errors are a factor of three smaller
for all controllers. The performance spread between controllers is also much smaller.
Showing all three options have good potential to affect the handling behaviour with
respect to steerability.

The controllers as presented here produce highly oscillatory control signals but,
again, this does not significantly affect the state behaviour due to the relatively high
frequency. This behaviour can be reduced at the expense of absolute tracking
performance.

The A4S again failed to improve on the SISO systems. Tracking performance for
yaw rate normalised to best controller, ARSYR and relative performance is shown
in Figure 4-21.
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4.8 Conclusions
This chapter has presented a very simple classical design technique, IMC, and
shown that it is applicable to the active steering vehicle handling problem. The IMC
technique was applied to the state-tracking problem for lateral velocity and yaw rate
behaviour of a non-linear vehicle. A novel technique of characterising the vehicle
behaviour in terms of many linear plants describing the vehicle response to small
perturbations was used to allow the linear control technique to applied.

The plant dynamics were discussed with respect to the state-tracking problem for
lateral velocity and yaw rate with respect to front, rear and four wheel steering. The
discussion identified that state-tracking of lateral velocity was likely to be difficult
due to the NMP nature of the state. Further, the problems of developing a
multivariable linear controller for A4S were identified; particularly the high degree
of cross coupling and the high condition number of the plant. A MISO technique
was suggested and justified in the context of the co-ordination approach and the
concept of task scheduling discussed in Chapter 6, but only for the stability task. The
steerability task for A4S was addressed using a simplified linear SMC approach.

The complete control design procedure was demonstrated for the tracking of
lateral velocity using active front steering. The performance of the developed linear
controllers was then validated on the NLVM.
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by factors of between 1.1 and 17 dependingon operating point and state,the greatest
improvement coming at low lateral accelerations for yaw rate tracking. This
suggeststhat the techniqueis particularly effective for tuning the handling balance.
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that
the
could
controller
a
show
of
vehicle,
velocity
in
feature
This
the co-ordination study
this
the
thing".
controller
allows
use of
right
found in Chapter 6.
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5

Brake-based sub-system controller design

This chapter will discuss the use of a brake based control systems to affect
vehicle handling. The concept of exploiting

the longitudinal

force generating

properties of the tyres to affect the lateral handling behaviour is a well documented
technique. The following section will describe, both qualitatively and quantitatively,
the effect of individual

wheel braking to affect the vehicle handling behaviour

throughout the vehicle handling regime. A simple system that reflects the current
commercial state-of-the-art system will be described and results presented.

In the previous chapters it has been shown how that steering is unable to
influence the vehicle at the limit due to tyre force saturation. Direct Yaw Moment
Control, DYC, is found to be highly effective at controlling

the vehicle at this

be
but
is
to
the
very aggressive. The
control action
often reported
operating point
following chapter will describe a technique that allows this brake based stability
system to be supported by the steering controllers developed in the previous one.

5.1 Using longitudinal tyre force to affect vehicle handling.
Vehicle tyres behave in a highly non-linear way. The ability to generate a force in
one direction is limited by the force being generated in another; i. e. the total
designer
developed
force
is
limited.
have
been
Techniques
which
allow
a
available
to exploit this interaction between forces generated due to applied torque, wheel slip
ratio, and forces generated due to wheel steer angle, wheel slip angle. This section
will discuss the effect of this interaction with respect to vehicle handling behaviour.
Specifically, a brake based system will be considered, though the analysis is equally
valid for a drive train based system.

This is achievedby varying torque applied at individual wheels.The effect of this
torque modulation is to affect the longitudinal slip of a wheel and hencethe size and
direction of the force vector produced at the tyre contact patch. This in turn affects
the total yaw moment acting on the vehicle.
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The following qualitative analysis is applied to an oversteering vehicle though the
approach holds for an understeering vehicle. All results presented are from the
NLVM.

Consider the typically oversteering vehicle in Figure 5-1. At the limit of vehicle
cornering, the ability of the rear tyres to generate a lateral force is saturated before
the front wheels and this leads to the vehicle spinning, ie a loss of directional
stability.

Vehicle
Spin

Path

Required
Restoring
Moment

r
ý

Figure 5-1 Depiction of an oversteering car, cornering at the limit

In order to control this situation, a yaw moment must be generated to counter the
impending spin, or the balance of lateral force must be restored. Although a yaw
moment can be generated by either braking or accelerating a given wheel, the team
DYC is generally reserved for brake based systems and that convention is adopted
here.
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The DYC control system can be understood by considering the tyre operating
point in this situation. It can be seen that lateral force of the rear tyres has been
saturated, however no longitudinal force is being used. This unused longitudinal tyre
force can be exploited, to generate the required restoring moment through braking at
an individual wheel. Considering, Figure 5-1, it can be seen that braking either or
both of the wheels on the outside of the turn will generate the appropriate restoring
yaw moment, shown red; this is a contra-cornering moment.

The effect of braking the rear outer wheel will be considered, shaded blue. By
looking at the forces acting on the tyre at a the instant when control action is
required, an understanding of the behaviour of DYC can be gained. Figure 5-2
shows the forces acting on the rear outside tyre. Figure 5-3 shows the effects on the
tyre forces caused by braking the wheel.

New longitudina'
component

Rear Outer Wheel

Resultant
force

-v- -

vector
vector

AW

V
Reiluýý
Reiluc".ýi
d
lateral

Pure lateral
iforce
force component
component

Y----------------

u

Vehicle
C. of G.

Figure 5-2 Expansion of the wheel shaded blue in Figure 5-1 showing vehicle longitudinal
and lateral velocitys, u and v and side slip angle, P.
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Figure 5-3 Effect on tyre force due to single wheel braking as in Figure 5-2

Initially, the tyre force has a purely lateral component, black arrow, Figure 5-2
and Figure 5-3. Braking this wheel generates a longitudinal force component and a
reduction in lateral force, red arrows, Figure 5-2 and Figure 5-3. The effect of
braking the wheel can be seen to rotate the resulting force vector, blue arrow, Figure
5-2 and Figure 5-3. With

respect to the vehicle dynamics, the increase in

longitudinal force at the rear outer wheel provides a restoring moment, however the
force
in
lateral
aggravates the original problem of rear lateral tyre force
reduction
saturation and produces a moment to further worsen the spin. Figure 5-4 shows the
relative magnitude of these two effects; a comparison is made of the effects of
braking either the front outer wheel and rear outer wheel. The difference in absolute
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magnitude of the yaw moments is due to the differing vertical forces at the two
wheels. The rear outer wheel, as discussed above, is capable of producing a restoring
effect however, the front outer wheel is clearly more effective.
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Figure 5-4 Yaw moments generated by braking

20

25

the rear and front

30

outer wheels of an

oversteering vehicle at the limit, solid and dotted lines respectively.

