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Abstract 

This thesis investigates the principle of integrated vehicle dynamics control through 

proposing a new control configuration to coordinate active steering subsystems and 

dynamic stability control (DSC) subsystems. The active steering subsystems include 

Active Front Steering (AFS) and Active Rear Steering (ARS); the dynamic stability 

control subsystems include driveline based, brake based and driveline plus brake 

based DSC subsystems. 

A nonlinear vehicle handling model is developed for this study, incorporating the load 

transfer effects and nonlinear tyre characteristics. This model consists of 8 degrees of 

freedom that include longitudinal, lateral and yaw motions of the vehicle and body 

roll motion relative to the chassis about the roll axis as well as the rotational dynamics 

of four wheels. The lateral vehicle dynamics are analysed for the entire handling 

region and two distinct control objectives are defined, i. e. steerability and stability 

which correspond to yaw rate tracking and sideslip motion bounding, respectively. 

Active steering subsystem controllers and dynamic stability subsystem controller are 

designed by using the Sliding Mode Control (SMC) technique and phase-plane 

method, respectively. The former is used as the steerability controller to track the 

reference yaw rate and the latter serves as the stability controller to bound the sideslip 

motion of the vehicle. Both stand-alone controllers are evaluated over a range of 

different handling regimes. The stand-alone steerability controllers are found to be 

very effective in improving vehicle steering response up to the handling limit and the 

stand-alone stability controller is found to be capable of performing the task of 

maintaining vehicle stability at the operating points where the active steering 

subsystems cannot. 

Based on the two independently developed stand-alone controllers, a novel rule based 

integration scheme for AFS and driveline plus brake based DSC is proposed to 

optimise the overall vehicle performance by minimising interactions between the two 

subsystems and extending functionalities of individual subsystems. The proposed 
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integrated control system is assessed by comparing it to corresponding combined 

control. Through the simulation work conducted under critical driving conditions, the 

proposed integrated control system is found to lead to a trade-off between stability 

and limit steerability, improved vehicle stability and reduced influence on the 

longitudinal vehicle dynamics. 
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AT torque difference between left and right wheels (Nm) 

VX vehicle forward speed (m/s) 

Vom,, wheel centre longitudinal speed in the wheel axis system (m/s) 

V,, vehicle lateral speed (m/s) 

V,, 
w wheel centre lateral speed in the wheel axis system (m/s) 

W vehicle weight (N) 

x state vector 

Greek Symbols 

a tyre slip angle (rad) 

ß vehicle sideslip angle (rad) 

9f front wheel steer angle (rad) 

A4 5f total corrective steer angle (rad) 

A45' corrective steer angle for stability control (rad) 

8 fc corrective steer angle demanded by AFS controller (rad) 

8 fd steer angle applied at front wheels by the driver (rad) 

8r rear wheel steer angle (rad) 

9Sw steering wheel angle (rad) 

16 small positive scalar (-) 

E small positive scalar (-) 

K positive constant (-) 
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A longitudinal slip ratio of tyres (-) 

Ad desired longitudinal slip ratio of tyres (-) 

/ road surface coefficient of friction (-) 

zxl time constant for longitudinal tyre force (s) 

zyl time constant for lateral tyre force (s) 

0 roll angle (rad) 

Y/ yaw (heading) angle (rad) 

CO wheel angular speed (rad/s) 

wC differential case speed (rad/s) 

left-hand inner clutch plate speed (torque transfer differential) 
(Dcr 

(rad/s) 

right-hand inner clutch plate speed (torque transfer differential) 
Cocr 

(rad/s) 

col left-hand wheel speed (rad/s) 

wr right-hand wheel speed (rad/s) 

Subscripts 

1 front left wheel 

2 front right wheel 

3 rear left wheel 

4 rear right wheel 
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4WD 4 Wheel Drive 

ABS Anti-lock Braking System 

AFS Active Front Steering 
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Chapter 1 

Introduction 
Abstract: This chapter presents a background description of the research 

undertaken. An introduction briefly describes the current development of active 

vehicle dynamics control. Subsequently, the need for control system integration and 

potential benefits of such integration are explained. The chapter concludes with the 

outline of the thesis contents. 

" 1.1 Introduction to Active Vehicle Dynamics Control 

0 1.2 Integrated Vehicle Dynamics Control 

0 1.3 Thesis Outline 

1.1 Introduction to Active Vehicle Dynamics Control 

With the rapid development of electronics, sensor and actuator technologies, 

microprocessor-based digital controls have been extensively applied to various 

automobile subsystems for years. In particular, in the field of vehicle dynamics, a 

large number of active control systems have been developed to improve vehicle 

performance and active safety by using either various actuation concepts or advanced 

control methodologies. Considerable improvements have been achieved through 

active control of individual aspects of the vehicle dynamics and the resultant vehicles 

are safer, more comfortable from the occupants point of view and more controllable 

with respect to vehicle handling. 

Various vehicle dynamics control systems can be categorised into three areas: 

longitudinal control, lateral control and vertical control in terms of the three 

1 
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translational vehicle motions that control systems directly aim to affect. These 

systems were usually developed independently to improve vehicle traction 

performance, handling performance and ride comfort, respectively. For example, 
Anti-lock Braking Systems (ABS) or Traction Control Systems (TCS) can 

automatically modulate the braking or tractive force to improve the braking or traction 

performance of the vehicle. During cornering, Active Front/Rear Steering (AFS/ARS) 

systems or Dynamic Stability Control (DSC) systems may become active to keep the 

vehicle on the desired path and maintain vehicle stability. Active suspension systems 

can influence the vertical force between wheels and vehicle body in order to improve 

both ride quality and handling performance. In the case of vertical control, the driver 

has no direct control authority over the vertical motion of the vehicle which can be 

regulated by the active controllers. It should be noted that the above categorisation is 

based on functionalities or control tasks rather than actuation concepts which imply 

how the control actions are physically implemented. 

In this thesis, the focus is devoted to active control of vehicle handling. Herein, 

handling specifically refers to the lateral vehicle dynamics. It does not include active 

systems such as TCS as they are directly related to the longitudinal behaviour. It does 

however include systems such as single-wheel braking and variable torque 

distribution controls which are used to affect the lateral handling by taking advantage 

of the interactions between the longitudinal and lateral tyre forces. 

1.1.1 Driver-vehicle system 

The vehicle handling characteristics cannot be viewed in isolation without any 

consideration of humans as controllers. Basically, drivers can control vehicle dynamic 

behaviour through three control inputs: the throttle and brake pedals for controlling 

the longitudinal motion (forward speed and longitudinal acceleration) and the steering 

wheel for influencing the lateral motion (directional control), respectively. As the 

control of the lateral vehicle dynamics is of primary interest in this thesis, only the 

driver steer input will be examined in more detail here. 

The steering tasks of the driver can be separated into two categories: the primary path 

following task and the secondary stabilisation (or disturbance attenuation) task 
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(Ackermann, 1997). For path following the driver applies appropriate control action to 

guide the vehicle travelling along the planned path. In the case of stabilisation, the 
driver must compensate for any deviations from the desired path by applying 

counteracting inputs at the steering wheel. The driver mainly performs the above tasks 
by monitoring feedback information from the vehicle motion, e. g. position on the road 

and steering feel. The driver and vehicle interaction thus forms a closed-loop system 

of Figure I. I. During everyday driving, human drivers however prefer to invest the 

minimum effort and like to be relieved of the need for persistent control action 
(Crolla, 1992). An important demand for the vehicle handling performance is 

therefore to avoid any unpredictable variations or changes in the vehicle dynamic 

response to driver steer inputs. 

Desired Error Steer 

path +' signal input 

Disturbance 

Actual 
path lG 

---- 

ti 

Figure 1.1 Block diagram of the driver-vehicle closed-loop system 

1.1.2 Motivation and framework for active vehicle dynamics control 

Generally, in nearly all driving situations, the handling response of a vehicle is 

primarily determined by the forces generated at the contact patch between tyre and 

road surface. Tyre forces, however, are limited by the road surface coefficient of 

friction and the instantaneous vertical load of the tyre. Modem vehicles perform very 

well when operated under typical conditions such as clean, dry and smooth road 

surfaces at moderate speeds. Under these conditions, the tyres may remain within the 

linear range of operation and normal drivers can handle the vehicle without any 

difficulty. In such situations, the dynamic response of the vehicle is predictable to the 

driver and the driver can experience the driving pleasure. However, as operating 

conditions become less typical, for example driving the vehicle on slippery or rough 

roads at too high speeds, vehicle handling behaviour may change dramatically and 
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become unpredictable, increasing driver stress and reducing safety. Under these 

conditions, the tyres normally approach or reach the limit of adhesion and the level of 

control mainly depends on the skills of the driver. Another case is that when the 

vehicle is subject to external disturbances arising from crosswind or split-g braking, 

the driver requires some reaction time to make a decision and to take actions, and then 

the driver may overreact to the disturbances and make situations worse. 

Therefore, the primary motivation for active vehicle dynamics control is to increase 

the range of conditions under which the vehicle behaves predictably so that the driver 

is not caught by surprise and can use his driving skills acquired during normal driving 

to control the vehicle in emergency manoeuvres. Consequently the driver workload 

can be significantly relieved and vehicle stability can be improved. In addition, active 

controls can also be used to enhance vehicle comfort and response in normal/typical 
driving situations with which normal drivers are familiar. The third goal is to maintain 

consistent vehicle behaviour in the presence of system parameter variations (e. g. 

change in the vehicle forward speed) and external disturbances. As an overall aim, 

vehicle motions should be minimised in response to external disturbances and 

optimised in some sense in response to driver control inputs (Crolla, 1992). 

Figure 1.2 shows the generalised framework for active vehicle dynamics control. 

Herein, driver inputs are applied to both the vehicle and a reference model which is 

utilised to represent the ideal vehicle response with respect to driver inputs. The actual 

response of the vehicle is then compared with that of the reference model and the 

difference between them is used by the controller to determine the control effort. 

Finally the actuator takes actions to cause the vehicle to follow the desired response 

produced by the reference model. Hereinafter, the active control systems are designed 

to assist the driver by applying additional control actions or by modifying driver steer 

inputs. That is, in the whole vehicle system, the driver still serves as the primary 

controller and the active controllers are utilised as the secondary ones. 

One should note that due to the lack of well-understood driver models, handling 

analysis in this thesis is mainly based on open-loop study where tests are intended to 

show the vehicle characteristics in response to driver steer inputs. In other words, it is 

assumed that the driver does not make any corrections to the steering wheel angle 
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after applying an initial steer input for negotiating a specific manoeuvre. The 

functions of these control systems are therefore to change and improve the open-loop 

vehicle handling behaviour. These compensations take place before the variations in 

the open-loop vehicle behaviour are recognised by the driver and thus the driver can 

concentrate more on the task of path following. The generic structure of Figure 1.2 

can be applied to integrated as well as stand-alone vehicle dynamics control systems. 

Driver 

Disturbance 

t 
N Control action 

C-11 "Id9w 

0 

:i 

1 

4ý 

Desired Controller 
States + 

Environment Information 

Figure 1.2 Generalised framework for active vehicle dynamics control 

1.1.3 Active control of vehicle handling 

Various stand-alone control systems have been developed for the purpose of active 

control of vehicle handling. These stand-alone control systems have effective regions 

and basic functions of their own and may fall into one of the following three 

categories in terms of the tyre forces which they directly aim to affect. 

" Active steering systems: Active Front Steering (AFS), Active Rear Steering 

(ARS) and Active Four Wheel Steering (A4S); 

0 Active roll moment distribution control systems: Active Roll Bar, Active 

Suspension and Controllable Dampers; 

0 Dynamic stability control (DSC) systems: driveline based DSC and brake based 

DSC. 

By modifying the steer angles of front or/and rear wheels, active steering systems 

directly affect lateral tyre forces of the corresponding axle, and consequently vehicle 
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handling. However, due to the inherent saturation property of lateral tyre forces with 

respect to tyre slip angles, these active control systems are most effective in the linear 

regime, where the lateral tyre force is proportional to the corresponding slip angle. 
The effect of active steering systems diminishes sharply when the lateral acceleration 
becomes large or the limit of tyre adhesion is approached. 

In the case of active roll moment distribution control, the front/rear split ratio of the 

total lateral load transfer can be affected by changing the roll moment distribution 

between the front and rear suspension. During cornering, lateral load transfer across 

both axles takes place and leads to a reduction in lateral force of the corresponding 

axle due to the nonlinear relationship between lateral tyre forces and tyre vertical 

loads. The more lateral load transfer per axle occurs, the less the lateral force 

capability for that axle. Hence, by changing the front/rear distribution ratio of the total 

lateral load transfer, the balance of lateral forces between the front and rear ends of 

the vehicle and thus vehicle handling behaviour can be modulated. This mechanism is 

quite a subtle one because its effect increases in proportion to the lateral acceleration, 

which is indeed a measure of the handling severity (Selby, 2003). It can therefore be 

used to effectively influence vehicle handling in mid to high-range lateral 

accelerations. 

In contrast, both driveline based and brake based dynamic stability control systems 

utilise differential longitudinal tyre forces between two sides of the vehicle to directly 

generate a corrective yaw moment and to maintain vehicle stability. Such systems are 

particularly powerful when the vehicle approaches the performance limit where the 

lateral tyre force is close to or even reaches saturation. Dynamic stability control 

systems, especially the brake based ones are however only desirable for limit handling 

rather than normal driving situations. This is due to the braking effect which interferes 

with the longitudinal vehicle dynamics and maybe objectionable to the driver. 

Different stand-alone vehicle dynamics control systems are therefore optimised 

individually in specific regions of the lateral vehicle dynamics and there is no single 

system which can be effective throughout the vehicle handling regime or in all driving 

situations. In other words, simultaneous presence of various stand-alone vehicle 

dynamics control systems on a single vehicle is inevitable in order to keep the vehicle 
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stable at all times. This actually raises the question how to organise these stand-alone 

systems in order to achieve an improved overall vehicle performance. 

1.2 Integrated Vehicle Dynamics Control 

Active vehicle dynamics control systems do not control vehicle motions directly but 

by modulating the tyre forces. All tyre forces are however generally coupled and the 

vehicle motions are interconnected. The control of vehicle dynamics in one direction 

may also indirectly influence other vehicle motions. For example, the use of single- 

wheel braking to control vehicle stability will certainly interfere with the longitudinal 

vehicle dynamics. In addition, control objectives of different stand-alone control 

systems may also be in conflict. Furthermore, the increase in separate sensors, 

actuators and power supplies resulting from new functions with respect to vehicle 

dynamics control will result in an increase in system complexity, cost and weight 

which are apparently commercially undesirable. Figure 1.3 schematically shows a 

control configuration similar to that presented by Coelingh et al. (2002) with stand- 

alone control systems operating in a combined or parallel manner. As can be seen, 

overall system complexity increases dramatically as the number of actuators, sensors 

and functions increases. 

Figure 1.3 Schematics of the combined control configuration 

Therefore, in order to achieve an improved overall vehicle performance, vehicle 

dynamics control should be performed in an integrated rather than combined manner. 

The difference between combined and integrated control will be explained in Section 

2.5. In this thesis, the term "integrated" is limited to the functional integration of 
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vehicle dynamics control systems rather than the hardware integration. But integrated 

vehicle dynamic control does benefit from sharing sensor information and actuator 

operation. Finally all of the existing stand-alone control systems will work together 

and achieve synergies, anticipating driver and vehicle actions and reacting in the 

coordinated way. As a result, the overall effect is the optimal vehicle dynamics 

control. Eventually, drivers will benefit from enhanced vehicle dynamic response and 

safety, ranging from normal driving conditions to extreme manoeuvres, especially in 

bad weather or on unpredictable road surfaces. Consequently the design of integrated 

control systems is the next important step of the development of active vehicle 
dynamics control. 

Potential benefits of system integration 

In addition to the advantage of improving vehicle dynamic response as discussed 

above, the integration of vehicle dynamics control systems also has the following 

potential benefits: 

" Cost and system complexity reduction - this can be achieved by avoiding 

unnecessary duplication of components and by sharing sensor information. Stand- 

alone vehicle dynamics control systems have sets of sensors and actuators of their 

own. The integration of these systems would remove the implicit limit of a one- 

to-one relationship between control objectives and corresponding sets of sensors 

and actuators. In addition, it is possible to achieve redundancy through 

information sharing and communication between different control systems. 

" Flexibility improvement - with a specific design approach, the integration of 

vehicle dynamics control systems permits a modular and distributed design 

process. The whole control and development work can be broken down into 

several sub-tasks and each sub-task may then be designed separately. This may 

form a standard or generic system configuration and permit the plug-and-play 

operation for all stand-alone control systems (Gordon et al., 2003). 

The potential for these advantages is obviously limited by the level of integration and 

the number of stand-alone control systems available. There are two different 

approaches which can be used to design integrated vehicle dynamics control systems. 
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One is referred to as the bottom-up approach which uses two or more previously 
developed stand-alone control systems to design the integrated control system; the 

other is called the top-down approach which employs multivariable control techniques 

to design a model based global controller with the subsystem interactions considered 
in the control design process. These two approaches and their applications will be 

described further in the following Chapter. In this thesis only two of the three stand- 

alone vehicle dynamics control systems described in Section 1.1.3, active steering 

system which includes AFS and ARS and dynamic stability control system (both 

driveline based and brake based) will be examined to form the final integration. 

1.3 Thesis Outline 

In order to address the problems raised above, the remainder of the thesis is organised 

as follows: 

In Chapter 2, a detailed review of published papers relating to the control of vehicle 

handling is presented. The review examines a large number of stand-alone and 

integrated vehicle dynamics control systems that have been studied for improving 

vehicle handling performance. The relative merits of two different concepts of system 

integration are also analysed and associated conclusions are included. In the context 

of this broad review, the aims and objectives for this research are defined. 

In Chapter 3, the necessary level of vehicle modelling required for simulation studies 

is described. Both the 2DOF linear bicycle model for controller design and an 8DOF 

nonlinear vehicle model for control performance evaluation are developed. 

In Chapter 4, a thorough analysis of the uncontrolled lateral vehicle dynamics is 

performed as a first step towards handling control system design. Different aspects of 

the lateral vehicle dynamics and three distinct regions with respect to the level of 

lateral acceleration are identified. Two distinct control objectives, steerability and 

stability which cover the entire range of vehicle handling are defined. The 

corresponding control tasks range from improving vehicle steering response for 

normal driving situations to maintaining vehicle stability during emergency 
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manoeuvres. In particular, the relationship between the two control objectives 

established in this thesis over the entire range of vehicle handling enables a new 

control configuration to be proposed. Different functions of individual controllers are 

then formulated and each stand-alone control system is assigned a suitable control 

task. 

In Chapter 5, the design of the active steering subsystem (AFS and ARS) controllers 

is presented. In accordance with the steerability objective, the 2DOF linear bicycle 

model is used as the reference model to represent the ideal behaviour of the vehicle in 

response to driver steer inputs. The sliding mode control (SMC) technique is then 

employed for controller design in order to achieve robustness with respect to vehicle 

system parameter variations and external disturbances. In order to fully evaluate the 

performance of the stand-alone steerability controllers, the ability of these systems to 

affect vehicle handling over a wide range of handling regimes is analysed. New 

results clarifying the relative performance properties of AFS and ARS are presented. 

In addition, the functional difference between AFS and ARS is also compared in 

terms of the ability to generate the required corrective yaw moment. 

In Chapter 6, the dynamic stability subsystem controller is designed using the phase- 

plane method. A reference stable region is defined through vehicle stability analysis 

in the phase plane of the vehicle sideslip angle and its angular velocity. Both driveline 

based and brake based DSC subsystems are developed and new results comparing the 

relative merits of these two systems are presented. In order to reduce the negative 

effects of individual actuation concepts, a new DSC subsystem which combines 

torque transfer and single-wheel braking is proposed. In addition, for the driveline 

based subsystem, a non-conventional torque transfer differential model is also 

introduced to allow both the amount and direction of torque transfer on the driving 

axle to be controlled. 

In Chapter 7, the design of a novel integrated vehicle dynamics control system is 

presented. Combined control of the two subsystems, AFS and driveline plus brake 

based DSC is first examined to form the benchmark for further integration analysis. A 

rule based integration scheme is then proposed to coordinate the control actions of the 

two corresponding stand-alone controllers. The proposed integrated control system is 
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compared with the combined control system for various manoeuvres. Simulation 

results for this approach are presented and the improvements in overall vehicle 
handling performance are analysed. 

Chapter 8 highlights some key conclusions of the thesis and recommendations for 

further research based on the outcomes of the thesis. 



Chapter 2 

Literature Review 
Abstract: A detailed review of published work relating to both stand-alone and 

integrated vehicle dynamics control systems for vehicle handling is given in this 

chapter. The current state of stand-alone vehicle dynamics control systems is first 

examined and then followed by a survey of integrated vehicle dynamics control 

systems and a discussion of the reviewed studies. Finally, the aims and objectives of 

the research are specified. 

0 2.1 Introduction 

0 2.2 Stand-alone Vehicle Dynamics Control Systems 

0 2.3 Integrated Vehicle Dynamics Control Systems 

0 2.4 Discussion 

" 2.5 Research Aims and Objectives 

" 2.6 Conclusions 

2.1 Introduction 

The development of active systems for the control of vehicle handling has been 

ongoing since the beginning of 1980's, with Active Rear Steering (ARS) being the 

first to receive considerable attention (Sharp and Crolla, 1988; Furukawa et al., 1989), 

which was then followed by the introduction of Active Four Wheel Steering (A4S) 

(Nagai, 1989). From the start of 1990's, Direct Yaw Moment Control (DYC) or 

functionally similar, Variable Torque Distribution (VTD) control began to attract 

more interest largely by making use of the existing ABS/TCS hardware (Naito et al., 

12 
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1990; Motoyama et al., 1993; Inagaki et al., 1994). In addition to this, Roll Moment 

Distribution (RMD) control also began to be introduced around this time (Abe, 1992; 

Williams and Haddad, 1995; Everett et al., 2000; Konik et al., 2000). More recently, 

much interest has been concentrated on the research of Active Front Steering (AFS) or 
Steer-By-Wire (SBW) technique (Ono et al., 1998; Mammar and Koenig, 2002). In 

particular, AFS has begun to attract new commercial interest since its first 

introduction by BMW on their 5 Series in 2004. 

Due to the functional overlaps or interactions between different stand-alone vehicle 
dynamics control systems, the concept of integrated vehicle dynamics control has 

been proposed in order to achieve optimum overall vehicle performance. The 

following sections will be devoted to presenting an extensive review of literature 

relating to active vehicle dynamics control systems for vehicle handling. In line with 

the scope of this thesis, the review of stand-alone vehicle dynamics control systems 

will be restricted to the two chosen categories of active steering and dynamic stability 

control systems. However, in order to examine the general concepts of integration, 

active suspension systems will be taken into account in the review of integrated 

vehicle dynamics control systems. 

2.2 Stand-alone Vehicle Dynamics Control Systems 

2.2.1 Active steering systems 

Active steering systems affect vehicle handling behaviour through directly modulating 

the generation of lateral tyre forces. In this section three active steering schemes, 

Active Rear Steering (ARS), Active Front Steering (AFS) and Active Four Wheel 

Steering (A4S) will be examined, respectively. 

Active Rear Steering (ARS) 

Active rear steering has received extensive attention from both automakers and 

academia and has been regarded as a promising tool to improve vehicle handling since 

the beginning of 1980's. In practice, several Japanese manufacturers tried ARS 

systems commercially around this time, but few now remain. Recently, ARS has 

received more interest in the USA for large pick-up trucks, e. g. GM Chevrolet 
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Silverado. The control objectives of active rear steering systems vary widely: some 

aim to minimise vehicle sideslip angle (off-tracking) and others attempt to create a 

neutral handling characteristic or follow the desired dynamic model. 

The most common control task for ARS is to minimise the sideslip angle of the 

vehicle so that the centre of gravity (CG) follows the given path. In the early 1980's, 

front wheel steer angle feedforward ARS systems were developed and some were 

commercially used. Among them, Shibahata et al. (1986) and Takiguchi et al. (1986) 

for Mazda proposed the so-called speed sensing ARS. In this system, at low speeds 

the rear wheels are steered in the opposite direction to the front ones for better 

manoeuvrability, and at high speeds the converse will be the case to offer stability 

augmentation. 

Sano et al. (1986,1988) for Honda contend that similar improvements to those 

mentioned above can be achieved by varying the rear/front steer angle ratio according 

to the steering wheel angle such that for small steering wheel angles the front and rear 

wheels steer in the same direction, but when the steering wheel is turned in a large 

angle, the rear wheels steer in the opposite direction to the front ones. The contention 

is based on the fact that large steering wheel angle inputs are normally not used at 

high speeds while they are usual for low speed manoeuvring. 

A similar idea can be found in Fukui et al. (1988) where for quick turning of the 

steering wheel the rear wheels should be steered in the opposite sense to the front 

wheels, but for slow turning of the steering wheel the rear wheels would be steered in 

the same sense as the front ones. Control laws of these systems are derived so that the 

vehicle sideslip angle becomes zero in both steady and transient states. In such ARS 

systems, the yaw rate response to steer inputs becomes that of a first order system. 

Whilst the feedforward ARS can to some extent improve vehicle handling, it cannot 

compensate for external disturbances such as crosswinds or split-µ braking. 

To overcome the above problem, yaw rate feedback ARS is developed (Sato, 1983, 

1991; Whitehead, 1988; Yamamoto et al., 1989; Xia and Law, 1992; Tanizaki and 

Yamanaka, 1998). The control law of such ARS is derived from an inverse model of 

the 2DOF linear single track model and is a combination of front wheel steer angle 
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feedforward and yaw rate feedback to make the vehicle sideslip angle to be zero at all 
times. Computer simulations confirm the effectiveness of the proposed control 

strategy, especially when the vehicle is subject to external disturbances. However, 

robustness of the developed ARS with respect to vehicle forward speed and road 
friction coefficient variations is questionable. 

Wakamatsu et al. (1996) propose an adaptive sideslip angle minimisation ARS which 

consists of feedforward compensation, yaw rate feedback and a simple road friction 

coefficient estimator to minimise the vehicle sideslip angle even on slippery road 

surfaces. In principle, the proposed adaptive ARS is similar to the above yaw rate 
feedback ARS in terms of control objective and strategy. The overall control system is 

formulated as an Internal Model Control structure with two degrees of freedom in 

which the feedforward compensator is dependent on the estimated friction coefficient, 

compared with the fixed gain in the above yaw rate feedback ARS and the linear 

feedback compensator is designed by [t-synthesis to provide robustness against model 

and estimation errors. Performance improvements induced by the proposed ARS, 

especially in robustness to road friction coefficient variations over feedforward only 

and fixed-gain yaw rate feedback ARS can be seen through both simulation and 

experimental results. 

In addition to conventional control techniques mentioned above, intelligent control 

techniques such as fuzzy logic control have been applied to ARS as well. Szosland 

(2000) proposes a feedforward fuzzy logic ARS controller to minimise vehicle 

sideslip angle. The control law is formulated by taking the front wheel steer angle and 

vehicle speed into account, i. e. the rear wheel steer angle is determined by the fuzzy 

logic controller with front wheel steer angle and speed dependent nonlinear front-to- 

rear steer ratio being inputs. This method is shown to be effective in a specific 

nonlinear vehicle model at high speeds but no consideration is taken on how to 

actively steer the rear wheels at low speeds. In addition, though the descriptions of 

related inputs and outputs of the fuzzy controller in terms of fuzzy sets and linguistic 

variables are given which is the unique value of such a technique, there is no 

discussion of how the rule base is derived. Furthermore, once again, lack of feedback 

in the whole control structure cannot guarantee vehicle stability when the vehicle is 

subject to changing environmental conditions. 
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The sideslip angle minimisation ARS does provide improvements in terms of quicker 

steering response and better stability compared with the conventional 2WS, however 

it is at the expense of excessive understeer (Senger and Schwartz, 1987). Whitehead 

(1988) and Nalecz et al. (1989) argue that improvements in vehicle handing induced 

by such ARS systems are slight and only correspond to high frequency excitation at 
high speeds. In other words, benefits of reduction in vehicle sideslip angle are only 

tangible in rarely occurring situations such as an extreme manoeuvre likely leading to 

instability. Shibahata et al. (1986) also report that steering the rear wheels in the 

opposite direction to the front ones at a large angle is not very effective in improving 

low speed manoeuvrability because it makes the rear end of the vehicle `stick out' 
further toward the outside of the curve. 

As an alternative to the zero sideslip angle control strategy, a control logic which is 

based on model following control techniques is proposed to make the vehicle to 

follow the desired dynamic model through the state feedback of both yaw rate and 

sideslip angle (Hirano and Fukatani, 1996,1998). An observer whose parameters vary 

with vehicle forward speed is used to estimate both yaw rate and sideslip angle by 

applying a frequency filter. The total rear wheel steer angle is the sum of a 

feedforward part which is derived by an inverse model of the desired dynamics and 

used to compensate for the steady state response and a feedback part which is 

calculated based on g-synthesis to guarantee the robust control performance in spite of 

changes in vehicle parameters and to compensate for the transient dynamics. In 

addition, the feedback controller gain is designed to be frequency dependent so that 

the control performance varies according to frequency, i. e. high gain in low frequency 

ranges for good performance and low gain in high frequency ranges for robustness. 

Whilst both simulations and actual tests demonstrate the effectiveness of the proposed 

controller, using only one input to control two states is a questionable technique. 

Active Front Steering (AFS) 

In recent years, being an effective tool to affect vehicle handling, active front steering 

has attracted more and more attention. Such active handling control usually serves as 

a steering support system by applying an additional steer angle to the driver's steer 

command. Due to the extra steering action, AFS should be constructed with the steer- 
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by-wire concept, but at the present time, it could be implemented by superimposing a 

controller on the conventional steering system, as shown in Figure 2.1. 

Wang and Nagai (1992) develop an AFS system to track the reference yaw rate and 
lateral acceleration by using a pole-assignment self-tuning adaptive control algorithm 

and a least-square parameter identification method. In this paper the characteristic 

polynomial of the closed-loop system is assigned to be equal to the denominator of 

the transfer function of the reference model. The proposed controller is designed in 

discrete time to respond adaptively to the changes in the vehicle-environment system. 

Whilst it is found through simulations that the adaptive controller can improve vehicle 

handling response and reduce driver steering burden in the presence of sudden 

changes of road friction during turning along a circular curve, the effect of vehicle 

forward speed variation on the proposed controller is not investigated. 

Interven 

Figure 2.1 Schematics of AFS system actuation 

Tagawa et al. (1996) propose an AFS controller based on a robust model matching 

algorithm to achieve robustness with respect to parameter variations and disturbances 

such as varying speed and road surface friction. The proposed controller is used to 

realise the desired closed-loop frequency characteristics between the driver steer input 

and vehicle yaw rate rather than follow a reference signal. An interesting aspect of the 

study is that the ratio of yaw rate and vehicle forward speed is chosen as the feedback 

variable in the controller design so that a constant circular radius may be maintained 

for a constant steer input even in the presence of speed change. Computer simulations 

in both frequency and time domains are carried out to show the effectiveness of 

developed controller. However, the fact that there is no description of the model used 

for simulations is the main weakness of this paper. 
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Ono et al. (1996,1998) provide a new way to analyse vehicle stability using 
bifurcation theory. The stability analysis is performed through a study of the vehicle 

state trajectories in the yaw rate - sideslip angle plane. This work gives explanations 
to a number of well-known features of vehicle dynamics such as the effect of rear 
lateral tyre force saturation on vehicle stability and the so-called "counter steering" 

which is often used by skilled drivers to get through sharp cornering. An adaptive H, r 
controller based on the model following structure is then proposed and shown to 

effectively stabilise a vehicle through identifying the peak cornering force of a tyre 

and limiting the steering wheel angle so that all tyres work in the unsaturated regions 

on the slip-force curve. Whilst the work is clear and well argued, the use of a 

simplified linear vehicle model for demonstrating the effectiveness of the proposed 

control strategy weakens its persuasion. 

A body of work, (Ackermann et al., 1996; Ackermann, 1997; Ackermann and Bünte, 

1997; Sienel, 1997; Wang and Ackermann, 1998), develop a concept of robust 

unilateral decoupling to attenuate yaw disturbance by making yaw rate unobservable 

from the lateral acceleration. Through such a decoupling, the proposed controller 

attempts to take over the disturbance attenuation task and only leave the primary path- 

following duty to the driver. Both computer simulations and road tests are carried out 

and clearly show the effect of the robust controller on disturbance rejection. However, 

the inspected driving situations largely lie in the linear region of the vehicle handling 

dynamics and do not result in large sideslip angle so that lateral tyre force 

nonlinearities are not accounted for in these tests. In addition, the robust decoupling 

may increase the degree of instability when tyres reach their performance limits and 

lateral tyre forces are saturated. Accordingly, whilst the work is theoretically 

thorough, the controller effectiveness is not verified over a wide enough handling 

regime to reach useful conclusions. 

Two papers (Mammar and Baghdassarian, 2000; Mammar and Koenig, 2002), the 

latter in particular, present a complete discussion of coprime factors based two- 

degree-of-freedom H. AFS controller synthesis for both good yaw rate tracking and 

disturbance rejection. The former formulates a highly idealised robust controller while 

the latter introduces several refinements over the previous work. Both papers report 

that increasing speed and road adhesion reduction have the same effect on vehicle 
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stability and easily lead to damping reduction through the study of vehicle stability in 

the yaw rate - sideslip angle plane. Several simulations at different speeds and on 

various road surfaces are carried out to verify the work using a nonlinear vehicle 

model with a Pacejka pure lateral slip tyre model, however the load transfer and roll 

mode which play a crucial role in the lateral vehicle dynamics, especially in high 

lateral acceleration region are not considered. 

Huh and Kim (2001) propose an AFS system to maintain the optimal lateral tyre 

forces during steering. An Extended Kalman Filter is used to estimate the individual 

lateral tyre forces and a fuzzy logic controller is then designed to compensate for the 

lack of lateral tyre forces experienced on low-µ surfaces. The work is verified by 

using a steering Hardware-In-the-Loop system under different road friction 

conditions. Though the proposed control and estimation techniques are found to be 

effective, some undesirable high frequency dynamics introduced in the controller 

output is not explained and may limit its application. 

Güvenc et al. (2001) provide an AFS controller design using a two degrees of 

freedom control structure to improve yaw dynamics in terms of steering command 

tracking and disturbance rejection. The robust controller is designed to intervene only 

when necessary with a low frequency fading feature which is achieved through the 

disturbance observer and a velocity gain scheduled implementation is employed. 

Whilst computer simulations demonstrate the effectiveness of the proposed controller, 

the specific six operating conditions for controller design and linear simulations used 

in the paper do not represent the real driving tasks and situations. 

Active Four Wheel Steering (A4S) 

This section will consider the Active Four Wheel Steering (A4S) systems in which 

both front and rear wheels can be actively steered in order to control the balance of 

lateral tyre forces on front and rear axles. Such systems are actually designed on the 

basis of multi-input-multi-output control techniques. 

Nagai (1989) proposes a LQR A4S controller using model following control strategy. 

The controller is designed to track the reference yaw rate and sideslip angle. Two 
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control laws: feedforward compensation only and both feedforward and feedback 

compensations are formulated to actively steer front and rear wheels cooperatively. 
Computer simulations and experiment demonstrate that the transient steering response 

of the vehicle with A4S can be improved regardless of the existence of feedback 

compensation, but much higher stability under side wind gust can be achieved only by 

the A4S controller with both feedforward and feedback compensations. As the 

proposed LQR controllers are derived completely from the virtual vehicle model, the 

problem of robustness against varying velocity and road friction condition remains. In 

addition, there is no detailed description of both the reference model and the vehicle 

model used for simulations. 

