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Malgré le progrès en recherche et développement dans le domaine de systme autonome, de tels systèmes nécessitent l'intervention humaine pour résoudre les problèmes imprévus durant l'exécution des tâches par l'utilisateur. Il est donc nécessaire, malgré cette autonomie, de tenir compte du comportement du conducteur et il est difficile d'ignorer l'effet de l'intervention humaine dans le cadre de l'évolution continue de l'environnement et des préférences de l'utilisateur. Afin d'exécuter les opérations selon les attentes de l'operateur, il est nécessaire d'incorporer dans la commande les besoins de l'utilisateur. Dans les travaux présentés dans cette thèse un modèle comportemental de l'utilisateur est développé et intégré dans la boucle de commande afin d'adapter la commande l'utilisateur. Ceci est appliqué la commande des fauteuils électrique et assiste dans la navigation du fauteuil dans un milieu encombré. Le développement du modèle comportemental est basé sur la méthode de potentielles orientées et la détection des obstacles et le comportement du conducteur vs de ces obstacles par l'adaptation du. L'étude contribue également au développement d'un modèle dynamique du fauteuil utilisable dans des situations normales et exceptionnelles telle que le dérapage. Ce modèle est développé pour un le cas le plus courant des fauteuil avec roues arrière conductrices utilisant le formalisme Euler Lagrange avec les forces gravitationnelles et sur des surfaces inclinées. Dans la formulation de la commande, le modèle du conducteur est introduit dans la boucle de commande. L'optimalité de la performance est assurée par l'utilisation du command prédictif généralisé pour le système en temps continue. Les résultats de la simulation démontrent l'efficacité de l'approche proposée pour l'adaptation de la commande au comportement du conducteur.

x A Derivation of Equations 3.17-3.19 2.1 A simple closed chain mechanism . . . . . . . . . . . . . . . . . . . . 2.2 A pictorial description of the driver model presented by [START_REF] Kondo | Driver's Sight Point and Dynamics of the Driver-Vehicle-System Related to It[END_REF] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2. 3 Okuda et al. (2014)'s predictive driver assisting system in a single car 2.4 The Qinan [START_REF] Li | Dynamic shared control for human-wheelchair cooperation[END_REF]'s architecture of the dynamic shared control 2.5 The structural procedure of feedback control . . . . . . . . . . . . . . 

INTRODUCTION

The recent robotic advancements and autonomous controls are quite evident in many areas of application. However, these have not relieved the human fully from the operator role. Human still intervenes to clear the complexities and environmental uncertainties that machines encounter during the operation. As a result, operator support and assistive systems, like autopilots in aircraft and advance driver assistance systems (ADAS) in auto-mobiles, have been developed to optimise the operator interventions through warnings and use of automated systems in the control and management of service machines. In auto-mobiles for instance, the driver assistance systems constantly interact with the driver to ensure a faultless operation of the vehicle. Indeed, the correct operation of such systems depends not only on the automated assistive system, but also on the handling behaviour of the human operator.

It may be known in general, that different operators will exhibit diverse handling behaviours and preferences, when operating similar systems under similar conditions.

Besides, human operators appreciate the assistance not only because the assistive system can perform the intended task, but also, based on the way the support system executes the assistance. This complicates the ability to realise the assistance that the operator appreciates, without synthesising the operator's handling behaviour into the control system. Although the adaptability of assistive systems to the operator's handling behaviour may not be very necessary in some applications, the operatorspecific assistive systems become very essential in applications where the service machine forms an integral component of the user's life, like in the use wheelchairs.

One way of realising the operator-specific assistance is through modelling and incorporating the handling behaviour of the operator in the control system. The modelling of handling behaviours entails the formulation of structures, and specifications of processes, that simulates the control actions of the operator. It involves the definition of initial conditions and operational limits of the operator and machine, with parallel consideration of the prevailing operational context and presumed assumptions. This, however, does not guarantee the possibility of finding a formulation that absolutely replicates the contextual handling behaviour of a human operator. As a result, it is almost inevitable, that some elements of human control are necessary to realise proper operation of such assistive systems.