Applying the above analysis to all four wheels produces the following, Table
5-1.
Wheel and Number

Yaw moment
generated due to
change in
longitudinal tyre
force.

Yaw moment
generated due to
change in lateral
tyre force.

FRONT INNER

Pro-cornering

Contra-cornering

REAR INNER

Pro-cornering

Pro-cornering

REAR OUTER

Contra-curncrih

FRONT OUTER

Table 5-1 Effects of single wheel braking

g

Pro-C01ncrinb
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Hence the most logical wheel to brake to control an oversteering unstable vehicle
is the front outer, and the for an understeering vehicle is the rear inner.

If the correct wheel is braked, the effect is two fold,

1.)

A restoring moment is generated by the additional longitudinal force

2.)

The front/rear force balance is restored.

The moments generated by controlling longitudinal slip are predicted, using the
non-linear vehicle model, in Figure 5-5.
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Figure 5.5 Generated yaw moments as a function

of lateral acceleration

for four different

values of wheel slip at each wheel.

It can be seen that as predicted, the moments generated by the rear inner wheel to
generate a pro-cornering moment are much larger than the front inner wheel. It is
clear, however, that DYC strategies can make use of braking of the front inner wheel
as well, though care must be taken

at high lateral accelerations to ensure that

commanded slips remain low, otherwise the stability

problem is aggravated.
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Commercial systems often implement strategies that brake multiple wheels in order
to enlarge the available moments.

In the previous discussion, a technique has been presented that allows a control
system to affect the yaw moment affecting the vehicle. That yaw moment is used to
bound vehicle lateral velocity or side slip angle and hence maintain directional
stability, whether the car exhibits limit understeer or limit oversteer.

5.2 Stability Algorithm Design
DYC is a well understood and documented system. The previous section has
discussed the characteristics of varying wheel torque at each wheel. The particular
implementation used in this study is that described by (Smakman 2000b) and
reflects the state of the art. This technique is based up on ß-phase plane measure of
stability where ß is the vehicle side slip angle, i. e. the angle between the vehicle
longitudinal axis and its velocity vector, shown on Figure 5-2.

The ß-method for analysing vehicle stability in the non-linear regime was first
proposed in (Shibahata, Abe et al. 1994). The technique was then used in developing
stability control systems such as DYC. The method states that stability of the vehicle
can be ascertained from a vehicles side slip angle.

Figure 5-6 shows a state phase plane. It is linked to the stability of state in the
following way: if a state and its derivative have the same sign, then they can be seen
increasing in magnitude are considered to be diverging from stable value, conversely
if there signs differ then they are converging. In vehicle dynamics, this region is
commonly approximated with the two green lines shown. A state with in these
bounds is considered stable.
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ß

Figure
diverge(red).

5-6 A

phase plane

The approximation

showing

regions

where

of a stable region typically

the state will

converge(blue)

or

used in vehicle dynamics is shown

bounded green.

A typical side slip angle, ß phase plane plot is shown in Figure 5-7. This diagram
is produce by initialising the model states, lateral velocity and yaw to some initial
value corresponding to the phase trajectory start point and all other actuators and
states to zero. The model is then allowed to continue from this point and the
resulting state trajectory is plotted. This shows the state trajectories for two initial
conditions, the red line shows a divergent or unstable trajectory and the blue line a
trajectory converging to zero.
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Phase plane plot setting vO and rO as initial conditions
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Many publications, (Smakman 2000b), (van Zanten, Erhardt et al. 1997), have
used Shibahatas work to propose vehicle stability systems.

The approach followed here includes the effect of side slip velocity in order to
improve the characteristics of the control action. This DYC system is used purely to
ensure vehicle stability

by bounding the vehicle side slip state to be within

arbitrarily selected boundaries.

Figure 5-8 shows the phase plane plot for the model used with in this study. The
plot is constructed by setting the initial conditions of the yaw and lateral velocity
states and then plotting the calculated states as the model returns to its equilibrium
for a given input, in this case zero, as in (Mammar and Koenig 2002). However in
their work, it is side slip and yaw rate that is plotted to provide information about
stability. In the strictest sense side slip against yaw rate is not a phase plane plot and
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as such physical interpretation is difficult. However from these initial conditions the
phase plane plots of side slip angle and velocity are presented.

Sideslip angle hase plane plot showing multiple trajectorys,
with stable and unstable regions compared with control boundarys
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Figure 5-8 Phase plane plot of vehicle side slip angle showing multiple trajectories.

It can be seen in Figure 5-8 that a distinct boundary can be approximately
inferred with respect to the stability of the vehicle. In Shibahatas quasi-static
It
is
it
is
is
the
that
shown that the side slip
considered.
side
slip
angle
analysis,
only
angle at which instability occurs is largely invariant to road surface. Smakman
introduced the idea of aligning the boundaries on which the control action is based
with the phase plane trajectories in order to limit the rates of change of the control
signals and hence perceived harshness by the vehicle occupants.

One of the significant benefits of this approach is that it is largely invariant to
road surface and hence µ estimation is not required and only one state and it's
derivative need be estimated. Sides slip angle is assumed to be measurable in this
study, though in reality much work has been done on reliable estimations of this
vehicle

state and is now

available

commercially,

commercially viable though much work is ongoing.

p-estimation

is not

yet
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Figure 5-9 shows the predicted stable regions using phase plane analysis. Though
substantial changes are evident in the side slip velocity direction, the regions with
respect to side slip angle are largely unchanged. The analysis suggests that very
large side slip angles are in fact stable for small side slip angle velocities, however,
they are not desirable, (Shibahata, Abe et al. 1994).

Also shown are the control

boundaries used to ensure stability aligned with the phase plane trajectory.
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Figure 5-9 Stable regions using phase plane analysis for varying p.