A simple 2DOF controller for A4S which consists of both feedforward and feedback 

compensations using a model following control strategy is presented in (Aga et al., 

1990). A linear control law derived in the frequency domain is used for both yaw rate 

and sideslip angle tracking. The control performance is verified in simulation on a 

linear vehicle model and subjective evaluation of this system by test drivers suggests 

the controlled vehicle is more responsive to steer inputs and more stable against 

external disturbances but experiences increased roll rate which is undesirable from the 

driver point of view. To cope with this problem, the control law in which both 

feedforward and feedback gains can be calculated on line by least squares method is 

redesigned to track the desired yaw rate and roll angle. Simulation and experimental 

results at a specific speed show both better yaw rate tracking and smoother roll 

response compared to both feedforward only and feedback only ARS. However, the 

difference between the simulated and tested response characteristics especially at high 

frequencies suggests that the linear nominal model based simple frequency controller 

lacks robustness with respect to external disturbances. This may be the key concern in 

real implementations. 

An ARS based A4S system can be found in (Lin, 1992). This work refines the yaw 

rate feedback ARS by adding an extra yaw rate feedback control to the front wheels 

so as to overcome the oversteer tendency at low speeds and extreme understeer at 

high speeds of the zero sideslip angle ARS. The proposed closed-loop controller still 

attempts to minimise the vehicle sideslip angle and at the same time maintain a 

constant steering characteristic similar to the passive vehicle. The extra linear 
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feedback controller is formulated using the 2DOF linear bicycle model and makes the 

steering characteristics of the vehicle equipped with A4S independent of vehicle 

speed. From the simulation results in both frequency and time domains it is found that 

the proposed control system is effective in improving vehicle transient response and 

appears to achieve a similar handling feeling to the passive vehicle. Nevertheless, it is 

not clear whether this analysis remains valid on a nonlinear vehicle model. 

Ackermann (1990,1993,1994) provides a theoretical and comparative study of the 

design of robust active steering controllers. The initial study (1990) proposes an AFS 

control law to decouple the yaw mode from the lateral mode of the front axle and help 

the driver track a given path by yaw rate feedback to the front wheels. To overcome 

the drawback of degraded yaw damping induced by the AFS control law, a second 

control loop is introduced to make yaw dynamics independent of vehicle velocity 

through yaw rate feedback to rear wheel steering. Although simulations of disturbance 

rejection are carried out and some results are presented, no description of an 

appropriate vehicle model is provided and it fails to demonstrate improvements in 

vehicle handling in the nonlinear regime. In addition, although the work states that the 

proposed controllers are robust, there is however no related study given in the papers. 

The design of a robust A4S controller can be found in (Gianone et al., 1995). The 

work compares the conventional LQR controller with the combined robust LQR/ H. 

controller for ARS and A4S with respect to yaw rate and sideslip angle tracking. In 

this study, a structured description of parameter variations and disturbance rejection 

for A4S vehicles is given first and then followed by the optimal robust controller 

design. Only the variation in rear tyre cornering stiffness is treated as uncertainty and 

the worst case simulation for both state tracking and disturbance rejection is 

performed on a linear vehicle model. Though the simulations verify the effectiveness 

of the proposed robust controller in this specific design case, the inclusion of other 

uncertainties such as vehicle forward speed and road friction condition and the use of 

a nonlinear vehicle model would provide more insight to the features of this 

controller. 

Horiuchi et al. (1996) investigate another robust A4S controller using a two-degree- 

of-freedom control structure in which a feedforward controller is designed based on 
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an inverse linear model to track the reference yaw rate and lateral acceleration and a 
feedback H. controller is formulated to provide robustness to model uncertainty and 

external disturbances. Whilst both step steer simulations of a nonlinear vehicle model 

with load transfer and nonlinear tyre characteristics included and proving ground tests 

show robustness of the proposed controller with respect to vehicle speed and road 
friction, a broader range of simulations would be more insightful and useful to 

demonstrate the control performance. 

A similar study to (Lin, 1992) is presented in (Kleine and Van Niekerk, 1998) based 

on the well-known Whitehead (1989) control law which leads to zero sideslip angle. 

The proposed A4S controller attempts to eliminate the extreme understeer tendency 

induced by the Whitehead control law and to provide steering response similar to that 

of the passive vehicles through additional yaw rate feedback to the front wheels. This 

paper reports that the feedback of yaw rate to both front and rear wheels can provide 

decoupling of sideslip mode and yaw rate even though it is not complete and 

meanwhile reduce both sideslip and yaw rate to be stable first order systems. The 

theoretical analysis is performed on a linear bicycle model and the resultant feedback 

gain is velocity dependent. Simulations using an appropriate nonlinear vehicle model 

demonstrate that the extended controller improves yaw response in terms of rise time 

and increased damping without losing the ability to minimise sideslip angle. In 

addition, the strong understeer characteristic found in Whitehead's algorithm is 

removed as well. Frequency analysis also shows that the yaw rate gain can be kept 

constant up to a higher frequency and phase lag is smaller compared to the passive 

and ARS controlled vehicles. Though vehicle handling response is shown to be 

improved in terms of rapid transient behaviour, there is no description of what is the 

ideal or driver preferred steering characteristics. Furthermore, robustness with respect 

to vehicle forward speed variations needs to be analysed to draw useful conclusions. 

Summary 

The preceding section has reviewed a large amount of work relating to active steering 

systems for vehicle handling control. ARS, AFS and A4S all have received a great 

deal of attention due to the demand for developing active safety systems and 

intelligent highway systems. 
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The most common objective of ARS seems to minimise vehicle sideslip angle for off- 
tracking reduction and steering response improvement. This however usually leads to 

excessive understeer which in turn deteriorates vehicle steering response. Few papers 
have addressed this problem and most of the studies reviewed above concentrate only 

on this specific control objective, though the selection of appropriate control tasks is 

the key to an effective control system. Unfortunately, this has not been given 

consideration with respect to ARS and therefore it is difficult to fully evaluate ARS 

and compare ARS with other active steering systems. 

In the case of AFS, dominant studies have focused on developing complex control 

laws rather than presenting a realistic and general discussion of the vehicle dynamics 

problem. Although various advanced control techniques have been applied to the 

controller design, no paper has presented any investigation about the functional 

limitations of the proposed controller, especially in the nonlinear region of tyre 

dynamics. The work reviewed largely aims to improve yaw dynamics in terms of 

steering command following and disturbance rejection. However, these studies mostly 

emphasize linear handling models and the lack of severe manoeuvres for control 

performance evaluation is the main drawback of such systems. 

The A4S approach allows two vehicle states, yaw rate and sideslip angle to be 

controlled simultaneously by two control inputs, front and rear wheel steer angles. 

Both ARS based A4S for reducing the strong understeer tendency caused by ARS and 

model following A4S for vehicle state tracking are proposed using various robust and 

optimal control techniques. A4S studies reviewed above however have the same 

problem of lacking analysis of the vehicle dynamics problem. 

In summary, all the active steering systems presented in the literature have the 

following common shortcomings: i) the use of excessively simple models, especially 

tyre models for evaluating complex or even nonlinear controllers; ii) the lack of 

realistic handling manoeuvres used to fully investigate the performance and 

limitations of the proposed control systems; iii) the lack of thorough analysis of the 

vehicle dynamics problem. Therefore, the design of active steering systems needs to 

be refined in the light of clear and well-defined control objectives for improving 

vehicle handling over the entire range of vehicle handling. In addition, the utilisation 
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of advanced control techniques for active steering systems cannot be said to be 

advantageous unless the studies consider a vehicle model with appropriate degree of 

complexity and an appropriately broad range of handling manoeuvres for control 

performance evaluation. 

2.2.2 Dynamic stability control systems 

Dynamic Stability Control (DSC) is another active safety technology introduced since 
ABS and TCS. This technology uses differential longitudinal tyre forces, either 
driving or braking forces, to generate a corrective yaw moment and then to control 

vehicle lateral and yaw motions under emergency conditions. Figure 2.2 shows the 

operation principle of DSC systems through the tyre friction circle when the vehicle 

approaches the handling limit. In such a situation, little additional lateral tyre force is 

available due to the tyre force saturation properties. However the potential for 

generating enough differential longitudinal force between left and right sides of the 

vehicle and then a corrective yaw moment can be expected. In this section, both 

driveline based and brake based DSC systems will be reviewed. 

FY Margin Left Turning 
Availability 

of F 

Brak ction 

Figure 2.2 Schematic operation principle of dynamic stability control systems 

Brake based dynamic stability control systems 

The brake based dynamic stability control systems, or referred to as Direct Yaw 

Moment Control (DYC) can stabilise vehicles by braking one or more wheels to 

produce the required corrective yaw moment. These systems are well developed and 

investigated in the literature and are the most common in practice by far. Such 

Right Turning 
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systems can share hardware such as sensors and actuators with ABS so that the cost of 
implementation can be significantly reduced. Due to the introduction of braking 

forces, brake based DSC is only desirable to influence vehicle handling at or close to 

the performance limit. The braking actions are performed automatically and 

regardless of whether or not the driver applies the brakes. More detailed description 

and analysis of DSC will be presented in Chapter 6. The literature in this area can be 

categorised in terms of different controlled variables, i. e. yaw rate, sideslip angle, 

sideslip angle/sideslip angular velocity and the combination of yaw rate and sideslip 

angle. 

Control of vehicle yaw rate 

Abe et al. (1996) compare the various control laws for both 4WS and DYC. This 

work first analyses the drawback of 4WS systems in extreme driving situations and 

then proposes DYC to overcome this drawback. In order to choose the suitable control 

strategy for DYC, a comprehensive comparison of both zero sideslip angle and yaw 

rate tracking strategies by either feedforward only or combined feedforward and 

feedback control is presented through computer simulations on a nonlinear vehicle 

model. In addition, a simple scheme for the cooperative control of 4WS and DYC is 

presented in this study as well. All the control laws are derived using a 2DOF linear 

bicycle model and it is concluded by the authors that the yaw rate tracking control 

strategy is more suitable for DYC. 

Buckholtz (2002a) proposes a knowledge/rule based intelligent controller for vehicle 

stability enhancement. The fuzzy logic controller presented in this study is utilised to 

track the desired yaw rate by assigning a proper wheel slip ratio to each corner of a 

vehicle and these wheel slip ratios can then serve as reference inputs to the lower- 

level wheel dynamics controller. Such a control scheme eliminates the need for 

conversion from the conventional corrective yaw moment to the required braking 

torque/pressure at individual wheels. It is shown through simulation that the tracking 

performance of the proposed controller degrades when the vehicle sideslip angle 

becomes large. A further study in (Buckholtz, 2002b) refines the controller to include 

the limit of vehicle sideslip angle in the control logic. Comparative analysis of these 

two controllers demonstrates the improvement in yaw rate tracking for the refined 
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one. However, the work does not investigate the robustness of the proposed 

controllers to parameter variations and disturbances. 

Control of vehicle sideslip angle 

A DYC controller for vehicle sideslip angle tracking is presented in (Yoshioka et al. 
1998,1999) by using sliding mode control. The proposed sliding mode controller 
directly defines the desired slip ratio of individual wheels and sends these values to 

ABS/TCS as command inputs. Then the system can choose the wheel for the 

application of braking actions to stabilise the vehicle. In addition, a brief description 

of the state and parameter estimation techniques used in this study is also presented. 

This work is evaluated through both simulations of a full nonlinear vehicle model and 

field tests. The simulation demonstrates that the SMC is more robust to the change in 

vehicle yaw inertia than the simple PD controller; there is however no further 

investigation of the robustness to road friction and vehicle speed variations. 

Another vehicle sideslip angle tracking DYC is presented in (Abe et al. 1999). This 

work derives the sideslip angle tracking control law using sliding mode theory and the 

controller design is based on a 2DOF bicycle model along with a simple nonlinear 

tyre model on board. The corrective yaw moment computed by the sliding mode 

controller is the direct control input to the vehicle. Various open- and closed-loop 

simulations of a nonlinear vehicle model and experiment tests on an actual vehicle are 

conducted to verify the proposed DYC. Similar studies can be found in (Abe 1999; 

Abe et al. 2001). The main outcome of these studies is to compare the proposed DYC 

with both 4WS for sideslip angle control and DYC for yaw rate tracking. The proving 

ground test using an actual vehicle equipped with the developed controllers 

demonstrates that the sideslip angle tracking control is superior to other control 

strategies for DYC due to the nonlinear tyre characteristics. 

Control of vehicle sideslip angle/sideslip angular velocity 

A unique approach to vehicle stability analysis is introduced in (Inagaki et al. 1994) 

by Toyota. In this paper vehicle stability is analysed in the phase plane for vehicle 

sideslip angle and its angular velocity instead of the conventional state plane for 

sideslip angle and yaw rate. A control algorithm based on this method is then 
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developed to confine the vehicle states within the predefined stable region in the 

phase plane. If the vehicle states go outside the stable region, a corrective yaw 

moment will be generated through braking one appropriate wheel. A similar study is 

presented in (Koibuchi et al., 1996). The only difference of this work from the 

previous study is to extend the one-wheel braking algorithm to four-wheel braking in 

a fixed proportion for improving course tracking. However the one-wheel algorithm is 

still used in stability or oversteer correction control. Another work in (Yasui et al., 
1996) employs the same method to design a dynamic stability control system to 

stabilise the vehicle in the event of oversteer. In addition, the brake actuator response 

criteria which should be satisfied by the brake actuator is also investigated in this 

study to make sure that the real implementation of such a system on an actual vehicle 

is effective and reliable. 

Control of the combination of yaw rate and sideslip angle 

Alberti and Babbel (1996) propose a driving stability control system to correct critical 

course deviations through braking individual wheels. The proposed control system 

consists of two independent control strategies: one is to track the desired yaw rate 

using a simple PD regulator and the other is to limit the sideslip angular velocity 

through a proportional regulator, respectively. Whilst the lane change simulation on 

slippery road surfaces demonstrates the effectiveness of the developed control system, 

the possible conflict or interference between two independent control strategies is not 

investigated as such conflict may degrade the stabilisation capacity of the whole 

control system. In addition, no description of appropriate vehicle model and yaw 

moment generation scheme is presented in this study. 

A model following control strategy for DYC is presented in (Park and Ahn, 1999). In 

this study a H,,,, controller is designed based on the 2DOF linear bicycle model. The 

required corrective yaw moment is generated through brake torque applied at one 

wheel using a switching control scheme. The main difference of this work from others 

is that the control input from the proposed H., controller is the brake torque to be 

applied at a specific wheel rather than the corrective yaw moment. The [t-analysis 

helps to achieve robust performance and robust stability of the developed control 

system. Whilst simulation results of a nonlinear vehicle model show good state 
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tracking and robustness to parameter variations, the effect of the proposed control 

system on the longitudinal vehicle dynamics is not considered. 

Uematsu and Gerdes (2002) propose two new schemes to control yaw rate and 

sideslip angle simultaneously for maintaining vehicle stability. This study first derives 

two sliding mode controllers for both yaw rate and sideslip angle tracking using a 
dynamic sliding surface and a single sliding surface with a weighted combination of 

yaw rate and sideslip angle, respectively. These two controllers are then compared 

with those for controlling either sideslip angle or yaw rate alone. It is demonstrated 

through simulations that the two proposed sliding controllers with combined yaw rate 

and sideslip angle as the control objective is better than those using only one of them 

as the control objective. However, this work is only demonstrated on a simple 2DOF 

vehicle model and therefore the justification of such an approach is relatively weak. 

Summary 

The brake based dynamic stability control systems reviewed above have concentrated 

on the selection of controlled variables and the development of control algorithms. 

Some studies have used a two-step approach: firstly, the DYC controller is designed 

using various control design methods such as linear quadratic optimal control, sliding 

mode control or fuzzy logic control to demand a corrective yaw moment; then the 

brake torques/forces or slip ratios of individual wheels required to generate the 

corrective yaw moment are derived through a second control loop. Nevertheless, other 

researchers have only emphasised the development of the control logic and ignored 

how the corrective yaw moment is generated. 

Brake based dynamic stability control systems on one hand have been shown to be a 

commercially viable technique for improving vehicle limit stability. Among various 

controlled variables presented in the literature, the control of vehicle sideslip angle 

and its angular velocity at the handling limit may be the most effective scheme since 

when the vehicle sideslip angle has the same sign as its angular velocity, even for 

small sideslip angles, large sideslip angular velocity may lead to vehicle spinning. On 

the other hand, the inherent drawback of the brake based dynamic stability control 

system, interference with the longitudinal vehicle dynamics and hence disturbance to 
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the driver when they intervene, limits its application to only extreme driving 

situations. This effect is significant from the driver point of view, especially during 

high speed driving since it conflicts with the driver actions. Therefore, the brake 

intervention should be avoided as much as possible (Smakman, 2000; Selby, 2003). 

Driveline based dynamic stability control systems 

For driveline based dynamic stability control systems, in order to correct the 

undesired and unpredictable vehicle motion in the yaw plane, either the front/rear or 

left/right torque distribution can be actively controlled to generate a corrective yaw 

moment. In the case of front/rear torque distribution control for 4WD vehicles, a 

corrective yaw moment is generated indirectly by utilising the tyre property that the 

lateral tyre force is reduced with increase in the corresponding longitudinal tyre force. 

For left/right torque distribution control, a significant corrective yaw moment is 

generated directly through the difference in the longitudinal forces between left and 

right wheels of the same axle. There are four typical left/right torque split mechanisms 

as shown in Figure 2.3. 
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Figure 2.3 Schematics of typical left/right torque split mechanisms 
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" Controlled LSD (Limited Slip Differential) 

In the case of LSD, due to the locking effect of the differential, torque can only be 

transferred from the faster spinning wheel to the slower spinning one, namely in one 
direction. 

" Control using braking 

In this case braking one wheel on a conventional differential can produce different 

speed and torque between left and right wheels of the same axle. 

" Control using driving torque 

This mechanism can split the desired value of torque between two wheels using two 

multi-disc clutches at each wheel. 

" Torque bypass 

Through arranging an additional gearbox across the conventional differential, torque 

can be transferred between left and right wheels of the same axle. This can be 

achieved by using either a continuously variable transmission (CVT) as shown in 

Figure 2.3(d) or a fixed-ratio gearbox with controlled clutches as adopted in this 

thesis. The direction of torque transfer is therefore controllable in this mechanism. 

Naito et al. (1990) investigate a front/rear torque split control system in which the 

front/rear torque split ratio can be varied continuously from the RWD to a rigid 4WD 

mode based on the input information of the lateral acceleration and difference in 

rotational speed between the front and rear wheels. Simulation results show that the 

optimum front/rear torque split ratio should vary according to the level of longitudinal 

acceleration and the road surface conditions. Final tests suggest that the proposed 

system provides good cornering performance as well as high level of traction 

performance comparable to that of a rigid 4WD system. Naito et al. (1992) propose a 

right/left torque split control system using electronically controlled Limited Slip 

Differentials (LSD). Various driving tests suggest that right/left torque split control 

can improve traction as well as cornering performance and stability during various 

driving situations. Whilst improvements in both traction and cornering performance 

are shown in these studies, no details of appropriate vehicle model and control 

algorithm are presented. 



Chapter 2. Literature Review 31 

Motoyama et al. (1993) compare the contributions of left/right and front/rear torque 
distribution control to vehicle handling performance. Figure 2.4 shows the simulation 

model of a drivetrain with a front, a rear and a centre differential. The torque 

distribution ratios for the front, rear and centre differentials are identified by aF , aR 

and ac , respectively. A simple PD control law is derived to achieve a neutral steering 

characteristic by tracking the reference yaw rate. Both simulations and vehicle tests 

show that the left/right torque split control is more powerful and effective over even 

wider range of lateral accelerations than the front/rear counterpart in terms of 

affecting vehicle handling performance. 
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Figure 2.4 Simulation model of drivetrain used in (Motoyama et al., 1993) 

Doniselli et al. (1993) investigate the left/right torque distribution using an ideal 

controlled differential. A theoretical analysis of various mechanical approaches for 

splitting the torque between left and right driving wheels of the same axle is 

presented. A nonlinear control law is proposed and shown to improve vehicle stability 

as well as the steady state and transient properties of vehicle handling. A number of 

simulations of a nonlinear vehicle model are carried out and the results suggest that a 

vehicle with the controlled differential has the potential to be more efficient in 

enhancing active safety and handling performance compared to that with the 

conventional one at both low and high lateral accelerations. 

An intelligent four-wheel drive system which consists of a centre differential, a 

hydraulic multi-disc clutch and an electronic control unit for distributing the torque 

between front and rear axles is developed by Matsuo et al. (1993). This 4WD system 
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attempts to achieve a good balance of handling performance and stability without 
interfering with the handling limit predictability through torque distribution using a 

yaw rate model following control strategy. Similar to Naito's work (1990), the ideal 

torque distribution ratios for this 4WD system are calculated according to the lateral 

acceleration and road friction conditions based on a 2DOF nonlinear vehicle model. 
The front/rear torque distribution is then varied so that the actual yaw rate of the 

vehicle follows the desired one. Simulation results show the effectiveness of the 

proposed system during acceleration while cornering under different road friction 

conditions. 

Mitsubishi presents the implementations of an active yaw control (AYC) system 

through left/right torque transfer (Ikushima and Sawase, 1995; Sawase and Sano, 

1999). The former proposes a new torque transfer mechanism using a continuously 

variable transmission (CVT) for minimal energy loss and the latter develops a novel 

torque transfer differential by adding a set of two friction clutches and a three-gang 

gearing system to the conventional differential so that the lateral torque transfer can 

be implemented in both directions and the amount of transferred torque can be 

actively controlled independently of the input torque from the engine. A yaw rate 

model following control strategy is applied to the first study and a feedforward control 

scheme with µ estimation is adopted in the second one. In addition, the combination 

of the proposed AYC system with a brake based DSC system is also investigated in 

the second study to improve vehicle stability when the safety limit is reached. A 

number of simulations are carried out using a nonlinear 4WD vehicle model and the 

results suggest improvements in both cornering performance and vehicle stability. 

Shibahata et al. (1992) develop the so-called ß-method to analyse the vehicle dynamic 

characteristics throughout the handling region and the effects of longitudinal 

acceleration/deceleration on vehicle handling performance. This method relates the 

vehicle sideslip angle to vehicle stability and is used to predict the required stabilising 

yaw moment to compensate for changes in vehicle handling behaviour due to 

longitudinal acceleration/deceleration during cornering. The required corrective yaw 

moment is then generated by actively distributing torque between left and right sides 

of the vehicle. The technique is found to significantly increase the vehicle handling 

performance envelope in combined cornering and acceleration/braking manoeuvres. 
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The commercial product, Active Torque Transfer System (ATTS) developed by 

Honda is presented in (Kuriki and Shibahata, 1998). The effect and performance of 
ATTS is discussed through implementing this system on an actual FWD vehicle. The 

main breakthrough of this implementation is the zero torque steer achieved by a 

special suspension. 

Matsuno et al. (2000) propose an experimental study of a variable torque distribution 

control system which splits torque between front and rear axles based on the µ 

estimation. Parameter identification law in adaptive control theory is used to estimate 

the road friction coefficient through identifying the actual cornering stiffness of tyres. 

The controller sets the torque to be transferred according to the estimated µ and the 

deviation between the actual and reference yaw rates. Different experimental tests 

show that the proposed system improves vehicle handling performance and stability 

under various road/operating conditions over the system with fixed torque distribution 

ratio. However, the control law of the proposed controller is not clear. 

In contrast to the conventional internal combustion (IC) engine vehicles with axles, 

transmission and differential units, electric vehicles can make the dynamic stability 

control to be performed in a simpler and quite exact manner, especially with the use 

of in-wheel motors which enable the torque applied at individual wheels to be 

controlled independently and fast (Fujioka and Yanase, 1994; Sakai et al., 1999; 

Shino et al., 2000; Esmailzadeh et al., 2002). In this study, as electric vehicles are not 

of interest, the review in this respect will not be detailed. 

Summary 

The studies reviewed above show the potential of the driveline based dynamic 

stability control systems for affecting vehicle handling behaviour. The general 

principles of such systems with respect to handling control are similar to those of the 

brake based ones and control theory is however not rigorously applied compared with 

the brake based schemes. In addition, the characteristics of the torque split devices 

with regard to the amount and rate at which torque can be transferred has rarely been 

presented in the literature. Furthermore, most papers are concentrated on the 

implementation of the proposed system and the discussion of controllers is mostly 
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qualitative, and so is the discussion of the improvements in vehicle handling 

behaviour. 

As the amount of driving torque that can be applied to a given wheel of the driving 

axle depends on both engine capacity and driving situations, and in addition, the 

driving torque commonly has a lower limit than braking torque, the available 

corrective yaw moment generated by the driveline based system may not be 

comparable to that generated by the brake based one. However the driveline based 

systems do offer the advantage of not interfering with the longitudinal vehicle 
dynamics present in brake based systems when they intervene, and then no additional 

pitch motions are generated. In fact, during some extreme manoeuvres, the 

coordination of driveline and brake schemes may be required. 

2.2.3 Comparative studies 

In order to achieve integrated vehicle dynamics control, the effects of individual 

systems and the regions in which they are effective need to be clarified. A few papers 

have been devoted to comparing the relative merits of different stand-alone vehicle 

dynamics control systems. 

Yamamoto (1991) analyses and compares three different control categories for 

improving vehicle handling and stability, i. e. active steering control, driving/braking 

force distribution control and roll stiffness distribution control. A feedforward plus 

feedback control law for 4WS is first proposed to enhance steering response and 

disturbance rejection in the linear region of tyre characteristics. When the vehicle 

approaches the limit of tyre adhesion, the other two control methods should be 

utilised. The work applies a yaw rate model following control strategy to the latter 

two systems. Both simulation studies and test results verify the effects of the three 

control methods in corresponding effective regions, as shown in Figure 2.5 where GX 

and Gy denote longitudinal and lateral acceleration, respectively. 

Shimada and Shibahata (1994) make a similar comparison of three different vehicle 

dynamics control systems: torque distribution control, active roll stiffness distribution 

control and active rear steering control through the analysis of vehicle dynamics. The 
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study compares the ability of each system to generate a stabilising yaw moment and 
hence the ability to improve vehicle handling performance during combined cornering 

and acceleration/deceleration manoeuvres using the previously developed ß-method 

by (Shibahata et al., 1992). The effect and effective regions of different control 

methods are summarised as: 

" The active rear steering control is only effective for a small sideslip angle and can 

compensate for the change in vehicle dynamics at lateral accelerations of up to 

7m/s2. When the sideslip angle increases, the effects of such systems decline. 

" The active roll stiffness distribution control is only effective at a higher lateral 

acceleration (4m/s2 or above) and the effect highly depends on the longitudinal 

weight distribution of the vehicle. 

" The torque distribution control is effective throughout the vehicle handling 

regime. 

Therefore, the work is concluded that the torque distribution control has the greatest 

capability to compensate for the changes in vehicle cornering characteristics induced 

by acceleration and deceleration. 
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A detailed review and comparison of 4WS and DYC is presented in (Furukawa and 
Abe, 1997). The study points out that 4WS approaches or even reaches its functional 

limit when the rear lateral tyre force is saturated. At this point, no matter how 

advanced the control theory used is, it is difficult or impossible for 4WS to make a 
breakthrough. On the other hand, DYC can be used as a promising technique to 

improve vehicle handling further and to overcome the limitation of 4WS at or close to 

the handling limit. In addition, the study states that the nonlinearities of vehicle and 

tyre should be taken into account when deriving control laws for DYC. The work does 

not include actuation issues but mentions the potential of coordination/integration of 

4WS and DYC. 

Summary 

The above comparative studies confirm that different vehicle dynamics control 

subsystems have functional limitations and effective regions of their own within the 

entire handling regime of the vehicle. The functional limitations are closely related to 

the nonlinear tyre characteristics and the effective regions can be specified in terms of 

the level of vehicle lateral acceleration. More specifically, active steering systems are 

most effective at low to mid-range lateral accelerations; roll moment distribution 

control systems are only effective at high lateral accelerations since the effect of 

lateral load transfer increases with lateral acceleration; torque distribution control is 

seen to be effective over the entire handling regime of the vehicle and the brake based 

DYC is only desirable at the handling limit. 

2.3 Integrated Vehicle Dynamics Control Systems 

The literature reviewed so far has focused on the stand-alone vehicle dynamics 

control systems which are independently developed and individually optimised to 

affect lateral vehicle handling by using different aspects of the vehicle dynamics. The 

potential functional overlaps or conflicts between different stand-alone control 

systems have not been exploited in these studies. Actually, there is still much scope to 

further enhance the vehicle handling performance by controlling these stand-alone 

systems in a coordinated or integrated manner to overcome the drawbacks of 

individual systems and to achieve an improved overall vehicle performance. In 
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addition, one can also expect commercial benefits such as cost reduction, hardware 

and space saving through sharing sensor information and coordinating subsystems. 
Two design approaches to integrated vehicle dynamics control, bottom-up and top- 
down will be examined in this section. 

2.3.1 Bottom-up approach 

The first stage of integrated vehicle dynamics control is the coordination of stand- 

alone control systems which is referred to in this thesis as bottom-up design approach. 

In the bottom-up approach the integrated control is designed based on two or more 

existing controllable subsystems to minimise or avoid their interferences. The 

subsystem controllers are designed independently to achieve their own control 

objectives and then to influence specific aspects of the vehicle dynamics with no prior 

knowledge of how other control systems affect the same aspect of the vehicle 

dynamics. This approach is now predominantly studied in the literature, and is 

relatively simple in terms of control design and implementation. Figure 2.6 shows the 

typical structure of this approach to integrated vehicle dynamics control. 

Figure 2.6 General structure of the bottom-up approach to integrated vehicle dynamics 

control 

A cooperative control scheme for 4WS and DYC is presented in (Furukawa and Abe, 

1996). The work derives a sliding mode-like control law for DYC to make the vehicle 

sideslip angle to converge to zero using a linear 2DOF bicycle model. In order to 

i_IRRARY 
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determine the direct yaw moment, a simple tyre model on board is utilised to estimate 
the lateral tyre forces. The DYC then cooperates with a simple feedforward zero- 

sideslip angle 4WS to compensate for its drawback due to the saturation of lateral tyre 

forces. Both open and closed-loop computer simulations of a nonlinear vehicle model 

confirm the effectiveness of the proposed control system and its robustness to road 
friction variations. However the interactions between the two actuation schemes, 
braking and rear wheel steering is not examined in this work. 

Lakehal-ayat and Diop (2002) propose a similar configuration to coordinate the stand- 

alone active braking and active suspension systems. The control system is designed to 

achieve the multivariable regulation of the longitudinal velocity, lateral acceleration 

and yaw rate to the reference values by using a decoupled suspension model. Whilst 

good yaw rate tracking is demonstrated through simulations, the results are so limited 

that it is difficult to draw useful conclusions about the quality of the proposed control 

system. 

Hac and Bodie (2002) propose another similar integrated vehicle dynamics control 

algorithm which coordinates active control of brake and suspension with magneto- 

rheological (MR) dampers to improve vehicle stability and emergency handling. An 

analysis of vehicle stability is first performed on a 2DOF nonlinear bicycle model and 

the control authority of each stand-alone control system in terms of the ability to 

generate the required corrective yaw moment is evaluated. The integrated control 

algorithm which is based on the yaw rate model following control strategy is then 

designed. Test results demonstrate that the proposed integrated control system 

significantly reduces the brake usage compared with DYC only. 

The most detailed description and example of the bottom-up approach can be found in 

(Smakman 2000a, 2000b) of BMW. An Internal Model Controller for the suspension 

based system and a simple PD control law for the single-wheel DYC system are 

proposed in this study based on a thorough analysis of the vehicle dynamics. The 

work reports that these stand-alone control systems interfere with each other due to 

different control objectives and actuation concepts when they are present on a vehicle 

simultaneously. Then a simple rule is proposed to prevent these interactions. 

Moreover, the interference with the longitudinal vehicle dynamics observed in DYC 
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is also significantly reduced through distributing the required control effort between 

two individual actuators. This work demonstrates the potential to improve the 

performances of two stand-alone control systems by complementing each other and 

understanding interactions between them. 

A similar control scheme which coordinates AFS and DYC is presented in (Selby et 

al., 2001 a). The work uses AFS to improve vehicle handling behaviour in low to mid- 

range lateral acceleration and employs DYC to maintain vehicle stability at the 

handling limit. Due to the interference between AFS and DYC, a rule based switching 

control scheme is proposed to keep the vehicle under control throughout the handling 

region. In addition, the required corrective yaw moment demanded by the DYC 

controller is shared between DYC and AFS through proper selection of these rules to 

delay the intervention of braking actions and consequently to reduce interference with 

the longitudinal vehicle dynamics. A comparative study of AFS and ARS when 

coordinated with DYC is presented in (Selby et al., 2001b). The authors come to a 

conclusion that AFS is more suitable to be coordinated with DYC than ARS in terms 

of assisting DYC in maintaining vehicle stability. 

Summary 

The work reviewed in this section aims to integrate two stand-alone vehicle dynamics 

control systems in a cooperative or coordinative way. However, few authors except 

Smakman (2000) investigate the integration issue through a detailed analysis and 

understanding of the vehicle dynamics and interactions between subsystems. 

Therefore, the vehicle dynamics and the interactions between different stand-alone 

control systems have to be fully understood before the final integration is achieved. 

Though the bottom-up approach seems to be the one which is now followed in 

industry such as BMW and Robert Bosch, a detailed description of the methodology 

is not available. In addition, this approach is a local but not a global integrated vehicle 

dynamics control solution. 

2.3.2 Top-down approach 

A more sophisticated approach to integration design is called the top-down design. In 

comparison with the bottom-up design, the top-down approach is a true global vehicle 
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dynamics control solution. In the top-down approach, a global or central controller 

which is responsible for making all control decisions is usually designed using 

multivariable control techniques. Such a controller produces generic control inputs to 

available actuation schemes. The design process is attractive due to its analytic nature 

and the fact that a quantitative framework for controller evaluation is inherent. 

However, the potential improvement is restrained by the substantial increase in 

complexity of the design process and the need for accurate state or parameter 

estimations and reliable sensors in the implementation. The general structure of this 

approach to integrated vehicle dynamics control is illustrated in Figure 2.7. This 

section will briefly review the studies in this field and identify the profile of this 

approach. 

Figure 2.7 General structure of the top-down approach to integrated vehicle dynamics 

control 

Hirano et al. (1992,1993) propose a 2DOF yaw rate tracking control strategy to 

integrate 4WS and 4WD by modulating the rear wheel steer angle and the front/rear 

torque split ratio. The feedforward compensator deals with the fast steering response 

within the linear region of tyre characteristics and the feedback Hc0 controller 

augments the rear wheel steer angle and determines the torque split ratio to stabilise 

the vehicle in the nonlinear region of tyre characteristics. It is reported that the 

tracking of the original reference yaw rate is not realistic and easy to cause the vehicle 

to spin at the handling limit. This problem is addressed through the addition of an 

adaptive control algorithm that reduces the desired yaw rate when the estimated 
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sideslip angle becomes large. This implies the coupling of yaw motion and sideslip 

motion of the vehicle and suggests that such an interaction needs to be dealt with, 

especially during limit handling. A refined control law is presented in (Hirano, 1994; 

Ono et al., 1994) where the p-synthesis is used to design the feedback compensator so 

that both robust stability and robust performance can be ensured. The controller is 

evaluated through simulations and actual vehicle tests. 

Yu and Moskwa (1994) study a model based technique for integrated control of 4WS 

and individual wheel torque control (IWTC) using input-output linearisation and 

sliding model control theory. A 3DOF vehicle dynamics model along with a 

simplified Dugoff tyre model is used for controller design. The driver inputs are 

interpreted as desired longitudinal and lateral forces applied on the vehicle which will 

be tracked by the controller. Whilst simulation results show that the proposed 

controller improves vehicle stability compared with zero sideslip angle 4WS alone, 

the use of the simplified Dugoff tyre model restricts control performance at the limit 

of handling as it does not completely represent tyre characteristics around this point. 

