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Abstract 

This thesis investigates the principle of co-ordination of chassis subsystems by 

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) lumped- 

parameter model that includes longitudinal, lateral, yaw and roll motions with quasi- 

static longitudinal load transfer effects including non-linear suspension and tyre 

descriptions. The non-linear vehicle dynamics are discussed for the whole operating 

regime and two specific driving tasks are identified, steerability and stability. In the 

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 

previously defined. It is shown through the analysis of the vehicle dynamics in the 

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 

when controlling two active inputs, non-linear multivariable approach is required to 

deal with the strongly coupled nature of the vehicle handling with respect to front 

and rear steering inputs. 

A brake based stability system that reflects the state of the art is implemented. 

The work then proposes a novel co-ordination controller structure for co- 

ordination of an active steering controllers and a brake based stability controller for 

improving to vehicle handling control. The controller was assessed both in steady 

state and transient tests selected to simulate real world driving manoeuvres over the 

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 systems that have been developed from 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). 
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One 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- 
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ordination 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 greater flexibility will be explored on the expensive, 
luxury class of passenger cars in the first instance. 

1.3 This Thesis 

In order to investigate some of the implications of the trends described above, 
this thesis is arranged as 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 dynamics problem. 
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Chapter 4 presents the development of 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 

and rear steering is used to improve vehicle handling, a non-linear approach must be 

applied in order to tackle the strong coupling between steer inputs and vehicle states. 

Chapter 5 documents the 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 

approach are presented. The implications for vehicle handling control involving 

multiple systems in general and specifically, for braking and steering are identified. 

The proposed controller successfully coordinates active steering and active braking 

controllers. The power and the limitations of this heuristic control approach are 

discussed in the context of solving the problem of improving the vehicle handling 

using existing "off the shelf' handling controllers. 

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 research are also highlighted based on the outcomes of 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 

system (ABS) and traction control (TCS) as these relate to longitudinal handling. It 

does include systems such as differential braking and active suspension as these 

systems exploit longitudinal or vertical forces to affect vehicle handling behaviour. 

The development of systems for affecting vehicle handling has been ongoing 

since the mid 1980's, (Wright and Williams 1984; Roppenecker and Wallentowitz 

1993), with active rear steering(ARS) being the first to receive considerable 

attention (Sano, Furukawa et al. 1986; Whitehead 1988). At the start of the 1990's 

active braking systems and low cost suspension systems such as active roll control 
(ARC) began to attract more interest. At this point, ARS had received little 

commercial interest except in expensive luxury and sport cars like the BMW 8- 

series and the Honda Prelude, (Donges and Wimberger 1993; Donges 1995). This 

lack of commercial interest reflects the cost of packaging the new system and the 

fact that ARS fails to come out favourably in a detailed cost/benefit analysis. 
However around this time, ABS was starting to achieve penetration in to mid range 

cars, despite the fact it had been commercially available since the late 1970's. In 

order to add value to this system, interest began to focus on developing new systems 

to improve vehicle lateral handling that exploits the existing ABS hardware. The 

modern direct yaw moment control (DYC) is the result. In addition to this, the 

increase in popularity of large off-road vehicles or sports utility vehicles(SUV) has 

lead to interest in active roll control(ARC) and roll moment distribution(RMD), 

(Everett, Brown et al. 2000a; Smakman 2000a), to address the suspension design 

trade-offs inherent in that particular class of vehicle. Significant current interest is 

also focused on active front steering(AFS) or steer-by-wire (SbW) as new ways to 

improve vehicle handling continue to be sought, (Mammar and Koenig 2002). 

The advanced state of development of all these systems is reflected through their 

appearance in the market place, for example, BMW with RMD, DYC and ARS, 
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(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, top- 

down 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 for 

affecting vehicle handling as they are traditionally 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, 
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a) removal of the physical link between driver and the front steered 

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) 

c) affect the level of assistance provided by controlled electric power 
assisted steering (SPAS) or hydraulic power assisted steering (HPAS). 

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 associated cost. 

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 discussed i. e. HPAS, EPAS, 

FWSI, VRS and Steer by wire. 
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Electric and Hydraulic Power Assisted Steering 

Attempts to improve hydraulic power steering systems through actively 

controlling the level of torque assist have been reported and two are found in 

(Bonito and Herrara 1993; Pawlak, Graber et al. 1994; Suzuki, Harara et al. 1994). 