Through simple analysis of the phase plane it can be seen that if a states rate of
it
is,
by definition
is
zero
change

stable. Further to this bounds of expected

freedom
degree
be
two
of
predicted
slip
velocities
can
using
a
side
maximum

-138description of the vehicle behaviour using side slip and yaw as the vehicle states,
Equation 5-1.
m(v + ur) = Ff +F,

v=

Ff +F,

-ur
m
)
ß= tan`V
u
Mu
ýM

Ff+F,

-mur

mu

Equation 5-1 Side slip behavior of bycycle model.

Through simple steady state simulations, peak lateral force can be predicted as
can the yaw rate at this operating point. For the surface with a high coefficient of
friction, µ=1.0, the predicted peak side slip velocity was 20°/s and for the low µ=0.2
surface, 6°/s. It would be expected that in conditions other than steady state the
available tyre forces would be lower and hence so would the peak side slip
velocities. It can be seen that these values fall well with in the control boundaries
shown in Figure 5-9. Hence only one set of control boundariesare neededregardless
of surfacefriction.
Control action is producedwhen the vehicle state leavesthe predeterminedstable
drive
from
The
distance
to
the
then
the
a
controller
stable
region
region.
uses
traditional PD type control strategy.

The nature of the control problem is highly

non-linear

due to the tyre

characteristic. This characteristic is static with respect to the tyre operating point and
the size of the required restoring moment. This non-linearity can be captured in what
Smakman calls a Brake Intervention Map; shown in Figure 5-10. The use of this
technique leads to a gain scheduled controller using the phase plane to calculate the
error signal.
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The controller structure for this particular DYC implementation is shown in
Figure 5-11.

side slip angle and
side slip angle rate of change

Figure 5-11 Block diagram of DYC implementation
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The Block labelled "beta phase plane stability calculations" determines the level
of instability of the vehicle based on the current vehicle side slip angle and its
velocity and compares this point on the phase plane with the predetermined stability
boundaries. The particular wheel to be braked is determined in the "RULES" block
based on the sign of the restoring moment, i. e. above or below the stable region, and
relative magnitude of the rear tyre normal forces, i. e. left or right hand turn. The
"RULES" were generated using the analysis in the previous section, Table 5-1. The
strategy implemented here brakes only one wheel at once.

5.2.1 DYC Results
As a stability system, DYC is only expected to operate during very aggressive
cornering or in situations like obstacle avoidance. A good open loop representation
of an obstacle avoidance situation is a single sine wave, Figure 5-12.
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Figure 5-12 Steering input at the wheels for an aggressive open loop maneuver at 30m/s or
70mph
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Figure 5-13 shows the vehicle path and heading in response to this input.
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Figure 5-13 Vehicle path and heading in response to the input shown in Figure 5-12.

The above manoeuvre is used to simulate a lane change. Figure 5-13 shows that
the controlled vehicle paths performs a very large lane change in a controlled way.
The passive vehicle however effectively spins, directional stability is lost and the
heading angle does not return to zero, a driver would have to make considerable
corrective inputs to guide the passive vehicle around the `object'. The ß-phase plane
response to this input is shown in Figure 5-14 and the associated control action in
Figure 5-15. It is clear that the controlled vehicle makes much smaller excursions
into the unstable region. The time histories of side slip angle and wheel slip show
the effectiveness of the DYC technique in bounding large side slip angles.
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Figure 5-14 0 -phase plane for steer input shown in Figure 5-12
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Figure 5-15 Side slip angle and control action for steer input in Figure 5-12

The DYCs improvement of the vehicle behaviour with respect to aggressive
inputs and side slip behaviour makes use of available longitudinal tyre forces. This
in turn interferes with the vehicle longitudinal dynamics. Figure 5-16 shows the
deceleration of the vehicle during the manoeuvre. It has been shown that drivers find
this interference undesirable as it is unusual behaviour, (Smakman 2000b). The
following chapter will consider ways of reducing this interaction.
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Figure 5-16 DYC controlled vehicle forward

speed for input in Figure 5-12

5.3 Conclusion
This chapter has discussed a technique for controlling the vehicle lateral handling
behaviour using the ability to control longitudinal tyre force through individual
wheel braking. The system is commonly referred to as direct yaw moment control,
DYC. It has further gone to show the implementation of a simple DYC system,
typical of that used commercially and described elsewhere in the literature.

Results for this implementation on a non-linear vehicle model show the technique
to be highly effective in maintaining directional stability at the vehicle limit through
control of individual wheel slips.

It has also highlighted that the use of the brakes to affect vehicle stability
interferes with the longitudinal motion of the vehicle. Whilst it can be argued that
this may be a good thing in a critical situation, it has also been suggested that this

-145interaction is found to lead to poor subjective evaluations particularly for sporty
vehicles which affects market penetrationof the systemsdiscussedhere.
The following chapter will discuss a technique for integrating DYC with the
earlier developed steering controllers. This integration technique, will aim to
mitigate this interference in the longitudinal dynamics by both extending the linear
region of vehicle behaviour, and supporting DYC when stability is in question.
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6

Development of a sub system co-ordination (SSC) approach

The thesis, so far, has discussed the wide range of techniques available for
affecting vehicle handling behaviour. It has gone on to develop an appropriate
vehicle model for vehicle handling investigations throughout the linear and nonlinear handling regime. In the previous two chapters, a group of steering controllers
where designed and a brake based stability system was implemented. This chapter
will discuss a co-ordination strategy that improves the performance of these two
approaches compared to the no co-ordination situation.

A co-ordination strategy,in the context of this work, is a set of rules that aims to
exploit synergiesbetweensystemsand prevent interferencesthat are either
a) detrimental to the performanceof one of the controllers

or
b) detrimental to the vehicle handling behaviour.

An example of the first might be that steeringis ineffective if both wheels on an
axle are being braked, an example of the second might be the interference of brake
based systems with the longitudinal motion of the vehicle.

The aim of this chapter is to present a strategy for co-ordinating handling
systems.The strategyto be proposedis basedupon the concept of the handling task,
steerability or stability, as defined in Chapter3.

6.1 Generic rule based approach -,
As discussedin the literature review, Chapter 2, co-ordination strategies allow
developed
handling
and
well
understood
controllers to be combined. It was noted

that few of the examplesof theseapproachesdescribe the strategy used in any great
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detail. It is therefore to difficult to exploit work that has already been done, in this
Chapter.

In order to exploit the insight gained in the discussion of vehicle handling in
Chapter 3, a fuzzy approach has been selected. This technique allows the engineer to
capture features of the system to be controlled in terms of membership functions.