This drawback applies to all model based controllers as the control performance is 

strongly dependent on the accuracy of the model used. Therefore, robustness of the 

proposed control system is a practical concern. A further paper by Manning et al. 

(2002) investigates how the same SMC is extended to control roll and bounce. 

An integrated model following controller for 4WS and DYC is presented in (Wang 

and Nagai, 1996; Nagai et al., 1997) to track the reference yaw rate and sideslip angle. 

A 2DOF linear bicycle model is employed for controller design. Simulation results 

show the improvement in vehicle handling performance and good robustness to road 

friction and tyre cornering stiffness variations. However, the comparisons are made 

only between the vehicle with/without the integrated controller and no comparison 

between the integrated and stand-alone controllers is presented. Therefore, it is 

difficult to draw conclusions that the proposed controller is superior to the 

corresponding stand-alone ones. A similar study of integrated control of AFS and 

DYC is found in (Nagai et al., 2002). In this study, the performance of the integrated 

control system is compared with that of DYC only. Another comparative study of 

AFS and ARS when integrated with DYC is presented in (Shino et al., 2002) and 
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comes to a conclusion that AFS is more suitable to be integrated with DYC than ARS 

in terms of reducing control action of DYC. 

Another model based controller design for the integration of 4WS and IWTC is 

presented in (Horiuchi et al., 1998,1999) using nonlinear predictive control theory. 

The model used for controller design in this work is quite similar to that in (Yu and 
Moskwa, 1994) with load transfer effects included. The controller is designed to track 

the desired yaw rate, desired forward speed and desired lateral velocity which are 

calculated based on driver steer and braking inputs. Simulation results of the proposed 

controller show improved vehicle stability and good robustness to road friction 

variations in comparison with the zero sideslip angle 4WS. However, the need for all 

states and tyre vertical load feedback requires expensive sensors and time-consuming 

estimation which are unrealistic in real implementation. Although the controller is 

shown to be robust to road surface friction variations, no discussion of the required 

accuracy or upper limits on noise for such sensors and estimators is provided. 

Hattori et al. (2002) propose a concept called VDM (Vehicle Dynamics Management) 

which aims to achieve seamless vehicle steerability and stability anytime by making 

the most of tyre performance through the integration of all stand-alone vehicle 

dynamics control systems. This concept uses the global integration scheme to form a 

hierarchical control algorithm and enables each subsystem or layer to cooperate with 

others through both-way communications. One of two core technologies of this 

concept is the feedforward force/moment control by translating the driver inputs into 

desired vehicle forces/moments and the other is the target force/moment distribution 

among wheels by using nonlinear optimization. Two open-loop simulations are 

conducted and demonstrate the effectiveness of the proposed concept. However, no 

details are presented about how the driver inputs are translated into the target 

forces/moments and how the tyre forces are estimated. 

Summary 

The reviewed studies present an overview of the multivariable control based top-down 

hierarchical design approach. Whilst most of the papers demonstrate excellent control 

performance, the work to date is dominated by theoretical studies and there are no 
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practical examples in which the potential benefits of integration have been exploited 

on production vehicles. The model based multivariable controller needs full states 

measurement/estimation which will lead to commercially expensive applications and 

computationally complex control algorithms. Although many papers assume that all 

required state and parameter information is available, no investigation with respect to 

sensor noise and estimation accuracy is presented. 

In addition, most works reviewed here use inappropriately simple or even linear tyre 

models for controller design and evaluation, therefore, the quality of vehicle 

modelling, especially in the nonlinear region of tyre characteristics is questionable. 

2.4 Discussion 

Two distinct sorts of stand-alone vehicle dynamics control systems for affecting 

vehicle handling: active steering systems and dynamic stability control systems and 

comparative studies of these systems have been covered in this literature review. In 

addition, two potential approaches to integrated vehicle dynamics control: the bottom- 

up approach and the top-down approach have also been reviewed. The review clearly 

shows the need for active control of vehicle handling, the improvements induced by 

these active control systems and the development trend of active vehicle dynamics 

control. 

Active steering systems have first received much attention as steering is traditionally 

the primary input to the vehicle from drivers and the most direct means to affect 

vehicle handling. The concept of active steering was first studied in the form of ARS 

and more recently AFS has attracted more commercial interest. These systems affect 

vehicle handling through actively steering front or/and rear wheels and then directly 

controlling the amount of generated lateral tyre forces. Whilst a large number of 

papers in this area have been published, it has not meant that this field is the most 

developed with respect to practical solutions to the vehicle handling control problem. 

In addition, most papers have indeed only designed open-loop control systems 

without drivers included in the control loop and therefore it is as yet unclear what the 

subjective improvement induced by these systems is from the driver point of view. It 
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is recognised that active steering is a highly effective approach to affect vehicle 
handling behaviour as long as the vehicle lateral acceleration is small and the lateral 

tyre forces show approximately proportional characteristics with respect to tyre slip 

angles, however, quite few papers have considered limit handling situations in which 
it is most likely for normal drivers to lose control of the vehicle. Actually this is one 

of the main shortcomings of studies reviewed here: the lateral acceleration range used 
is not wide enough for assessing the proposed control systems. 

As an alternative to active steering, the dynamic stability control systems, including 

brake based and driveline based ones have been extensively studied since the 1990's. 

These two categories of systems can actually be grouped as one more general form - 

active torque distribution system (ATDS). The study of the brake based DSC systems 

dominates in this field as it is more powerful in terms of the amount of achievable 

corrective yaw moment and more flexible because of the ability to brake individual 

wheels. In contrast, the driveline based DSC systems have received relatively little 

interest and control laws have not been so rigorously applied to such systems as in the 

area of brake and steering systems. The primary reason for limiting a widespread 

application of such a technique appears to be the cost of extra hardware required and 

the amount of achievable corrective yaw moment which is largely limited by the 

engine capacity and driving tasks. Nevertheless, it is a favourable tool for the 

developing electric vehicles on which the individual mounted motors are available for 

independently controlling the torque applied at each wheel. 

The major advantage of the brake based systems is that they can make the most of 

existing ABS hardware and only require a small number of additional sensors. One of 

the main disadvantages of the brake based systems mentioned in the literature is the 

interference with the longitudinal vehicle dynamics and therefore they are only 

acceptable at the limit of handling from the driving `pleasure' point of view. 

However, this effect does not exist in the driveline based systems and hence these 

systems can be applied over a wide range of vehicle operating conditions. In addition, 

though different approaches have been proposed to evaluate vehicle stability in the 

literature relating to the brake based systems, the relative merits of these approaches 

have not yet been fully quantified. 
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Regarding the stand-alone control systems reviewed here, each has its own 

characteristic and limitation, thereby no one is completely effective in all driving 

situations nor are they absolutely essential for vehicle handling control at all times. 

The goal of integrated vehicle dynamic control is to achieve the optimum vehicle 
dynamic performance with minimum cost and energy consumption through 

integrating an optimum number of stand-alone control systems on a vehicle. 

Two approaches to this, bottom-up and top-down have been presented in the 

published papers. The bottom-up approach is formulated by adding a level of 

supervision to the stand-alone control systems to deal with their interactions and the 

top-down structure is established by using a model based central/global multivariable 

controller to make all control decisions and to distribute the generic actuations to 

corresponding actuators. 

The bottom-up approach makes the most of previously developed and well- 

understood stand-alone control systems to improve vehicle performance and to 

mitigate interactions between subsystems. This modular approach makes the control 

system design flexible - each subsystem and its controller may be designed separately 

to achieve desired functional requirements of its own, and consequently reduces 

design complexity. In addition, subsystems employed can potentially operate even if 

the coordination level fails and accordingly enables a great degree of fault tolerance. 

In contrast, the top-down or model based approach tends to be commercially 

expensive due to the requirement of a number of reliable sensors. Furthermore, there 

is computational complexity in implementing accurate model based controllers and 

state estimators. Therefore, given the time and economic constraints, at present it is 

the view of the author that it is not feasible to synthesise the vehicle control in the 

form of a fully integrated global controller. Nevertheless, it is valuable to provide 

insight in this field. 

In summary, through the above review, the following common shortcomings in 

previous work have been identified: 

" The use of inappropriately simple models, especially simple tyre models for 

testing complex controllers; 
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0 The lack of a realistic and sufficiently wide range of handling manoeuvres to fully 

investigate the performance and limitations of the proposed controllers; 

0 The lack of clear and well-defined control objectives for improving vehicle 
handling over the whole range of lateral acceleration; 

" The lack of clarity of interactions between systems and approaches to system 
integration. 

The above review and discussion have resulted in an understanding of active control 

of vehicle handling in both stand-alone and integrated fashions. With the knowledge 

gained from this review, the following chapters will present the details of vehicle 

modelling, lateral vehicle dynamics analysis, control system design and evaluation. In 

particular, a novel integrated control system will be designed and evaluated. 

2.5 Research Aims and Objectives 

The overall goal of this research is to investigate the current state of integrated vehicle 

dynamics control and then to develop a generic control structure which ensures a 

vehicle is safe and pleasurable to drive through making the greatest use of previously 

developed and well-understood stand-alone vehicle dynamics control systems. More 

specifically, three levels of active control systems for vehicle handling will be 

examined and categorised in detail: 

" Stand-alone control systems: in this thesis a stand-alone control system is 

defined as the system which is designed to achieve a specific control objective 

with its own control algorithm and corresponding hardware and without any 

knowledge of other control systems. The functionality and effective region of 

each stand-alone control system will first be analysed and defined to identify the 

possibility of further functional integration. Stand-alone system controllers will 

then be designed independently. 

" Combined control systems: a combined control system is defined as being one 

with multiple stand-alone control systems operating in parallel and without any 

communication between each other. Such systems will serve as the baseline 

configuration for further integration analysis. 



Chapter 2. Literature Review 47 

0 Integrated control systems: an integrated control system is referred to as being 

one in which various stand-alone control systems are functionally rather than 

simply physically superimposed using different design approaches, ranging from 

local to global integration. These systems aim to improve overall vehicle 

performance by reducing interactions and conflicts between subsystems to avoid 

negative or detrimental effects. 

As a preliminary study towards the fully integrated vehicle dynamics control, the two 

stand-alone vehicle dynamics control systems, namely: active steering system and 

dynamic stability control system are chosen in this thesis to form the integration using 

the bottom-up design approach. In addition, for simplicity, the areas of sensor fusion 

and state estimation will not be considered in any detail in this thesis and it will be 

assumed that all controllers to be designed have direct access to sufficient sensor or 

state information for making control decisions. Furthermore, all the actuator dynamics 

will be ignored, and thus all control inputs will be directly applied to the vehicle. The 

following aims and objectives will define the nature of the work undertaken in this 

thesis and follow directly from the above review and discussion. 

2.5.1 Research aims 

0 Through a thorough analysis of the lateral vehicle dynamics, ranging from linear 

to nonlinear behaviour, the control objectives for both stand-alone and integrated 

control systems to be designed will be defined. 

9 An integrated vehicle dynamics control system which is based on the bottom-up 

approach and aims to improve overall vehicle performance by coordinating two 

active subsystems will be designed. It is desired that this integrated control system 

will allow vehicle handling subsystems to interact more effectively to improve 

vehicle handling behaviour over a broad range of handling regimes. 

0 The benefits in overall vehicle handling performance available from the proposed 

integrated control system will be comprehensively evaluated through computer 

simulations over the entire range of vehicle handling using a nonlinear vehicle 

model. 
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2.5.2 Research objectives 

In order to achieve the above aims, the following specific objectives will be met. 

" To develop a nonlinear vehicle handling model with appropriate degree of 

complexity for the study of the lateral vehicle dynamics over the entire range of 

vehicle handling. 

" To define the control objectives in relation to different handling regimes of 
interest through a thorough analysis of the lateral vehicle dynamics. 

" To design the active steering subsystem controllers including AFS and ARS in 

accordance with the control objective of steerability and to clarify the relative 

performance properties of AFS and ARS. 

" To design the dynamic stability subsystem controller for performing the control 

task of maintaining vehicle stability in critical driving situations. Both driveline 

based and brake based DSC subsystems will be developed and the relative merits 

of these two subsystems will be assessed. This will lead to a new driveline plus 

brake based DSC subsystem. 

" To clarify interactions between the above two subsystems and to propose a 

structured approach to an integrated control system for these two subsystems; to 

assess the benefits of the proposed integrated control system with respect to 

different aspects of vehicle handling behaviour. 

2.6 Conclusions 

This chapter has presented a broad review of literature relating to active control of 

vehicle handling, including both stand-alone and integrated control. The specific 

feature of each stand-alone control system has been discussed and two design 

approaches to integrated vehicle dynamics control have been introduced. In addition, 

the relative merits of these two approaches have been briefly compared. A discussion 

of the reviewed literature has allowed the research aims and objectives of this thesis to 

be specified. 



Chapter 3 

Vehicle Modelling 
Abstract: The vehicle modelling for handling analysis is presented in this chapter. 
This modelling includes the 2DOF linear bicycle model which will be employed for 

controller design and an 8DOF nonlinear vehicle model which will be used to 

evaluate the proposed control systems through computer simulations. The test 

manoeuvres are also described in this chapter. 

0 3.1 Introduction 

" 3.2 Vehicle Dynamics Model 

" 3.3 Tyre Model 

" 3.4 Description of Test Manoeuvres 

" 3.5 Conclusions 

3.1 Introduction 

To design vehicle dynamics control systems, evaluate control performance and 

simulate the handling behaviour of a vehicle during a specific manoeuvre, vehicle 

handling models must be developed. A vehicle handling model should have necessary 

complexity for a given application but need not be overly complicated for 

implementation convenience, i. e. the specific application defines the complexity of 

the model. For normal handling, a relatively simple linear vehicle model with many 

simplifying assumptions is enough for the purpose of analysis; a more complicated 

vehicle model however needs to be employed if severe handling is under 

consideration. Therefore, the ideal model for studying most vehicle handling 

49 
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scenarios is one with only those degrees of freedom that are relevant and significant 

nonlinearities should be included when needed. 

In this thesis, the vehicle handling model is classified into two different types: a linear 

model which will be utilised for controller design and generating the reference 

response to driver steer inputs and a nonlinear one for control system evaluations 

through computer simulations. In this chapter, a series of analytical and empirical 

models will be developed to enable the study of basic vehicle handling behaviour 

from the linear region in normal driving situations to the limit performance region 

during emergency manoeuvres. 

3.2 Vehicle Dynamics Model 

The lateral vehicle dynamics can be generally divided into linear and highly nonlinear 

behaviour. For low levels of lateral acceleration, the 2DOF linear bicycle model is a 

powerful tool in gaining insight into the basic aspects of vehicle handling. Beyond the 

low-range lateral acceleration, the effects of nonlinearities on the lateral vehicle 

dynamics become significant and an appropriate nonlinear handling model will be 

developed to investigate vehicle behaviour. 

3.2.1 Coordinate systems 

To derive the equations of motion and measure the position of the vehicle, two 

coordinate systems are first introduced. The inertial coordinate system, (X, Y, Z) 

which is fixed on the earth serves as a reference frame for the vehicle motions and 

defines vehicle attitude and trajectory through the course of a manoeuvre. The vehicle 

fixed coordinate system, denoted by (x, y, z) with its origin at the vehicle centre of 

gravity (CG), is employed to define the vehicle motions. Figure 3.1 shows the vehicle 

coordinate system recommended by SAE when the vehicle is represented as one 

lumped mass located at its CG with appropriate mass and rotational moments of 

inertia (Wong, 2001). 

Herein, the vehicle fixed axis system (x, y, z) is rotated by a yaw (heading) angle yr 

with respect to the inertial system (X, Y, Z) about Z -axis, as shown in Figure 3.2. In 
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the handling analysis the planar motions of the vehicle are of primary interest. 

Therefore, the vehicle heading angle yr and vehicle trajectories X, Y can be 

calculated on the basis of vehicle motions which are normally described by velocities 
(yaw, longitudinal and lateral respectively in this thesis) as follows: 

V/ =Y 

[cos yr 

sin g/ 
- sinyf 

cosyr 

(3.1) 

(3.2) 

The above relationships can be used to perform a numerical integration in time and 

get the appropriate kinematics parameters. 

x 
udinaf 

Z 

Figure 3.1 SAE vehicle coordinate system and sign convention used to describe vehicle 

motions 

3.2.2 Assumptions to vehicle modelling 

A number of simplifying assumptions have been made throughout the study to enable 

the representation of the lateral vehicle dynamics to be appropriate for the handling 

analysis undertaken (Crolla, 1992). The main assumptions include: 

" The vehicle is running on a flat and smooth road such that there is no vertical 

motion of the wheels and then the body heave degree of freedom can be neglected. 

" The vehicle consists of three rigid bodies: a sprung and two unsprung masses (roll 

steer can be ignored). 

" The steering system is stiff (i. e. there is no compliance steer effect, which means 

the steering wheel angle input from the driver directly results in a proportional 

road steered wheel angle). 
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" The steer angles of both front wheels are the same and so are those of both wheels 

of the rear axle. 

" The vehicle is subject to only small or moderate deceleration (no hard braking is 

considered and the body pitch degree of freedom is neglected). 

" The vehicle is laterally symmetrical (i. e. the centre of gravity is located laterally at 

the centre of the vehicle). 

" The driveline dynamics are neglected (driving/braking torques are thus applied 
directly to the wheels). 

" The effects of aerodynamic lift on the vertical load are negligible. 

" Aerodynamic forces are negligible compared with tyre forces. 

X 

I 

Y 

Figure 3.2 Vehicle in an earth fixed coordinate system with negative sideslip angle shown 

3.2.3 2DOF linear bicycle model 

The linear lateral dynamic behaviour of the vehicle can be described by the so-called 

bicycle (or single-track) model which has been investigated extensively in the 

literature. This simplest vehicle handling model possesses only two degrees of 

freedom: lateral motion and yaw motion, but nevertheless it can be used to 

demonstrate the basic features of vehicle handling at low lateral acceleration up to 

0.3g. For such a model, in addition to the assumptions described in Section 3.2.2, the 

following set of assumptions is made to further idealise the vehicle motions (Crolla, 

1992): 

" The left and right wheels on the same axle are laterally lumped into one in the 

centre-line. 

Vx 
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" The vehicle is running at a constant speed V (the longitudinal dynamics and 

forces will not be examined). 

" The vehicle structure, including the suspension system, is rigid. 

" The vehicle is subject to only small perturbations from a trim condition - for 

example, straight running or a steady-state turn (i. e. small angle approximations 
for both tyre slip angles and road wheel steer angles apply). This will lead to fully 

linear tyre behaviour and equations of motion. 

9 Both longitudinal and lateral load transfers are neglected. 

The illustration of the 2DOF linear bicycle model for conventional front wheel 

steering vehicles with kinematic quantities and lateral tyre forces is shown in Figure 

3.3. The vehicle can be viewed as consisting of a planar (2D) motion described by 2 

variables: the lateral speed VY and the yaw rate r. The equations of motion of the 

bicycle model can then be expressed as follows by directly applying Newton's Second 

Law: 

m(Vy + VXr) = Fyf cos 6f + Fyr (3.3) 

IZZ1 = if Fy f cos (5f - lrF 
, 

(3.4) 

where Ff and FY, are lateral tyre forces of the front and rear axles, respectively. 

t I/I "' L 
lý 

i, 

a I 

Vý 

-V` r 

ýr 

Fyr 

Figure 3.3 Bicycle model for conventional front wheel steering vehicles with kinematic 

r 

quantities and forces (negative sideslip angle shown) 
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In line with the small angle assumptions, one can have cos8 f-1 and the lateral tyre 

forces of both axles can be expressed as the product of cornering stiffness C, and tyre 

slip angle al : 

Ff _ -Cf af (3.5) 

Fyr = -Crar (3.6) 

The tyre slip angle is defined as the angle between the plane of the tyre and the tyre's 

direction of travel, as shown in Figure 3.3 (negative angle shown). It should be noted 

that the above two equations are written in terms of axles, which means the cornering 

stiffness is that of the corresponding axle rather than that of the single tyre. In 

addition, the front and rear tyre slip angles can be approximated as: 

of = 
V'' +1 r 

-9f (3.7) 
Vx 

Vyr 
ar -'Vr (3.8) 

X 

Substituting Eqs. (3.5) to (3.8) into Eqs. (3.3) and (3.4) to give: 

(C +Cr) ý1f Cf -lrCr) 
m(J + Vr) 

V 
Vy -Vr+ Cr9r (3.9) 

V, 
X 

ij=- 
(lf Cf - lrCr) 

Vy - 
(1 r2Cr +1 r2 

Cr) 
r+ lr Cr 8r (3.10) 

ZZ VV V, x 

Rearranging to give the following state-space representation: 

x=Ax+B, u, (3.11) 

where the state vector x, the input vector u,, the system matrix A and the input 

matrix B1 are defined by: 

x= 
V' 

, u, =[8 ] 
r 

-(cf+CT) 
all a12 mVx A= _ [a21 a22- 

'r Cr 
- 

if Cf 

I-- Vz 

lrC, l fC f- Vx 
Cf 

MV m x 
[b11 

-(lfCf +l; Cr) ' 
B' 

b2 lfG! 

I= VX I� 
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Moreover, the lateral acceleration ay at the vehicle CG is given as: 

ay =V,, +Vr (3.12) 

The vehicle sideslip angle 8 at the CG which is defined as the angle between the 

vehicle longitudinal axis and the local direction of travel takes the form: 

, ß=tan-' 
V' 

(3.13) 
Vx 

For small angles, 6 can be approximated as: 

ß= 
VV 

(3.14) 

X 

2DOF linear bicycle model for 4WS vehicles 

As discussed in Chapter 2, the vehicle handling characteristics can be tuned by 

actively steering the rear axle in the opposite or same direction as the front one. 

Figure 3.4 illustrates the same-direction case for the 4WS bicycle model with the rear 

wheel steer angle Sr included. From the mathematical modelling point of view, the 

equations of motion of the 4WS bicycle model can be directly derived by modifying 

the expression of the rear lateral tyre force in the above 2WS model, i. e. by modifying 

the expression of the rear tyre slip angle a,. The rear tyre slip angle a,. can be 

obtained in the similar way to the front one and expressed as: 

arrr 
Yx 

(3.15) 

Thus the following equations of motion of the 4WS bicycle model can be derived: 

(Cf + Cr) 
V(l 

Yf C- lrCr )r+ 
m(VY +V r)=- 

Vy-V 

Cf9f + CA (3.16) 

xx 

-- 
(ifCf - lrCr)Vy 

-(lf2Cf 
+lr2Cr)r+lf CI t- lrCrr (3.17) IZZr 

VXxx 

Similarly, the state-space representation of the 4WS bicycle model is given as: 

x= Ax + Bu (3.18) 
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where 

t5 f, B= 
[bl' 

(5r b21 

Cf Cr 

b12 mm 
b22 If Cf 1, C, 

I 
zz 

I 
zz 

x and A are the same as those in Eq. 3.11 for the same vehicle. 

S1 

if Vx 

'V 

v,, 

',. 
, 

;' 
II 

F' yr 

Figure 3.4 Bicycle model for 4WS vehicles with kinematic quantities and forces 

Parameter set 

With the linear bicycle model described above, the basic handling characteristics of 

the vehicle can be analysed. The parameter set for the linear bicycle model 

representing an average passenger car is listed in Table 3.1. 

Table 3.1 Vehicle parameters for the 2DOF linear bicycle model 

Vehicle Parameter Symbol Value Unit 

Vehicle mass m 1704.7 kg 

Distance from CG to front axle lf 1.035 in 

Distance from CG to rear axle lr 1.655 m 

Vehicle yaw moment of inertia IZZ 3048.1 kgm2 

Front axle cornering stiffness Cf 105850 N/rad 

Rear axle cornering stiffness Cr 79030 N/rad 

, 
a t 

Vehicle forward speed Vz 27.8 m/s 
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3.2.4 Nonlinear vehicle model (NLVM) 

The above simple description of the lateral vehicle dynamics is a useful tool for 

understanding the key features of vehicle handling. However, it can only accurately 

represent the vehicle dynamics up to 0.3g of lateral acceleration. With increasing 

lateral acceleration, it cannot capture the full vehicle dynamic behaviour. Therefore, 

in order to enable handling analysis even in the nonlinear region of the lateral vehicle 

dynamics, a more complicated and accurate vehicle model with appropriate degrees of 

freedom needs to be developed. 

As stated previously, the planar motions which include longitudinal, lateral and yaw 

motions of the vehicle are of primary interest in handling analysis. However, during 

transient manoeuvres the suspension which connects the sprung mass to the unsprung 

masses introduces a phase lag between the planar motions of the vehicle unsprung 

mass and the instantaneous vertical tyre load which is one of the major elements 

determining the tyre-road contact forces and then the planar motions of the vehicle. 

Therefore, in order to model transient behaviour of the vehicle, it is necessary to 

introduce additional degrees of freedom. The primary effect of the suspension with 

respect to the lateral handling behaviour is the roll mode which has a great influence 

on the lateral load transfer and then lateral force generation capability. In addition, the 

dominant nonlinearities in the vehicle dynamics result from the tyres which dominate 

in generating forces affecting vehicle handling behaviour. Thus, by employing a 

vehicle dynamics model with appropriate degrees of freedom and a nonlinear tyre 

model, a good representation of vehicle handling behaviour can be produced. In 

accordance with the assumptions in Section 3.2.2, the nonlinear vehicle handling 

model developed in this section has the following eight degrees of freedom and the 

associated variables are shown in Figure 3.5: 

1. Translation in the longitudinal direction (V,: vehicle forward speed); 

2. Translation in the lateral direction (Vy : vehicle lateral speed); 

3. Yaw motion about the vertical axis (r: vehicle yaw rate); 

4. Body roll motion relative to the chassis about the roll axis (0: body roll angle); 

5. Rotation of the front left wheel (col :1 st wheel angular velocity); 
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6. Rotation of the front right wheel (w2 : 2nd wheel angular velocity); 

7. Rotation of the rear left wheel (w3 : 3rd wheel angular velocity); 

8. Rotation of the rear right wheel (w4 : 4th wheel angular velocity). 

h' 

___ , 

0 

msay 

msg 
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tr 
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Rear view 
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a- 
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max ; 
eg 
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Figure 3.5 Schematic diagrams of the NLVM with degrees of freedom and external forces 

Equations of motion 

All equations of motion of the NLVM are generated in the vehicle fixed reference 

frame and local wheel fixed coordinate system. The detailed derivation of the 

equations of motion can be referred to Appendix A and the complete list of vehicle 

parameters and variables used in the equations is in the Notations section. The eight 

equations of motion of the NLVM are given as: 
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jFx +mhrO VX 
=S +Vr (3.19) 

m 

J: F, -m hý Vy =S- VXr (3.20) 
m 

lmZ +IXZ0 (3.21) 
Izz 

J]Mx 
- msh(V, + VXr) + I, jr =I (3.22) 

_ 
-R wý 

F 
xwl ' = 

+T 1 (3.23) 
I w 

_- 
Rw2Fxw2 6 

2 
+T 2 (3.24) 

I w 

3_ 
-Rw3Fw3 +T3 (3.25) 

Iw 

- Rw4Fxw4 
4= 

+T4 (3.26) 
I w 

where 

FX FX1+Fx2+Fx3+Fx4-Fr 

IFy=Fy1+Fy2+FY3+Fy4 

2: m =lf(Fyl+Fyz)-1r(Fy3+Fya)+tf (F'i-Fx, )+tr (F, -FXa) 22 

Mx =[msgh-(K« +Ko, )]O-(Cof +CC. )c 

m=ms +muf +mur 

Eqs. (3.23) to (3.26) are used to model the rotational dynamics of four road wheels 

and to predict the wheel angular velocity. Solutions of the above four equations allow 

the computation of the corresponding longitudinal slip ratio and then the longitudinal 

tyre forces. The single wheel dynamics model is illustrated in Figure 3.6. 

External forces 

The external forces acting on the vehicle are primarily the tyre forces generated at the 

tyre-road contact patches. In the above equations, F,, and Fy, are the resultant 
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longitudinal and lateral forces acting on the i th wheel in the vehicle fixed coordinate 

system. Tyre forces F�, i and FY1 
,1 are however defined in the local wheel axis system. 

Therefore, the resultant force components along the vehicle axes, FXt and F,.; have 

the following relationships with the tyre forces along the wheel axes, Fes,,,; and F,,,,,, 

as shown in Figure 3.6. 

F'Xl cos 6l - sin (5i F't 

Fyj sin (5l cos (5i F},,,, 1 
(i =1,..., 4) (3.27) 

where 81 is the steer angle of the i th wheel and is assumed to have the following 

relationships: 

S1=S2=ßj, 83=(54=(5r 

The rolling resistance Fr is given as (Gillespie, 1992): 

Fr=frW 

where 
fr 

W 

Rolling resistance coefficient 

Weight of the vehicle 

S. 

i 

VXI, d 

n 

Single wheel dynamics model 

0 

Tyre force relationship 

Figure 3.6 Single wheel dynamics model and tyre force relationship 

3.2.5 Calculation of tyre loads 

(3.28) 

(3.29) 

The amount of vertical load on a tyre determines the available tyre forces. The vertical 

tyre loads are normally given by the weight of the vehicle and the position of the 

wi 
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centre of gravity. Nevertheless, vertical tyre loads vary with dynamic load transfer 

which results from inertial forces generated by the acceleration of vehicle masses. 
Therefore the vehicle handling model must also accommodate such load transfer and 

account for differential roll stiffness between front and rear axles. The load transfer 

effects are especially critical in modelling vehicle limit performance under extreme 
driving conditions. During dynamic manoeuvres, the instantaneous tyre load is the 

sum of static load plus load transfer that is due to longitudinal acceleration, lateral 

acceleration and body roll motion, respectively, i. e. 

FI =Fol +Faxi +Fayl +Foj (3.30) 

Herein, the quasi-static balance equations will be employed to calculate the vertical 

load for each corner of the vehicle. 

Static loads on level ground 

When the vehicle is at rest or travels at constant forward speeds on a straight and level 

road, the static loads on the front and rear axles are: 

FZ f0 =Mg 
ll 

(3.31) 

Fzro = mg 1 (3.32) 

Load transfer due to longitudinal acceleration 

When the vehicle accelerates, load transfer from the front axle to the rear axle takes 

place due to inertia, thereby the load on the front is reduced and the load on the rear is 

increased by the same amount. During deceleration or braking, the opposite is the 

case. With the assumption of moderate longitudinal acceleration and no body pitch, 

the vehicle can be treated as one lumped mass m located at its CG. With reference to 

the side view of the vehicle model in Figure 3.5, taking moment about the centre of 

contact for rear tyres gives the load on the front axle: 

FZ mglr ma., 
heg 

1 =FZf0 - Fz(3.33) 
fl 

Similarly, the load on the rear axle is given as: 



Integrated Vehicle Dynamics Control Using Active Steering, Driveline and Braking 62 

FZr = mg 
if 

+ ma x 

heg 
= FZro + FZ (3.34) 

Il 

Thus the total longitudinal load transfer is: 

ma h 
F'Zax =l `g (3.35) 

The change in the vertical load for each wheel on the same axle due to longitudinal 

acceleration is assumed to be equal, i. e. FZ / 2. 

Load transfer during cornering 

During cornering, the centrifugal force developed at the CG due to inertia tends to 

pull the vehicle away from the turn and causes lateral load transfer, resulting in the 

increased outer wheel load and decreased inner wheel load. Actually, load transferred 

in the lateral direction results from both lateral acceleration and the vehicle body roll 

motion about the roll axis. The lateral load transfer model for a full vehicle 

negotiating a left hand turn is illustrated in Figure 3.7. The SAE definition is used for 

the roll centre and it is assumed to lie on the vehicle centreline. In addition, the 

inclination of roll axis is ignored and the lateral acceleration for both sprung and 

unsprung masses is assumed to be the same for analysis convenience. 

The centrifugal forces, mufay and muray , associated with the front and rear unsprung 

masses, cause separate lateral load transfer terms across each axle. The amount of 

corresponding load transfer can be calculated in the same way as the longitudinal one 

and is given as: 

F= muf ayhuf (3.36) 
zay%(1) _t 

I 

F murayhur (3.37) 
zayr(1) tr 

The forces, mSay and mag, cause a total load transfer which is distributed in the 

same way between the front and rear axles. These two forces may be treated as one 



Chapter 3. Vehicle Modelling 63 

force at the point of A which is the projection of the sprung mass CG on the roll axis 

plus a roll moment, i. e. 

MXS = msayh cos 0+ msgh sin q5 

Figure 3.7 The lateral load transfer model for a full vehicle 

(3.38) 

This moment must be reacted by the suspension springs and anti-roll bars. If the 

vehicle body can be assumed to be torsionally stiff, then the above roll moment may 

be distributed according to the ratio of the roll stiffness between the front and rear 

axles. The active roll moment distribution control systems indeed utilise this property 

to determine the load transfer balance between front and rear and thus affect the 

vehicle handling performance. The roll moments reacted at front and rear axles are 

given by: 

MXSf = -Kof 0- Ct0 (3.39) 

Mxsr = -K, 0 - Co-O (3.40) 

Thus load transfer terms due to the body roll motion are: 

F, Of = 
MXSf 

(3.41) 
tf 
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F_ 
Mxsr 

Zý t 
r 

(3.42) 

The lateral force, msa y, which acts at point A can be distributed between the front 

and rear suspension along the roll axis, i. e. acting at the front and rear roll centres, 

respectively. The amount of corresponding lateral load transfer is given as: 

=s 
aylrs hf 

(3.43) FZQyi(2) m 
1 tf 

mal FZayr(2) _Sy 
fs 

hr 
(3.44) 

1 tr 

The total lateral load transfer for both front and rear is the sum of the above three 

components. The vehicle negotiating a right hand turn results in positive values for all 

of the three components. Therefore, the vertical tyre load acting on each wheel Fj 

during manoeuvres can be expressed as: 

Fz1 = 
mglr 

_ 
maxhcg 

+ 
ay mslrshf 

+ mufhuf +1 
(_ K .o- Cý (3.45) 

21 21 tf1 tf 

Fz2 = 
mglr 

- 
maxhcg ay msl, shf + mufhu f-1( Ko. o - COY) (3.46) 

21 21 tf 1 tf 

Fz3 = 
mglf 

+ 
maxhcg 

+ 
a, mslfshr 

+ murhur +1 
(- Ko. 0 - Co, (3.47) 

21 21 tr 1 tr 

mgl f maxhcg ay msl fshr F 
z4 =+ +murhur -i 

(-KoO-Co, ý) (3.48) 
2l 2l tr 1 tr 

These expressions will be used to calculate the instantaneous vertical load inputs to 

the nonlinear tyre model to be developed in the following section. 

3.3 Tyre Model 

As mentioned in preceding sections, the dominant forces acting on a road vehicle are 

generated in the tyre-road contact patch. The tyre serves as a component of the whole 

vehicle system to support the vehicle load and absorb the road irregularities, to 
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develop longitudinal forces for acceleration and braking, and to generate lateral forces 

necessary to control the direction of the vehicle. Therefore, in order to simulate and 

analyse the complete vehicle handling region, ranging from linear perturbation to 

large transient performance limit, it is important to accurately predict tyre forces. 

These forces are generally dependent on so many parameters. But for a given tyre- 

road friction pair they can be fairly accurately estimated through the instantaneous 

tyre load, the longitudinal slip ratio and the lateral slip angle. 

3.3.1 Definitions 

To enable precise description of the forces and moments generated on a tyre, the 

standard SAE tyre axis system is used (Gillespie, 1992), as shown in Figure 3.8. The 

forces on a tyre are developed through the deflection or more accurately - shear 

mechanism across the tyre-road contact patch. Both longitudinal and lateral forces 

come from some amount of slip occurring at the tyre-road interface, which are known 

as the longitudinal slip ratio A and lateral slip angle a, respectively. 