All three use an electronic controller, and to change the amount of assist for a given 

steer angle as a function of speed, though using different actuator methods. Though 

this goes some way to solving one of the shortcomings in traditional hydraulic 

power assisted steering systems, the fixed torque assist level, it seems unlikely that 

the perceived benefits are great enough compared to the increased complexity or that 

the improvement in vehicle handling behaviour is sufficient. 

Power assisted steering systems based on electrical actuators have been studied 

from the point of view of implementation, a good overview of the problem is 

provided by (Dominke and Ruck 1999). The main advantage of electrical actuator 

approach with respect to handling is that it becomes simple to affect the assist 

characteristic with driving condition. The paper concludes that it is a matter of time 

before such systems replace current hydraulic and electro-hydraulic approaches due 

to potential improvements in steering feel, fuel economy and reduced complexity. 

The actual control of an EPAS system also receives much attention with H. 

control being a common approach (Badawy, Bolourchi et al. 1997; Chabaan and 

Wang 2000a; Chabaan and Wang 2000b; Kohno, Takeuchi et al. 2000). Two 

practical implementations are discussed in (Shimuzu and Kawai 1991; Badawy, 

Zurafski et al. 1999). The work presented in this collection of papers serves to 

demonstrate that issues regarding implementation, control, and safety are well 

understood though little attention is given to the ideal steering characteristic. 

An approach by (McCann 2000) similarly claims to improve transmissibility of 

the steering system through the use of yaw rate feedback. Yaw rate feedback 

improves the steering characteristic by reducing assist levels as the manoeuvre 
becomes more severe, hence providing greater levels of road feedback when it is 

most needed. It does imply that this is beneficial on surfaces with a low coefficient 

of friction, µ, however it does not address the fact that high yaw rates are 

unachievable on low µ surfaces and therefore the associated reduction in assist is 
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small. 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 

steering torque to reduce the increase of lateral error. While this work is an 

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 

second approach, VRS and FWSI. 

Variable ratio Steering and front wheel steering intervention 
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These two approaches are closely linked as the hardware tends to be very similar, 
the typical method is to use an epicyclic planetary gear arrangement as described in 

(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 appears the main advantage of this arrangement suggested in 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 deteriorated steering 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 

steering wheel. 

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 

respect, FWSI is more closely allied to fully active steering than a VRS system. 

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. 
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(Kramer and Hackl 1996) present four simple control strategies to investigate the 

effectiveness of a the epicyclic gear arrangement described above. These strategies 
are 

a) A power assisted steering 

b) A phase lead 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 accelerations and steering effort with improved driver subjective ratings 
during a double lane change manoeuvre at 90kph on a dry road. The yaw torque 

compensation improves 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 experimental vehicle. A clear discussion of 4 strategies shows the potential of this 

system to improve vehicle handling behaviour through improved yaw response and 
improved rejection of external disturbances such 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 encountered in typical driving. The conclusions of 
the work themselves offer little to the field AFS control. (Hayama, Nishizaki et at. 
2000) claims that AFS has a greater ability to stabilise the vehicle than a brake based 
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stability 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 co- 

ordinated AFS and brake based system potentially offer significant benefits over 

such brake based systems alone. 

(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 

operating point to that of the tyre. It also suggests that the handling performance is 

most sensitive to the upper bound at high lateral accelerations and speed. It clearly 

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 

relationship between tyre characteristic and lateral acceleration. 

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 

experimental vehicle. The work looks at various driving situations but does not 

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 on system -failure, concluding that providing the 

manoeuvre at the -time of failure is not extreme, most drivers will cope well 

providing the system reverts to a reasonable passive steering gain. Also studied is 

the maximum permitted time delay for the additional steer angle, this is 

approximately 100ms. 
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(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 lane- 

following. 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 
between steering wheel and steered wheels as dynamic, usually in response to some 

measured vehicle state, i. e. yaw. 