Figure 6-1 shows two possible membership functions that relate the control task,
1 is steerability and 2 is stability control, to the vehicle operating point; in this case
lateral acceleration. An early product of this work using the idea handling task
scheduled against lateral acceleration for AFS and DYC work is found in (Selby,
Manning et al. 2000) and using this approach a comparison of AFS and ARS is
,
found ins (Selby, Manning et al. 2000). The problems of using lateral acceleration as
the scheduling variable is discussed below.

Fuzzy membership of control task

3
-"-

Membership

function

1

Membership

function

2

ö16.
C
V

--

0

Low

Mid

High

Lateral Acceleration

Figure 6-1 Description

of control task as a function lateral acceleration

Two possible membership functions are shown. The membership function 1
changes the control task from steerability to stability at a lower operating point than
membership function 2. This can be see to offer a more conservative coordination of
the conflicting control tasks.
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Through a detailed understanding of the vehicle dynamics relating these two
tasks, it is proposed to develop a rule based strategy to co-ordinate active steering
handling
identify
key
features
brake
based
The
to
the
systems.
study
aims
and
required for such an approach and assesthe suitability of the studied systems for use
in a co-ordinated chassis system. It is desired that the synergies and conflicts
between the systems can be exploited and mitigated respectively through the use
rule base to schedule both control task and actuation system.

Figure 6-1 proposed a fuzzy membership function to distinguish the current task,
steerability or stability and it this approach that will be followed. It is therefore
necessary to measure the operating point of the vehicle. The operating point of the
vehicle, in linguistic terms, ranges from on-centre handling or straight ahead driving
to limit manoeuvring. A quantitative measures of this is lateral acceleration and is
However,
it
is
the relationship
the
commonly used as
most easily measured variable.
between operating point and lateral acceleration is, itself a function of the road
surface coefficient of friction. As the latter is difficult to measure or estimate, this
metric is inappropriate for the use in a co-ordination strategy that is expected to
perform on all surfaces. The body of work that is most relevant to this problem is
that of the brake based stability systems. The ß method detailed in the previous
In
has
been
be
largely
to
to
surface
variations.
and
chapter
shown
robust
parameter
addition it is a variable that is already available on a vehicle equipped with DYC. It
is proposed to use the side slip angle phase plane as a measure of vehicle operating
integration
in
in
Further,
the
of the
enhance
order
point
a co-ordination strategy.
brake based system and the steering systems, the operating point will be related to
the stability bounds used in the brake based system, i. e. it includes both side-slip
angle and side slip angle velocity, as shown Figure 6-1.
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Figure 6-2 Phase plane approach to operating point metric

Considering this approach from an industrial perspective, it is imperative that
vehicle safety is preserved, for this reason the DYC stability

system will

be

dominant and its control action will be unchanged. It is the steering based handling
systems that will be co-ordinated to support the DYC when required and otherwise
support the driver in the steerability task. The difference between these tasks was
established in chapter 3. Steerability implies yaw rate tracking and Stability implies
lateral velocity bounding which has been posed a tracking controller by bounding
the reference in this approach.

6.2 Implementation
The controllers will be scheduled using the fuzzy switch in Figure 6-3. The
reason for this fuzzy relationship is to ensure the transition between controllers is
smooth.
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The points on the operating region that correspond to fully on or fully off are
for
AFS-C
technique
each
combination,
or
a
numerical
optimisation
selected using
AFS-D in order to achieve optimal performance.

The implementation of this switch is described in Equation 6-1.

8vehir
le -

(control

Equation 6-1 Implementation

+(I
8steembility
task "
-control

task) " 8,1iy

of fuzzy switch for selection of steering controllers

öst b;iity is the control variable from the yaw rate tracking controller
variable from the lateral velocity tracking controller

where

is the control
and ösrribi1iý

and 6yehjfjeis the weighted sum of these two

control variables.

Figure 6-4 relates the fuzzy switch to the side slip angle phase plane.
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The block diagram in Figure 6-5 describes the complete co-ordination structure.
The blue shading represents an existing DYC controller being used to drive the
fuzzy coordination switch for the steering controllers.
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Figure 6-5 Structure

of proposed co-ordination

strategy, region shaded blue is the existing

DYC system described in Chapter 5 and shows the reuse of the information

from the stability

calculation in the fuzzy scheduling controller.

In addition to the above description in Figure 6-5, a squashing function was
function,
The
lateral
to
the
shown in Figure
velocity.
squashing
applied
reference
6-6, is used in preference to a hard saturation to promote a gradual and progressive
change in vehicle behaviour. This squashing function is described by hyperbolic
tangent which has the property of being approximately linear for small input values
and saturates asymptotically at 1 for large input values. The attractiveness of this is
that it allows a steady progressive change from state tracking to state bounding. This
progress change is important for two reasons,

a) the hard saturation function introduces a discontinuity

which is introduces

likely
high
is
frequency
into
to
the
components
control
signal
and
unwanted
be viewed poorly in subjective ratings as drivers are known to dislike harsh
changes in vehicle behaviour
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and

b) the progressive change in steering behaviour serves to warn the driver of the
approaching vehicle handling limit.

The amount of "squashing" determined for lateral velocity is then applied to the
reference yaw rate. This is done to prevent either of the steering controllers from
attempting to drive the vehicle state to a value in the unstable region for very large
driver steer inputs.
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Figure 6-6 Soft saturation or squashing function

The structure proposed above attempts to co-ordinate a DYC system and a
steering controller. The idea of stability bounds on the side slip angle phase plane is
well understood and has been used extensively in the literature and this structure is
proposed to extend that idea. An attractive feature of the strategy proposed here is
the small number of rules, and therefore parameters, making tuning simple.

A particular problem with SSC approaches to vehicle handling control is that it is
particularly difficult to define an appropriate performance index. Although it will be
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shown that this SSC improve specific properties of vehicle handling in comparison
to a stand-alone approach, it is therefore not suggested that the structure proposed
here is optimal in all aspects of vehicle handling behaviour. In fact demonstrating
the optimality of such rule based strategies is very difficult.
identify

However, in order to

the parameters a performance index needs to be defined and this is

discussed in the next section.