Wheel 
Torque Aligning 
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Rolling 
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Moment 
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(Fx ) 

X 
Wheel y", Oll 
Plane ýýgg 
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\aJg\ 
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Spin Axis 

y Lateran 
Force 
(Fr) 

Figure 3.8 SAE tyre axis system 

The longitudinal slip ratio A is defined as the ratio of the difference between the tyre 

rolling speed and the wheel centre speed in the direction of wheel heading to the tyre 

rolling speed or the wheel centre speed in the direction of wheel heading depending 

on acceleration or braking. The definition is given as: 
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Rww - V. 

= 
Rww 

Rww-V� 
V 

if Rww >_ Vow (acceleration) 
(3.49) 

if Rww < V., (braking) 

The variables used in the above equations can be referred to Figure 3.6. For a pure 

rolling tyre, V,,,, = R,, co , hence A= 0; when a tyre is spinning on slippery roads, 

A =1, and for complete wheel lock, A= -1. 

The tyre slip angle a is defined as the angle between the direction of wheel heading 

and the direction of wheel travel. The tyre slip angle is illustrated in Figure 3.9 and 

can be expressed as: 

aZ = tan-1 unsteered wheel, i=3,4) (3.50) YLi 

V. 
at =tan-1 ' (steered wheel, i =1,..., 4) (3.51) 

Vxi 

where Vj and Vyj represent longitudinal and lateral speed components of the i th 

wheel centre along the vehicle fixed axes, and 6i is the steer angle of the 

corresponding wheel. The calculation of individual tyre slip ratio A and slip angle a, 

can be found in Appendix B. 

S. 

vi 

V)) 
i 
(Vywi ) 

I 

vi 

Figure 3.9 Definition of tyre slip angle for unsteered and steered wheels 

3.3.2 Pacejka tyre model 

Various tyre models have been developed to predict tyre forces. The linear tyre 

model, which is often used for the basic analysis of vehicle handling, as in the 2DOF 

Vxi(VXM) 
T/ 

wi 
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linear bicycle model presented previously, only considers the lateral force as a linear 

function of the tyre slip angle and does not include the effect of the longitudinal force. 

This model is simply expressed in the form of Eqs. 3.5 and 3.6. Such an expression 

actually is the linear representation of the tyre cornering properties. However, this is 

only appropriate for low levels of lateral acceleration and it is not capable of 

simulating the effect of lateral tyre force saturation under critical driving conditions. 
A more comprehensive nonlinear model which can reasonably estimate both 

longitudinal and lateral tyre forces over the entire range of vehicle handling 

manoeuvres up to the performance limit is therefore essential. In this thesis, the tyre 

model developed by Pacejka and Besselink (1997) (referred to as Pacejka Tyre Model 

or Magic Formula Tyre Model) is used to characterise the tyre nonlinear behaviour. 

The Pacejka Tyre Model coefficient values are included in Appendix C. 

This model employs an empirical formula known as "Magic Formula" to express the 

longitudinal tyre force F., the lateral tyre force F.,,,,, and the self-aligning moment 

Mz, as a function of slip ratio A and slip angle a, respectively. It can be used to 

describe the pure slip condition under which only the longitudinal or lateral force is 

produced at a time and can also be modified to cope with the combined slip condition 

under which the longitudinal and lateral forces are generated simultaneously. The 

general form of the formula which holds for a given vertical load is given as: 

Y(X) =D sin {C arctan[B(1- E)(X + Sh) +E arctan[B(X + Sh )]] }+S, (3.52) 

where the output Y(X) represents F, FY,, or M,,,,, and the input X denotes A or 

a, respectively. The coefficients in the formula are obtained from experimental tests 

and do not have any direct physical meaning but just define the shape of the force 

curves: 

B: Stiffness factor 

C : Shape factor 

D: Peak factor 

E: Curvature factor 

Sh : Horizontal shift 

SV : Vertical shift 
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Pure longitudinal and lateral slip 

For pure longitudinal slip, the slip ratio A and vertical tyre load FZ are used as the 

model inputs. The typical pure longitudinal force characteristic curves produced by 

the Pacejka Tyre Model for the tyre that will be used in this thesis are shown in Figure 

3.10. It can be seen that for a given tyre load and small values of slip the longitudinal 

force generation is approximately proportional to slip. As the slip increases the 

longitudinal force reaches a maximum at about 10% to 20% slip after which it 

decreases. Actually, this property is of primary importance and usually utilised by 

ABS and TCS to maintain tyres near the peak value of the longitudinal force and to 

prevent tyres from lockup or spinning. 
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Figure 3.10 Pure longitudinal tyre force as a function of slip ratio and vertical tyre load 

calculated by the Pacejka Tyre Model 

In the case of pure lateral slip, the model inputs consist of the slip angle a and the 

vertical load F,. The typical pure lateral tyre force characteristics based on the 

Pacejka Tyre Model are shown in Figure 3.11. Similarly, for a given tyre load and 

small values of slip angle, the lateral force increases approximately linearly with the 

slip angle and saturates at around 10° -15° slip angle after which it declines as the slip 

angle increases. In addition, the lateral force at a given slip angle increases with the 

vertical tyre load, but it does not go up proportionally with load. This characteristic 

plays an important role in lateral load transfer which leads to a reduction in the lateral 

force of the corresponding axle during cornering. 
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Combined longitudinal and lateral slip 
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The pure slip conditions apply only to the case in which lateral and longitudinal forces 

are generated separately such as during steady-state cornering and straight ahead 
driving. When a tyre generates lateral and longitudinal forces simultaneously, the 

situation will be different as the force developed in one direction generally tends to 

reduce that available in the other direction, i. e. interaction between forces exists. 
Figure 3.12 shows the longitudinal and lateral forces calculated by the Pacejka Tyre 

Model under combined slip conditions. It can be clearly seen that at zero slip angle 

the longitudinal force is at its maximum and maximum lateral force occurs when slip 

ratio is zero. In addition, at a certain value of slip ratio, the longitudinal force declines 

as slip angle increases and the reduction in the longitudinal force is more significant 

when the value of slip ratio is relatively small. For the lateral force, at a certain value 

of slip angle, the lateral force decreases slowly at first and then increasingly fast when 

slip ratio is increased. At wheel lock or spinning the lateral force practically reduces 

to zero for relatively small values of slip angle. 
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Figure 3.11 Pure lateral tyre force as a function of slip angle and vertical tyre load calculated 

by the Pacejka Tyre Model 

Tyre lags 

The empirical tyre model introduced above is a steady-state model and does not 

possess any transient properties. As noted in Pacejka (1997), steady-state tyre models 

are only accurate for steady or slow varying motions. When tyre slip angle and 
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vertical loads vary quickly during high lateral acceleration and rapid transient 

manoeuvres, the transient effect on the tyre dynamics must be taken into consideration 

as the tyre takes a finite time to react to these changes and reach a new steady state. 
Many studies have stated that a first order lag is sufficient to model this effect (Crolla, 

1992; Dixon, 1996; Esmailzadeh et al., 2001). 
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Figure 3.12 Longitudinal and lateral tyre forces calculated by the Pacejka Tyre Model under 

combined slip conditions (FZ = 4000N) 

For the lateral tyre force, the lag has a time constant equal to the time taken by the 

tyre to roll through a distance known as the lateral relaxation length RLy,. This length 
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is approximately equal to the tyre rolling radius (Crolla, 1992; Dixon, 1996). 

Therefore the lateral tyre force is finally modelled as: 

d 
z y` dt 

F}, 
µ + Fy" = FY�� (3.53) 

where zyl is the time constant for the lateral tyre force and takes the following 

approximated form: 

RLy 
=RW Zyl _- Vz Vx 

(3.54) 

In the case of the longitudinal tyre force, as the tyres are stiffer in the longitudinal 

direction, the longitudinal relaxation length is of lesser effect (Clover and Bernard, 

1998). Clover and Bernard define the longitudinal relaxation length RLx to be the 

ratio of longitudinal slip stiffness to longitudinal carcass stiffness. The recommended 

value, 0.091m for a 0.3m radius tyre for the longitudinal relaxation length from 

(Clover and Bernard, 1998) is used in this thesis. Similarly, the longitudinal tyre force 

is given as: 

Vxl d-dt Fxw + Fý = FASS (3.55) 

where r1 is the time constant for the longitudinal tyre force and can be approximated 

as: 

Rx 

Zxl _VX (3.56) 

The self-aligning moment is neglected in this study due to its very small magnitude. 

3.4 Description of Test Manoeuvres 

There are a number of test procedures that can be simulated to determine the 

effectiveness of a particular control system. The following represents time based 

analysis of the vehicle. In this thesis, the driver steer inputs refer to the steer angle 

applied at the front wheels by the driver and have the following relationship with the 

steering wheel angle 8: 
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steer angle = 
(5sw 
ns 

where ns is the steering ratio. 

(3.57) 

The evaluation of the controller performance will be performed on the NLVM within 
Matlab/Simulink® environment. All the test manoeuvres except steady-state cornering 

will be examined in an open-loop manner and no driver model or course tracking 

controller is included in the control loop, i. e. the driver does not apply any steering 

corrections after applying an initial steer input for negotiating a specific manoeuvre. 
This is because no single driver is the same in the first place, and secondly, any real 

driver will adapt himself to the vehicle during driving. Therefore the performance of 

the driver-vehicle closed-loop system cannot be evaluated through the simulations 

conducted in this thesis. The definition of the manoeuvres is referred to the ISO/SAE 

standards. 

Steady-state cornering 

The steady-state cornering manoeuvre is the classical method to measure the steady- 

state handling characteristics of the vehicle. There are various ways to study the 

steady-state handling properties of the vehicle and the constant radius method is 

employed in this thesis (Gillespie, 1992; Dixon, 1996). In this test the vehicle is 

initially driven around a constant 33m radius path at a low speed and the vehicle 

forward speed is then increased in steps, thus increasing the amount of lateral 

acceleration produced by the vehicle. A simple PI course tracking controller will be 

used in this manoeuvre to force the vehicle to follow the desired circular curve. The 

understeer gradient can thus be examined against the lateral acceleration. 

Constant speed J-Turn 

The constant speed J-Turn is a simple handling procedure that consists of straight 

running for a set time before commencing a turn that eventually results in steady-state 

cornering at a specific level of lateral acceleration. This manoeuvre is a common 

method to evaluate both steady-state response and transient behaviour of the vehicle. 

As the name implies, in this test, the vehicle forward speed is kept constant at 

100km/h. The steer input for this manoeuvre is illustrated in Figure 3.13 and the 
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amplitude of the steer input is the steer angle required to produce a lateral acceleration 

of 0.4g. 
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Figure 3.13 Steer angle for constant speed J-Turn 

Single sine steer input 

The single sine steer input is used to simulate the response of the vehicle to a single 

lane change manoeuvre. This manoeuvre is a good way to evaluate the transient 

handling behaviour of the vehicle and to determine vehicle stability. The test is 

conducted at a speed of 100km/h and the steer input is applied at various amplitudes 

with a constant frequency of 0.5Hz. The steer inputs that are required to produce peak 

lateral acceleration of 0.5g, 0.7g and to push the vehicle towards the handling limit for 

such manoeuvres are shown in Figure 3.14. 
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Figure 3.14 Steer angles for single sine steer input 

Sine steer input with increasing amplitude 

This manoeuvre is used to examine the vehicle dynamics from the linear handling 
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region up to the performance limit. The steer input for this manoeuvre is shown in 
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Figure 3.15. The amplitude of the steer input is increased gradually until the vehicle 

reaches the limit of handling. The initial forward speed of the vehicle is once again 

chosen as 100km/h. During the manoeuvre the driving torque is held constant and as a 

result the cornering resistance will slow the vehicle down. This manoeuvre is the most 

extreme one with respect to vehicle stability. The frequency of the steer input is 

chosen to be constant at 0.6Hz. 
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Figure 3.15 Steer angle for sine steer input with increasing amplitude 

Braking on split-, u surfaces 

iý) 

This manoeuvre is utilised to examine vehicle straight ahead driving stability. In the 

test the vehicle is driven straight ahead at a speed of 1 OOkm/h on a split-1u surface 

where the wheels on the left side of the vehicle are on an icy (, u = 0.2) surface and 

the wheels on the right side are on a dry (, u =1.0) surface and then an approximate 

step input in brake torque which produces a longitudinal acceleration of -0.4g is 

applied. Since the brake forces that can be achieved on the left side of the vehicle are 

lower than those on the right, the asymmetric braking will generate a yaw moment to 

cause the vehicle to be yaw instable. In addition, in order to prevent wheels on the 

low-, u surface from locking, a simple ABS controller (PD controller) is also 

employed for this test. The brake torque input for this manoeuvre is shown in Figure 

3.16. 

Overview of manoeuvres 

Due to the nature of the manoeuvres described above, it is not necessary to test all the 

designed controllers on each one. The allocations of manoeuvres for evaluating 
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different control systems are listed in Table 3.2. All the manoeuvres can be applied to 

the passive vehicle and the active steering subsystems, AFS and ARS whereas DSC is 

examined only when stability control is required. Combined and integrated controls 

are evaluated for those manoeuvres where both stand-alone controllers are activated 

simultaneously. 
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Figure 3.16 Brake torque input for braking on a split- p surface 

Table 3.2 Overview of test manoeuvres for controller evaluation 
/= Evaluated; -= Not evaluated 

Vehicle and 
Active Passive Combined Integrated 

Control 
vehicle 

AFS ARS DSC 
control control Test 

Manoeuvres 

Steady-state 
cornering 

Constant speed 
- - - J-Turn 

Single sine steer 
input 

Sine steer input 
with increasing 

amplitude 

Braking on split- u 
- - 

surfaces 

3.5 Conclusions 

This chapter has presented the details of vehicle modelling for handling analysis. Two 

vehicle handling models, a 2DOF linear bicycle model for controller design and an 

8DOF nonlinear vehicle model for final control performance evaluation have been 
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developed. The features of each model have been discussed and justified with respect 
to the study to be performed. In addition, the Pacejka tyre model has also been 

introduced to simulate the nonlinear tyre characteristics. Finally the test manoeuvres 

which will be used to evaluate the performance of the proposed controllers have been 

described. 



Chapter 4 

Analysis of Vehicle Dynamics and Definition of 

Control Objectives 
Abstract: This chapter first examines the basic handling behaviour which includes 

both steady-state characteristics and transient dynamics of passive vehicles with 

respect to varying forward speed and lateral acceleration. The definition of control 

objectives for both stand-alone and integrated vehicle dynamics control systems is 

then presented. 

" 4.1 Introduction 

" 4.2 Lateral Dynamics of Passive Vehicles 

" 4.3 Definition of Control Objectives 

0 4.4 Conclusions 

4.1 Introduction 

Corresponding to the linear and nonlinear behaviour of the tyres, the lateral vehicle 

dynamics can also be separated into linear and highly nonlinear behaviour, 

respectively. The vehicle handling behaviour including steady-state characteristics 

and transient dynamics varies significantly in the linear and nonlinear regions, and 

with changes in driving situations and external environments. Therefore, before 

designing the active control systems for vehicle handling, the lateral dynamics of 

passive vehicles needs to be first analysed. In addition, in order to define the control 

objectives for both stand-alone and integrated control systems, the entire handling 

77 
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regime of the vehicle is broken down into three distinct sub-regions with respect to 
the magnitude of lateral acceleration. 

4.2 Lateral Dynamics of Passive Vehicles 

Since handling in this thesis specifically refers to the lateral vehicle dynamics, this 

section will investigate this aspect of the vehicle dynamics in both linear and 

nonlinear handling regions. The primary variables which are of interest and are used 

to describe the lateral vehicle dynamics are the lateral acceleration a), , the yaw rate r 

and the sideslip angle 6. 

4.2.1 2DOF nonlinear vehicle model (2NVM) 

As discussed in Chapter 3, the 2DOF linear bicycle model can only be used to predict 

the vehicle handling behaviour for relatively low levels of lateral acceleration up to 

0.3g. In order to extend the validity of the linear bicycle model and examine the 

lateral vehicle dynamics over the entire handling regime, a 2DOF nonlinear vehicle 

model (2NVM) is developed by substituting the pure lateral slip "Pacejka Tyre 

Model" for the linear tyre model and taking the quasi-static lateral load transfer effect 

into account. Consequently, in this nonlinear model, the left and right wheels on both 

front and rear axles are separated, which is the reverse case of the 2DOF linear 

bicycle model described in Chapter 3. The detailed description of the 2NVM can be 

found in Appendix D. 

4.2.2 Steady-state handling characteristics 

The steady-state handling refers to a steady or trim cornering condition in which the 

vehicle is driven at a constant speed and steer angle, resulting in a constant radius of 

turn (Crolla, 1992). Cornering of a bicycle model at both low and high speeds is 

illustrated in Figure 4.1 where CT and CTh represent the centre of turn at low speeds 

and high speeds, respectively. 

When a vehicle negotiates a turn at a very low speed, the tyres need not develop 

lateral forces and thus they roll with no slip angle, i. e. the tyres' direction of heading 
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and direction of travel are identical. Therefore the centre of turn CT must lie on the 

projection of the rear axle. The low-speed average steer angle of the front wheels 
(against small angle assumption) is defined as the Ackerman Angle (Gillespie, 1992) 

or the Kinematic Angle (Dixon, 1991), as shown in Figure 4.1: 
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Figure 4.1 Schematics of cornering of a bicycle model 

(4.1) 

At high speeds, lateral acceleration will be present during cornering. To counteract the 

inertia force induced by the lateral acceleration the tyres must develop lateral forces, 

and slip angles will be present at each wheel, i. e. the tyre will experience lateral slip 

as it rolls and its direction of travel will deviate from its direction of heading. The 

centre of turn CTh has now moved forward from the rear axle line. The sideslip angle 

at the CG is defined as the angle between the vehicle longitudinal axis and the local 

direction of travel (Gillespie, 1992). When the lateral acceleration is negligible, the 

sideslip angle is positive. At high speeds the slip angle on the rear wheels causes the 

sideslip angle at the CG to become negative, as shown in Figure 4.1. 

Under steady-state cornering conditions, the trajectory of the vehicle CG is circular 

and thus the steady-state yaw rate and lateral acceleration can be expressed as: 

rss = 
Vz 

(4.2) 
R 
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V2 
a=X yss R 

(4.3) 

For the linear bicycle model, the steady-state handling solution can be obtained by 

setting the dynamic terms on the left hand side of Eq. (3.11) to zero and solving for 

the two outputs V, and r. Therefore one can have (Crolla, 1992): 

=lz 8f+KuVX 
RR 

(4.4) 

where Ku is the understeer gradient which is defined as the gradient of the front 

wheel steer angle demanded by the driver against lateral acceleration. 

The steady-state handling characteristics of a vehicle can be measured through the 

steady-state cornering test on a constant radius. The understeer gradient Ku is the 

most commonly used measure of vehicle performance under steady-state handling 

conditions. Normally the following three cases are of interest: 

0 Understeer: Ku > 0, the steer angle needs to be increased with speed; 

" Neutral steer: KU = 0, the steer angle remains constant as the speed varies; 

0 Oversteer: Ku <0, the steer angle will decrease as the speed is increased. 

The understeer gradient of a passive vehicle described by the NLVM is plotted as a 

function of lateral acceleration as illustrated in Figure 4.2. 
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Figure 4.2 Understeer gradient as a function of lateral acceleration during steady-state 

cornering around a constant 33m radius path for the NLVM 
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As can be seen from Figure 4.2, the understeer gradient of the vehicle examined here 

remains almost the same up to around 0.3g of lateral acceleration and increases 

progressively towards the performance limit which is referred to as the handling limit. 

Therefore, at low levels of lateral acceleration up to 0.3g, the vehicle responds to steer 
inputs quite linearly. This is indeed the region that the 2DOF linear bicycle model is 

typically used to describe. Above this level the required steer angle for maintaining 
the cornering radius increases progressively. 

The location of the handling limit largely depends on the friction between the tyre and 

road surface. The value of friction is dependent on many factors such as inflation 

pressure of tyres, condition of the road surface (dry, wet or icy) and condition of the 

tyre tread (worn or new), etc. (Smakman, 2000b). The road surface condition however 

is the dominant factor and this influence is shown in Figure 4.3. The basic shape of 

the curves remains unchanged for different values of the road surface coefficient of 

friction while the road friction does determine the range of the linear region and the 

location of the handling limit. Increasing road friction generally leads to wide linear 

region and high handling limit in terms of the level of lateral acceleration. 
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Figure 4.3 Understeer gradient as a function of lateral acceleration during steady-state 

cornering around a constant 33m radius path for the NLVM under different road conditions 

Steady-state gains 

The steady-state handling properties can also be examined through investigating the 

steady-state gains of the vehicle outputs with respect to the driver steer inputs. In 

order to show the influence of both the vehicle forward speed and lateral acceleration 
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Lateral acceleration [g] 
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on the steady-state gains of yaw rate, lateral acceleration and sideslip angle with 

regard to the driver steer inputs, the 2NVM introduced in Section 4.2.1 is employed. 
The 2NVM needs to be linearised around certain operating points for the purpose of 

analysis. Here, different levels of lateral acceleration are chosen as the points of 
linearisation. The linearisation process is explained in Appendix D. The road surface 
friction however is assumed to be constantly high in this case. The linearised models 

at different levels of lateral acceleration represent different driving conditions up to 

the handling limit. The resultant steady-state gains are shown in Figures 4.4 to 4.6. 
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Figure 4.4 Steady-state gain of yaw rate with respect to driver steer inputs as a function of 

vehicle forward speed and lateral acceleration for the linearised 2NVM 
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Figure 4.5 Steady-state gain of lateral acceleration with respect to driver steer inputs as a 

function of vehicle forward speed and lateral acceleration for the linearised 2NVM 
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Figure 4.6 Steady-state gain of sideslip angle with respect to driver steer inputs as a function 

of vehicle forward speed and lateral acceleration for the linearised 2NVM 

Once again these diagrams are typical for an understeering vehicle. The steady-state 

yaw rate gain, at a specific level of lateral acceleration, increases with speed up to the 

characteristic speed at which the yaw rate gain reaches its peak, and begins to 

decrease thereafter. Characteristic speed is simply defined as the speed at which the 

steer angle required to negotiate any turn is twice the Ackerman Angle. The level of 

lateral acceleration does not influence the basic shape of the yaw rate gain curve, but 

increasing lateral acceleration does lead to progressive reduction in the yaw rate gain 

and consequently less responsive yaw motion, especially when the vehicle is close to 

the limit of handling. In addition, progressive decrease in the characteristic speed for 

increasing lateral acceleration also demonstrates progressive increase in the 

understeer level. 

In the case of the steady-state lateral acceleration gain, at a certain level of lateral 

acceleration, it increases continuously with speed and finally reaches a horizontal 

asymptote. At a specific forward speed, increasing lateral acceleration results in 

progressive decrease in the steady-state gain of lateral acceleration. Finally, for the 

steady-state sideslip angle gain, it is positive at low speeds, gradually becomes 

negative and also runs to an asymptote at high speeds. The influence of lateral 

acceleration on the sideslip angle gain is relatively complex. The steady-state sideslip 

angle gain increases slightly for increasing lateral acceleration up to around 0.6g, 
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which means the vehicle sideslip angle is more responsive to steer inputs in this 

region. When the vehicle approaches the handling limit, due to the highly strong 

understeer of the vehicle response, the steady-state gain of sideslip angle decreases 

progressively for increasing lateral acceleration. 

4.2.3 Transient handling characteristics 

With reference to the linear bicycle model introduced in Chapter 3, the dominant 

lateral dynamics of the vehicle can be described as a second-order system. The 

transient dynamics of the vehicle in response to steer inputs can therefore be 

examined by plotting the location of the system poles. Figure 4.7 shows the location 

of the poles for the 2DOF linear bicycle model as a function of the vehicle forward 

speed in the upper half of the complex plane. Increasing forward speed can be seen to 

lead to progressively less damped vehicle dynamics as the poles have an increasing 

imaginary part and move towards the imaginary axis with speed. 
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Figure 4.7 Location of poles with positive imaginary part for the 2DOF linear bicycle model 

as the vehicle forward speed is increased from 1Okmlh to 180km/h 

The transient handling properties of the passive vehicle can also be examined by 

plotting the pole positions of the linearised 2NVM. The linearised 2NVM, as 

described in Appendix D, has two dominant poles which belong to the yaw and 

sideslip motions of the vehicle. Figure 4.8 shows the location of the two dominant 

poles with positive imaginary part at different levels of lateral acceleration and 

vehicle forward speeds (from 50km/h to 180km/h). Here the linearised 2NVM for 

Increasing forward 
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1 BOkm/h 
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0.1 g of lateral acceleration can be compared with the 2DOF linear bicycle model. As 

can be seen, at low speeds, the poles of the linearised 2NVM lie far away from the 

corresponding poles of the 2DOF linear bicycle model. This is mainly due to the tyre 
lag which has a large effect at low speeds. As the vehicle speed increases, the tyre 
dynamics become fast and have little influence on the dominant vehicle dynamics. 

Hence the poles of the linearised 2NVM approach those of the 2DOF linear bicycle 

model. In addition, at a certain level of lateral acceleration, the poles of the linearised 

2NVM shift towards the imaginary axis as the speed is increased. At a specific speed, 

the poles of the linearised 2NVM are seen to move towards the origin and the 

imaginary axis for increasing lateral acceleration. In other words, increasing lateral 

acceleration results in less damped and slower vehicle dynamics. The effect of 

reduced damping can also be illustrated in Figure 4.9 where the damping factor is 

plotted as a function of vehicle forward speed and lateral acceleration. 

5r 

4.5 

4 

ä, 3.5 

E 

3 

2.5 

2 
-10 -8 -6 -4 -2 0 

Real 

Figure 4.8 Location of dominant system poles with positive imaginary part for the linearised 

2NVM as a function of vehicle forward speed and lateral acceleration 

Frequency response 

The frequency response gives a full description of the small perturbation and dynamic 

behaviour of the vehicle. The steady-state response is the limiting case of frequency 

response at zero or low frequency (Crolla, 1992). The vehicle response to driver steer 

inputs in the frequency domain can be analysed through the Bode diagram. Figure 

4.10 (based on the 2DOF linear bicycle model) shows frequency responses of the yaw 

G 2DOF linear bicycle model 
-ay=0.1g 

ay = 0.3g 

ay = 0.6g 
50km/h av = 0.8q 
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rate, lateral acceleration and sideslip angle to the steer angle at four different values of 
the vehicle forward speed. 
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Figure 4.9 Damping factor as a function of vehicle forward speed and lateral acceleration for 

the linearised 2NVM 

The frequency responses in Figure 4.10 reinforce some of the information previously 

obtained about the vehicle used here. At very low frequencies they are the same as the 

steady-state handling responses analysed in Section 4.2.2. The less damping as speed 

increases is quite noticeable as a peak at around 0.5Hz for the yaw motion of the 

vehicle. This highlights the problem that the response of understeering vehicles may 

feel highly oscillatory during high speed driving. In addition, the increase in the yaw 

rate and lateral acceleration phase lags at relatively high frequencies as the speed 

increases implies that the vehicle behaviour becomes slower, resulting in a reduction 

in the steering response and controllability of the vehicle from the handling point of 

view. 

The influence of lateral acceleration on the vehicle handling behaviour can be 

examined in the frequency domain by using the linearised 2NVM as well. The 

frequency responses of the yaw rate, lateral acceleration and sideslip angle to driver 

steer inputs for four different levels of lateral acceleration at a specific forward speed 

(Vx =100km/h) are plotted in Bode diagrams as illustrated in Figure 4.11. Once again 

the responses of the linearised 2NVM for 0.1 g of lateral acceleration are compared 

with those of the 2DOF linear bicycle model. 

u. u Iuu 
0.8 150 

11 200 



Chapter 4. Analysis of Vehicle Dynamics and Definition of Control Objectives 87 

Fn 
13 
0) 

CC 
fß 

2 

25 

20 

15 

10 
J 

n 
'J 

45 

Yaw rate response to steer angle 

Vx=70krrJh 
-------------- Vx=100kmlh 

--- -- _ý - Vx =- r_ ý- 180kmlh 
Vx = 21 0kmVh 

--------------- ---- -- -- -------- ..... ---- , 
------------- --- ------- ------ -- ------------------------- -- -- -- -- 

- --- --- --------------------- ` 

------------ 
-------------- 

------------ --- --ý - ---------- 
f. -Y _ 

f_ý 

-- ----- ---- ------------ -------------- 

n 

N 

-45. 

90 = 
1r' 

40 

_i[I 

u) 
-0 m 
C 

2 in 

45 

n 
a' 
a) 

-45 
03 
cL 911 

-135= 
1 01 

Sideslip angle response to steer angle 

m 
73 

I [ICl 

Frequency (Hz) 

Lateral acceleration response to steer angle 

Vx = 70km/h 
Vx=100km/h 

-_____________ý________t______, . ý. _ ti.. __t__r__------------------- _ 
Vx = 1B0km/h 

- Vx = 210km/h 
-- --- ---------------- 

-_____________________J_--__ ________J__L___L__ 

rrrrr, rrý --. 

....... 

-------- ---------- 

---------------------- ----------- 
------------------- ------------------- 

l/ 
------------- 

T 1 1 
iI 

-------------- 
LILT 

Frequency (Hz) 

Vx = 70km/h 

------- Vx = 100km/h 

--------- -Vx = 180km/h 
-------------- -- 

- Vx = 210kmlh 

------------_= -------------- 

U) 73 

2E 

-40 
180 

0 

a0 
c13 

-90 = 

- 

---------- ------------------- ------------- 
` 

r- -_ -- --- - ------------- 

------------- 
------------- 

------------ 10" 
Frequency (Hz) 

Figure 4.10 Frequency response of the 2DOF linear bicycle model to driver steer inputs at 

four different forward speeds 
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Figure 4.11 Frequency response of the linearised 2NVM to driver steer inputs for four levels 

of lateral acceleration at 100km/h 
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The responses of the linearised 2NVM for 0.1 g lateral acceleration are seen to be 

quite similar to those of the 2DOF linear bicycle model. The only big difference is 

that due to the additional tyre force lag the linearised 2NVM has more phase lag than 

the 2DOF linear bicycle model at high frequencies. The responses in Figure 4.11 

further confirm the previous analyses of the influence of lateral acceleration on the 
lateral vehicle dynamics. A reduction in gain can be observed for yaw rate and lateral 

acceleration responses for increasing lateral acceleration. The sideslip angle gain is 

increased slightly at low to mid-range lateral acceleration and finally declines again 

when the handling limit is approached. The damping of the system can be seen to 

decrease significantly as lateral acceleration increases, especially at the handling limit. 

This is mainly the case for the yaw motion of the vehicle and relatively slightly for the 

sideslip motion. In addition, for all responses, one can observe that increasing lateral 

acceleration leads to a reduction in the bandwidth, an increase in the phase lag at 

relatively high frequencies and consequently slow vehicle dynamic behaviour. 

The conclusions which can therefore be reached through the above investigations are 

that both the steady-state and transient lateral vehicle dynamics can be influenced 

dramatically by the level of lateral acceleration as well as the vehicle forward speed. 

The vehicle response with respect to driver steer inputs becomes less responsive, less 

damped and slower as the lateral acceleration increases. It is indeed such changes in 

the vehicle response that the active steering subsystems to be designed in the 

following chapter aim to mitigate. 

4.2.4 Vehicle behaviour at the handling limit 

As discussed previously, the lateral vehicle dynamics is dominated by the lateral tyre 

forces which are generated at the tyre road contact patches. At low lateral 

accelerations, the vehicle response with respect to driver steer inputs is relatively 

linear due to the approximately linear tyre behaviour in this region. As the lateral 

acceleration increases, especially close to and at the handling limit, the tyre dynamics 

becomes highly nonlinear and so does the lateral vehicle dynamics. 

Therefore, due to the inherent saturation property of the lateral tyre force with respect 

to the corresponding slip angle, the lateral vehicle dynamics may exhibit abrupt 
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behaviour in response to driver steer inputs when the tyre reaches its performance 
limit. Herein, the handling limit is of primary interest. Such behaviour is indeed 
determined by which one of front and rear axles saturates first at the handling limit. If 

the lateral tyre forces of the rear axle pass the saturation point before those of the front 

axle, further increase in sideslip motion and then in tyre slip angle will result in 

increase in front tyre forces and decrease in rear tyre forces. The resulting yaw 

moment will therefore accelerate the yaw motion and lead to vehicle instability and 

spin. 

However, if the front tyre forces are saturated first, the opposite situation will happen 

and the yaw moment generated by the lateral tyre force balance between the front and 

rear axles will counteract the yaw motion. This case indeed leads to limit understeer. 
From the system stability point of view, the limit understeer mode is stable. However 

at this point, the authority of front axle steering in controlling the directional 

behaviour of the vehicle is reduced to zero, which means the driver can no longer 

control the vehicle direction through turning the steering wheel. 

4.3 Definition of Control Objectives 

4.3.1 Lateral vehicle dynamics regimes 

As reviewed in Chapter 2, different vehicle dynamics control subsystems have their 

own basic functions and effective regions over the entire range of vehicle handling 

regimes. Therefore, in order to formulate the control tasks for both stand-alone and 

integrated control systems, three distinct regions with respect to the level of lateral 

acceleration of the vehicle may be identified as: 

" Low lateral acceleration: 0-0.3g, mild or normal cornering; 

" Mid lateral acceleration: 0.3g - 0.6g, moderate to vigorous cornering; 

" High lateral acceleration: 0.6g - limit, severe cornering approaching limit or 

safety critical conditions. 

The low lateral acceleration region is usually characterised by low vehicle sideslip 

angle and small phase lag between yaw rate and lateral acceleration; the moderate 
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cornering region is generally accompanied by relatively rapid driver steer inputs, with 
potentially increased vehicle sideslip angle and lateral acceleration; the severe 
cornering region involves extremely large and rapid steer inputs and either a rapid 
transition from throttle to brake, or simply no pedal inputs at all following an initial 

release and normally generates large vehicle sideslip angle (Gillespie, 1992). 

Generally, one can refer to the low lateral acceleration region as linear regime and the 

mid and high lateral acceleration regions are definitely related to the nonlinear 
handling regime. These three regimes on high- 

,u 
(=1) road surfaces are illustrated in 

Figure 4.12 and listed in ascending order of difficulty for active systems to control. 
Examples of stand-alone control systems which work in a particular region would be 

active steering in A and B, roll moment distribution control in B and C, and dynamic 

stability control in C. Therefore it can be stated that the control tasks of active systems 

are closely related to the vehicle operating conditions. 

Low Mid High 

AiB 0 0.3g 0.6g 9 

Figure 4.12 Schematics of the lateral vehicle dynamics regions with respect to the level of 

lateral acceleration on high- p (=1) road surfaces 

One should note here that the choice of the boundaries between regions A, B and C in 

Figure 4.12 is fairly flexible, and will be influenced by subjective judgements and 

conditions of the road surface (p). There are clearly three phases which can be 

identified as low, moderate and severe cornering but there is inevitably a degree of 

individual choice in selecting exactly where the boundaries occur (Crolla, 1992). 

4.3.2 Control objectives 

The first step in any control design is the definition of control objectives which is 

important in order to clearly define the control tasks for individual control algorithms. 

As reviewed in Chapter 2, most previous studies just focus on one specific vehicle 

handling regime and the lack of well-defined control objectives for improving vehicle 
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handling over the complete range of lateral vehicle dynamics is one of the common 
shortcomings. In this thesis, the control objectives are closely related to different 

aspects of the vehicle handling behaviour to be improved. With reference to the 

analysis of the lateral vehicle dynamics in Section 4.2, two aspects which represent 
the major desired vehicle characteristics in relation to handling behaviour are 
identified as: 

" Steerability 

" Stability 

Steerability as a control objective 

Steerability refers to the general response of the vehicle to driver steer inputs in 

normal driving situations. It indeed represents the ability of the vehicle to follow the 

driver steer commands and consists of aspects such as the speed of response, the 

damping and the gain from steer inputs to vehicle response. It is however important to 

recognise that the evaluation of steerability or handling quality of a vehicle is a highly 

subjective issue. 