(Wang and Nagai 1992) present an adaptive AFS system for tracking yaw rate 

and lateral acceleration reference models 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 hence is applicable to passenger vehicles. A self tuning pole placement 
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controller 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 weakness of 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 non- 
linearities 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) presents a sliding mode controller for a three degree of 
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 based on a look ahead scheme for use in an autonomous 
highway system (AHS). This frequency range would appear to be above the 
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frequencies of interest for the handling of a softly sprung vehicle particularly if used 
in a look ahead scheme. Active steering is a prerequisite for such an AHS. The work 
fails to describe the model used for simulation. The controller is derived using H. 

and µ-synthesis techniques including a description of the structured uncertainties. 
However, it is not clear how this description is arrived at nor is its effect on 

controller performance or 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 

yaw-side slip angle plot for various steer angles, the work identifies a number of 

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 

and well argued but is let down by the use of an inappropriately simple model for 

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 for pathway 

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

applicable to the handling problem considered here, it does provide a framework in 

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 

performance between linear and nonlinear control formulations for path tracking 

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 non- 

linearities. 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 

appropriate model, whilst it does include 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 transient manoeuvre resulting a peak lateral acceleration of 0.6g. 

(Huh, Seo et al. 1999) propose a technique for estimating lateral tyre force at the 
individual wheels using Kalman filtering. A fuzzy logic controller is then developed 

to compensate the lack of tyre lateral force experienced on low mu surfaces by 

controlling the actual front steer angle. The work is demonstrated using hardware in 

the loop simulation (HIL). Though the technique is found to be effective, its effect 

on vehicle handling is not demonstrated. It appears from the results presented that 

the combined estimation and control algorithm introduce some high frequency 

dynamics that a driver, might potentially, find irritating or lead to unnecessary 

actuator usage. 
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(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 

destabilised by any collection of positive PID gains, but an understeering car 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 non- 
linear 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, 

an appropriate description of the parameter uncertainty is presented. The work is 

evidenced using simulation on a non-linear model with a Pacejka tyre model; it does 

not include changes in tyre vertical force however. The results presented include a 

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 considered the effect controlling both front and rear steer 

angles actively. Much of this literature considers both ARS and A4S. This section 
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will 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 

study by (Inoue and Sugasawa 1993) comparing linear feedforward and feedback 

control shows that a combination of both can improve yaw dynamics whilst 

reducing the effect of external disturbances. BMW provide a description of the 

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 steered vehicle, a proportional 
feedforward and a zero side slip angle ARS are compared both with and with out a 
the effects of the steering system at low and high speeds. The zero side slip angle 

strategy is derived from the equations of motion and is a yaw rate feedback and steer 
feedforward control. The author argues that many papers have 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 necessarily a 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. 
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Improvements from zero side slip angle strategy that are at the expense of excessive 

understeer, result from three distinct features: 

a) yaw damping is improved at high speeds because it effectively reduces 
the trade-off between short chassis for manoeuvrability and long 

chassis for stability 

b) it improves the balance between 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 

strategy, in vehicle handling are slight and only correspond to high frequency 

excitation at high speeds. This may explain the lack of sustained interest by vehicle 

makers; benefits are only tangible in rarely occurring situations and also the 

improvements at low speed are questionable when considered from the point of view 

parking in a confined space. The work concludes that much more study is required 
for many different strategies and the effect on the driver control task. It can be 

inferred that a reduction in side slip is good if the vehicle is in an extreme 

manoeuvre likely to lead to instability. In other situations benefits are much less 

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 

analysis found in Whitehead's study. 

(Xia and Law 1990) compare Whitehead's closed loop zero side slip control with 

and an open loop version proposed by (Sano, Furukawa et al. 1986). The controllers 

are applied to a vehicle using combined steering and braking for collision 
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avoidance. 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% decrease in the distance required to miss a 10 ft wide obstacle is 

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 

presented. This would appear to be key to both implementation 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 

non-linear model and found to be good though the presentation fails to include a 

description of the model, a tyre characteristic is all that is included. The fuzzy 

controller performance is also shown to be good compared with a linear LQR 
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version. 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 been compared. 

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 assessed on the basis of this work. 