6.2.1 Rule tuning through numerical optimisation
The nature of co-ordination strategies requires rules to be designed, as described
above, and the rules must be related to some measurable aspect of the vehicle
behaviour. The other important aspect of this approach is the problem of tuning the
rules in order to achieve some desired behaviour. One of the objectives in the above
structure is to minimise the number of rules and therefore reduce the size of the
tuning problem.

In order to tune the parameters in the co-ordination structure it necessary to
define an quantitative measure of the system overall system performance. This was

done by defining a cost function, Equation 6-2.
}dt+k.
(tI
(u0 -uh,,
J =týJ Cýrowrefn.
al)
r=to

Equation 6-2 Tuning Cost Function where kya. and k are weighting paramters, rr,,, is the
difference between the measured and reference yaw rate and u is the forward velocity and to
and t

are simulation start and end times.

This cost function consists of two elements,yaw rate and forward speed,again
the simplicity reduces the number of parameters for the designer to influence the

behaviourof the final system.
Other variables could have been selected, brake usage, steering usage, lateral

forward
The
tracking
reason
yaw
and
error.
speedwere selectedover these
velocity
between
is
the
the stability and
trade-off
they
that
closely
encompass
most
others
The
in
forward
a
vehicle.
reduction
speedsuggeststhat the
of
cornering performance

-155DYC controller has been active and therefore, stability has been in question. Low
yaw rate tracking error suggest that steerability characteristics are good but this may

be achievedat the expenseof stability.
The tuning was performed in two stages using a global search optimisation
algorithm initially. Firstly the box-bounded `Direct' algorithm proposed by (Jones,
Perttunen et al. 1993) and implemented by (Bjorkman and Holmstrom 1999) is used.
Then a gradient search algorithm, (Mathworks 2003a), for fine tuning is applied.
The a global search algorithm is used to find a good "guess" the and local search
technique is required to approach the optimum more closely as many global search
algorithms are in efficient in as a minimum is approached. In this case, the `Direct'
algorithm showed excellent convergence properties and the gradient descent search
algorithm made very little difference to the identified parameters or the value of the
cost function, less than 0.01%. The two weighting parameters are used to normalise
the relative size of the two metrics and to trade off the importance of good yaw rate
tracking and interference in the longitudinal dynamics.

The tuning was done, in simulation, on the NLVM using a high speed, 30m/s or
70mph, aggressive lane change with peak lateral accelerations of -0.9g. This is
implemented as on open loop test using one cycle of a sine wave to simulate the lane
change.

The parameters arrived at using this technique are very different for each
in
fuzzy
The
AFS
ARS
DYC.
shown
switch
properties
are
combination,
or
with
Figure 6-7.
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Figure 6-7 Fuzzy switch paramters
using numerical

optimisation

for co-ordination

of AFS, ARS with DYC identified

on a high speed aggressive open loop lane change manoeuvre

using the NLVM.

The identified parameters can be used to infer the following difference between
the two steering controllers in the SSC. The change from steerability, Control Task
Stability
Control
Task =0 is very early for ARS compared with AFS. This
to
=1,
,
suggests that stability is aggravated by the ARS yaw rate controller and needs to be
effectively disabled earlier than AFS.

6.3 Results
6.3.1 AFS with DYC
In order to investigate the behaviour of the co-ordination system described above,
results will be presented for the high speed aggressive lane change manoeuvre for
AFS co-ordinated with DYC and for AFS and DYC as stand-alone controllers.
Results here take the form of time histories of states and control variables. Complete
time history results for all controller combinations can be found in Appendix A and
are not presented here for clarity.
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and stand-alone combinations
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The use of the SSC in this case can be seen to reduce the peak yaw rates and
lateral accelerations achieved in response to this open loop

steer test by

approximately 20%, Figure 6-10 and Figure 6-11. This is accounted for in two
respects,

i. )

by the saturated reference function and smaller steer input

ii. )

the fact that whilst the stability task is affecting the vehicle behaviour,
that yaw is not the only variable being controlled, and attempting to
bound the lateral velocity is found to reduce yaw rate by applying
opposite lock as described previously.

The higher frequency content of the steer input also manifest themselves here.
The yaw rate differs significantly from the passive and reference whilst the stability
task is dominant. This is likely to be found unusual and potentially disconcerting. It
is however beyond the scope of the work to investigate the human-machineinteractions of these systems.
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Figure 6-10 Vehicle yaw rate
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The side slip behaviour is presented here both as a time history and as a phase
is
6-13,
6-12
Figure
Figure
the
probably most
though
plane
phase
and
plane plot,
informative, the time history allows comparisons with the other states.
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Figure 6-13 Vehicle side slip angle phase plane

The main features of the SSC can be observed in the side slip angle phase plane.
Shown in red and green respectively are the DYC stability limits and the fuzzy
boundaries used to assescontrol task.

The difference between the linear and modified references are clearly visible and
the modified reference can be clearly seen to be constrained within the stability
bounds leading to only a very small use of the brake based stability controller in
comparison to the unco-ordinated system and this is visible in forward speed, Figure
6-15.

Also visible is the clear need to moderate the effects of yaw rate tracking, near
the limit. The AFS and DYC system without co-ordination

is seen to increase

excursions from the stable region by about 100% compared to the SSC systems, an
in comparison with the passive vehicle by about 30%.

Figure 6-14 shows the vehicle trajectory, it is worth noting that if this manoeuvre
were an obstacle avoidance manoeuvre, then the co-ordinated system would require
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the earliest reaction by the driver as the achievable yaw and lateral acceleration are
the lowest with the co-ordinated system.

Figure 6-15 shows the forward speed profile of the vehicle with the co-ordinated
and stand alone systems and the passive vehicle, the SSC system leads to the least
interaction of this handling manoeuvre with the longitudinal

dynamics, even

compared to the passive vehicle which is accounted for by the reduction vehicle
steering magnitude.
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The above results represent the variables of interest when considering a coordination strategy. The co-ordination strategy proposed has a number of beneficial
Which
demonstrated
in
the
results.
are
above
properties which

will

now be

summarised with respect to the open loop lane change.

As discussed earlier, with respect to AFS-C, side slip angle behaviour is
constrained to the stable region on the ß- phase plane. This, in turn, leads to reduced
DYC intervention and reduced interference with the longitudinal dynamics.

The other effects observed include a reduction in peak lateral acceleration and
yaw rate which can be viewed as a reduction in limit performance. The implication
of this that stability of the vehicle in aggressive manoeuvres is in conflict with
ultimate cornering performance, in the context of this strategy where stability and
steerability are considered separately.