Some studies have been carried out to find the relationship between subjective and 

objective measures of vehicle handling performance (Weir and DiMarco, 1978; 

Higuchi et al., 1996). The yaw rate response of a vehicle with respect to driver steer 

inputs has been shown to have the highest correlation to the subjective evaluation of 

handling quality of a vehicle (Weir and DiMarco, 1978). The work suggests that a 

range of values of steady-state yaw rate gain and equivalent time constant which are 

highly regarded by typical drivers. Higuchi et al. also suggest that the yaw rate gain, 

yaw natural frequency and yaw rate phase lag are major factors that affect the results 

of driver subjective evaluation of vehicle handling performance, and reductions in 

gain and natural frequency of yaw rate and increase in phase lag of yaw rate will lead 

to a reduction in steering response. 

A typical driver spends the majority of his time operating the vehicle in the low lateral 

acceleration region, i. e. in the linear handling region. As a result, a typical driver is 

familiar with handling a vehicle under such conditions whilst inexperienced in 

controlling the vehicle during critical manoeuvres, i. e. in the nonlinear handling 
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regimes. Therefore, as a favourable objective, the vehicle should respond linearly to 

steer inputs with little phase lag and in a well-damped fashion, and such vehicle 
response should remain unchanged, predictable and consistent over a wide range of 
operating conditions, even in the presence of system parameter variations and subject 
to external disturbances. Hence the control task relating to this aspect of the lateral 

vehicle dynamics is to improve vehicle steering response, i. e. steerability. In addition, 
it is desirable to choose the yaw rate of the vehicle to be the controlled variable for 

this purpose. 

Stability as a control objective 

With reference to the discussion in Section 4.2.4, when the handling limit is 

approached, vehicle stability may be in question. Therefore, from the active safety 

point of view, the vehicle should be kept stable at all times, i. e. vehicle stability 

should be treated as another control objective. Herein, only vehicle stability close to 

and at the limit of handling will be examined. The control task concerning stability of 

the lateral vehicle dynamics is hence to maintain vehicle stability under such critical 

driving conditions. In addition, the controller designed for this purpose should also 

have the ability to cope with the situation of limit understeer in which the vehicle 

almost has no response to driver steer inputs. 

According to the review of DSC systems in Chapter 2, vehicle stability can be 

determined in the phase plane for the vehicle sideslip angle and its angular velocity, 

and bounding the sideslip motion of the vehicle within a predefined stable region in 

the phase plane can maintain vehicle stability. The vehicle sideslip angle and its 

angular velocity will therefore be adopted as the variables to be controlled in this 

thesis for the purpose of maintaining vehicle stability. 

Coordination of control objectives over the entire range of vehicle handling 

The two control objectives, steerability and stability described above cover the entire 

range of vehicle handling from normal driving situations to the limit of handling. 

However, the boundary between these two objectives is not distinct and different 

individual control objectives may conflict with each other in certain driving situations. 

Having a good steerability often means not to have good stability, especially in 
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critical driving situations as the two controlled vehicle motions, yaw and sideslip are 
strongly coupled which can be seen by inspecting Eqs. (3.9), (3.10) and (3.14). 

It is therefore important that such conflict must be treated carefully in the design of 
the integrated vehicle dynamics control system. The solution to this problem is indeed 

closely related to the design of the final integration scheme and can be formulated as 
follows: 

9 The objective of steerability has the priority at low to mid-range lateral 

acceleration and stability is not in question in these regions. 

" Stability dominates the objective close to and at the limit of handling whilst 

steerability is not the primary concern in this region. 

This scheme can be explained further by using the fuzzy membership function as 
illustrated in Figure 4.13. These membership functions can achieve smooth transition 

from one objective to the other and become a feature for the designer to tune. As can 

be seen clearly, the steerability objective is abandoned at high levels of lateral 

acceleration in favour of the stability objective. Hence the related control tasks and 

actions will follow the similar transition scheme and the detailed description of such a 

scheme can be referred to Chapter 7. 

aý 
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- Stability 
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Lateral acceleration 

Figure 4.13 Schematics of the coordination of control objectives 

In addition to the objectives mentioned above, from the driving pleasure point of 

view, the driver should not experience being taken over from controlling the vehicle 

by the active control systems. In other words, any feedback of the control actions (e. g. 

braking actions of the brake based DSC system) to the driver through the vehicle 
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dynamics should be minimised as much as possible if it is regarded as being unnatural 
by the driver. 

4.4 Conclusions 

This chapter has analysed the basic handling behaviour of passive vehicles in both 

linear and nonlinear handling regimes. A 2DOF nonlinear vehicle model (2NVM) has 

been introduced to enable the analysis of the influence of lateral acceleration on the 
handling characteristics of the vehicle. The vehicle response to driver steer inputs 

generally becomes less responsive, less damped and slower as the lateral acceleration 
increases. In addition, the vehicle behaviour at the limit of handling is a big concern 

as the vehicle may become unstable around this point. All these aspects of the passive 

vehicle dynamics are indeed what the active controls aim to improve. 

In order to formulate the control tasks for stand-alone active subsystems and the 

integrated vehicle dynamics control system, the entire handling region of the vehicle 

has been broken down into three distinct sub-regions with respect to the level of 

lateral acceleration. The individual control objectives which are based on the practical 

preferred vehicle dynamics have been identified primarily as steerability and stability. 

The task of improving vehicle steerability at low to mid-range lateral acceleration has 

been shown to be related to the control of vehicle yaw rate. The task of maintaining 

vehicle stability under critical driving conditions has been linked to bounding the 

sideslip motion of the vehicle. The coordination of these two control objectives has 

also been introduced to cope with the potential conflict between them and to allow a 

new control configuration to be proposed. 



Chapter 5 

Design of Active Steering Subsystem Controllers 
Abstract: In this chapter, the design of active steering subsystem controllers for both 

AFS and ARS is presented. The reference model which produces the desired vehicle 

response to driver steer inputs is introduced first and is then followed by the design 

and evaluation of the AFS and ARS controllers, respectively. In addition, the 

functional difference between AFS and ARS is also examined with respect to the 

ability to generate the required corrective yaw moment. The chapter finally ends with 

conclusions. 

0 5.1 Introduction 

" 5.2 Design of Active Steering Subsystem Controllers 

" 5.3 Analysis of Active Steering Subsystem Controllers 

" 5.4 Comparison of AFS and ARS 

" 5.5 Conclusions 

5.1 Introduction 

As stated in Chapter 1, the final integrated vehicle dynamics control system will be 

based on two stand-alone active control systems which will be developed and 

optimised independently. Therefore, before the final integration is investigated, the 

stand-alone subsystem controllers introduced for vehicle handling need to be studied 

first. The design of active steering subsystem controllers will be performed in this 

chapter and the dynamic stability subsystem controller will be designed in the 

following chapter. 

96 
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The literature review in Chapter 2 shows that whilst a variety of control algorithms 
have been applied to different active steering systems to improve steering response of 
the vehicle, no comparison has yet been given to show the relative performance 
properties of these systems. Therefore, in order to investigate the benefits of different 

active steering systems as a part of the final integration strategy to affect the lateral 

vehicle dynamics, the functional difference between the two active steering 

subsystems, AFS and ARS will also be examined in this chapter. 

5.2 Design of Active Steering Subsystem Controllers 

For the purpose of controller design, the control objective of steerability can be 

translated into a reference behaviour which is represented in a reference model and 

stands for the ideal or desirable behaviour of the vehicle in response to driver steer 

inputs. This is indeed consistent with the definition of the steerability objective 

presented in Chapter 4. The reference or desired response which is produced by the 

reference model can be compared with the actual vehicle response. Hence the task of 

the active subsystem controllers is to minimise the deviation between the actual 

vehicle response and the reference response. In other words, in this thesis AFS and 

ARS controllers are designed based on the model tracking control strategy. This 

control strategy is a very efficient and systematic scheme that allows the designer to 

specify design objectives in terms of a reference model rather than a performance 

index. The design objectives are therefore met by forcing the actual controlled system 

to follow the response of the reference model (Ro and Kim, 1996). 

Different control design methods can be utilised to achieve the goal of tracking 

reference models. The model-based design method is a sophisticated and powerful 

way and can incorporate system requirements and information in the design process. 

Internal model control theory, linear optimal control theory and sliding mode control 

theory are all examples of model-based design techniques. 

5.2.1 Reference model 

As discussed in Chapter 4, the driver attempts to control the yaw rate of the vehicle 

during normal and moderate cornering from the steerability point of view. The 
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reference model therefore reflects the desired relationship between the driver steer 
inputs and vehicle yaw rate. In accordance with the steerability objective, the 

reference model is expected to produce a constant yaw response with respect to steer 
inputs, regardless of the level of lateral acceleration. The 2DOF linear bicycle model 
has this feature and is used as the reference model. The yaw rate generated by the 

reference model is chosen as the reference signal to be tracked by the active steering 

subsystem controllers. Here the reference yaw rate is a function of the vehicle forward 

speed and driver steer inputs. One should however note that the detrimental effect of 
the vehicle forward speed on damping is still present in this reference model. 

The active steering subsystem controllers are therefore designed to track the reference 

yaw rate intended by the driver through driving the tracking error between the actual 

and desired yaw rate to zero. In this way, they make contributions to the steerability 

improvement by assisting the driver in steering the vehicle and helping the driver to 

avoid extreme handling situations. In this thesis the AFS acts as a steering correction 

system by applying an additional steer angle to that demanded by the driver and the 

ARS actively demands a steer angle at the rear wheels. 

5.2.2 Sliding mode control (SMC) 

With regard to the model tracking problem identified above, the feedback control 

approach can be used to achieve this. Since the vehicle is a highly nonlinear system 

operating under uncertainty conditions, the steerability controllers to be designed are 

therefore expected to provide robustness to parameter variations and external 

disturbances. Hence the sliding mode control (SMC) technique which possesses a 

good robustness characteristic or invariance property will be used in this thesis to 

cope with system uncertainties inherent in the vehicle dynamics (Ro and Kim, 1996). 

The SMC which is a form of variable structure control (VSC) theory was developed 

in the Soviet Union in the 1950s (Itkis, 1976). It is indeed a simple approach to robust 

control. The purpose of robust control is to make explicit consideration of modelling 

uncertainties in the control design process in order to achieve the desired control 

objective. The SMC design provides a systematic approach to the problem of 

maintaining stability and consistent performance in the face of modelling imprecision. 
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Furthermore, by allowing the trade-offs between modelling error and performance to 
be quantified in a simple fashion, it can illuminate the whole design process. Practical 
implementations of SMC have been found in underwater vehicles, robot manipulators, 
high-performance electric motors and power systems (Slotine and Li, 1991). In the 
field of vehicle dynamics control, SMC has been applied to ABS (Kazemi et al., 
2000; Buckholtz, 2002), active suspension control (Alleyne and Hedrick, 1995; Kim 

and Ro, 1998) and dynamic stability control (Yoshioka et al., 1998; Yi et al., 2003). 

The basic idea behind the SMC design is to choose a suitable surface which is a well- 
behaved function of the tracking error and then derive a feedback control law using 
Lyapunov stability theory to force the system trajectories to reach and remain on the 

surface, in spite of the presence of model imprecision and of disturbances. Once the 

system trajectories are on the surface, the closed-loop dynamics of the system are 

completely governed by the equations that define the surface. Since the parameters 
defining the surface are chosen by the designer, the closed-loop dynamics of the 

system will be dependent neither on perturbations in the parameters of the system nor 

on disturbances and hence robustness is achieved. 

The approach can be briefly explained as follows. Consider the single-input dynamic 

system: 

X (n) =f (x) + b(x)u (5.1) 

where the scalar x is the output of interest, the scalar u is the control input and 

x= [x 
.i... x(n-1) ]T is the state vector. In Eq. (5.1), the function f (x) (in general 

nonlinear) is not exactly known, but the extent of the imprecision on f (x) is upper 

bounded by a known continuous function of x; similarly, the control gain b(x) is not 

exactly known, but is of known sign and is bounded by known, continuous functions 

of x. The control problem is to get the state x to track a specific time-varying state 

Xd = [xd xd xcýn-1 ]T in the presence of model imprecision on f (x) and b(x) 

(Slotine and Li, 1991). 

For the tracking task to be achievable using a finite control u, the initial desired state 

Xd (0) must satisfy: 
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Xd (0) = X(O) (5.2) 

This condition states that in a second-order system, for instance, any desired trajectory 
feasible from time t=0 necessarily starts with the same position and velocity as those 

of the plant. Otherwise, tracking can only be achieved after a transient. 

Let e= x- Xd be the tracking error in the variable x, and let 

e=x -xd=[e e ,,, 
e(n-1)]T (5.3) 

be the tracking error vector. Furthermore, let a time-varying surface S(t) in the state 

space R(") be defined by the scalar equation s(x; t) = 0, where 

_ -+ x 
n-1e 

s(x; t) 
d 

dt 
(5.4) 

in which x is a strictly positive constant. Given initial condition in Eq. (5.2), the 

problem of tracking x= Xd is equivalent to that of remaining on the surface S(t) for 

all t>0; indeed, s=0 represents a linear differential equation whose unique solution 

is e=0, with initial condition given in Eq. (5.2). Thus, the problem of tracking the 

n -dimensional vector Xd can be reduced to that of keeping the scalar quantity s at 

zero. More precisely, the problem of tracking the n -dimensional vector Xd can in 

effect be replaced by a first-order stabilization problem in s. Furthermore, bounds on 

s can be directly translated into bounds on the tracking error vector e, and therefore 

the scalar s represents a true measure of tracking performance. The corresponding 

transformations of performance measures assuming e(O) =0 is: 

Vt>0, IE `d t >_ 0, le(`) (t)l< (2K)` (D, (i = 0,..., n -1) (5.5) 

where c= e/Ki-1 .e and D are the thickness and width of a thin boundary layer 

around the above surface s=0, respectively. 

The simplified first-order problem of keeping the scalar s at zero can now be 

achieved by choosing the control law u in Eq. (5.1) such that outside of S(t) : 

1ds2 
(5.6) 

2 dt 
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where 27 is a strictly positive constant. Essentially, Eq. (5.6) states that the squared 

distance to the surface, as measured by s2, decreases along all system state 
trajectories. Thus, it constrains trajectories to point towards the surface S(t), as 
illustrated in Figure 5.1. In particular, once on the surface, the system trajectories do 

not leave the surface. In other words, satisfying condition in Eq. (5.6), called sliding 

condition, makes the surface an invariant set. Furthermore, Eq. (5.6) also implies that 

some disturbances or dynamic uncertainties can be tolerated while still keeping the 

surface an invariant set. Graphically, this corresponds to the fact that in Figure 5.1 the 

trajectories off the surface can move while still pointing towards the surface. S(t) 

verifying Eq. (5.6) is referred to as a sliding surface (sliding manifold), and the 

system's behaviour once on the surface is called sliding mode. As mentioned 

previously, once on the sliding surface S(t), the system trajectories are defined by the 

equation of the surface itself, namely: 

d+x n-'e 

=0 (5.7) 
dt 

In other words, the surface S(t) is both a `place' and a dynamic response. 

S(t) 

Figure 5.1 The sliding condition 

The SMC design approach is therefore a two-stage approach involving the selection 

of an appropriate sliding surface to yield desirable performance and the derivation of 
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a control law to ensure the sliding mode is attained. Normally the following control 
law is employed: 

u(t) = ue (t) + Ur (t) (5.8) 

where ue (t) is the equivalent control that may be obtained from a conventional 

method of the linear system theory applied to the nominal system, and the term u, (t) 

is the robust control, which is switching in nature and used to deal with model 

uncertainty. 

5.2.3 Active Front Steering (AFS) controller design 

In the case of AFS, the yaw motion of the vehicle can be expressed as the following 

single-input-single-output (SISO) affine system, i. e. nonlinear systems with right- 
hand side in the equation of motion as a linear function of the control input: 

r= f +d+bu (5.9) 

where u is the control input - front wheel steer angle 5f 
5r 

is the output of interest - 

yaw rate, f is not exactly known (mainly due to the nonlinear tyre dynamics and 

nonlinear suspension conditions) but estimated as f and disturbance d is assumed to 

be uniformly bounded as jdj<_ D. The estimation error on f is assumed to be 

bounded by some known function F= F(r, t) : 

1-j <F (5.10) 

For the yaw rate tracking task, the difference between the actual and reference yaw 

rate defines the tracking error and its derivative: 

(5.11) e=r-rd 

2=Y-Yd (5.12) 

The sliding surface is then selected as: 

s=e (5.13) 
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Here, the sliding surface can be interpreted as the surface of the yaw rate error 
between the vehicle and the reference model. As s goes to zero, the AFS can track 

the reference yaw rate perfectly. The solution s=0 is rigorous but difficult to use for 

controller design. A better approach for controller design is to introduce the so-called 

equivalent control method for defining the system behaviour in the course of sliding 

mode, i. e. the sliding motion can be viewed as an average of the system dynamics on 
both sides of the sliding surface. The equivalent control is defined by the following 

equation: 

S=O (5.14) 

If there are no dynamic uncertainties or disturbances affecting the system, the 

equivalent control input can be obtained by solving the above equation formally. 

Therefore one can have: 

s=r-rd=f+bu-rd (5.15) 

Assuming b is non-singular, thus the best approximation of the continuous equivalent 

control law that would achieve s=0 is given as: 

) b-(-f+ rd (5.16) 

In order to satisfy the sliding condition in spite of uncertainty on the dynamics f and 

disturbances, a term which is discontinuous across the surface s=0 needs to be 

added to ü and the following switching control law is obtained: 

u=ü- b-lk sgn(s) = b-'[-f^ + rd -k sgn(s)] (5.17) 

where k is a positive parameter to be tuned in the controller design and sgn() is the 

sign function, respectively. 

Stability of the closed-loop AFS system and tracking of the reference yaw rate can be 

manifested by examination of the candidate Lyapunov function. The Lyapunov 

candidate is chosen as: 

V(t) =1 s2(t) (5.18) 
2 
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Differentiation of V(t) along the system trajectories in Eq. (5.9) under control in Eq. 

(5.17) yields: 

Výtý=1ds 2 

=SS 2 dt 

_[f-f+d-k sgn(s)]s 

=(f - f)s+ds-klsl (5.19) 

so that, for k >_ F+D+ ý/h with constant ý>0: 

V(t)< -ýV1"2 (t) (5.20) 

i. e. the value of V (t) is negative, therefore the state will reach the surface s(t) =0. 

The solution to the above differential inequality V (t) for an arbitrary initial condition 

V(0) >0 is nonnegative and is bounded by: 

V(t) <-t+ Vo VO = V(O) 2 
(5.21) 

Since the solution vanishes after some is <2 JO ý, the scalar s vanishes as well and 

consequently sliding mode starts after a finite time interval smaller than 2 Vo 1ý. 

Subsequently the system is invariantly confined to the sliding surface s(t) =0 defined 

in Eq. (5.13) despite parametric uncertainty on f and unknown disturbance d. In 

fact let k >_ F+D+ 77 with constant 77 = 
/J> 0, the sliding condition in Eq. (5.6) is 

satisfied. Furthermore, definition in Eq. (5.4) implies that once on the surface, the 

tracking error tends exponentially to zero or in other words, the state trajectory slides 

along the surface towards Xd exponentially, with a time constant equal to 1/K . 

The uncertainty on the control gain b is not taken into consideration in the above 

analysis. Here the control gain b is further assumed to be unknown but bounded as: 

0C burin 
:! ý b< bmax (5.22) 

The control gain and its bounds can be time-varying or state-dependent. Since the 

control input enters multiplicatively in the dynamics, it is natural to choose the 

estimate of gain b as the geometric mean of the above bounds (Slotine and Li, 1991): 
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A 
(bminbnmx)1/2 (5.23) 

Bounds (5.22) can then be written in the form: 

P-1 <b< (5.24) 

where 

P= (bmaxAmin )1/2 (5.25) 

Since the control law will be designed to be robust to the bounded multiplicative 

uncertainty (5.24), (3 is called the gain margin of the design, by analogy to the 

terminology used in linear control. 

Therefore, similarly, one can derive the following switching control law: 

u=b -1 [- f+ id -k sgn(s)] (5.26) 

Indeed one can have from Eqs. (5.9), (5.12) and (5.26): 

Id 
s2 = ss = [(f - bb-if +d+ (1- bb-')(-rd) - bb-'k sgn(s)]s 2 dt 

- (f - bb-' f )s + ds + (1- bb-')(-rd )s - bb-'kl sl (5.27) 

so that k must verify: 

k> lb-'L! f -f+ (b-'b - 1)(-i )I + Db-'b + rib-lb (5.28) 

Since f=f+ (f - f), this in turn leads to: 

k>-b-'b(F+D+77)+Ib-lb-11 *If -r'dl (5.29) 

and thus 

k>_R(F+D+ri)+(R-1)"I f -i (5.30) 

to satisfy the sliding condition in Eq. (5.6). Note that the control discontinuity (the 

controller parameter) k has been increased in order to account for the uncertainty on 

the control gain b compared to that without such uncertainty. 
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As can be seen from above analyses, by choosing k to be large enough, the stability 
of the sliding mode AFS system can be guaranteed. This design parameter indeed 
determines the speed at which the system trajectories converge to the sliding surface. 
The higher the value of k is the faster the convergence of the SMC. In addition, 
increasing the value of k increases the robustness to parameter uncertainties and 

external disturbances. In practical applications the design parameter k should be 

chosen according to many considerations such as power available, system speed of 

response to input change and input saturation. 

For the AFS controller, the control law can therefore be derived by using the 

conventional 2DOF linear bicycle model described in Eq. (3.11) with nominal values 

of vehicle parameters. Substituting the second state equation of Eq. (3.11) into Eq. 

(5.14) gives: 

a2IVy + a22r + b28f - rd =0 (5.31) 

The switching control law then takes the form: 

U=6f=1( a21Vy - a22r + rd 
-k sgn(s)) (5.32) 

b2 

The sign function, sgn() as illustrated in Figure 5.2 satisfies: 

+1 if x>0 

sgn(x) =0 if x=0 (5.33) 

-1 if x<0 

sgn(x) 

x 

Figure 5.2 Schematics of the sign function 
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The control law in Eq. (5.32) can be directly applied to the steer-by-wire systems. In 
the case of steering correction control systems, the control input in Eq. (5.32) is the 

steer angle at the front wheels, hence the corrective steer angle is the difference 
between the AFS controller output and the driver steer inputs: 

8rc =Sf-8fd (5.34) 

where 8 fd is the steer angle at the front wheels demanded by the driver. The block 

diagram of AFS is shown in Figure 5.3. 

Figure 5.3 Block diagram of AFS 

Chattering in sliding control 

In the ideal case, the switching action itself in the sliding mode control is intended and 

its frequency tends to be infinite. However, since in practical systems the 

implementation of the associated control switching is necessarily imperfect (e. g. 

switching is not instantaneous due to the presence of finite delays in control 

computation and actuator response, and it is impossible to switch the control at 

infinite rate because of the physical limitations of actuators), high-frequency 

dynamics (such as sensors and actuators) in the closed loop which is neglected in the 

principal modelling process is excited by the fast switching of a sliding mode 

controller and chattering always occurs on the sliding surface of a sliding mode 

control system, as illustrated in Figure 5.4 for second-order (n = 2) systems. 

The term chattering describes the phenomenon of finite-frequency, finite-amplitude 

oscillations appearing in many sliding mode implementations. Chattering is generally 
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undesirable in practice since it involves extremely high control effort and may lead to 

excessive wear on the actuators. In the case of AFS, chattering will result in a very 
high-frequency change in the corrective steer angle at the front wheels. Therefore, the 

chattering effect must be eliminated for the sliding mode controller to perform 
properly. A sliding mode controller may first be designed under idealised assumptions 

of no unmodelled dynamics to account for parameter variations and disturbances. In 

the second design step, possible chattering is to be suppressed by a particular method 
to achieve robustness with respect to high-frequency unmodelled dynamics. 

x 

x 

s=0 

Figure 5.4 Chattering as a result of imperfect control switching 

One approach to mitigate the problem of chattering is to relax the requirement that the 

system trajectories remain on the sliding surface s=0. Eventually, by introducing a 

thin boundary layer around the sliding surface, the switching control can be 

approximated by a continuous control within the boundary layer. More specifically, 

the sign function sgn(s) in Eq. (5.32) is replaced by a saturation function sat(s/e). 

Thus the continuous approximation of the control law in Eq. (5.32) is given as: 

8f =1 
(- 

a21Vy - a22r + rd 
- 

ksat(s/E)) (5.35) 

b2 

where r is the boundary layer thickness. The above control law indeed leads to 

tracking within a guaranteed precision cD as stated in Eq. (5.5) rather than perfect 

tracking. The saturation function sat(s/E) illustrated in Figure 5.5 is defined as: 
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sat(s / c) =sls 
if Isl <_ E 

(5.36) 
sgn(s / E) if Isl >. 6 

sat(s 1e) 

S 

Figure 5.5 Schematics of the saturation function 

5.2.4 Active Rear Steering (ARS) controller design 

The design process of the ARS controller is the same as that of the AFS controller 

except that the nominal bicycle model described in Eq. (3.18) will be used to derive 

the control law. Thus similarly, substituting the second state equation of Eq. (3.18) 

into Eq. (5.14) and applying the boundary layer solution to eliminate chattering, the 

following continuous approximation of the switching control law is obtained: 

gr 
=1 

(- 
a2iVy - a22r - b218 

f+ 
rd - k1sat(s/E)) (5.37) 

b22 

where 5f =5 fd . The control input in Eq. (5.37) is the steer angle at the rear wheels. 

The block diagram of ARS is shown in Figure 5.6. The boundary layer thickness E 

for both AFS and ARS controllers is chosen to be 0.1 to avoid chattering. 

5.2.5 Practical aspects for yaw rate tracking control 

As discussed in previous sections, increasing the values of the controller parameters 

k and k, can result in fast convergence rate and good robustness to parametric 

uncertainty and disturbances. However, exceedingly high values of these parameters 

may force the corrective steer angle demanded by the AFS controller or the rear wheel 

steer angle demanded by the ARS controller to repeatedly reach the hardware 
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saturation limits and easily cause chattering. As a result, it would require a too wide 
boundary layer which would degrade tracking performance. This problem could be 

partially solved by tuning the controller parameters to lower values at the expense of 
the overall controller robustness. Rate limiters may be a good compromise technique 
to adjust controller sensitivity in order to overcome this kind of saturation (Elbeheiry 

et al., 2001). 

The steering actuator saturation levels and slew rates which are based on current 
technology in active steer vehicles are given in Table 5.1 (Crolla et al., 2000). The 

active steer angles of the front and rear wheels can be actuated by either servomotors 

or hydraulic servo systems (Nagai, 1989; Sato et al., 1991). Here both controller 

parameters k and kl are roughly tuned to be 10. 

Figure 5.6 Block diagram of ARS 

Table 5.1 Steering actuator saturation levels and rate limits 

Actuator Max value Min value Max rate Min rate 

Front wheel steer 

Rear wheel steer 

100 

3° 

-10° 

- 3° 

25°/sec 

25° /sec 

25° /sec 

25°/sec 

5.3 Analysis of Active Steering Subsystem Controllers 

5.3.1 Evaluation of stand-alone steerability controllers on the NLVM 

In order to evaluate the stand-alone AFS and ARS controllers designed above, tests of 

these two controllers will be performed on the NLVM which was described in 
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Chapter 3. The detailed description of test manoeuvres that will be examined can be 

referred to Section 3.4. 

Steady-state cornering 

The simulation results of steady-state cornering around a constant 33m radius path 

under two different road surface conditions are shown in Figure 5.7. Here the 

understeer gradient is plotted as a function of lateral acceleration for both passive and 

controlled vehicles. Under both road surface conditions, the passive vehicle is seen to 
be slightly understeering at low levels of lateral acceleration and becomes 

progressively understeering when the vehicle approaches the handling limit. 
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Figure 5.7 Understeer gradient vs. lateral acceleration during steady-state cornering around a 

constant 33m radius path for the NLVM with and without stand-alone steerability controllers 

under different road conditions 
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The vehicle with AFS and ARS controllers is however seen to be linear to much 
higher levels of lateral acceleration up to the handling limit and consequently behaves 

in a more predictable manner over an even wider range of handling situations than the 

passive vehicle under both road surface conditions. This is indeed expected because 

of the utilisation of the linear reference model which is chosen for the stand-alone 

steerability controllers and always responds linearly to driver steer inputs. 

These results show that the active steering subsystem controllers do offer the prospect 

of extending the linear handling region of the vehicle and avoiding entering into the 

nonlinearity. Therefore, from the driver's perspective, the vehicle becomes more 

controllable. In addition, this specific manoeuvre also demonstrates good robustness 

of AFS and ARS controllers with respect to vehicle speed and road surface friction 

variations. 

Constant speed J-Turn 

The steer input for this manoeuvre is shown in Figure 5.8. The simulation results are 

shown in Figure 5.9. The passive and the controlled vehicle are seen to show little 

difference in this manoeuvre. Compared to the passive vehicle, one can however 

observe that the controlled vehicle has better tracking behaviour and reduces the 

steady-state tracking error by 99%. The tracking of the passive vehicle is also good 

due to the fact that the 2DOF linear bicycle model which always responds linearly to 

driver steer inputs is chosen as the reference model. This specific manoeuvre only 

goes up to 0.4g lateral acceleration so that the passive vehicle still responds quite 

linearly to the steer input and the deviation from the reference model remains small. 
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Figure 5.8 Steer angle for constant speed J-Turn 
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Figure 5.9 Simulation results of constant speed J-Turn for the NLVM with and without 

stand-alone steerability controllers at 100km/h 
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AFS and ARS are seen to have nearly identical tracking performance during this 

manoeuvre. It should be noted that the advantages of the stand-alone steerability 

controllers are not yet demonstrated very well through this specific manoeuvre. 

Single sine steer input 

The amplitudes of the steer inputs used in this manoeuvre are the steer angles required 
to produce peak lateral accelerations of 0.5g, 0.7g and to push the vehicle towards the 
handling limit, respectively, as shown in Figure 5.10. The simulation results are 

shown in Figures 5.11 to 5.16. 

In the first instance, the vehicle with the AFS controller is seen to have almost the 

same tracking behaviour as the one with the ARS controller, i. e. AFS and ARS 

controllers can nearly identically track the reference yaw rate properly and reduce the 

peak tracking error by 94%. The controlled vehicle is seen to respond to the steer 
input slightly faster than the passive one. 

In the second test, the tracking performance of the ARS controlled vehicle is seen to 

be slightly poorer than that of the AFS controlled one. A 93% and 67% reduction in 

the peak tracking error is observed for AFS and ARS, respectively. This is 

particularly the case when the magnitude of the actual yaw rate is greater than that of 

the reference yaw rate at high lateral acceleration. When the magnitude of the actual 

yaw rate is less than that of the reference yaw rate, the tracking performance of the 

ARS controller is comparable to that of its AFS counterpart. In addition, the active 

rear wheel steer angle in this critical manoeuvre is seen to be already saturated. 
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Figure 5.10 Steer angles for single sine steer input 
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Figure 5.11 Response of the NLVM with and without stand-alone steerability controllers to 

single sine steer input with amplitude of 2.1° at 100km/h 
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Figure 5.12 Response of the NLVM with and without stand-alone steerability controllers to 

single sine steer input with amplitude of 3.5° at 100km/h 
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Figure 5.13 Active steer angles for the NLVM with and without stand-alone steerability 

controllers in response to single sine steer input with amplitude of 3.5° at 100km/h 

Finally, the steer amplitude of 7.5° is quite aggressive for both passive and controlled 

vehicles. In the passive case, whereas the abrupt steer input generates substantial 

lateral forces at the front tyres, there is a delay before the rear tyres start to generate 

similar forces. The vehicle reacts with a clockwise rotation around its yaw axis and 

fails to respond to the driver's attempt to countersteer, resulting in spinout. 

In the AFS controlled case, the vehicle can follow the first steer input through 

effectively countersteering by AFS, it cannot however successfully respond to the 

following steer input. This is because when the driver rapidly changes the direction 

of steering and thus the direction of lateral force of the front axle, the lateral force at 

the rear axle still applies in the opposite direction due to the delay. Therefore a large 

counterclockwise yaw moment that pushes the vehicle to spin counterclockwise is 

generated, resulting in large sideslip angle, and the AFS controller cannot keep the 

vehicle under control any more whereas the actuation limits are reached. 

For ARS, as the driver initially applies the steer input, the rear wheels are steered by 

ARS out of phase with the front ones to track the reference yaw rate. This further lags 

and reduces the lateral force at the rear axle. Thus a clockwise yaw moment which is 

larger than the passive case is generated, speeds up and worsens the vehicle spin. 

When the spinout happens, lateral forces of both axles are saturated and steering the 

rear wheels in phase with the front ones has no effect on controlling the vehicle. 

Hence it takes longer for the ARS controlled vehicle to return to the steady-state of 

straight ahead driving. These effects can be clearly seen in Figures 5.14 to 5.16. 
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single sine steer input with amplitude of 7.50 at 100km/h 
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Figure 5.15 Active steer angles and vehicle path for the NLVM with and without stand-alone 

steerability controllers for single sine steer input with amplitude of 7.5° at 100km/h 

One can therefore conclude that although the stand-alone steerability controllers can 

improve vehicle steering response or yaw rate tracking behaviour up to the handling 

limit, they fail to bound the sideslip motion of the vehicle and then to maintain vehicle 

stability when the handling limit is reached. In addition, the performance difference 

between AFS and ARS controllers observed in the above tests is mainly due to their 

functional differences which will be examined later in this chapter. 

Sine steer input with increasing amplitude 

The steer input for this manoeuvre is shown in Figure 5.17 and the corresponding 

simulation results are shown in Figures 5.18 and 5.19. During this critical manoeuvre, 

whereas the passive vehicle remains stable, it cannot properly follow the driver steer 

inputs. As can be seen in Figure 5.18, the vehicle reaches the handling limit at some 

points in this alternating sequence and the sideslip angle becomes quite large (more 

than 15°). 
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Figure 5.16 Axle forces and yaw moment on the NLVM with and without stand-alone 

steerability controllers for single sine steer input with amplitude of 7.5° at 100km/h 

The reason for the passive vehicle remaining stable in this test is that at such high 

steer inputs, the lateral tyre forces of the front axle have a significant component in 

the longitudinal direction. This longitudinal component rapidly slows the vehicle 

down and also applies a contra-cornering yaw moment on the vehicle as there is more 

load at the outside wheel due to lateral load transfer and therefore the corresponding 

longitudinal component of the lateral tyre force is greater than that at the inner wheel. 

This will reduce the overall yaw moment on the vehicle to prevent the vehicle from 
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becoming unstable. These effects can be clearly seen in the time response of the 

vehicle forward speed and yaw rate. 

However, at a certain point in this sequence the AFS and ARS controlled vehicles 

suddenly cease to respond to the steer inputs and break into a slide. The sideslip angle 

of the vehicle rises radically and the simulation is stopped. The vehicle with the stand- 

alone steerability controllers cannot properly track the reference model any more 

whereas actuation limits of AFS and ARS are both reached. 