(Tran 1994) compares the principle of feedforward ARS and A4S control to 

reduce the effect of wind disturbances produced by 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 caused vehicles 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 
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external wind. Proposed feed forward controllers for AFS, ARS A4S are evaluated in 

simulation with a STVM and ARS on an experimental vehicle. Simulation results 

suggest that significant improvements are found with A4S and ARS being the best 

and worst respectively. AFS is very close in performance to A4S. The predicted 

effectiveness was not confirmed during experimental trails; in fact the driver rated 
the vehicle subjectively worse. The work is an interesting study and the author 

suggests it as an alternative to yaw rate feedback; a comparison of yaw rate feedback 

and cross wind 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 

and therefore increased driver work load though with increased stability at high 

speed. The algorithm proposed in this paper is an extension of Whitehead's and 

shows the ability to decouple yaw and side slip behaviour. The work fails to 

recognise that the improvements reported by Whitehead result from improving the 

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 

understeer characteristic evident in Whitehead's algorithm is also removed. The 

work is clear well argued and well evidenced. Though improvements are shown to 

vehicle handling response in terms of transient behaviour it is unclear what is 

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 acceleration at 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 

affecting the rear wheel steer angle, this is done to improve yaw damping which is 
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degraded by 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. 

These works propose controllers to change the 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 presented in 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 assessed both 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", 
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i. 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 second uses a NN to capture the full vehicle model and a second to 
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implement 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 
steering controllers 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 
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force 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 seems to 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 approach allows two vehicle states to be controlled and yaw and side 

slip or lateral acceleration and side slip are most common. A4S is again viewed as a 
control problem with little analysis of 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 manoeuvres on a vehicle model containing 
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with appropriate degree of complexity. A clear discussion of what is required and 

why when formulating control objectives is lacking in this area of the literature. It is 

recognised that 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 braking and (II), studies investigating the problems of 
implementing brake based stability 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 systems exploit 

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 

affectt vehicle handling behaviour. A detailed analysis of the effects of differential 

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 

coined. The outcome of the analysis is a control algorithm where the primary task is 
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to 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 changes in surface coefficient 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 

wheels allows, this directional instability to be compensated for. The paper also 

examines the required actuator characteristics for the implementation of the ß-phase 

plane stability algorithm and empirical bounds for transport delay and first order lag 

are proposed, again these are not related to vehicle characteristics and therefore lack 

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 

substantial improvement in DYC performance is demonstrated in the presence of the 

new actuator control strategy. 
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A further work by (Yasui, Tozu et al. 1996b), compares the above algorithm for a 
braking in turn manoeuvre with Brake force Distribution Control (BDC). BDC 

moderates the 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 added ability to improve behaviour when the no braking is taking 

place, i. e. a lane change. The commercial advantage of BDC is that on a vehicle 
fitted with ABS, no addition hardware is required. Despite the fact that BDC is only 

active during a braking manoeuvre, no comment as to which system provided the 

greatest deceleration whilst maintaining stability is given, though the DYC system 

allows greater brake pressure to be applied at the rear wheels implying shorter 

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 

selection of which control mode is used is not described, though it is implied that 

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 presented by (Ryu, 

Lee et al. 1998). The work clearly explains the HILS technique with respect to 

evaluating the performance of a single wheel DYC system. The work confirms the 
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effectiveness 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 based on 

mathematical descriptions of vehicle handling behaviour. 
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The 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 non- 
linear 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 concentrates on the more theoretical control aspects is by 

(Draknov, Ashrafi et al. 2000). The controller is based on left to right distribution of 
brake torque. The real benefit in the proposed formulation is that it is shown that no 
knowledge of the tyre characteristic is needed. However the work falls far short of 
being practically useful due the highly idealised analysis of vehicle handling. 

A more practical approach is given in (Kwak and Park 2000) which attempts to 

address some of the implementations issues with SMC for vehicle dynamics, namely 

the need to differentiate estimated states. The results presented from a full non-linear 

vehicle model only show that state tracking is good and no discussion is presented 

with respect to actuator usage or 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 

presented with standard SMC technique being found most effective, though there is 
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little 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 system developed from a model of the vehicle performs 
in exactly the same fashion 

as the strategies developed 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 approaches have been presented: control design based on 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 development of control algorithms, much work has been published 

on the practical implementations and a smaller body of work on the human factors. 

Again many of these publications have been commercially driven. Due to the nature 