The operator handling/behaviour models, have been formulated in different fields for various reasons, including design and accident analysis. The modelling of handling behaviour for design reasons is concerned with the development and assessment of different machine procedures and interfaces; while the modelling for accident analysis regards the causes of events that result in the human behaviours, for the sake of investigations. Coincidentally, most behaviour models have supported the design and development of dynamic and assistive systems, regardless of the modelling reason. In motor-vehicle safety assessment for instance, the driver models formulated to assist in the understanding and planning of solutions to traffic bottlenecks [START_REF] Ahmed | Modeling Drivers ' Acceleration and Lane Changing Behavior[END_REF], have also aided the design and development of ADAS [START_REF] Panou | Modelling Driver Behaviour in European Union and International Projects[END_REF].

In order to design and evaluate the assistive system that takes into consideration the operator's handling behaviour, it may be necessary that the appropriate machine model and control architecture are available. Balanced equations derived from the Newton's laws and the virtual work concept, are generally used to express a machine's behaviour. Indeed, different procedures consisting of D'Alembert's, Lagrange's and

Hamilton's can be used to formulate the basic laws of dynamics by considering the states of physical variables and functional components of a dynamic system. In particular, this study focuses on the standard powered wheelchair, and contributes to the advancement of steering performance through background assistance. It involves modelling, empirical estimation, and incorporation of a wheelchair model and the driver's steering behaviour model into the control system.

Background and motivation of the study

Wheelchair prevalence could be linked to the role they play in alleviating mobility restrictions over short distances. According to the South African profile report of persons with disability (Statistics South Africa & Lehohla, 2014), 2.3% (≈ 1.2 million) of the total South African population (≈ 52 million) depend on the wheelchair.

Moreover, the percentage of people in need of wheelchairs could be much higher in other underdeveloped countries because diseases responsible for mobility impairments like cerebral palsy can be associated with lower socio-economic status (Sundrum et al., 2005). While this may seem to represent a marginal portion of the population, it may not be possible to over emphasise the important sense of independence and self-esteem, that users with debilitating impairments experience with wheelchairs. It may be noted in the absence of wheelchairs and other mobility aids, that ambulatory impairments may result in extreme emotional loss, neglect, stress and even isolation [START_REF] Finlayson | Experiencing the loss of mobility: perspectives of older adults with MS[END_REF].

Normally, manual or powered wheelchairs can be used by individuals with physical lower limb impairments. However, the manual wheelchairs present difficult physical demands for users with both physical and cognitive impairments. On the other hand, powered wheelchairs eliminate the physical demands, but necessitate special control skills that some potential users do not possess [START_REF] Simpson | How many people would benefit from a smart wheelchair?[END_REF]. In order to accommodate such users, the contemporary wheelchair research is focused towards user-suited interfaces and autonomous control.

Several robotic functionalities with computers and sensors have been considered in the design of autonomous wheelchairs in order to provide the user with a variety of hands-free navigation capabilities. Nonetheless, the studies and developments that regard wheelchair control for the sake of driver assistance and rehabilitation are still limited in spite of the current advancements. According to [START_REF] Fehr | Adequacy of power wheelchair control interfaces for persons with severe disabilities: a clinical survey[END_REF], about 10% of the users still encounter considerable difficulties in their daily use, and upto 40% find the steering task close to impossible. Besides, [START_REF] Fehr | Adequacy of power wheelchair control interfaces for persons with severe disabilities: a clinical survey[END_REF] observe that some potential users with multiple sclerosis and high-level spinal cord injuries, have spent extremely long training and rehabilitation durations with insignificant success.

In the absence of caretakers, such individuals may not be able to use the wheelchair.

Encompassing this user group necessitates assistive improvements in the control and management of wheelchair systems.

In order to empower debilitated individuals with the full independence and self-esteem that the stronger users experience, it is important that the high-level decision making tasks and control process are granted to the user, and not the autonomous wheelchair controller. This means, that the user may still need to perform the ordinary steering manoeuvres with necessary assistance and a suitable interface. Assisting a driver who is in active control, may require the system to determine, in the appropriate way, the assistive adjustment as well as the extent to which the adjustment is provided. The control system therefore needs to be aware of the intention and steering preferences of the driver. It is considered that this could be realised by taking the driver's steering behaviour into consideration in the design of the wheelchair's control system. This is regarded as control with the user-in-the-loop.