The tracking errors become very large at the handling limit for both passive and 

controlled vehicles. For the controlled case, this is partially due to the fact that the 

linear reference model produces a reference yaw rate which is not achievable in a 

stable fashion when the handling limit is reached. In addition, the functional limitation 

of the stand-alone steerability controllers in bounding the sideslip motion of the 

vehicle at the handling limit is another reason. The controlled vehicle is however seen 

to behave in a more predictable manner than the passive vehicle before the instability 

point is reached. This is particularly the case for the AFS controlled vehicle. 
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Figure 5.17 Steer angle for sine steer input with increasing amplitude 

Braking on split-1u surfaces 

15 

In this test the vehicle is driven straight ahead at a speed of 100km/h on a split-, u 

surface where the wheels on the left side of the vehicle are on an icy (1u = 0.2 ) 

surface and the wheels on the right side are on a dry (p = 1.0) surface and then an 

approximate step input in brake toque which produces a longitudinal acceleration of - 

0.4g is applied. 
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The vehicle response in this manoeuvre is shown in Figures 5.20 and 5.21, 

respectively. In this test, in order to prevent wheels on the low-1u surface from 

locking, wheels at four corners of the vehicle are all equipped with a simple ABS 

controller (PD controller). This controller aims to limit wheel slip ratio to above the 
desired value -0.2. There is no requirement for wheel slip ratio to settle at this value 

and hence an integral action is ignored. Therefore the controller acts as: 

TABS = 
JKPABS(-O. 2-2)+KdABS d(-0.2 - ý, )/dt if 2< -0.2 (5.38 

0 if s, >-0.2 

The controller was tuned empirically with the following result: 

Kp_ABS = 200000, Kd_ABS = 20000 (5.39) 

In addition, the brake torque is distributed to each axle in a fixed ratio which is the 

same as the vehicle weight distribution ratio to improve braking performance. The 

vehicle with the stand-alone ABS controller is seen to become unstable and spin. The 

AFS and ARS controlled vehicles however remain stable, leading to a 85% and 50% 

reduction in lateral deviation for AFS and ARS, respectively. This test demonstrates 

that the stand-alone AFS and ARS controllers have good disturbance rejection 

capabilities and can successfully maintain straight ahead driving stability of the 

vehicle. In addition, by using the ABS controller, the wheels on the low-, u surface 

are prevented from locking, as can be seen in Figure 5.20. 

5.3.2 Robustness of stand-alone steerability controllers 

In this thesis the stand-alone AFS and ARS controllers are designed by using the 

SMC technique in order to achieve robustness with respect to vehicle parameter 

variations and external disturbances. The disturbance rejection property of the stand- 

alone steerability controllers has been examined in Section 5.3.1 through the split- ji 

braking manoeuvre. In this section robustness of the stand-alone AFS and ARS 

controllers to parameter variations, specifically to vehicle forward speed and road 

surface friction variations will be investigated through open-loop simulation tests of 

the NLVM. Vehicle response to single sine steer input on nominal road surfaces 

(p = 1.0) at a speed of 140km/h is shown in Figure 5.22. 
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Here the steer input is the same as the one used in Section 5.3.1 for producing a peak 
lateral acceleration of 0.5g. Figure 5.23 shows the vehicle response to the same steer 
input on a low- p (= 0.6) road surface at nominal speed of l 00km/h. In the first case, 

a variation in the vehicle forward speed will lead to a change in the reference yaw 

rate. Both the AFS controlled and ARS controlled vehicles are seen to be able to 

follow the varied reference yaw rate properly. A 92% and 91% reduction in the peak 

tracking error is observed for AFS and ARS, respectively. 

For road friction variations, a decrease in the road surface coefficient of friction may 

also result in a decrease in the reference yaw rate. However, due to the difficulty in 

measuring or estimating the road surface coefficient of friction, the reference model 

will remain unchanged for different road surface conditions in this thesis. As can be 

seen in Figure 5.23, both the AFS controlled and ARS controlled vehicles can track 

the reference yaw rate properly even on low-, u road surfaces. The peak tracking error 

is reduced by 94% for AFS and 87% for ARS as the vehicle is already close to the 

handling limit in this specific manoeuvre. 

One may therefore conclude that the stand-alone AFS and ARS controllers designed 

in the previous section have good robustness with respect to parameter variations and 

external disturbances and consequently can provide consistent performance over a 

wide range of operating conditions. 

5.4 Comparison of AFS and ARS 

Through various simulation tests conducted above, the performance of the two stand- 

alone steerability controllers, AFS and ARS in terms of reference yaw rate tracking 

has been seen to be almost identical and some functional differences between them 

have been observed as well. In order to choose the most appropriate one for the final 

integration, the comparison of these two stand-alone control systems needs to be 

made. In this section, the functional difference between AFS and ARS will be 

explained through investigating the control authority of the two subsystems in terms 

of the ability to generate the required corrective yaw moment on the vehicle. The 

analysis of corrective yaw moment generation can be referred to Appendix E. 
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Here, the achievable corrective yaw moment generated by each subsystem is plotted 

as a function of the corresponding control input and lateral acceleration of the vehicle. 
If the yaw rate is assumed to be positive or the vehicle is assumed to be negotiating a 

right hand turn, positive yaw moment means pro-cornering and negative yaw moment 

represents contra-cornering. 

The results obtained for AFS is shown in Figure 5.24. AFS is seen to be able to 

generate equal amount of pro and contra-cornering yaw moment during straight ahead 

driving (zero lateral acceleration). At moderate lateral accelerations, the contra- 

cornering yaw moment generated by AFS through reducing the driver steer inputs or 

countersteering is larger than the pro-cornering yaw moment as this steering action 

can substantially reduce the slip angle, and consequently the lateral force at the front 

axle, creating a large change in the yaw moment. When the vehicle reaches the 

handling limit, both the achievable pro and contra-cornering yaw moments are 

relatively small. This is because at the handling limit, the front wheel steer angle is 

usually large and the front axle reaches the saturation point around which relatively 

small changes in the steer angle and consequently in the tyre slip angle have little 

effect on the lateral forces. 

The corrective yaw moment exerted by ARS is shown in Figure 5.25. Similar to AFS, 

the pro and contra-cornering yaw moments achieved by actively steering the rear 

wheels are the same when the vehicle is driven straight ahead. However, when the 

handling limit is approached, the achievable pro-cornering yaw moment is even larger 

than that in the opposite direction. This is because at the handling limit, the rear tyre 

slip angle is quite large and the corresponding lateral tyre force reaches its maximum, 

therefore by steering the rear wheels out of phase with the front ones the slip angle 

and lateral force at the rear axle can be dramatically reduced, resulting in a large pro- 

cornering yaw moment. In contrast, the lateral force at the rear axle cannot be 

increased further by simply increasing the tyre slip angle through steering the rear 

wheels in phase with the front ones as the lateral tyre force is already saturated. 

Therefore there is an obvious difference between AFS and ARS in generating the 

corrective yaw moment and influencing vehicle handling behaviour. Generally, with 

the increase of lateral acceleration, ARS is more powerful in generating pro-cornering 
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yaw moment. Once vehicle instability occurs, it is quite difficult for ARS to correct. 
By contrast, AFS is more effective in generating contra-cornering yaw moment even 

close to the handling limit, especially when the driver steer inputs are relatively small. 
This analysis further explains the performance difference between AFS and ARS 

observed in the previous simulation results. 
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Figure 5.24 Corrective yaw moment generated by AFS 

4 

x 10 

1.5 

1 

E 
0.5- 

E 0-'' 

-0.5 

-1.5 
10 

5 

ý.. 

0 

-5 
Rear wheel steer angle [deg] 

Figure 5.25 Corrective yaw moment generated by ARS 

5.5 Conclusions 

This chapter has presented the design of active steering subsystem controllers. The 

reference model tracking control strategy has been proposed and the corresponding 

4 

x10 
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reference model has been introduced. This strategy enables the vehicle to follow the 

response of the reference model and to behave in a desired manner. Based on this 

strategy, both stand-alone AFS and ARS controllers have been designed to perform 

the control task of improving vehicle steerability by using the SMC technique which 

possesses inherent robustness with respect to system parameter variations and external 
disturbances. 

In order to verify the effectiveness of the proposed stand-alone steerability controllers, 

various computer simulation tests on the NLVM have been carried out over a wide 

range of handling conditions. New results clarifying the relative performance 

properties of AFS and ARS have been presented. Simulation studies demonstrate that 

the designed AFS and ARS controllers can improve vehicle steering response up to 

the handling limit and achieve good robustness. However, it has been found that the 

stand-alone steerability controllers designed for yaw rate tracking fail to bound the 

sideslip motion of the vehicle and to maintain vehicle stability at the handling limit. 

This indeed raises the demand for the DSC subsystem which will be examined in the 

following chapter. Finally, the control authority of AFS and ARS in terms of the 

achievable corrective yaw moment acting on the vehicle have been compared to show 

the functional difference between the two active subsystems. 



Chapter 6 

Design of Dynamic Stability Subsystem 

Controller 
Abstract: This chapter presents the design of the dynamic stability subsystem 

controller. Vehicle stability is first analysed in the phase plane of the vehicle sideslip 

angle and its angular velocity. The dynamic stability subsystem controller is then 

designed by using the phase plane method to perform the control task of maintaining 

vehicle stability. Both driveline based and brake based dynamic stability subsystems 

are investigated to show the relative merits. A new dynamic stability subsystem based 

on a combination of the two actuation concepts is also proposed. The controller is 

finally evaluated through computer simulations. 

" 6.1 Introduction 

" 6.2 Analysis of Vehicle Stability 

" 6.3 Dynamic Stability Subsystem Controller Design 

" 6.4 Description of Dynamic Stability Subsystems 

" 6.5 Evaluation of the Dynamic Stability Subsystem Controller 

" 6.6 Conclusions 

6.1 Introduction 

Due to the inherent saturation properties of lateral tyre forces with respect to tyre slip 

angles, AFS and ARS described in Chapter 5 cannot keep the vehicle under control 

when the handling limit is reached and consequently vehicle stability is in question. In 

order to maintain vehicle stability during critical driving situations, both driveline 

133 
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based and brake based dynamic stability control (DSC) systems have been widely 
developed in the literature. These two systems aim to influence vehicle handling 

through exploiting the interactions between longitudinal and lateral tyre forces. 

However, as reviewed in Chapter 2, no comparison has yet been given to assess the 

relative merits of these two systems in previous studies. In this chapter the stand-alone 

stability controller, which is aimed at maintaining vehicle stability close to and at the 

handling limit, will be designed. The corresponding driveline based and brake based 

DSC subsystems will be analysed and compared. This analysis will allow a new 

driveline plus brake based DSC subsystem to be proposed. 

6.2 Analysis of Vehicle Stability 

6.2.1 Stability of nonlinear systems 

The general n -dimensional nonlinear continuous dynamic systems can be described 

by a set of first-order nonlinear differential equations of the form: 

x=f (x, t) (6.1) 

where x is the nx1 state vector and f is anx1 nonlinear vector function of the 

states. A nonlinear system is said to be autonomous if f does not depend explicitly on 

time. A solution x(t) of the equations (6.1) usually corresponds to a curve in state 

space as t varies from zero to infinity. This curve is generally referred to as a state 

trajectory or a system trajectory. One should note that although Eq. (6.1) does not 

explicitly contain the control input as a variable, it is directly applicable to feedback 

control systems since Eq. (6.1) can represent the closed-loop dynamics of a feedback 

control system, with the control input being a function of state x, and therefore 

`disappearing' in the closed-loop dynamics (Slotine and Li, 1991). 

In order to analyse stability of nonlinear systems of (6.1), the equilibrium points need 

to be defined first since many stability problems are naturally formulated with respect 

to equilibrium points. The term equilibrium point of a dynamic system is used for a 

state of the system that does not change in the course of time, i. e. x=0. Therefore, 

the point xe is said to be an equilibrium point of the system if and only if f (Xe, t) =0. 

That is, if the initial state of the differential equations of (6.1) is xe, i. e., x(to) = xe, 
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then the state of the equations remains Xe for all t >_ to . Nonlinear systems can 

normally have multiple equilibrium points. 

There are several mathematical definitions of the term stability. The one based on the 

Lyapunov theory is introduced here (Slotine and Li, 1991). In addition, various 

concepts of stability need to be defined in order to accurately characterise the 

complex and rich stability behaviour exhibited by nonlinear systems. 

0 An equilibrium point Xe is 

- Stable if for any c>0, to >_ 0, there exists E(e, to) >0, such that 

llx(t) 
- Xe 

(I 
<E, Vtý: t0 if 

IIx(t0) 
- Xe 

ll<E( 
c, t0) (6.2) 

- In other words, the definition means that the state can be kept in a ball of 

arbitrarily small radius c by starting the state trajectory in a ball of 

sufficiently small radius E. 

0 

- Unstable if the above condition is not satisfied. 

An equilibrium point xe is asymptotically stable if it is stable and for any 

to >_ 0, there exists E(to) > 0, such that 

IimIIX(t)- Xe 
II 

=0 if 
IIx(t0) 

- Xe 
II 

< E(to) 

0 

(6.3) 

An equilibrium point xe is globally asymptotically stable if it is stable and for 

any x(to) E 93n 

limlIx(t) - Xe 11 0 (6.4) 

That is, asymptotic stability holds for any initial states. 

For linear systems, asymptotic stability and global asymptotic stability are equivalent, 

therefore the distinction between local and global stability is not necessary. The 

definition of stability for nonlinear systems is however not in a general sense and can 

only be applied to individual equilibrium points. 

Linear system analysis with regard to stability can be performed using different 

techniques such as frequency response and root locus diagrams. For example the 
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stability of the 2DOF linear bicycle model can be determined by examining the 
location of the system eigenvalues in the complex plane. However, these approaches 

are not directly applicable to a nonlinear system. In addition, since analytical solutions 

of nonlinear differential equations usually cannot be obtained, there is an important 

need for simulation or a graphical tool to allow nonlinear behaviour of the system to 

be displayed. This need can be met by phase plane analysis, which can also be used 
for control analysis and design (Slotine and Li, 1991). 

6.2.2 Phase-plane method 

The phase-plane method is a graphical method for finding the transient response of 

second-order systems to initial conditions or simple constant inputs and particularly 

powerful for the stability analysis. A major class of second-order systems can be 

described in state space form as follows: 

;: = x2 

(6.5) 
X2 --. f(XI9x2) 

where xl =x and x2 =. i are the states of the system, and f is a nonlinear function 

of the states. Traditionally, the phase-plane method is developed for the dynamics of 

(6.5). Stability analysis and control design can then be carried out based on the phase 

portrait of the system of interest. The detailed description of the phase-plane method 

can be referred to Appendix G. 

6.2.3 Analysis of vehicle stability in the phase plane 

Due to the nature of nonlinearity and second-order property of the dominant lateral 

vehicle dynamics, analysis of vehicle stability can be performed using the phase-plane 

method. The approach of plotting one vehicle state as a function of another state has 

been used by a number of researchers to analyse the lateral vehicle dynamics (Ono et 

al., 1996 and 1998; Mammar and Koenig, 2002, etc. ). In these studies yaw rate and 

sideslip angle of the vehicle have been chosen as the two states of interest. Even 

though the choice of states in these cases does not strictly comply with the definition 

of the phase plane in Eq. (6.5), the basic vehicle handling behaviour from linear 

region to the handling limit can still be examined through this approach. 
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As analysed in Chapter 4, vehicle stability is naturally related to the sideslip motion of 
the vehicle. The states for examining vehicle stability in the phase plane are therefore 

chosen as: 

x1=ß 

x2=/ 
(6.6) 

where 8 and ß are the vehicle sideslip angle and its angular velocity, respectively. 

In order to facilitate the analysis of vehicle stability in the ß- /3 plane, the 2NVM 

introduced in Chapter 4 is utilised. The vehicle is assumed to be travelling at a 

constant speed of V, =100km/h on a nominal road surface (1u=1.0 ). Vehicle state 

trajectories corresponding to various initial conditions of ß and ß with zero steer 

inputs are plotted in the ß-ß plane as shown in Figure 6.1. The plot is constructed 

by setting the initial conditions of the states of yaw rate and lateral velocity and then 

plotting the trajectories of the calculated states of sideslip angle and its angular 

velocity. Stable trajectories are plotted in solid lines and unstable ones are in dashed 

lines. 
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Figure 6.1 Phase portrait of the 2NVM at IOOkni/h and zero steer input on a nominal road 

surface 

As can be seen from Figure 6.1, for the examined range of initial conditions, there is 

only one singular point which is the origin for zero steer input and represents straight 

ahead driving. When the initial conditions of sideslip angle and its angular velocity lie 
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close to the equilibrium point, the states converge to the origin as time goes to 
infinity. In addition, for relatively large initial values of sideslip angle and its angular 

velocity, if they are opposite in sign, the states will also converge to the unique 

singular point, as those in the second or the fourth quadrant of the phase plane. In 

other words, from the safety point of view, large sideslip angle is undesirable while it 

is still stable if the corresponding sideslip angular velocity has opposite sign to the 

sideslip angle as such velocity will reduce the sideslip angle automatically. However, 

it is not the case when the initial conditions of these two states lie in the first or third 

quadrant, i. e. when the sideslip angle and its angular velocity have the same sign. In 

these two quadrants, even for small sideslip angles, if the sideslip angular velocity is 

large, the states will not converge to the singular point. The conclusion can therefore 

be reached that the equilibrium point examined here is asymptotically stable while not 

globally asymptotically stable. 

In order to trace the course or stabilise the vehicle, the driver applies steer inputs to 

the vehicle during actual manoeuvres. System stability therefore needs to be examined 

anew under such conditions. Figure 6.2 shows the phase portrait of the 2NVM with a 

constant steer angle of 5.5° applied for various initial conditions of ß and f3. One 

can see from Figure 6.2 that some amount of fixed steer input leads to the shift of the 

stable equilibrium point and the stable limits in the steered direction (left-half plane) 

are narrowed compared to the straight ahead driving case in Figure 6.1. That is, some 

trajectories which converge to the origin for zero steer input become unstable when a 

certain amount of constant steer input is applied. In addition, system behaviour is seen 

to be much less-damped around the new equilibrium point, which can be seen from 

the convergence speed of the state trajectories. 

6.3 Dynamic Stability Subsystem Controller Design 

The preceding section has shown that the phase-plane method is quite effective in the 

analysis of vehicle stability with respect to the sideslip motion. Applications of this 

method in the design of vehicle dynamic stability control systems have been found in 

(Inagaki et al., 1994; Smakman, 2000; Selby et al., 2001, etc. ). In this section the 

same approach will be employed to design the dynamic stability subsystem controller. 
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6.3.1 Definition of reference stable region in the phase plane 

Similar to the design of active steering subsystem controllers, a reference signal needs 
to be defined for dynamic stability subsystem controller design. Since vehicle stability 
is directly related to the sideslip motion of the vehicle, this motion will be chosen as 
the reference signal for the dynamic stability subsystem controller. In order to 

maintain vehicle stability, the sideslip motion of the vehicle must be bounded. Thus 

the task of the stability controller is to bound the reference signal within a region in 

which the vehicle remains stable. A reference stable region therefore needs to be 

chosen for the purpose of controller design. Such a reference region will be defined in 

the 8 -, 8 plane. 
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Figure 6.2 Phase portrait of the 2NVM at 100km/h and constant steer angle of 5.5° on a 

nominal road surface 

The choice of the reference region can be based on the resulting phase-plane analysis 

for zero steer input, as shown in Figure 6.3(a). However, such a region is no longer 

valid when the driver applies steering action to the vehicle. In addition, the reference 

region defined in this way allows very high values of sideslip angles, which may 

make the driver feel unpleasant. Therefore, in order to compensate for the driver steer 

input and simplify control design, an approximated reference stable region based on 

Figure 6.3(a) is defined, as shown in Figure 6.3(b). The slope of the reference region 

boundaries is chosen to be the slope of the phase plane trajectories. By aligning the 

boundaries in this way, a harmonious control action will be achieved and perceived 

harshness by the vehicle occupants will be eliminated as the phase plane trajectories 
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will enter the unstable region at a very blunt angle when instability occurs (Smakman, 
2000). 
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Figure 6.3 Definitions of different reference regions in the phase plane for the stability 

controller 

With the location of the reference region boundaries on the sideslip motion of the 

vehicle one can specify how conservative the stability controller is tuned and how 

much control action is applied. A narrow region implies early and high control action, 

and more stable vehicle behaviour. A wide region means late and low control action, 

and less stable vehicle behaviour. When the vehicle states lie inside the reference 

region, the vehicle is considered to be stable and no control action is required. When 

ý', 
ýý 
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the vehicle states go outside the reference region, a corrective yaw moment will be 

generated to pull the vehicle back into the stable region. The sign of the corrective 

yaw moment depends on the location of the vehicle states relative to the reference 

region in the phase plane. 

One of the significant benefits of this approach is that the reference region defined 

above is largely independent of conditions of the road surface friction and hence the 

accurate estimation of the road surface coefficient of friction is not required 

(Shibahata, 1993; Selby, 2003). This effect can be verified by examining the phase 

portrait of the 2NVM for the same initial conditions of 8 and 6 at zero steer input 

on a low-, u (= 0.4) surface, as shown in Figure 6.4. 
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Figure 6.4 Phase portrait of the 2NVM at 100km/h and zero steer input on a low- 
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(= 0-4) 

surface 

In comparison to Figure 6.3(b), one can see from Figure 6.4 that the achievable 

sideslip angular velocity on the low-, u surface for the same initial conditions of 

sideslip angle and its angular velocity become lower. The reference region remains 

largely unchanged in the direction of sideslip angle, despite the substantial change in 

the sideslip angular velocity direction. Therefore only one set of reference region 

boundaries are required for the purpose of controller design, irrespective of friction 

conditions of the road surface. 
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6.3.2 Design of dynamic stability subsystem controller 

The stand-alone stability controller aims to ensure vehicle stability during critical 
driving situations by bounding the sideslip states of the vehicle to be within the 

reference region defined above. The reference region illustrated in Figure 6.3(b) can 
be described by the following inequality: 

, 3+kM, 81 <b (6.7) 

where kßß is the slope of the reference region boundaries and b/ kßß is the half width 

of the region. The parameter values which produce the chosen reference region in 

Figure 6.3(b) are measured as: 

kßß = 4, b= 72 (6.8) 

The above reference region is defined based on the phase-plane analysis for zero steer 

input in the preceding section. However, such a predefined region is no longer valid 

when the driver applies steer inputs to the vehicle. Therefore, in order to assure 

vehicle stability in the presence of driver steer inputs, the stability boundaries for 

controller design are chosen to be more conservative as follows: 

,8+ kflý, j< b' 

where 

b'=24 

(6.9) 

The new reference region of Eq. (6.9) indeed has the same slope as the one of Eq. 

(6.7) and only the width of the region becomes narrow. In practice, the choice of 

parameters in Eq. (6.9) means that for steady-state conditions (/ = 0) the stability 

controller does not apply control actions for 1,81 < 6'. When the vehicle states move 

beyond the control boundaries and enter the unstable regions, a corrective yaw 

moment will be demanded by the stability controller. Herein the perpendicular 

distance from the vehicle state trajectories to the control boundaries is defined as the 

stability error and determines the control effort through a simple PD control law 

(Smakman, 2000), i. e. 
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M 
Ze =KP 

_ osc eQQ + Kd 
_ osc 

dd 
eaQ (6.10) 

where MZc and e,, ß are the corrective yaw moment command and the stability error; 
Kp_DSC 

and Kd DSC are controller gains to be tuned, respectively. The definitions of 

the reference region for stability controller design and the stability error are illustrated 

in Figure 6.5. The controller tuning was done empirically with the following result: 

Kp_DSC = 700, Kd DSC =100 
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Figure 6.5 Definitions of the reference region and stability error in the phase plane for 

stability controller design with the required control action 

6.4 Description of Dynamic Stability Subsystems 

The dynamic stability subsystem controller designed in the preceding section will 

demand a corrective yaw moment when the vehicle states are located outside the 

predefined reference region. The required corrective yaw moment can be generated by 

either distributing driving torque between wheels/axles or selectively braking 

individual wheels. This section will investigate both actuation concepts and show the 

relative merits. 

6.4.1 Driveline based dynamic stability subsystem 

As discussed in Chapter 2, in order to maintain vehicle stability during critical driving 

situations, the required corrective yaw moment can be generated through actively 
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controlling either front/rear or left/right torque distribution, i. e. through variable 

torque distribution (VTD) control. Due to the different mechanisms of yaw moment 

generation, the effects of left/right and front/rear torque distribution control on vehicle 
handling behaviour need to be compared. Here the manoeuvre of acceleration during 

a right hand turn at a fixed steer angle of 5.5° and the NLVM are employed for this 

purpose. The initial forward speed of the vehicle is chosen to be 40km/h and the 

constant longitudinal acceleration is set to be 0.2g. The vehicle is assumed to be 

equipped with a front, a rear and a centre differential, respectively. The torque 

distribution ratios kf, k, and kr for the front, centre and rear differentials can vary 

continuously from 0 to 1 (Motoyama, 1993). These ratios are defined as follows: 

_ 
Tn 

kc = 
Tr 

kr = kf rr 
7' 

Tf Te Tr 

where 

Tn : torque applied at the front left wheel 

T 1: torque applied at the rear left wheel 

Tf: torque applied at the front axle 

Tr : torque applied at the rear axle 

Te : input torque from the engine 

(6.12) 

In order to examine the effect of left/right torque distribution control, the front/rear 

torque distribution ratio k, is kept constant at 0.5 by a normal centre differential. The 

simulation results for left/right torque distribution control are shown in Figure 6.6. As 

can be seen from Figure 6.6, a relatively large corrective yaw moment can be directly 

generated by splitting torque between the left and right wheels of the same axle. Two 

extreme cases can be observed in Figure 6.6: inner wheel drive (IWD) and outer 

wheel drive (OWD). The former can produce a large contra-cornering yaw moment to 

push the vehicle away from the corner and the latter can generate a large pro- 

cornering yaw moment to force the vehicle towards the corner and finally make the 

vehicle spin. In addition, left/right torque distribution control is seen to be effective 

over a wide range of lateral acceleration (resulting from changes in the vehicle 

forward speed and the radius of turn). 
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In the case of front/rear torque distribution control, the left/right torque distribution on 

the same axle is maintained at a 50: 50 ratio by a normal differential. Figure 6.7 shows 

the vehicle trajectories under various front/rear torque distribution conditions. In 

comparison to left/right torque distribution control, actively controlling torque 

distribution between front and rear axles is seen to have less effect on the vehicle 
handling behaviour and only understeer characteristic is presented. With the increase 

in forward speed, the RWD vehicle finally spins due to the insufficiency in lateral tyre 

forces of the rear axle when the handling limit is reached. 
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For front/rear torque distribution control, the corrective yaw moment is generated 
indirectly by utilizing the tyre force interaction property, i. e. the lateral tyre force is 

reduced when the corresponding longitudinal tyre force is increased. The difference in 

the mechanism of yaw moment generation between left/right torque distribution 

control and front/rear torque distribution control is illustrated in Figure 6.8 where the 

vehicle is assumed to be making a right hand turn. One may therefore conclude that 

the effect of left/right torque distribution control on vehicle handling characteristics is 

much greater than that of its front/rear counterpart. As a result, only active control of 

left/right torque distribution for maintaining vehicle stability will be further 

investigated in this thesis. 
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Torque Transfer Differential Model 

For the conventional internal combustion (IC) engine vehicles, if the number of 

driving wheels is equal to the number of independently controlled engines, torque 

distribution control is not necessary at all. However, to date, this technical 

arrangement cannot be adopted for normal production vehicles due to high cost. 

Therefore only the conventional IC engine vehicles with one engine, one transmission 

system, axles and differential units will be considered in this thesis. In addition, whilst 

particular attention is devoted to FWD vehicles here and consequently torque transfer 
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will only take place on the driving axle, i. e. the front axle, the main conclusions of 

this study can easily be extended to vehicles with other driveline layouts. 

For the conventional IC engine vehicles, in order to apply the desired amount of 

torque at the driving wheels of the same axle, torque biasing devices need to be used. 

The most common torque biasing device is a non-conventional or controlled 

differential. There are many examples of controlled differential systems and the vast 

majority employ a limited slip differential (LSD) in which a friction clutch is 

employed to provide a connection between the left and right driveshafts (Huchtkoetter 

and Klein, 1996; Okcuoglu, 1995). LSD systems were originally developed to 

improve traction performance of the vehicle. More recently it was recognised that 

they could also be utilised to positively influence the lateral vehicle dynamics. Such 

LSD systems are characterised by the fact that they can only transfer torque to the 

slower spinning wheel when the friction clutch is engaged. These systems therefore 

have no control over the direction of torque transfer and are only able to modulate the 

magnitude that is being applied. 

Thereby, in order to control torque transfer between the left and right wheels of the 

driving axle without restriction in the direction, a special torque transfer differential of 

Figure 6.9 developed by Sawase and Sano (1999) is employed in this thesis. 
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Figure 6.9 Schematics of the torque transfer differential from (Sawase and Sano, 1999) 
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However, like the LSD, this torque transfer differential still relies on a sufficient 

speed difference between two clutch plates in order to produce the desired amount of 

torque transfer. The additional gearing system between the differential case and the 

clutch plates is designed to guarantee such a speed difference. The gear ratios used in 

(Sawase and Sano, 1999) ensures that there will be sufficient clutch slip to maintain 

authority over the direction of torque transfer while the left/right wheel speed 

difference is less than 25%. The detailed description of this differential can be found 

in Appendix H. 

The relationship between the input torque Tj, transferred torques Tc, , Tel and wheel 

torques Tr , T, during clutch engagement can be expressed as: 

T=T in Z1Z5 
Tr + 

Z'Z6 
T, (6.13) 

2 2Z2Z4 2Z3Z4 

Tr =Tn+ 1- 
Z'ZS 

Tyr - 1- 
Z1Z6 

Tyr (6.14) 
2 2Z2Z4 2Z3Z4 

where the numbers of gear teeth are set to be Zl = Z2 = Z3 = 42, Z4 = 32, Z5 = 36 and 

Z6 = 28 (Sawase and Sano, 1999). Therefore, the lateral torque difference can be 

controlled regardless of the input torque from the engine. Herein, the differential 

described above is further assumed to be relatively ideal so that after being 

transferred, torque applied at two wheels of the same axle may be opposite in sign. 

In addition, in order to formulate the final integrated control system, the required 

corrective yaw moment of Eq. (6.10) rather than the torque difference between the left 

and right wheels of the same axle is defined as the output of the stability controller. 

Therefore, in the case of driveline based DSC subsystem, the corrective yaw moment 

command needs to be converted into the torque difference between the two sides of 

the vehicle. For simplicity, the quasi-static rotational dynamics of the wheel is 

employed and given as: 

Ti = RwFX,,,,;, (i =1,..., 4) (6.15) 

and the corrective yaw moment demanded by the stability controller can be expressed 

as: 
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MZý=tAF, (6.16) 
2 

where OFF is the longitudinal force difference between the left and right driving 

wheels of the same axle. Thus the corresponding torque difference takes the form: 

AT =T-T, =2MZ`RW (6.17) 
t 

For FWD vehicles, t=tf in above equations. 

Upon receiving a torque transfer demand from the stability controller, the appropriate 

clutch will be engaged to allow the differential to transfer the desired level of torque. 

The selection of clutches to be engaged can be achieved through a set of simple logic 

rules according to the sign of the required torque transfer, e. g. if (negative) torque 

transfer to the right-hand wheel is required, then the right-hand clutch in Figure 6.9 

should be engaged. The block diagram of the driveline based DSC subsystem is 

shown in Figure 6.10. 

Figure 6.10 Block diagram of the driveline based DSC subsystem 

6.4.2 Brake based dynamic stability subsystem 

It is well-known that the brake based DSC system is quite powerful in maintaining 

vehicle stability at the handling limit and is commercially available. However its 

inherent drawback, the strong influence on the longitudinal vehicle dynamics may 

limit its utilisation to only highly extreme driving situations. In order to show the 

relative merits, a brake based DSC subsystem, which employs the same controller as 

its driveline based counterpart , 
is introduced in this section. This system selectively 
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brakes individual wheels to stabilise the vehicle. The selection of individual wheels to 
be braked is based on the analysis of the yaw moment generation ability of four 

corners of the vehicle. Similar studies can be found in (Smakman, 2000; Selby, 2003). 

Figure 6.11 shows the yaw moment on the vehicle generated by braking individual 

wheels at the handling limit during a right hand turn. In Figure 6.11, the resulting yaw 

moment is plotted as a function of the longitudinal slip of the braked wheel and is the 

sum of two effects: the yaw moment generated directly by the braking force and the 

yaw moment resulting from the reduction in the corresponding lateral tyre force 

owing to the increase in the braking force. Depending on the particular wheel these 

two effects may either add up or act in opposite direction. The difference in absolute 

magnitude of the yaw moments is due to the dynamic load transfer during cornering. 
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Figure 6.11 Resulting yaw moment through braking individual wheels as a function of the 

longitudinal slip ratio 

The mechanism of yaw moment generation for braking individual wheels is illustrated 

in Figure 6.12 where the vehicle is negotiating a right hand turn. One can see from 

Figures 6.11 and 6.12 that the above two effects add up only for the front outer (1St) 

and rear inner (4th) wheels (monotonous characteristic). Therefore the front outer 

wheel will be chosen to generate a contra-cornering yaw moment (negative in this 

case) to correct instability and a pro-cornering yaw moment (positive in this case) will 

be generated by braking the rear inner wheel to correct limit understeer. The 

schematics of selectively braking individual wheels is shown in Figure 6.13 for the 

case of a right hand turn. 
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In addition, in this system, the required corrective yaw moment is transformed into 

the required slip ratio of the corresponding braked wheel through a Brake Intervention 

Map (Smakman, 2000; Selby, 2003), as shown in Figure 6.14. This map is indeed 

derived from the yaw moment analysis to be performed in the following section. The 

wheel slip control task can then be implemented by a simple proportional-type slip 

controller. The error between the required wheel slip and the actual wheel slip 

determines the corresponding brake torque that can be actuated by a hydraulic system. 

The particular wheel to be braked is determined based on the signs of the required 

corrective yaw moment (contra or pro) and the lateral acceleration (left or right hand 

turn). Therefore the previously developed stability controller and the slip controller 

form the cascade control configuration, as shown in Figure 6.15. 
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Figure 6.13 Schematics of selectively braking individual wheels in a right hand turn 
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Figure 6.14 Brake intervention map 

Figure 6.15 Block diagram of the brake based DSC subsystem 

6.4.3 Driveline plus brake based dynamic stability subsystem 

In the case of driveline based DSC, when vehicle stability is in question, torque 

should be transferred from the outer driving wheel to the inner driving wheel to 

generate the required contra-cornering yaw moment. However, during cornering, due 

to lateral load transfer, the vertical loads on the inner wheels are decreased. The effect 

of load transfer on the vertical wheel load becomes dominant with the increase in 

lateral acceleration, especially when the vehicle approaches the handling limit. Under 

such conditions, excessive torque transfer may make the inner wheel spin on slippery 

roads. If this happens at the front axle, the driver will lose control of the direction of 

the vehicle. If this takes place at the rear axle, vehicle instability will worsen. 
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Therefore, even though the driveline based DSC system can stabilise the vehicle to 

certain extent over the entire handling regime through actively controlling the 

left/right torque distribution, its ability to generate the required corrective yaw 

moment is limited by the inherent load transfer effect. In other words, the driveline 

based DSC system does have its own functional limitation and cannot completely 

replace the conventional brake based DSC system. It can however be used to 

complement its brake based counterpart and reduce the influence of brake 

intervention on the longitudinal vehicle dynamics. 

Figure 6.16 shows the contra-cornering yaw moments generated by independently 

driving the front inner wheel and braking the front outer wheel, respectively. Here it is 

assumed that the vehicle negotiates a right hand turn on nominal road surfaces and the 

front inner wheel can be driven independently. The mechanism of yaw moment 

generation is similar to that described in Chapter 5 for active steering subsystems. As 

can be seen from Figure 6.16, on account of lateral load transfer, the maximum yaw 

moment generated by independently driving the front inner wheel is much less than 

that induced by independently braking the front outer wheel. 

Therefore, in order to minimise the influence of brake intervention on the longitudinal 

vehicle dynamics and avoid wheelspin caused by excessive torque transfer, a new 

DSC subsystem in which the two actuation concepts for vehicle stability control are 

both employed and aimed to complement each other is proposed. In this system, the 

stability controller designed in the previous section remains unchanged and the only 

difference from the two single actuation concept based DSC subsystems is that the 

required corrective yaw moment is shared between torque transfer and single-wheel 

braking. 