This reduction in ultimate cornering potential could be viewed as subjectively
undesirable though is unlikely that a typical driver spends much time at this
operating point. A further potential problem in any subjective assessment are the

-164increase of high frequency components in lateral acceleration and yaw rate due to
the high frequency steer inputs, which drivers may find annoying as has been
reported about the high frequency longitudinal accelerations caused by the action
DYC, (Smakman 2000b). It is however beyond the scope of this work to further

investigatesubjective assessmentof this approach.
The steering inputs shown in Figure 6-8, differ between the co-ordinated and
unco-ordinated primarily in the much higher frequency content shown in the coordinated approach, this may have energy consumption implications which have not
been studied here. This is accounted for by the change in control task, seen in Figure
6-9. It is of interest that the SSC effectively mimics a skilled driver by applying a
short burst of opposite when the approaching instability is detected.

6.4 Comparison of steering systems co-ordinated with DYC
The previous section served to illustrate the general features of the proposed SSC.
This section will present a comparison of the four systems: stand alone AFS and
DYC, stand alone ARS and DYC, co-ordinated AFS and DYC, co-ordinated ARS
and DYC referred to as AFS-D, ARS-D, AFS-C and ARS-C respectively. This
comparison is done through a discussion of steady responses for side slip angle, yaw
rate, lateral acceleration, demand brake slip, controller steer angles and control task
measure. In addition, a comparison of the transient behaviour is performed through
three single number metrics of vehicle performance, yaw and side slip angle ISE
tracking error as defined in chapter 4 and reduction in forward speed for the sine
steer input used in the previous section.

Figure 6-16 shows the resultant steady control outputs for the steering controllers.
It can be seen that the two unco-ordinated systems generate very large steady steer
angle demands for inputs greater than P. This is due to fact that the desired yaw is
unachievable but the linear controller

does not include this saturation effect.

However, in the SSC, the reference function is squashed as a function of operating
point so this does not occur.
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It can be seen that the rear steer angle remains virtually zero, suggesting that the
ARS system is most beneficial in transient manoeuvres. With ARS-C, the vehicle
has virtually unchanged behaviour in yaw, side slip angle and lateral acceleration,
Figure 6-17, Figure 6-18, and Figure 6-19. This is to be expected for such small
additional rear steer inputs, where as the stand alone equivalent quickly saturates at
the rear wheels and substantial braking is required to stabilise the vehicle, Figure
6-22.
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As observed earlier, with respect to AFS-C, the SSC approach leads to a
for
both
lateral
in
steering
the
acceleration
achievable yaw rate and
reduction
6-17,
Figure
is
the
angle
much
reduced,
though
magnitude of side slip
systems,
Figure 6-18, and Figure 6-19 and this is shown for two operating points in Figure
6-20.

-168-

-5
-1o
-15
Steer input =1 deg jl
Steer inout - 2dea 11

-20
-25

-30

AFS C

ARS C

AFS C

ARS C

AFSYR

ARSYR

u

-20

-40

c

-60

L

U

-80

F
.5
ö -10
I
-15
20
i
U

-25

-30

Vehicle

Figure 6-20 Percentage change in steady state vehicle behaviour at two constant steer inputs
corresponding

to 0.5g and 0.7g when compared to the vehicle with unco-ordinated

controllers.

Figure 6-21 shows the control task as a function of steer input, the early onset of
actions to control stability suggest that ARS is the least able to offer benefits in this
SSC strategy, particularly when trying to tune steerability characteristics whilst still
improving limit directional stability.
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The three bar graphs Figure 6-23 summarise the differences between systems for
the transient tests described through time histories for AFS-C in the previous
section.
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From this comparison of various metrics of vehicle behaviour it can be seen that
the proposed co-ordination controller is effective in reducing interactions between
AFS and DYC by 90% and between ARS and DYC by 95%.

6.5 Conclusions
This chapter has proposed new approach applying a simple fuzzy scheduling
controller sub system co-ordination (SSC) problem. The SSC controller proposed
was designed with the specific aims of reducing interactions and exploiting
synergies between a steering controller and a brake based controller. This was
3.
It
detailed
Chapter
in
through
the
the
understanding
of
achieved
problem gained

-171goes further than much of the work reviewed in Chapter 2 as the approach is not
limited to steering and braking examined here but provides a general methodology
for co-ordinating handling system with different objectives. The generality of the
proposed approachIs limited however, on three counts. First the approach is
applicableonly if the control systemsto be co-ordinatedcan be related to the vehicle
handling task described in Chapter 3. Secondly, as with any heuristic controller,
demonstratingthe optimality of the final solution is related to the problem of finding
a general performance index for the resultant vehicle behaviour. And finally, it is
limited by the ability to createrules that sufficiently describe the interactions of the
systemsin question with few enoughparametersthat the tuning stageis feasible.
This chapter has also compared the effects of AFS and ARS when used with
DYC to investigate the design problems issues associated with the developing
heuristic

controllers to supervise the interactions between individual

vehicle handling

controllers. Whilst a significant amount of work was reviewed in Chapter 2 relating
to active steering systems, little of it is in the modern context of the increasing
has
This
handling
chapter
used the simple steering
proliferation of
control systems.
controllers for AFS and ARS from Chapter 4 to study the interactions of these two
systems and a brake based stability system. It has shown that both AFS and ARS
have the significant potential to be used with brake based stability systems but only
if the control task is appropriately scheduled with the vehicle operating point.

The proposedcontroller structureproposing a new extendeduse of the previously
developed technique for assessingvehicle stability, the ß phase plane, in order to
measurevehicle operating point over the entire non-linear range of vehicle handling.
The proposed control structure was found to be an effective technique for
scheduling steering controllers between steerability and stability tasks. Further, it
was shown that handling regime could be effectively described through the use of
one fuzzy rule which leads to simple tuning as only two parameters need to be
identified.

-172The main draw back of theseheuristic approachesis the difficulty in proving the
optimality of the approachbasedon any generalperformance index. It is also going
to be problematic to tune these systems, particularly considering subjective
assessmentwill play such a significant role in their eventual acceptance.
Though this approach had only one rule and two parameters, there are potential
gains to be made by increasing the complexity of the rule set in improving the yaw
rate behaviour and extending the cornering limit. As such approaches become more
complex it is likely that the number of parameters to tune will become prohibitive in
the application of this approach. This leads to the conclusion that the practical
application of co-ordination approaches are limited by either, a) the complexity of
the rule set required to describe the interactions or b) the number of systems to be
co-ordinated.