According to [START_REF] Panou | Modelling Driver Behaviour in European Union and International Projects[END_REF], drivers are known to adjust their speed in order to establish the equilibrium between the environmental situation and the acceptable subjective risk. This compensatory mechanism is proposed, to adapt the steering control of the wheelchair to the driver's handling behaviour. It is presumed that the approach reduces the driver's workload in fine control, and provides steering assistance regardless of the impairment condition. Besides, the assistance could remedy the effects of functional deterioration and fatigue and improve the comfort and safety of the driver.

Validating the assistive system necessitates the formulation of a wheelchair model and proper implementation of a control architecture. It is important that the actual behaviour of the wheelchair is represented as much as possible by the model.

In literature, the modelling of differential drive wheelchairs is carried out from both kinematics and dynamic perspectives. The kinematic models present ideal formulations that relate the wheel rates of the wheelchair to the body-fixed frame velocities, by considering the geometric properties. However, kinematic models do not account for the effects of mass, inertia and acceleration, and are therefore used with anticipation that the controller will be robust enough to account for the unconsidered dynamical properties [START_REF] Tarokh | Kinematics modeling and analyses of articulated rovers[END_REF][START_REF] Tian | Design and forward kinematics of the compliant micro-manipulator with lever mechanisms[END_REF][START_REF] Zhang | Kinematics analysis of a novel parallel manipulator[END_REF].

Dynamic modelling on the other hand, incorporates both kinematic and dynamic properties of the system. For this reason, dynamic modelling is one of the common modelling approaches in the literature. Most dynamic models, however, presume two dimensional configurations with pure rolling constraints, and rarely account for the combined effects of wheel slip, frictional resistance and gravitational disturbance [START_REF] Oubbati | Kinematic and dynamic adaptive control of a nonholonomic mobile robot using a RNN[END_REF][START_REF] Koz | Modeling and control of a 4-wheel skidsteering mobile robot[END_REF]. As a result, such models may not be comprehensive enough to reflect the actual outdoors behaviour of the wheelchair. It is suggested, that one solution to wheelchair automation and performance improvement is through better and realistic system modelling.

Problem statement

A large percentage of the wheelchair user community can steer with confidence in adequate environments. However, the steering accuracy varies with the kind of impairment, the extent of disability and the inherent monotony of wheelchair steering [START_REF] Fehr | Adequacy of power wheelchair control interfaces for persons with severe disabilities: a clinical survey[END_REF]. Extreme cases of the steering inaccuracies have caused collision accidents in typical residential settings [START_REF] Fehr | Adequacy of power wheelchair control interfaces for persons with severe disabilities: a clinical survey[END_REF][START_REF] Cooper | Life-cycle analysis of depot versus rehabilitation manual wheelchairs[END_REF][START_REF] Rodgers | Biomechanics of wheelchair propulsion during fatigue[END_REF]. Besides, the available wheelchair control techniques have not addressed the progressive deterioration in the steering capability of users with degenerative conditions [START_REF] Ando | Functional deterioration in adults with cerebral palsy[END_REF]. Accordingly, this thesis intends not only to address the above steering inaccuracy problem, but also seeks to ensure that the desired accuracy and the ensuing steering assistance is adapted to the driver's steering behaviour, and benefits the whole user community regardless of the disability condition. It is considered that this could be achieved through better modelling and system control. There is need, therefore, that an appropriate control architecture and a realistic model of the wheelchair and the driver's steering behaviour is available. Thus, the following sub-problems are observed:

Sub-problem 1

Wheelchair driving or driver models are considerably few in the literature. Besides, the available models, suffer lack of individuality, focusing mostly on common user attributes, and assume that all drivers respond to navigation situations by similar general patterns [START_REF] Diehm | An identification method for individual driver steering behaviour modelled by switched affine systems[END_REF]. Such driver models employ the general parameters that barely correspond to measurements obtained from extreme drivers, and hardly take into consideration the contextual nature of human response to stimuli.