More specifically, if the corrective yaw moment demanded by the stability controller 

is relatively small, it will be entirely generated through torque transfer. If the required 

corrective yaw moment is large, a part of the yaw moment will be generated through 

torque transfer and the remainder will be produced by braking the appropriate wheel. 

This new DSC subsystem is illustrated as block diagram of Figure 6.17 where the 

schemes for transforming the required corrective yaw moment into torque transfer and 

slip ratio are the same as those in Figures 6.10 and 6.15, respectively. 
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6.5 Evaluation of the Dynamic Stability Subsystem Controller 

The evaluation of the stand-alone dynamic stability subsystem controller will be 

performed on the NLVM using the following manoeuvres. The driveline and brake 

actuator saturation levels and slew rates are given in Table 6.1 (Crolla et al., 2000) 

where the achievable braking effort is the torque that locks the wheel. In addition, in 

the driveline plus brake based DSC subsystem, in order to prevent the inner wheel 
from running at high slip ratios, the amount of allowed torque transfer is limited 

between -1000Nm and l 000Nm. 

" Single sine steer input; 

" Sine steer input with increasing amplitude; 

0 Braking on split- ,u surfaces. 

Table 6.1 Driveline and brake actuator saturation levels and rate limits 

Actuator Max value Min value Max rate Min rate 

Torque transfer differential 

Brake (each wheel) 

1500Nm 

2500Nm 

0 

0 

6000Nm/s 

6000Nm/s 

6000Nm/s 

6000Nm/s 

Single sine steer input 

The steer input for this manoeuvre is the same as the one used in Chapter 4, as shown 

in Figure 6.18. The simulation results are shown in Figures 6.19 to 6.21. In the 

passive case, the vehicle cannot follow the steer input and spins. The vehicle with 

DSC can however successfully follow the steer input and remain stable. 
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Figure 6.18 Steer angle for single sine steer input 
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The handling performance of the vehicle with the driveline based DSC is comparable 
to that of the vehicle with the brake based one for this specific manoeuvre. The big 

difference between the two actuation concepts can be seen in the vehicle forward 

speed, with a rapid decrease in speed for the vehicle with the brake based DSC due to 

brake intervention. Figure 6.20 shows the required torque transfer, brake torques and 

wheel slip ratios. The slip ratio of the front inner wheel for the vehicle with the 

driveline based DSC is seen to slightly exceed the desired maximum value of 0.2 and 

the torque transfer is already close to the actuation limits. 
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Figure 6.20 Required torque transfer, brake torques and wheel slip ratios for the NLVM with 

stand-alone stability controller in response to single sine steer input at 100km/h 
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For the brake based DSC, the wheel slip ratios however remain relatively small. In 

addition, the vehicle with the driveline plus brake based DSC also shows almost 
identical lateral dynamics to that with single actuation concept based DSC. Through 

sharing the required corrective yaw moment between torque transfer and one-wheel 
braking, the two actuation concepts are seen to complement each other and negative 

effects of individual actuation concepts discussed in the preceding section are reduced 
to a large extent. The phase portraits of the passive and controlled vehicles are shown 
in Figure 6.21. Compared to the passive vehicle, peak sideslip angle is reduced by 

48% for controlled vehicles. Therefore, whereas the state trajectories of the passive 

and controlled vehicles all stay inside the reference region, the controlled case is 

obviously more desirable than the passive one from the driver point of view. 
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Figure 6.21 State trajectories in the phase plane for the NLVM with and without stand-alone 

stability controller in response to single sine steer input at 100km/h 

Sine steer input with increasing amplitude 

The steer input for this manoeuvre is the same as the one shown in Figure 5.17. This 

manoeuvre is highly critical in terms of vehicle stability due to high amplitude of the 

steer input. The simulation results of this manoeuvre are shown in Figures 6.22 to 

6.24. In this manoeuvre, the passive vehicle fails to properly follow the steer input. As 

can be seen in Figure 6.24, whereas the state trajectories of the passive vehicle largely 

remain inside the reference region, it is subjectively undesirable due to high values of 

sideslip angle. The DSC controlled vehicle is however seen to successfully follow the 

steer input at all times and stay well away from the unstable regions. 
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One can see from Figure 6.22, as a result of brake intervention, the speed of the 

vehicle with the brake based DSC decreases quite rapidly and the final value is about 
20km/h lower than that of the vehicle with the driveline based DSC. Hence the peak 
lateral acceleration, yaw rate and sideslip angle of the vehicle with the brake based 

DSC are lower than those of the driveline based DSC controlled vehicle when the 

stability controller becomes active. Due to this reduction in vehicle forward speed, the 

required brake torques reach a maximum at a specific time and decrease thereafter. 

In this specific manoeuvre, while the driveline based DSC can keep the state 

trajectories of the vehicle inside the reference region, the actuation limits of torque 

transfer are already reached and slip ratio of the front inner wheel is beyond 0.2, as 

shown in Figure 6.23. This is obviously undesirable since a tyre running under such 

conditions will experience a sharp decrease in the corresponding lateral tyre force (see 

Figure 3.12) and the steering response of the vehicle will be significantly reduced. 

Therefore, the control performance of the driveline based DSC is slightly poorer than 

that of its brake based counterpart, with slightly higher peak sideslip angle. 
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Figure 6.24 State trajectories in the phase plane for the NLVM with and without stand-alone 

stability controller in response to sine steer input with increasing amplitude at 100km/h 

By contrast, the required brake torques demanded by the slip controller and levels of 

slip ratio for the driveline plus brake based DSC are less than those for the single 

actuation concept based DSC, while the performance of the driveline plus brake based 

DSC is still comparable to that of the brake based DSC. In other words, by exploiting 
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both actuation concepts for the same control task, vehicle stability is maintained and 

the interference with the longitudinal vehicle dynamics induced by brake intervention 

is reduced. Peak sideslip angle is reduced by 47% for brake based DSC, 32% for 

driveline based DSC and 42% for driveline plus brake based DSC, respectively. 

Braking on split-, u surfaces 

This manoeuvre is the same as the one used in Chapter 5. The simulation results of 

braking on a split- ,u surface with and without the stand-alone stability controller are 

shown in Figures 6.25 and 6.26. Here the brake based and driveline based DSC are 

examined. The DSC plus ABS controlled vehicle is seen to respond to such a 

disturbance similarly to the vehicle with the stand-alone ABS controller. The stability 

controller is not activated until the vehicle state trajectories cross the control 

boundaries and enter the unstable regions (at around 0.8s). 

In the case of brake based DSC, when the stability controller becomes active, a 

corrective yaw moment command is generated and consequently the front left (1St) 

wheel on the low- 
,u surface is further braked to stabilise the vehicle. However, since 

the longitudinal force of this wheel has been saturated and the ABS controller has 

become active to adjust the relevant brake torque before the activation of the stability 

controller, as shown in Figure 6.25, additional braking action applied at this wheel 

does not produce extra braking force any more and thus the required corrective yaw 

moment cannot be generated. This effect can be clearly seen in the time response of 

the brake torque demanded by the slip controller, as shown in Figure 6.26. Whereas 

such a braking action already reaches the actuator saturation level, the vehicle is still 

out of control. 

For the driveline based DSC, when the stability controller is activated, torque transfer 

from the front left (1S) wheel to the front right (2nd) wheel takes place. Hence the 

front left wheel on the low-, u surface will be further braked and the brake torque at 

the front right wheel will be reduced. Similar to the brake based DSC controlled case, 

additional brake torque applied at the front left wheel cannot generate extra braking 

force and then the required corrective yaw moment. In addition, the reduction in the 

brake torque applied at the front right wheel and consequently the braking force does 
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reduce the overall yaw moment on the vehicle, it is however not large enough to push 

the vehicle back to the path, resulting in a bit slower decrease in vehicle speed and 

more lateral deviation. Here actuation limits of the driveline based DSC are already 

reached as well. Therefore, in comparison to the active steering subsystem controllers 
described in Chapter 5, both brake based and driveline based DSC are not capable of 

stabilising the vehicle in this specific manoeuvre. 
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controller during braking on a split- p surface 
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6.6 Conclusions 

The dynamic stability subsystem controller has been designed in this chapter. The 

phase-plane method has first been introduced and the analysis of vehicle stability has 

then been performed in the phase plane of the vehicle sideslip angle and its angular 

velocity. Based on the phase-plane analysis, a reference stable region has been 

defined for stand-alone stability controller design. A simple PD control algorithm has 

been employed for the stand-alone stability controller to pull the vehicle back into the 

reference region as soon as the state trajectories of the vehicle cross the control 

boundaries and enter the unstable regions. 

Both driveline based and brake based DSC subsystems have been examined in order 

to show the relative merits. The conventional brake based DSC is an important active 

safety feature, but it slows the vehicle down and compromises the traction potential of 

the vehicle. As an alternative, driveline based DSC can be used to stabilise vehicles 

through actively controlling the left/right torque distribution. However, the difference 

in torque between the left and right wheels of the driving axle is attributed to the 

tendency for the inner wheel to spin owing to the presence of excess driving force as a 

result of a decrease in the vertical tyre load. Therefore a new driveline plus brake 

based DSC subsystem with the unchanged stability controller has been proposed to 

overcome the drawbacks of the two actuation concepts by distributing the required 

corrective yaw moment to the appropriate actuator. 

Simulation results of critical manoeuvres have confirmed the effectiveness of the 

developed DSC subsystems and these results also indicate that vehicle stability has 

been noticeably improved. As a result, the controlled vehicle does not experience any 

unnecessary motion during critical transient manoeuvres, and thus it is capable of 

showing excellent responsiveness to subsequent steer inputs. However, the test of 

braking on split- ,u surfaces has shown that both the brake based and driveline based 

DSC cannot stabilise the vehicle in this specific manoeuvre due to the limitations of 

the actuation schemes. 



Chapter 7 

Design of Integrated Vehicle Dynamics Control 

System 
Abstract: An integrated vehicle dynamics control system is developed in this chapter. 

This control system is based on the two subsystems, AFS and driveline plus brake 

based DSC, designed independently in the preceding chapters. Combined control of 

the two subsystems is first examined to investigate the potential for overall 

performance improvement over the corresponding subsystems and to form the 

benchmark for further integration analysis. Subsequently a novel rule based 

integration scheme is proposed to coordinate the control actions of the two stand- 

alone controllers and the effectiveness of the integrated control system is verified 

through computer simulations. Conclusions are finally given at the end of the chapter. 

0 7.1 Introduction 

0 7.2 Combined Control 

0 7.3 Integrated Vehicle Dynamics Control 

" 7.4 Conclusions 

7.1 Introduction 

Due to functional limitations of individual subsystems as analysed previously, 

different stand-alone vehicle dynamics control systems are optimised individually in 

specific handing regions and there is no single system which can be effective over the 

entire range of vehicle handling. The stand-alone active steering subsystem can 

improve vehicle steering response up to the handling limit but fails to maintain 

166 
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vehicle stability at the handling limit. The stand-alone dynamic stability control 

subsystem can maintain vehicle stability under all driving conditions. However, the 

direct influence of the control action on the longitudinal vehicle dynamics limits its 

application to only highly critical driving situations. 

Therefore, simultaneous presence of various stand-alone control systems in a vehicle 

is inevitable in order to keep the vehicle stable and under control at all times. 

However, due to the strong couplings of various aspects of vehicle dynamics and 

potential conflicts in control objectives, a certain amount of undesirable interactions 

between different stand-alone control systems arises when these systems are simply 

combined without coordination. Hence, in order to achieve an improved overall 

vehicle performance, vehicle dynamics control should be performed in an integrated 

rather than combined manner. A novel rule based integration scheme will be proposed 

in this chapter to eliminate performance trade-offs and to extend functionalities of 

individual subsystems. 

In addition, as discussed in Chapter 5, whereas ARS is comparable to AFS in terms of 

improving vehicle steering response up to the handling limit, ARS is much less 

capable of generating contra-cornering yaw moment and consequently less effective 

to assist DSC than AFS in maintaining vehicle stability when the handling limit is 

approached as stability is the primary concern in this region. Therefore only AFS and 

the driveline plus brake based DSC will be further examined in this chapter. 

7.2 Combined Control 

7.2.1 Introduction 

Before the final integration is investigated, combined control of the two stand-alone 

active subsystems designed in Chapters 5 and 6 will be examined. As defined in 

Chapter 1, in the combined control configuration, the two stand-alone controllers 

operate in parallel. The key features of such a configuration are therefore as follows: 

" There is no communication between the two control loops; 

" Each loop has its own reference model, controller and control input. 
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The block diagram of this configuration is shown in Figure 7.1. The analysis of 

combined control aims to investigate if such a configuration can provide overall 

performance improvement over the corresponding stand-alone subsystems or such 

two control loops can complement each other. The results of the simulations and 

analyses will form the benchmark for further integration analysis. 
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Figure 7.1 Block diagram of combined control of AFS and driveline plus brake based DSC 

7.2.2 Evaluation of combined control 

The following manoeuvres are employed to assess combined control. These 

manoeuvres are chosen so as to make the two stand-alone controllers active 

simultaneously during the tests. More specifically, the stand-alone steerability 

controller is always active and the stand-alone stability controller becomes activated 

only when vehicle stability is in question. 

Single sine steer input 

The steer input for this test is the same as that used in Chapters 5 and 6, as shown in 

Figure 7.2. The simulation results of this manoeuvre are shown in Figure 7.3. 

The vehicle with the stand-alone AFS controller is seen not to be able to successfully 

follow the steer input, i. e. vehicle stability cannot be maintained by the stand-alone 

AFS controller at the handling limit. Both the stand-alone stability controller and 

corresponding combined control can however stabilise the vehicle during such a 

critical manoeuvre. 
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One can see the difference between stand-alone DSC and combined control. More 

specifically, the vehicle with combined control has a bit higher peak yaw rate and 

sideslip angle than that with stand-alone DSC. This effect is mainly caused by the 

additional control action from the AFS controller in combined control. This control 

action pulls the state trajectories of the vehicle further away from the control 

boundaries, as shown in the 8-ß phase plane, and consequently leads to more 

control effort from the stability controller, i. e. more torque transfer and brake 

intervention. The vehicle with combined control therefore finishes the manoeuvre 

with a slightly lower forward speed than the vehicle with stand-alone DSC. In 

addition, the tracking performance of combined control is not noticeably better than 

that of stand-alone DSC. 

From this simulation one can see that the simultaneous optimisation of vehicle 

steerability and stability through combined control results in a conflict in control 

objectives at the limit of handling. Therefore, combined control does not achieve 

overall performance improvement over stand-alone DSC for this particular 

manoeuvre. 
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Figure 7.2 Steer angle for single sine steer input 

Sine steer input with increasing amplitude 

The steer input for this manoeuvre is also the same as that used in Chapters 5 and 6, 

as shown in Figure 7.4. Figure 7.5 shows the simulation results of this manoeuvre. In 

this specific manoeuvre, the stand-alone steerability controller cannot properly track 

the reference yaw rate any more at the handling limit and the vehicle becomes 

unstable. 
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Figure 7.3 Response to single sine steer input of the NLVM with stand-alone AFS controller, 

with stand-alone stability controller and with combined control at 100kmlh 

However the vehicle with either the stand-alone stability controller or combined 

control can remain stable at all times. The basic features observed in the above single 

sine steer input simulation can be seen here again. The vehicle with combined control 

requires more torque transfer and brake intervention than that with stand-alone DSC 

and consequently finishes the simulation with a lower forward speed. In addition, for 

both stand-alone DSC and combined control, due to the rapid reduction in the vehicle 

forward speed as a result of brake intervention, the required corrective yaw moment 

reaches a maximum at a specific time and then decreases thereafter although the 

amplitude of the steer input still increases linearly, so does the sideslip angle. This is 

particularly the case for the combined control. 
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Figure 7.5 Response to sine steer input with increasing amplitude of the NLVM with stand- 

alone AFS controller, with stand-alone stability controller and with combined control at 
100km/h 

7.2.3 Summary 

This section has examined combined control of AFS and driveline plus brake based 

DSC and compared its performance with those of the corresponding stand-alone 

controllers. 

This configuration does achieve both control objectives, steerability and stability 

through operating the two stand-alone subsystems in parallel. However, computer 

simulations have shown that the two stand-alone active subsystems cannot be 

optimised simultaneously through such a configuration. In other words, combined 

control cannot achieve the optimal individual control performance of both stand-alone 

subsystems. This is mainly due to the interferences between the two subsystems as a 

result of inharmonious control objectives. 

Although the combined control configuration does not achieve an increase of the 

individual control objectives, it does provide a potential for improvement. This indeed 

raises the demand for integrated vehicle dynamics control which will be examined in 

the following section. 
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7.3 Integrated Vehicle Dynamics Control 

Previous analyses have shown that on one hand different vehicle dynamics control 

systems do have their own functional limitations and none can be effective over the 

entire range of vehicle handling; on the other hand, due to undesirable interactions 

between different systems, operating these active systems in a combined fashion does 

not offer overall performance improvement over corresponding stand-alone 

subsystems. Therefore, some levels of integrated vehicle dynamics control need to be 

developed in order to achieve an improved vehicle handling performance. In this 

section an integrated vehicle dynamics control system will be designed using the 

bottom-up design approach introduced in Chapter 2 to exploit synergies and prevent 
interferences between different active subsystems. 

7.3.1 Design objectives 

As discussed previously, in order to improve vehicle steering response, the stand- 

alone steerability controller accelerates the yaw motion and consequently the sideslip 

motion of the vehicle. On the contrary, the stand-alone stability controller aims to 

bound the sideslip motion and thus the yaw motion of the vehicle to maintain vehicle 

stability during critical manoeuvres. Interferences between the two stand-alone 

controllers therefore do exist when the vehicle approaches the handling limit due to 

conflicts in control objectives. 

Hence, in order to avoid undesirable interactions between the two stand-alone vehicle 

dynamics control subsystems and reduce performance trade-offs in vehicle handling, 

a novel rule based integration scheme is proposed to coordinate the control actions of 

the two stand-alone controllers. In light of the definition of control objective for the 

integrated vehicle dynamics control system in Chapter 4 (see Figure 4.13) and 

previous analyses of stand-alone active subsystems, the proposed integrated control 

system will be designed to achieve the following objectives: 

0 To improve vehicle steerability at low to mid-range lateral accelerations; 

" To maintain vehicle stability close to and at the limit of handling; 

" To minimize the influence of brake intervention on the longitudinal vehicle 

dynamics; 
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" To achieve seamless transition from one control task to the other. 

7.3.2 Rule based integration scheme 

The rule based integration scheme is directly related to the above objectives and will 
be described in more detail in this section. 

This scheme needs to determine the activation sequences and active regions of the 

two stand-alone controllers in terms of the current vehicle operating point to avoid 

control objective conflicts. It is therefore necessary to measure the vehicle operating 

point. The operating point of the vehicle ranges from normal driving to limit handling. 

A quantitative measure of this is the lateral acceleration of the vehicle. However the 

relationship between the operating point and the lateral acceleration is a function of 

the road surface coefficient of friction. Since the road surface coefficient of friction is 

difficult to measure or estimate, it is inappropriate to use this metric in the integration 

scheme that is expected to perform under all road conditions. Therefore the ß -, ß 

phase plane which has been shown to be robust to road surface friction variations in 

Chapter 6 will be used as a measure of the vehicle operating points. 

Specifically, when the state trajectories of the vehicle remain inside the reference 

region defined in the ß-/ phase plane and stay far away from the control 

boundaries, the control priority is given to the steerability controller, i. e. the sole 

control task in this region is to improve steering response of the vehicle. When the 

vehicle state trajectories approach the control boundaries, the control task of 

improving vehicle steerability will gradually die away. As soon as the vehicle state 

trajectories cross the control boundaries and enter the unstable regions, the stability 

controller will become active and the steerability controller will be finally disabled, 

i. e. the control task transits from improving vehicle steerability to maintaining vehicle 

stability. The transition of control tasks is illustrated in Figure 7.6 where a fuzzy 

membership function is proposed to distinguish the current task, steerability or 

stability. The operating point is related to the control boundaries defined in Eq. (6.9) 

and the relative location of the current operating point to the control boundaries is 

measured by a straight line with the same slope as the control boundaries. Here the 

slope of the fuzzy membership function for the steerability task is roughly tuned to be 
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5. The switching strategy in Figure 7.6 aims to achieve a smooth transfer of control 
tasks, and consequently to avoid abrupt system responses which can be induced by 

sudden hard switching actions. 

In addition, the integration scheme also needs to make the actuation decision, i. e. the 

required corrective yaw moment demanded by the stability controller will be 

distributed to the available actuators corresponding to the two active subsystems in 

order to delay the onset of brake intervention and consequently to reduce its influence 

on the longitudinal vehicle dynamics, i. e. active steering will be utilised to support 
DSC in maintaining vehicle stability when needed. In other words, the brake 

intervention will be performed only if the stabilising by active steering and torque 

transfer is not sufficient. Thus the driver can experience more driving pleasure. 

1 
x 

ö 

0 
U 

24ý+ 4)6 

Figure 7.6 Transition of control tasks in the rule based integration scheme 

Herein the required corrective yaw moment demanded by the stability controller can 

be transformed into an active steer angle input for AFS (see Figure 5.24) using similar 

method to the Brake Intervention Map of Figure 6.14 for the brake based DSC 

system. The distribution of the required corrective yaw moment to different actuation 

concepts are based on the analysis of control authority of different subsystems 

presented in Chapters 5 and 6. Figure 7.7 shows the complete structure of the 

proposed integrated control system. In the system block diagram, the desired yaw rate 

and the reference region are included in the corresponding controllers. Figure 7.8 

illustratively describes the proposed integration scheme in the form of different 

regions in the 8-ß phase plane. 

0 0.8 1 
Operating region 
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Figure 7.7 Schematics of the proposed integrated vehicle dynamics control system 

7.3.3 Evaluation of the integrated vehicle dynamics control system 

In order to assess the performance of the integrated vehicle dynamics control system 

designed above, computer simulations of the critical manoeuvres including single sine 
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steer input and sine steer input with increasing amplitude will be conducted on the 
NLVM and results for the vehicle with integrated control and with combined control 
will be presented and compared. 

Q 

O Reference region 
for control design 

O Active steering 
for steeribility 

Transitions between 

control tasks 
Q 

Active steering 
for stability 

Active driveline 

for stability 

Active braking 

for stability 

Figure 7.8 Different regions in the 8- /3 phase plane for the rule based integration scheme 

Single sine steer input 

The steer input shown in Figure 7.2 is used again for this manoeuvre. The simulation 

results of this manoeuvre for integrated AFS/DSC control and corresponding 

combined control are shown in Figure 7.9. 

The vehicle with integrated control is seen to achieve lower peak lateral acceleration 

and yaw rate in response to this steer input compared to that with combined control 

when the stability controller becomes active. The peak yaw rate reduces by 11 % for 

integrated control in this specific manoeuvre. This is mainly due to the disablement of 

the steerability controller when the task of maintaining vehicle stability is dominant, 

as can be seen from the steerability control task response. When the vehicle 

approaches the handling limit or equivalently the vehicle state trajectories cross the 

control boundaries, the task of improving vehicle steerability will become zero and so 

will the acceleration of the yaw motion and sideslip motion induced by AFS. 
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Figure 7.9 Response to single sine steer input of the NLVM with combined control and with 
integrated control at 100km/h 

Under such conditions, the vehicle is controlled by the stability controller on its own 

with different actuation concepts involved to ensure vehicle stability. That is, the 

conflicts in control objectives of the two stand-alone controllers are eliminated by the 

proposed integration scheme. Furthermore, when vehicle stability is in question, 

lateral acceleration and yaw rate will be further reduced by applying active 

countersteering to stabilise the vehicle, as can seen in the active steer angle response. 

The sideslip behaviour of the controlled vehicle is presented in both time domain and 

phase plane. Similarly, the use of integrated control is seen to reduce the peak sideslip 

angle of the vehicle by 12%. Vehicle stability is therefore improved by the proposed 

integrated control system in comparison to corresponding combined control. 

In addition, due to the support of steering function in maintaining vehicle stability, the 

amount of torque transfer is reduced and no brake intervention is required, i. e. in this 

specific manoeuvre, the task of maintaining vehicle stability can be completely 

performed by active steering and torque transfer. Hence the influence of brake 

intervention on the longitudinal vehicle dynamics is reduced, resulting in less 

reduction in the vehicle forward speed. Here the reduction in the vehicle forward 

speed is reduced by 44% for integrated control. This effect can be clearly seen from 
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the time responses of torque transfer, brake torques demanded by the slip controller 

and vehicle forward speed. 

Sine steer input with increasing amplitude 

The advantage of the integration scheme is also examined for the more aggressive 

manoeuvre of sine steer input with increasing amplitude. The steer input shown in 

Figure 7.4 is used again for this test. The simulation results of this manoeuvre are 

shown in Figure 7.10. Similar features found in the single sine steer input case can 

also be observed in this manoeuvre. The peak yaw rate and peak sideslip angle are 

found to reduce by 8% and 11% respectively for integrated control. Both torque 

transfer and brake intervention are successfully delayed and reduced. Most 

significantly, the final speed of the vehicle with integrated control is around 10km/h 

(20%) higher than that with combined control. This is enjoyable from the driver's 

perspective. Due to the high steer inputs and less reduction in the vehicle forward 

speed, the vehicle with integrated control finishes the simulation with slightly higher 

brake torques than that with combined control. This further confirms the analysis in 

Chapter 5, i. e. at the handling limit, when the driver steer inputs are large, the contra- 

cornering yaw moment generated by AFS is also relatively small. 

7.3.4 Summary 

A rule based integration scheme for integrated vehicle dynamics control has been 

developed in this section. This scheme aims to extend functionalities of individual 

subsystems and to minimise the undesirable interactions or functional overlaps 

between the two stand-alone subsystems AFS and DSC as so to avoid negative or 

detrimental effects on overall vehicle handling behaviour. 

In comparison to combined control, the integration scheme proposed has been seen to 

offer extra improvements in overall vehicle handling characteristic. One effect 

observed includes a reduction in sideslip angle and consequently better vehicle 

stability. This, in turn, leads to delayed brake intervention and reduced influence on 

the longitudinal vehicle dynamics. In addition, the support of active steering 

intervention in maintaining vehicle stability also contributes to the delay of brake 

intervention and reduction in interference with the longitudinal vehicle dynamics. 
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Figure 7.10 Response to sine steer input with increasing amplitude of the NLVM with 

combined control and with integrated control at 100km/h 

Improved vehicle stability at the handling limit is however at the expense of vehicle 

steerability, which can be seen from the reduction in peak yaw rate. This reduction 

could be viewed as subjectively undesirable. Therefore whilst the proposed 

integration scheme does provide a clear increase of the overall vehicle handling 

performance, it is not suggested that the scheme proposed here is optimal in all 

aspects of vehicle handling behaviour. 

7.4 Conclusions 

This chapter has presented the design of an integrated vehicle dynamics control 

system using the bottom-up design approach. A configuration of combined control of 

the two independently developed active subsystems, AFS and driveline plus brake 

based DSC, has been examined to form the benchmark for further integration 

analysis. Simulation results of combined control have shown that due to control 

objective conflicts between the two stand-alone controllers, such a configuration 

cannot achieve the overall performance improvement over the corresponding stand- 

alone active subsystems. This indicates a demand for integrated vehicle dynamics 

control. 
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Based on the analysis of combined control, a novel rule based integration scheme has 
been proposed to coordinate the control actions of the two stand-alone controllers. 
Such an integration scheme is responsible for determining the actuation sequences of 
the two stand-alone controllers and distributing the required corrective yaw moment 
demanded by the stability controller to the appropriate actuators. Computer simulation 

studies show that although the result obtained here is not optimal in terms of the yaw 

response, significant benefits have nevertheless been achieved in overall vehicle 
handling behaviour through the proposed integration scheme. 



Chapter 8 

Conclusions and Recommendations 
Abstract: In this chapter the results and achievements of this thesis are summarised. 
The conclusions are presented and recommendations for further research are 
proposed. 

" 8.1 Conclusions 

9 8.2 Recommendations for Further Work 

8.1 Conclusions 

Active control of vehicle dynamics has been shown to have the potential to lead to 

improved safety, performance and ease of use of vehicles. The increase in the number 

of stand-alone vehicle dynamics control systems in a vehicle can however result in 

increased system complexity, undesirable interactions and performance deterioration. 

Integrated vehicle dynamics control is a solution to this problem. It aims to achieve 

optimised overall vehicle performance by managing interactions between subsystems 

to avoid detrimental effects. 

In order to investigate the current development of vehicle dynamics control for 

handling, a detailed review of literature relating to both stand-alone and integrated 

control systems for affecting vehicle handling has been performed and the 

conclusions have been drawn. In particular, consistent shortcomings in previous work 

were identified as: 

189 
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0 Inappropriate use of the necessary level of detail of linear and nonlinear vehicle 

models; 

" Inappropriate range of realistic test conditions to assess the proposed controllers 

over a representative range of vehicle handling conditions; 

" Weak definitions of the control objectives in relation to different vehicle handling 

regimes of interest; 

" Lack of clarity of interactions between systems and approaches to system 
integration. 

The review allowed a clear direction for this research to be defined and led to the aims 

and objectives outlined in Section 2.5. In order for these objectives to be met, the 

following work has been carried out and the relevant conclusions have been drawn. 

To enable controller design and analysis of the lateral vehicle dynamics, the 

conventional 2DOF linear bicycle model and an 8DOF nonlinear handling model 

have been developed. The 8DOF model includes three planar motions of the vehicle, 

longitudinal, lateral and yaw plus body roll motion and the rotational dynamics of 

four wheels. The Pacejka Tyre Model has been utilised to model the nonlinear tyre 

characteristics under both pure and combined slip conditions. It has been concluded 

that the dominant nonlinear effects of the vehicle dynamics result from the highly 

nonlinear tyre properties since the tyres dominate in generating forces to determine 

the vehicle dynamics. The modelling complexity is in line with the scope of this work 

so as to avoid being overcomplicated for implementation convenience. Both models 

of an average passenger car have been implemented in Matlab/Simulink for the 

purpose of simulation. 

Through studying both steady-state and transient handling characteristics of the 

passive vehicle, different aspects of the lateral vehicle dynamics and three distinct 

regions with respect to the level of lateral acceleration have been identified as a first 

step towards the definition of control objectives. Two distinct control objectives, 

steerability and stability which cover the whole range of vehicle handling have been 

defined. The corresponding control tasks can be assigned to any suitable active 

subsystems. The former objective is related to the steering response or handling 
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quality of a vehicle and corresponds to the low to mid lateral acceleration region of 

vehicle handling. The latter is characterised by the fact that the vehicle may spin or 
drift out in critical driving situations and corresponds to the high lateral acceleration 

manoeuvres. It has been shown that the task of improving vehicle steerability requires 

yaw rate control and maintaining vehicle stability needs to bound the sideslip motion 

of the vehicle. In addition, the relationship between the two control objectives 

established in this thesis over the entire range of vehicle handling has enabled a new 

control configuration to be proposed in which the control tasks, improving vehicle 

steerability and maintaining vehicle stability are scheduled as a function of vehicle 

operating points. 

In order to optimise individual control tasks, the subsystem controllers have been 

designed independently. More specifically, the AFS and ARS controllers have been 

designed to perform the control task of improving vehicle steerability and the stability 

controller has been designed to fulfil sideslip motion bounding. 

In the design of the active steering subsystem controllers, in order to achieve 

robustness with respect to system parameter variations (e. g. vehicle forward speed 

and road surface coefficient of friction) and external disturbances (e. g. split- ,u 

braking), the SMC technique has been employed. To fully assess the performance of 

the stand-alone steerability controllers, a number of test manoeuvres which cover the 

complete range of lateral vehicle dynamics and the NLVM have been used. New 

results which clarify the relative performance properties of AFS and ARS have been 

presented. Of particular importance from a practical viewpoint is that these results 

have been generated over a range of different handling regimes of interest. It has been 

found that AFS and ARS are very effective in improving vehicle steering response up 

to the limit of handling but they fail to bound the sideslip motion of the vehicle at the 

handling limit due to the limitations of the control strategy. In addition, the proposed 

AFS and ARS controllers have been proven to be robust to parameter variations and 

external disturbances. 

In order to choose the appropriate active steering subsystem for the final integration, a 

comparative study of AFS and ARS in terms of the ability to generate the required 
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corrective yaw moment has been performed. This study has shown that ARS is less 

capable of generating contra-cornering yaw moment than AFS when the handling 
limit is approached. 

The dynamic stability subsystem controller which is based on the ß-ß phase-plane 

method for assessing vehicle stability has been designed and found to be capable of 

performing the task of maintaining vehicle stability at the operating points where the 

active steering subsystems cannot. Both driveline based and brake based DSC 

subsystems have been developed based on the same stability controller and have been 

evaluated on the NLVM through critical handling manoeuvres. New results which 

compare the relative merits of the driveline based and brake based DSC subsystems 

have been presented. 

It has been found that the driveline based DSC subsystem is highly likely to cause the 

front inner wheel with excessive torque applied to spin due to lateral load transfer 

during cornering and thus result in loss of vehicle direction or worsen vehicle 

instability. In other words, the driveline based DSC subsystem cannot completely 

replace its brake based counterpart. In addition the inherent interference with the 

longitudinal vehicle dynamics of the brake intervention limits the application of the 

brake based DSC subsystem to extreme driving situations. Therefore, in order to 

complement each other, a new DSC subsystem based on a combination of torque 

transfer and single-wheel braking has been proposed. In the new subsystem the brake 

intervention has been favoured. Simulations using a reasonably realistic model of the 

left/right torque transfer differential have shown subtle, but significant improvements 

compared to the brake based DSC subsystem. 

Combined control of the two aforementioned active subsystems, AFS and driveline 

plus brake based DSC has been examined and found to be unable to achieve overall 

vehicle performance improvement over the corresponding stand-alone controllers. 

This study has shown that conflicts in control objectives hinder the simultaneous 

optimisation of the two control tasks, improving vehicle steerability and maintaining 

vehicle stability. 
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In order to optimise overall vehicle performance over a broad range of handling 

regimes, a novel integrated control strategy for AFS and driveline plus brake based 
DSC has been proposed. In this new control configuration, the two control objectives, 
steerability and stability have both been taken into consideration and the use of the 

/3 -ß phase plane has been extended from purely describing vehicle stability to 

quantitatively measuring vehicle operating points. Based on this measure of vehicle 
operating points, a rule based integration scheme has been developed to coordinate 
the control actions of the two stand-alone controllers. 

The proposed integrated control system has been assessed on the NLVM by 

comparing it to corresponding combined control under critical driving conditions. 
Simulation results have shown that it offers significant improvements in overall 

vehicle handling behaviour, resulting in better vehicle stability and reduced influence 

on the longitudinal vehicle dynamics. 

Specifically, with respect to the aims and objectives of this thesis, the following has 

been achieved: 

0 Through a thorough analysis of the lateral vehicle dynamics over the entire range 

of vehicle handling, an objective definition of the control task has been 

developed. This involved separating the overall handling requirements into two 

distinct aspects: steerability and stability. This new characterisation of the vehicle 

handling performance into distinct regimes was then used in the proposal of a 

novel integration scheme, involving a coordination of active steering and dynamic 

stability control. 

" Two categories of active subsystems, including AFS, ARS, driveline based DSC 

and brake based DSC, have been developed. New simulation results, which have 

been generated over a range of different handling regimes of interest, have 

clarified the relative performance properties of the same category of active 

subsystem. These analyses have indeed led to the proposal of a new DSC 

subsystem based on a combined actuation concept and facilitated the choice of 

appropriate active subsystems for the final integration design. 
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" Based on the extended use of the 8-/ phase plane, a metric, that is used to 

measure the vehicle operating points, has been proposed. In the novel rule based 
integration scheme, this metric was used, through a fuzzy membership function, 

to arbitrate between the stand-alone steerability controller and the stand-alone 
stability controller. The benefits in overall vehicle handling performance 

available from the proposed integrated control system have been quantitatively 

assessed through critical test manoeuvres. In comparison to combined control, the 
integrated control system has been found to lead to a trade-off between stability 

and limit steerability, improved vehicle stability and reduced influence on the 
longitudinal vehicle dynamics. 