In terms of comparing the potential of ARS-C and AFS-C in this controller
structure, both where found to perform similarly in supporting the role of DYC as a
stability system though AFS-C was the more effective in tuning the steerability
handling behaviour of the vehicle. The handling results and the fuzzy parameters
identified for ARS-C implies that supporting a brake based stability system should
Though
this suggests that
the
throughout
vehicle
operating
regime.
reduce side slip
ARS is less flexible for affecting vehicle handling behaviour over the entire range of
vehicle handling. In terms of vehicle handling, the co-ordination controller is found
to constrain side slip behaviour to the stable region, whilst

trading off limit

cornering performance in both combinations.

The approachproposedhas been shown to be a powerful tool for controlling the
interactions between handling controllers as it relates control functions to practical
linguistics descriptionsof vehicle handling.
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7

Conclusions

At the outset of this thesis, the value and potential of vehicle handling controllers
in terms of increased safety, performance and flexibility

in handling behaviour were

explained. It was further noted that, improving the interactions between controllers
investigate
In
in
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this
to
cost.
order
performance and reduced
could result
for
literature
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to
the
systems
affecting vehicle
relating
review
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handling was performed. The review allowed a clear direction for this work to be
These
to
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stated.
aims
and
objectives
specific
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describe how, and to what extent, those objectives have been satisfied.

The literature relating to handling systemsis vast, but a structure was extracted
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handling
to
vehicle
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affect
systems
used
actuation method
relating
in
field
Each
driveline
braking,
and
was
reviewed
and suspension.
namely steering,
is
between
interactions
literature
the
which
comparatively
systems
on
addition,
limited, was also studied.

It was identified that the proliferation of control systems on passenger cars is
likely to take an evolutionary approach and that the system which has recently
DYC.
based
brake
is
the
stability
system,
attracted most commercial exploitation
This is due to the fact that there are already a large number of cars equipped with
ABS and that DYC is a relatively

functionality.
ABS
to
extension
simple

In

in
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decided
the
to
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steering
of
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consider
addition,
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DYC as this system has the greatest ability to change the vehicle handling behaviour
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front
time
the
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In order to investigate the interactions that exist between these two systems,
active steering and DYC, a discussion of the required modelling complexity was
formulated in chapter 2. It was concluded that the dominant non-linear effects result
from the highly non-linear tyre properties and from the non-linear suspension

-174characteristic. A4D. O.F. vehicle model, including lateral velocity, yaw and roll
with non-linear suspensionand tyre characteristicsof a large luxury saloon car was
implementedin simulation.
In light of the literature review and a study of the vehicle dynamics, different
aspects of vehicle handling defined as falling into two distinct areas of the complete
non-linear

handling regime were identified.

The first,

called steerability,

is

characterised by fact that it is the vehicle response to driver inputs that is most
important, i. e. that it should be "easy" and predictable. This corresponds to what is
handling.
low
lateral
to
the
region
of
vehicle
acceleration
mid
referred
as
However, it is recognised that defining vehicle handling is not straight forward
because it is influenced by the surface coefficient of friction. The second, called
stability, is the region in which directional stability (rather than the more analytic
mathematical stability) is the most important characteristic and corresponds to the
high lateral acceleration manoeuvres. These two regions were related to the vehicle
states and it was shown that steerability corresponds to yaw rate control and stability
corresponds to side slip angle bounding. Although the terms steerability and stability
have been previously applied to yaw rate tracking and side slip angle bounding,
there has not been an objective relationship established in

the context of the

for
first
here
The
handling
the
established
regime.
relationship
complete non-linear
time allows a new a controller structure to be proposed in which the control task,
function
is
bounding,
tracking
of
scheduled
as
a
slip
angle
yaw rate
and side
handling task, steerability and stability.

In order to fully assess the performance of steering controllers in the context of
co-ordination, the ability of these systems to affect vehicle handling over a wide
is
This
is
be
to
something
which
not
considered.
of
vehicle
motions
needed
range
apparent in the literature, which in general was characterised by a lack of
appropriate modelling and a lack of generality in the objectives posed. For this
reason, linear controllers were designed for AFS, ARS and A4S for yaw rate and

lateral velocity tracking and evaluatedon the non-linear model discussed.This study
showedthat, linear AFS and ARS controllers were highly effective at controlling the
vehicle handling motion in the context of the driving tasks identified, steerability
for
found
be
AFS
between
3
better
ARS
12
to
than
times
was
also
and
and stability.
for
1.1
better
17
task
times
the
and
performing the
stability
and
performing
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steerability task when used in isolation as the only vehicle handling controller. This
assessmentis based on the performance as tracking controllers for the states
identified for the two tasks,steerability and stability.
However, a linear A4S controller was found to perform poorly and this was
related to the high condition number of the plant implying, that the designed linear
controllers are highly sensitive to parameter changes and to coupling between input
output pairs. A simplified SMC, based on a linear vehicle model was found not to

improve the situation and it was concluded that in contrast to AFS and ARS, nonlinear model basedmethods must be used to achieve the potential benefits of A4S.
The A4S controller was not consideredfurther in this study.
"A DYC controller typical of many proposed in the literature was implemented
and found to be capable of performing the stability task at operating points where
the active steering systems could not. This controller

was based on the, now

common; ß phase plane method for assessing vehicle directional stability. The
effectiveness and robustness of this approach has been demonstrated extensively in

the literature for brake basedstability systems.
The use of

ß phase plane has been extended from describing purely vehicle

Through
the use of a
to
point.
vehicle
operating
stability
quantitatively measure
fuzzy ýmembership function
numerical optimisation,

with

parameters identified

on the NLVM

using

the ß phase plane was used to establish whether the

dominant handling task was one of steerability or stability.