8.2 Recommendations for Further Work 

This thesis has proposed a novel approach to integrated vehicle dynamics control for 

handling. The objectives stated in Section 2.5 have been achieved. However, in the 

light of work undertaken in this thesis, some possible areas are considered to require 

further investigation in future research. 

As a generic structure, the proposed approach to integration is not limited to the two 

active subsystems examined in this thesis. Active roll moment distribution control can 

also be added to the integrated control system as control authority of RMD increases 

with lateral acceleration. RMD may be a useful tool to be coordinated with AFS/ARS 

and DSC to influence the lateral vehicle dynamics at mid to high-range lateral 

accelerations. In addition, along with the time based test procedures used in this 

thesis, the analysis in the frequency domain may be carried out to assess the proposed 

controllers. 

The vehicle dynamics controllers designed in this thesis serve as the secondary 

controller to assist the primary controller, driver in handling the vehicle. There is 

however one key aspect of the vehicle system not covered in this thesis, and this 

concerns the role of the driver and his/her interactions with the vehicle dynamics 

control systems. In everyday driving, the driver and the vehicle indeed form a closed- 

loop system and interact with external environment (e. g. other vehicles and highway 
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systems). Therefore, in order to fully assess the control performance, implementation 

of the controllers on an actual vehicle platform and subjective evaluation by an actual 
driver must be an eventual goal. In case of practical implementation, additional 
dynamics such as the steering system dynamics, the driveline dynamics and the 

actuator dynamics should be taken into account. In addition, the accurate estimation 

of the vehicle sideslip angle for dynamic stability control will be one of the most 
difficult technical subjects. 

The global or fully centralised concept through the top-down design approach may be 

the final solution to integrated vehicle dynamics control. In such control architectures, 

all aspects of vehicle dynamics will be controlled as a whole and the interactions 

between subsystems will be taken into consideration in the design of the global or 

central vehicle dynamics controller. Such a controller is usually designed using 

multivariable control techniques and thus accurate measure or estimation of all 

vehicle states and time-consuming control computation may become the major 

practical constraints in control system design. Research in this field is currently 

ongoing whereas more work still needs to be done before they become commercially 

viable. 
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Appendix A 

Equations of Motion of the NLVM 

The Newtonian approach is adequate to derive the equations of motion for a simple 
model but for more complex models such as the nonlinear vehicle handling model 
employed in this thesis a Lagrangian approach is more appropriate. In Lagrange's 

method the total kinetic and potential energies must be expressed in terms of the 

primary variables describing the system. These are then substituted into a set of partial 
differential equations called Lagrange's equations. The partial derivatives are then 

evaluated to give the equations of motion (Crolla, 1992). The general Lagrange's 

equations may be written as : 

a aT 
_aT+ay+OD i-1 to n dt aqi aql aql aqi - 

Q`' 

where 

n the number of degrees of freedom of the system; 

qi the generalised coordinates describing the system; 

Qi the generalised forces (i. e. forces or moments) applied to the system; 

T the total kinetic energy; 

v the total potential energy; 

D the total dissipated energy. 

(A. 1) 

This form of Lagrange's equation may be applied directly to systems where 

integration of the real velocities ql with respect to time yields corresponding 

coordinates qj . 
In the case of the vehicle dynamics model developed in this thesis, 

proper coordinates are longitudinal and lateral displacements of the vehicle CG, X 

and Y, the yaw angle V of the moving vehicle x axis with respect to the inertial X 

axis, and the body roll angle 0 about the roll axis. However, as V, , 
Vy and r which 

are of interest are velocities in the moving vehicle axes system, the modified 

Lagrangian equations in which the above three velocities and the remaining real 
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coordinate 0 are used as the generalised motion variables will be employed to 

generate the equations of motion. With reference to Figure 3.3, the two sets of 

velocities in the two coordinate systems, i. e. the vehicle fixed and earth fixed, have 

the following relationships: 

V, cos yr sin yr 00 X 

V4 _sinVr cos Vi 00 
_ 

r 0010 yr 
p 0001 

where p=0 is the roll velocity of the sprung mass. 

The modified Lagrangian equations for V, , Vy, r and 0 take on the special forms 

(Lukowski et al., 1990; Pacejka, 2002): 

d aT 
_r 

aT 
= Qj, q, =V (A .3 a) 

dt i3 a V, aVy 

d aT 
+r 

aT 
= QZ ý q2 = Vy (A. 3b) 

dt avy aV 

d aT aT aT (A. 3c) 
dt ar - Vy av + Vx aV - Q3' q3 -r 

xy 

d öT öT 
+ 

öV öD 
+_ Qa5 Ra = (A. 3d) 

dt 00 öo ö0 a0 

Kinetic energy 

Both transitional and angular velocities contribute to the kinetic energy. The total 

, kinetic energy of the vehicle T can be expressed in terms of the four velocities V, 

Vy 
,r and p and split into three terms: T, 

, 
Tf and Tr 

, corresponding to the sprung 

mass and the front and rear axles, respectively. With the assumption of small roll 

angles, the three terms can be expressed as: 

T=1 ms [(Vx - hro)2 + (Vy + hß)2 ]+1 (IWo2 I__Sr2) (A. 4) 
S22 
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Tf=1 muf(V +V2 )+ 
1 

IZ r2 2y2 (A. 5) 

12T, 2 12 T =2murýVr+Yyr)+2Izzrr (A. 6) 

where 

Vxf = VXr = Vx 

Vyf =Vy +if r, Vyr =V - 
Zrr 

Potential and dissipative energy 

The total potential energy V is built up in the suspension and through the reduction in 

height of the sprung mass CG as it rolls. Here, the suspension is assumed to be linear 

and thereby can be approximated by a constant torsional stiffness coefficient 

Kof + KK, and a constant torsional damping coefficient C,,, + CO,. The corresponding 

potential and dissipative energies are given as: 

VO = (Ko +Ko, )02 (A. 7) 
2 

Vg = -msgh(1- cos 0) (A. 8) 

i+ CC,. )ý2 (A. 9) D=1 (C0 
2 

If the suspension forces are nonlinear, the potential and dissipated energy terms in 

Eqs. (A. 7) and (A. 9) must be included in the generalised forces acting on the body. In 

fact, with reference to Eq. (A. 1), any potential and dissipated energy may be 

differentiated with respect to q1 and ql , respectively, and the resulting terms may be 

included with QI on the right hand side of the Lagrange equation. Thus, the terms V 

and D in Eq. (A. 1) may be moved from the left hand side of the Lagrange equation 

and included instead with Q, as -öV/ ao and - öD / öO , respectively. Eq. (A. 3 d) 

may therefore be rearranged as: 

a aT aT 
dr ý¢ ýý - Q4 (A. 10) 

where 
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Q4 = msghsin0-(K« +Ko. )O-(Cof +Co, )ý 

Generalised forces 

Referring to Eqs. (A. 3) and (A. 10), there are four generalised forces, corresponding to 

the generalised coordinates V, , Vy ,r and 0. The generalised forces Q; are derived 

from the virtual work: 

4 

ýw = LQr8i 
i=l 

(A. 11) 

where &j is a small displacement in the generalised coordinate q; , with gqj =0 

when i#j. Here, q; refers to the quasi coordinates x and y (X and Y cannot be 

found by directly integrating Vx and Vy ), and the real coordinates yr and 0. For the 

vehicle model considered here the virtual work can be described as a function of ýx 
, 

o5y , 8y' and (50: 

S= Q1ax + Q2ý + Q3 
(5V + Q4(50 ýA. 12ý 

with 

Ql =J Fx = Fxl +Fx2 + Fx3 +FXa - Fr 

Q2: - ýF'y =Fy1+Fy2+Fy3+F4 (A. 13) 

y2) - 
lr(Fy3 +F4)+(1 Fx2) + (Fx3 - FXa ) Q3= MZ =l (Fyl +F f22 

Q4 =Y= msghsin 0-(K,, f +Ko, )o-(Cr +C1. )o 

Substituting Eqs. (A. 4) to (A. 6) into Eq. (A. 3) and with small angle assumption for 

roll angle 0, the equations of motion for the vehicle model with respect to four 

motion variables V, , 
V1, ,r and 0 are expressed as: 

m(V - 
Vyr) + (murlr 

- mufff )r2 - 2mshrq5 - mshrq5 = IF, 

f- murlr )r + msh q$ - mshr20=1 Fy 
m(Vy + Vxr) + (muf 

(A. 14) 

hzr + (mu fl f- murlr )Vxr + (mull f- murlr )Vy 

, -msh2r20+msh(Vy +Vr)-I, r=ýMx 
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with 

M=M 3 +m Uf 
+ mur 

I, 
x = Ixxs + msh2 

IZZ =IZZS +m 12 +1 +muflf +1 zzr +mu, 1: 

tr 'zzf muff 
2 

'zzr mur 
tr 

2 

Eq. (A. 14) may be rearranged as: 

IF, +(m" ll If - m�rl, )r2 + 2mshrq3 + mshrq5 V, 
r = +V1r 

m 

Vv- Fy -(mullf -murlr)r-mshý+mshr20 
_V r 

m 

ýjM2 
-(muflf -murlr)«Vy +V r)+I 

Izz 

Mx 
ý_ 

Ixx 

(A. 15) 

(A. 16) 

Since the yaw and roll rates are known to be small compared to the vehicle speed and 

marl f- murlr is also a small value, the product of these terms in Eq. (A. 16) may be 

left out for simplicity. Therefore, the above equations of motion can be simplified as: 

>F+mhiý 
SVX =+ Vy r 

m 

V= 
yFy -mShý 

-V r yX m 

MZ +I 
Y= 

Izz 

-msh(VY +Vxr)+msh2r2q5+IxZr 

IMX -msh(VV +V,, r)+I. 
I 

(A. 17) 
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Wheel Kinematics 

With reference to Figures B. 1 and B. 2, the speed components Vj and V 
.; of the 

wheel centres along the vehicle fixed axes can be expressed as: 

t Vx1 = VX +fr, Vyl = Vy +lfr (B. 1) 2 

t VX2 = Vx -2r, V2= Vy +l fr 
(B. 2) 

Vx3 
= Vx + 

tr 
r, Vy3 

= Vy 
- 

lrr (B. 3) 

2 

Vx4 = VX - 
tr 

r, Vy4 = Vy - lrr (B. 4) 

2 

For the 2DOF linear bicycle model, since Vx » 
tf'r 

r, the approximation Vj = VC is 
2 

valid. The lateral speed component Vyl takes the forms: 

Vy f= Vy +lfr (B. 5) 

Vyr = Vy - lrr (B. 6) 

at the front and rear axles, respectively, resulting in Eqs. (3.7), (3.8) and (3.15). Hence 

the speed component of the wheel centre in the direction of wheel heading is given as: 

Vx = cos st sin (Si 

Vx` 
(B. 7) 

, (i =1,..., 4) 
VYi 

The above speed component will be used to estimate the individual longitudinal slip 

ratio defined in Eq. (3.49). 

In addition, with reference to Figure B. 2, for 4WS vehicles, the tyre slip angle a; can 

be computed based on the vehicle states: 
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V+lr 
a' = tan-' '' f 

-91 B. 8) V +tfr/2 

a _, 
Vy +lfr tan 

-S12 `B. 9) 1 2- V -tfr/2 

V -l r 
J_83 a3 = tan-' ' B. 10) V +t, Y12 

V -l a4 = tan-1 y rr 
- (54 (B. 11) 

V -trr/2 

Vx +tfr/2 

T 
if 

1, 

Vý, +ljr 

2 

-ý V}, -1 rr 

Figure B. 1 Definition of wheel centre speed components 

A. 

i 

Vy; (V 
w1) 

I 

VC -t fr/2 

Vyý 

Figure B. 2 Definition of tyre slip angle for unsteered and steered wheels 

Ii tr-"I 

Vxi ýyxwi 
Vi 



Appendix C 

Vehicle and Pacejka Tyre Model Parameters 

Vehicle parameters 

Here are the vehicle parameters used in 
the NL VM to represent an average 
passenger car (Demerly and Youcef- 
Toumi, 2000). 

Height of front and rear roll centres (m) 
hf = 0.130 
hr 

= 0" 10 

Distance from sprung mass CG to front 
and rear axles (m) 
lfs=1.015 

lrs=1.675 

Wheelbase (m) 
1=l fs + lrs = 2.69 

Distance from sprung mass CG to 
vehicle CG (m) 
lcg = 0.02 

Distance from vehicle CG to front and 
rear axles (m) 
iflfS+lcg=1.035 

lr = lrs -lpg =1.655 

Front and rear track widths (m) 
tf =1.540 
tr = 1.530 

Height of mass CG (m) 
hcgs = 0.568 

hcg = 0.542 

huf=0.313 

hur = 0.313 

Distance from sprung mass CG to roll 
axis (m) 
h=0.445 

Mass (kg) 
m =1704.7 
muf = 98.1 

mur = 79.7 

Ms =m- mUf - mur =1527.0 

Moments of inertia (kgm2) 
Iss = 440.911 

I= 744.0 

IZzs = 2619.280 

IZZ = 3048.1 
IXZ = 21.09 

Iw =0.99 

Wheel radius (m) 
Rw = 0.313 

Roll stiffness (Nm/rad) and roll 
damping (Nm/rad/s) of front and rear 
suspensions 
Kof = 47298 , 

Cof = 2823 

K* =37311, Co. =2653 

Constants 
g=9.81; (m/s2) 

ns = 20; (-) 

Jr=0.015i(-) 
RLx = 0.091; (m) 
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Pacejka Tyre Model parameters 

The 205/6OR15 data of the Pacejka 
Tyre Model (PTM) used in this thesis is 
listed below (Pacejka, 2002). 

PEy4 = -4.787 

PKyI = -14.95 

PKy2 = 2.130 

PKy3 = -0.028 

pHy, = 0.003 

PHy2 = -0.001 

PHy3 = 0.075 

pvyl = 0.045 

pvy2 = -0.024 

pvy3 = -0.532 

PVy4 = 0.039 

rBy 1=6.461 
rBy2 = 4.196 

rBy3 = -0.015 

rcy1 =1.081 

rHy1 =0.009 

rvy1 = 0.053 

rVy 2= -0.073 

rvy3 = 0.517 

rvy4 = 35.44 

rvy5 =1.9 

rvy6=-10.71 

--------------Rolling Resistance Moment 

qsy, = 0.01 

gsy2 = 0.0 

---------------------Self-aligning 
Moment 

gBZI = 8.964 

gBZ2 = -1.106 
gBZ3 = -0.842 
gBZ4 = -0.227 
gBZ5 = 0.0 

gBZ9 =18.47 

gBZ1O = 0.0 

gcZ1 =1.180 

gDZI = 0.100 

Ro =0.313m, F0 =4000N 

-------------------------Longitudinal Force 

pcxl =1.685 

PDx1=1.210 

PDx2 = -0.037 
PExl = 0.344 

PEx2 = 0.095 
PEx3 = -0.020 

PEx4 = 0.0 

pil = 21.51 

p, i2 = -0.163 
p, 3 = 0.245 

pHxl = -0.002 
PHx2 = 0.002 

pvxI = 0.0 

pvx2 = 0.0 
rBx 1= 

12.35 

rBx2=-10.77 

rcx1 = 1.092 

rHx 1=0.007 

------------------------Overturing 
Moment 

q, x1 = 0.0 

gsx20.0 
gsx30.0 

--------------------------------Lateral 
Force 

pcyl =1.193 

PDyI = -0.990 

PDy2 = 0.145 

PDy3 = -11.23 

PEyl = -1.003 

PEy2 = -0.537 

PEy3 = -0.083 
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gDz2 = -0.001 
gDz3 = 0.007 

gDz4 = 13.05 

gDz6 = -0.008 
gDz7 = 0.0 

gDz8 = -0.296 
gDz9 = -0.009 
qE 1= -1.609 
gEz2 = -0.359 
gEz3 0.0 

gEz4 = 0.174 

gEz5 = -0.896 
gHzl = 0.007 

gHZ2 = -0.002 
gHZ3 = 0.147 
gHz4 = 0.004 

ssz, = 0.043 

ssz2 = 0.001 

ssz3 = 0.731 

ssz4 = -0.238 



Appendix D 

The 2DOF Nonlinear Vehicle Model 

Description of the model 

In Chapter 4 the 2DOF nonlinear vehicle model (2NVM) was introduced to allow the 
influence of lateral acceleration on the lateral vehicle dynamics to be analysed. The 

detailed description of this model will be presented in this appendix. 

The basic assumptions in Chapter 3 for vehicle modelling still apply to this model. As 

the name implies, of the three degrees of freedom in the horizontal plane, only the 

lateral motion and yaw motion will be examined. Hence the longitudinal vehicle 

dynamics is neglected and the vehicle forward speed is assumed to be constant. In 

addition, the quasi-static lateral load transfer effect is also taken into account and the 

lateral tyre forces are calculated separately for four corners of the vehicle. With the 

small angle assumptions, the equations of motion of this model are quite similar to 

those of the 2DOF linear bicycle model, Eqs. (3.3) and (3.4) and take the form: 

m(Vy +VXr) = Fl�, +Fyw2 +Fyw3 +Fyw4 (D. 1) 

IZZr=l f(F }, wl +Fyw2)-r(Fyß, 3 +Fßw4) (D. 2) l 

where the lateral tyre forces F,,,,,, 1 (i =1,..., 4) are calculated by using the pure lateral 

slip "Pacejka Tyre Model" which was introduced in Chapter 3. In addition the lateral 

tyre force lags are also included in this model and given by: 

zyliFy, vi +Fei =F SSA 
(D. 3) 

Rwi 
yli 

= 

Vx VX 

The lateral acceleration and sideslip angle at the vehicle CG can then be expressed as: 

4 

ZFY,,, 
i 

a= i=1 

m 
(D. 5) 
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tan-' 
Vy 

Vx (D. 6) 

The slip angles at four tyres are the same as those defined in Eqs. (B. 8) to (B. 11). In 

addition, the vertical tyre loads Fi (i =1,..., 4) are derived according to Eqs. (3.45) to 
(3.48): 

F mglr + 
mayhcglr 

Zl 21 to 

mglr FZ 
21 

mglf F3 
21 

mglf_mayhcglf Fz4 
21 trl 

mayhcglr 

to 

may, hcg1 f 
trl 

Model linearisation 

(D. 7) 

(D. 8) 

(D. 9) 

(D. 10) 

For analysis purposes, the 2NVM will be linearised around certain operating points. A 

general nonlinear system can be described by the following state-space model: 

x(t) =f (x(t), u(t)) 
y(t) = g(x(t), u(t)) 

(D. 11) 

(D. 12) 

where x(t) is the state variable vector, u(t) is the input vector and y(t) is the output 

vector. 

Assume that {x0(t), u0(t), y0(t); t E 9n} is a steady-state operating point that satisfies 

Eqs. (D. 11) and (D. 12). The variations of x(t) , u(t) and y(t) around this point: 

Ax(t) = x(t) - xo (t) (D. 13) 

Au(t) = u(t) - uo (t) (D. 14) 

Ay(t) = y(t) - yo (t) (D. 15) 

are assumed to be small enough. Then the first-order Taylor series can be used to 

approximate the above model around this point. This approach leads to: 
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x(t) 
.f 

(xo (t), uo (t)) + 
of 

_ 
(x(t) - xo (t)) + 

of 
(u(t) - uo (t)) (D. 16) ax 

x-X0 X=XO 

u=uo u=uo 

y(t) g(xo (t), uo (t)) + 
ag 

(X(t) - xo (t)) + 
ag 

(u(t) - uo (t)) (D. 17) ax x=x0 au x=x0 
U=Uo U=Up 
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The above equations can be written in the form of increment: 

Ai(t) = 
of 
ax x=Xo 

u=uo 

Ax(r) + 
of 

Au(t) 
au X=Xo u=uo 

(D. 18) 

Dy(t) = 
ag 
öu=uo 

Ax(t) + 
ag 

Au(t) 
au X=xo u=uo 

(D. 19) 

Thus one can have the following state-space linear model around the steady-state 

operating point {x0(t), u0(t), y0(t); t E 931: 

Ai(t) = AAx(t) + BAu(t) 

Ay(t) = CAx(t) + DAu(t) 

where 

A= 
of 

, 
B= 

of 
ax x=XO 

au x=xo 
u=uo u=uo 

ag 
D= '9 

ax X=XO , au X=XO 
u=uo u=u0 

are matrices with appropriate dimensions. 

The linearised 2NVM will then have the form of Eqs. (D. 20) and (D. 21) with: 

AVy 

Ar 

Ax(t) = 

AFywssl 

AFywss 
2 

AFywss 
3 

Al'ywss 
4 

(D. 20) 

(D. 21) 

Au(t) _ 
°o5f (D. 22) 

LAi i5r 
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AQy 

Ay(t) Ar 

4ß 

In this model, due to the additional tyre dynamics, each tyre produces one additional 

state. In this thesis, the model linearisation around a certain operating point is 

performed by using the Linmod command in Matlab/Simulink. 



Appendix E 

Analysis of Yaw Moments 

In order to negotiate a turn, a yaw moment needs to be developed on a vehicle. The 

primary yaw moment is determined by the balance of tyre forces between front and 
rear axles. In addition, external disturbances such as side wind gust or 
braking/accelerating on split-µ surfaces may also result in yaw moments on the 

vehicle. The characteristic of the yaw moment on the vehicle during critical cornering 

situations is crucial to vehicle stability. Active control can be used to generate the 

required corrective yaw moment through affecting and optimising the tyre forces 

acting on the vehicle. This appendix will present the method that is utilised in this 

thesis to analyse the achievable yaw moments on the vehicle brought about by active 

steering, driveline and braking control. The tyre model that is used for the analysis is 

the full Pacejka Tyre Model described in Chapter 3. 

For the purpose of analysis, the roll dynamics of the NLVM is neglected. This implies 

that the load transfer from the inner wheels to the outer wheels during cornering 

occurs instantaneously. The initial state of the vehicle is the steady-state cornering at a 

specific level of lateral acceleration. During this manoeuvre, the vehicle dynamics 

control systems are not activated. This establishes the steady-state operating point for 

the vehicle and tyres. From this initial condition active control will be applied to the 

vehicle and the control action will result in a change in the tyre forces. In this 

analysis, the lateral load transfer at front and rear axles is assumed to remain 

unchanged after active control is applied. 

In the case of active steering, the corrective steer angle induced by AFS or the rear 

wheel steer angle exerted by ARS results in changes in the tyre slip angles, and 

consequently changes in the tyre forces at the corresponding axle. For actively 

braking or driving an individual wheel, the braking or driving action leads to 

longitudinal slip, and thus changes in longitudinal and lateral forces at the 

corresponding wheel. In addition, the braking or driving action also results in 
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longitudinal acceleration and a longitudinal load transfer which in turn influences the 

vertical tyre loads and all tyre forces. This effect is dealt with in an iterative manner: 
the longitudinal acceleration is first calculated according to the applied braking or 
driving force at each operating point; then the corresponding longitudinal load 

transfer and the resulting tyre forces are calculated. In the course of braking or driving 

individual wheels, the slip angles of all tyres are assumed to be constant. 

The resulting yaw moment on the vehicle after the application of active control can 

therefore be calculated according to the resulting tyre forces: 

MZc =lf (F l+ Fy2) - lr (Fy3 + Fy4) +t2f (F 1- FX2 
2 

)+ t' (F'C3 -Fla) (E. 1) 



Appendix F 

Validation of the NLVM 

In order to prove that the developed vehicle model accurately simulate the behaviour 

of the actual vehicle, it is necessary to compare simulation data with data obtained 
from field tests. However, since this research does not focus on one specific vehicle or 
class, it is quite difficult to get full vehicle test data. The vehicle parameters used in 

the NLVM come from the NAVDyn (Demerly and Youcef-Toumi, 2000) and 
therefore the NLVM has been validated by comparing the model response with the 
NAVDyn and actual vehicle responses presented in the above paper. In addition, since 
the tyre model and data used in the NLVM are different from those employed in the 

NAVDyn, this appendix just aims to show the similarity between the two models. The 

following three test manoeuvres are used for comparison purposes. 

" Slowly increasing steer; 

" Constant speed J-Turn; 

" Straight line braking. 

Demerly and Youcef-Toumi (2000) compared the NAVDyn with both actual vehicle 

and CarSim (a computer simulation package for vehicle dynamics analysis) and it was 

found that the NAVDyn did very well at predicting actual vehicle response. 

Slowly increasing steer 

This test is used to evaluate the model's ability to predict the steady-state gain of the 

vehicle in response to driver steer inputs from low levels of lateral acceleration up to 

the handling limit. In this test, the vehicle speed is held constant and the steering 

wheel angle is slowly increased. The test is carried out at two speeds of 40km/h and 

80km/h, respectively. Figure F. 1 shows the lateral acceleration gain comparison. As 

can be seen, the NLVM model shows highly similar response to the actual vehicle and 

the NAVDyn up to the handling limit for both speeds. In addition, for both models 

and the actual vehicle, the lateral acceleration gain is seen to increase with speed. 
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Figure F. 1 Comparison of actual vehicle and NAVDyn with NLVM for slowly increasing 

steer 
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Constant speed J-Turn 

The manoeuvre of constant speed J-Turn is used to evaluate both steady-state and 
transient handling behaviour of the vehicle. In this test, the vehicle forward speed is 

kept constant and then an approximate step input is applied at the steering wheel in 

order to achieve a desired level of lateral acceleration. Figures F. 2 and F. 3 show the 
lateral response and roll response at the speed of 40km/h and 142degrees steering 

wheel angle for the actual vehicle, the NAVDyn and the NLVM, respectively. 
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Figure F. 2 Responses of the actual vehicle and the NAVDyn to constant speed J-Turn at 

40km/h and 142deg steering wheel angle 
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Figures F. 4 and F. 5 show the same responses at 80km/h and -49degrees steering 

wheel angle for the actual vehicle, the NAVDyn and the NLVM, respectively. As can 
be seen, both simulation results show a very high similarity between the actual vehicle 

and the NLVM. The lateral dynamics of the vehicle are represented quite well with 
the NLVM and the inclusion of roll angle shows that some aspect of the suspension 

system is accurately modelled. The slight difference in steady-state gain and transient 

response of the two models is mainly due to the different tyre models employed. 
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wheel angle 
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Straight line braking 

The final manoeuvre used for validation is straight line braking. For this manoeuvre, 

the vehicle is driven straight ahead at a speed of 8Okm/h and then an approximate step 

input in brake torque is applied to achieve a desired level of deceleration. It should be 

noted that the brake system is included in the NAVDyn and therefore the brake input 

to the NAVDyn is the brake pedal force. The brake system dynamics are neglected in 

the NLVM and brake torques are thus applied directly to the wheels. In this test, a 
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brake torque which achieves the same level of deceleration as the brake pedal force is 
applied to the NLVM. Figures F. 6 and F. 7 show the responses to straight line braking 
of the actual vehicle, the NAVDyn and the NLVM, respectively. 
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Figure F. 5 Response of the NLVM to constant speed J-Tum at 80km/h and -49deg steering 

wheel angle 

The longitudinal acceleration, vehicle forward speed and vertical tyre load are shown 

as a function of time. Once again the NLVM is seen to show quite similar response to 

the actual vehicle and the NAVDyn. However, there are two clear differences. First, 

0 
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the actual vehicle and the NAVDyn have a slightly slow time response compared to 
the NLVM. This is due to the fact that the NAVDyn includes lags in the brake system 
and the NLVM does not. The second difference to note is that the actual vehicle 

shows a deceleration level that increases with time while both models predict 

relatively constant steady-state deceleration level. This is mainly due to some brake 

system dynamics that are not modelled in the NAVDyn and the NLVM. 
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Figure F. 7 Response of the NLVM to straight line braking 

6 

The results of this specific manoeuvre show that the longitudinal dynamics of the 

vehicle are also represented quite well in the NLVM. From the above simulation 

results a very high similarity between the actual vehicle and the NLVM can be seen 
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and therefore it is possible to conclude that the NLVM is a valid representation of the 

vehicle considered in this thesis. 



Appendix G 

Phase-plane Method 

The phase-plane method is a graphical method for finding the transient response of 
second-order systems to initial conditions or simple constant inputs and particularly 
powerful for the stability analysis. The basic idea of the method is a) to generate 
motion trajectories corresponding to various initial conditions in the state space of a 

second-order dynamic system and b) to examine the qualitative features of the 
trajectories. A major class of second-order systems can be described by the following 
differential equation: 

Y 

In state space form, this dynamic system can be represented as: 

±1 = x2 

(G. 2) 
x2 =-f(XI5X2) 

where xl =x and x2 =i are the states of the system, and f is a nonlinear function 

of the states. Geometrically, the state space of the system (G. 2) is a plane having x, 

and x2 as coordinates which is called the phase plane. A state trajectory in the phase 

plane is denoted as a phase plane trajectory. A family of phase plane trajectories 

corresponding to various initial conditions is called a phase portrait of the system 

(Slotine and Li, 1991). The power of the phase-plane method lies in the fact that once 

the phase portrait of a system is obtained, the nature of the system response such as 

stability and other motion patterns is directly displayed on the phase plane. 

Traditionally, the phase-plane method is developed for the dynamics of (G. 1). 

Actually, one may consider more general form of second-order systems described by 

the following two first-order equations: 

. 
z, = 

f, (xl 
, 

x2 ) 

(G. 3) 

. 
z2 = f2(xl, x2) 

232 
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where f, and f2 are nonlinear functions of the states x, and x, . It causes no 
difficulty to extend the phase-plane method to more general dynamics of the form 

(G. 3) since these dynamics can be easily transformed into a scalar second-order 
differential equation of (G. 1). 

Being the special case of nonlinear systems, linear systems can also be analysed 

through the phase-plane method. Linear systems usually have only one singular point, 

which is an equilibrium point in the phase plane, and only one type of behaviour 

around such a point. The nature of the singular point depends on the eigenvalues of 

the system matrix and the trajectories either start or end at the singular point or even 

encircle it. The stability characteristics of linear systems are uniquely determined by 

the nature of their singular points. In addition, other information concerning system 

dynamic properties such as oscillations and damping of the system can be examined 

in such a manner as well. Phase portraits of linear systems corresponding to different 

cases of the eigenvalues are shown in Figure G. 1. 
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In contrast to linear systems, on one hand, nonlinear systems often have more than 

one isolated singular point and the motion patterns of the systems in the vicinity of the 
different singular points have different natures. On the other hand, phase plane 

analysis of nonlinear systems should be related to that of linear systems as the local 

behaviour of a nonlinear system around each equilibrium point can be approximated 
by the behaviour of a linear system. Stability analysis and control design can then be 

carried out based on the phase portrait of the system of interest. 



Appendix H 

Description of the Torque Transfer Differential 

The key drawback of conventional differentials is that they can only transfer torque to 
the slower spinning wheel. For vehicle stability control applications, it is desirable to 
have control over the direction as well as magnitude of the torque transfer. The torque 
transfer differential developed by Sawase and Sano (1999) can achieve this target. 
This appendix will detail the operating principles of such a differential. 

With reference to Figure 6.9, this mechanism places a set of two friction clutches on 

the right-hand shaft of the conventional differential gearing. In addition, it also 
features a three-gang gearing system connected to the differential case, with the right 

clutch slip-linked to the faster end and the left clutch slip-linked to the slower end. 

The direction and magnitude of torque transfer between the left and right driveshafts 

can thus be controlled by the two clutches, Cl and Cr. If torque transfer to the left- 

hand wheel is desired, the left-hand clutch Cl will be engaged and if torque transfer to 

the right-hand wheel is desired, the right-hand clutch Cr will be engaged. 

However, like the LSD, this torque transfer differential still relies on a sufficient 

speed difference between two clutch plates in order to produce the desired amount of 

torque transfer. The additional gearing system between the differential case and the 

clutch plates is designed to guarantee such a speed difference. For a bevel gear type 

differential, the left- and right-hand wheel speeds co, and co, have the following 

relationship with the differential case speed co, : 

CVI + Wr =2 co (H. 1) 

When the vehicle travels straight ahead, the left- and right-hand wheels and the 

differential case turn at the same speed, i. e. co, = co, = co, . 
Through the three-gang 

gearing system, the speeds of the left- and right-hand inner clutch plates can also be 

expressed in terms of the differential case speed as follows: 

235 
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CDC, = 
Z'Z6 

9c (H. 2) Z34 

(t)cr 
ZIZ5 

we (H. 3) Z2Z4 

where the gear teeth numbers are set to be Z1 = Z2 = Z3 = 42, Z4 =32, Z, =36 and 
Z6 = 28 (Sawase and Sano, 1999). Substituting the gear teeth numbers into Eqs. (H. 2) 

and (H. 3) yields: 

wcj = 0.875coc (H. 4) 

wcr =1.125wc (H. 5) 

Therefore the right-hand clutch is speeded up relative to the differential case and the 
left-hand clutch is slowed down. If the right-hand clutch is engaged, the right-hand 

wheel speed can be expressed as: 

Ct)r - O)cr = 1.125wc (H. 6) 

and the left-hand wheel speed must satisfy: 

co, = 2c o, co, = 0.875c o, 

i. e. the right-hand wheel will be speeded up by 12.5% while the left-hand wheel will 

be slowed down by 12.5%. The maximum wheel speed difference that can be 

generated by these gear ratios is thus 25%. As long as the wheel speed difference falls 

within this range, it is possible to control the direction of torque transfer by selectively 

engaging the two clutches. 

The relationship between the input torque T, the torque transfer at the clutches Tc, , 

Td and wheel torques Tr , T, during clutch engagement can be derived through 

analysis of torque balances across the differential gearing and the three-gang gearing, 

respectively. During engagement of the right-hand clutch Cr, the torque transfer at 

this clutch Tcr will induce a reaction torque Tz on the differential case, the torque 

balance of the three-gang gearing can thus be expressed as: 

Z4T-ZS" 
=0 (H. 8) 

Z1 X Z2 
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The torque balance of the differential gearing can be expressed as: 

Tn -Tx -T -T +T, =0 (H. 9) 

=T, -TT c, (H. 10) 

Rearranging Eqs. (H. 8) to (H. 10) gives: 

T= 
Ti 

n- 
Z1 Z5 

Tyr (H. 11) 

2 2Z2Z4 

T, =Tn+ 1- 
Z'ZS 

TAT (H. 12) 
2 2Z2Z4 

The torque difference between the left- and right-hand wheels is simply the torque 

transfer at the clutch, i. e. 

T -lr -lcr (H. 13) 

With a hydraulic actuation system, clutch torque capacities in excess of I000Nm are 

feasible (Hancock and Williams, 2003). The actual torque difference that can be 

achieved at any given time is the torque that is required to lock the clutch pack. This 

may well be less than the clutch torque capacity when, for example, the vehicle is on a 

low- p surface. 

Similarly, the left-hand wheel torque, the right-hand wheel torque and the lateral 

torque difference during engagement of the left-hand clutch Cl can be expressed as: 

T= 
Ti 

"+16 TT, (H. 14) 
2 2Z3Z4 

Tr = 
Li, 

n_ I- 
Z1Z6 

TC, (H. 15) 
2 2Z3Z4 

T- Tr = Tc1 (H. 16) 

Combining Eqs. (H. 11) and (H. 12) with Eqs. (H. 14) and (H. 15) gives the full 

expression of wheel torques: 

T 
Tin 

_ 

Z1Z5 
T 

ZIZI 
T (H. 17) 

1 _2 2Z2Z4 cr 
+2Z3Z4 

cl 
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Tr = 
T" 

+ 1- 
Z'ZS 

Tyr - 1- 
Z'Z6 

Tyr (H. 18) 
2 2Z2Z4 2Z3Z4 

These equations show that the lateral torque difference can be controlled regardless of 

the input torque from the engine. 