Based on this measureof vehicle operating point, a new controller structure for
the co-ordination of vehicle handling controllers was proposed. This controller
structure is characterisedby a hierarchical heuristic controller to arbitrate between
two steeringcontrollers.
The controller structure, importantly does not interfere with the DYC safety
systembut was shown to support its operation.This was demonstratedthrough a 5565% reduction in interference in the longitudinal vehicle motions in an aggressive
transient manoeuvreand 15% reduction in the use of the brakes to control stability
in steadystate and a 15% reduction in steady state slip angle. This however was at

-176the expenseof 9% reduction in steady state yaw rate and lateral acceleration.Also
similar restrictions in cornering performancewere observedin transient tests.
As has been stated, a reduction in side slip angle implies improved stability. The
controller structure proposed here reduces side slip angle in both transient and
steady state handling through appropriately scheduling controllers as a function of
vehicle operating point. These improvements in vehicle safety were observed to
limit cornering performance in terms of peak yaw rate and lateral acceleration which
suggests an inherent trade-off between ensuring safety, or stability, and maximising
cornering performance.

In order to identify

the parameters of the heuristic controller,

a practical

performance index is required. The one used here explicitly describes the trade-off
between vehicle stability and vehicle cornering performance. The optimality with
respect to all aspects of vehicle handling is difficult to show as the definition of an
all encompassing metric of vehicle behaviour is elusive as it inextricably linked to
driver subjective

assessments. A particularly attractive feature of the controller

structure proposed here is that only two parameters are required to be identified.
Further these are related through the cost function by two designer selectable
parameters to describe the relative importance of steerability and stability.

Specifically, the aims and objective of this thesis, set out in Chapter 2, have been
met.
From an analysis of vehicle handling over the full operating spectrum, an
objective definition of the control task has been developed. This involved separating
the overall handling requirements into two distinct areas, termed steerability and
stability. This new characterisation of the vehicle handling performance into distinct

regimes was then used in the proposal of a new controller structure, involving a
combination of active steeringand DYC.
Based on an extension to the ß phase plane stability technique, a metric was
proposedthat links the practical linguistic description of vehicle handling tasks to a
quantitative measureof vehicle operating point. In the new controller structure,this

-177metric was used, through a fuzzy membership function, to arbitrate between a
steerability controller and a stability controller.
The proposedcontroller was assessedby comparing it to a vehicle equipped with
stand-alonecontrollers. The improvements through co-ordination were quantified,
through steady state tests and an aggressive transient manoeuvre, in three ways: Interactions with the vehicle longitudinal

motions were quantified

by the

65%
found
by
for
AFS
forward
in
This
to
coreduce
speed.
was
reduction
vehicle
ordinated with DYC(AFS-C) and 56% for ARS co-ordinated with DYC(ARS-C) for

an aggressive transient manoeuvre of approximately 0.7g. For the steady state
for
by
the
the
this
need
controllers
removing
steering
manoeuvre,
was quantified
brake based stability control altogether for all operating points.

Steerability performance was quantified by comparing the yaw behaviour of the
co-ordinated vehicle in the same transient and steady state tests. Peak yaw rates
had
AFS-C
for
both
ARS-C.
However,
by
23%
AFS-C
an additional
and
reduced
high frequency component, about 25% amplitude of the peak, that is not found in the
ARS-C case. During steady state cornering, with a 2° steer input (which corresponds
to approximately 0.7g at 30m/s on a high µ surface), a 20% and 12% reduction in
yaw rate was observed for AFS-C and ARS-C, respectively.

The ability of the controller structure to improve stability performance was
in
behaviour
by
the same transient and steady
the
slip
side
comparing
quantified
for
50%
43%
AFS-C and
by
Peak
tests.
and
side slip angles were reduced
state
ARS-C respectively. During steady state cornering, with a 2° steer input, a 64% and
47% reduction in side slip angle was observed for AFS-C and ARS-C, respectively.

7.1 Further Work
This section will propose areas, that in the light of this thesis, are considered to

require further investigation.
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The literature review at the start of this thesis noted that although much work has
been presented on active steering controllers and that simple implementations have
found there way in to the market, the potential of these systems has yet to be fully
understood or realised, particularly in the area of four wheel steering. Any future
work must be performed through a detailed understanding of vehicle non-linearities
and the fact that as the primary control input of current steering controllers are
required to perform a wide range of tasks from manoeuvring in car parks to high
speed, high lateral acceleration manoeuvring.

One of the main areas where it is difficult to be entirely objective in this work is
the evaluation of the final SSC system optimality with respect to vehicle handling.
In addition to this, the question of optimality with respect to the human-machine
interactions

fact
The
the these advanced control
also exists.

systems can

significantly affect vehicle behaviour poses interesting questions about how drivers
respond to these changes. A further potential opportunity exists to redefine the
human machine interface between cars and drivers to reduce work loads or to
support the physically impaired.

Work in the field of multivariable controllers for all aspects of vehicle dynamics
is currently ongoing. There exists a potential for these systems to valuable even
before they become practically viable. This is suggested by the trend that was
observed in the field of brake based stability controllers. The initial

heuristic

based
by
the
model
approaches where the
more
analytic
approaches where mirrored
optimality

can be assessed quantitatively.

A similar benchmarking of approach

would give valuable insight into the vehicle handling problem and confirm the
here
in
heuristic
and
other works.
of
approach
suggested
validity, or otherwise
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A. Appendix - Tyre Model and Parameters
Lateral Force
Coefficient Number

Coefficient

1

-4.095e+001

2

-1.261e+003

3

-1.484e+003

4
5

-9.086e+000
+7.913e-003

6

+9.518e-002

7

+2.311e-002

8

+7.813e-003

9

+3.799e-002

10
11

-4.065e-002
+6.036e+000

12

+8.858e+000

13

-5.950e-001

14

-1.487e+001

15

-9.212e-005
+1.736e-001

16
17

-1.485e-004
+1.430e+000
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*/

real_T
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real_T
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real_T
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real_T
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real_T
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Longitudinal Force
Coefficient Number

Coefficient

1

-4.504e+001

2
3

-1.387e+003
+0.000e+000

4

-3.775e+002

5
6

-2.000e-002
+0.000e+000

7

+1.000e-001

8
9

-5.000e-001
+0.000e+000

10

+0.000e+000

11

+0.000e+000

12

+0.000e+000
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+0.000e+000

14

+1.500e+000
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real_T
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real_T
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Self Aligning Moment
Coefficient Number

Coefficient

1

+3.649e+000

2
3
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4
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5
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Combined Coefficients
Coefficient Number

Coefficient

1

+9.000e-001

2
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3
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B. Appendix - Sub-system Coordination time histories for AFSC and ARS-C
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