It is therefore important that a wheelchair steering model, capable of addressing the specific steering behaviour of the driver, is formulated.

Sub-problem 2

The disability condition of the wheelchair user-community requires assistive systems that take into consideration the favourable indoor as well as the unstructured outdoor steering situations. The available wheelchair models, however, fail to take into consideration the aggregated effects of extreme dynamic steering situations on the wheelchair [START_REF] Zhu | Robust Tracking Control of Wheeled Mobile Robots Not Satisfying Nonholonomic Constraints[END_REF][START_REF] Tian | Design and forward kinematics of the compliant micro-manipulator with lever mechanisms[END_REF][START_REF] Zhang | Kinematics analysis of a novel parallel manipulator[END_REF]. This therefore necessitates the formulation of a comprehensive wheelchair model that presumes the unstructured and structured dynamic conditions, and takes the effects of gravitational forces, wheel-slip and rolling friction on the usable-traction into consideration.

Sub-problem 3

The existing steering assistance solutions provide discrete levels of shared control;

with full computer control at the autonomous level, and full driver control at the operator level [START_REF] Rofer | Ensuring safe obstacle avoidance in a sharedcontrol system[END_REF][START_REF] Levine | The NavChair Assistive Wheelchair Navigation System[END_REF]. The driver is tasked with the responsibility of choosing the appropriate control level, and the intended destination in the case of full autonomous control. It is considered, that choosing the destination and control mode may constitute a cognitively challenging responsibility to some users. Moreover, a particular path to the destination may be preferred;

if the wheelchair is steered autonomously to the goal without necessarily following the preferred path, the driver may fail to appreciate the assistance. It is therefore important that the control and decision making tasks are granted the driver, while the steering assistance is executed by the steering behaviour model in the control loop. In this regard, a pertinent control architecture is required to accomplish the steering assistance.

Research Objectives

The primary objective of this study is to advance the state of the art in wheelchair steering, by synthesising the driver's handling behaviour into the control system, so as to provide a driver-specific background steering assistance. This involves integrating the wheelchair dynamic model and the driving behaviour model of the user in the control system, to adapt the control of the wheelchair to the driver's steering behaviour.

The following objectives are therefore considered:

• To formulate and verify a versatile empirical driving model of a powered wheelchair user, based on the observable actions of the driver, with particular consideration of the steering signals and the prevailing environmental situation.

• To identify the steering behaviour of the driver in terms of the driving model's parameters, using the steering data generated from the virtual worlds of an augmented wheelchair platform.

• To formulate and validate a dynamic model of a differential drive powered wheelchair, that takes into consideration the effects of rolling friction and gravitational potential of the wheelchair, on both inclined and non-inclined surfaces.

• To implement a control system that incorporates the wheelchair model and the driving behaviour model in the control loop, in order to adapt the steering of the wheelchair to the driver's behaviour and realise the intended steering support.

Methodology

Human-in-the-loop control is increasingly becoming one of the acceptable concepts of realising the provisional demands of semi-autonomous controllers that occasionally necessitate human intervention (Rothrock & Narayanan, 2011;[START_REF] Chiang | The human-in-the-loop design approach to the longitudinal automation system for an intelligent vehicle[END_REF][START_REF] Tsui | I Want That: Humanin-the-Loop Control of a Wheelchair-Mounted Robotic Arm[END_REF][START_REF] Stoelen | Information Metrics for Assistive Human-In-The-Loop Cognitive Systems[END_REF][START_REF] Smith | Humans in the loop: Human-computer interaction and security[END_REF]. Human-in-the-loop approach to system control is adopted and implemented in this study using the classical feedback control technique [START_REF] Isidori | Nonlinear Control Systems[END_REF][START_REF] Defigueiredo | Nonlinear feedback control systems: an operator theory approach[END_REF]). The idea is executed by synthesising the wheelchair model and the discrete reactive model of the driver's steering behaviour in the control system. The assistive control with human-in-theloop is effected in three stages.

At the first stage, the formulation of a dynamic model of the wheelchair is carried out. The conventional differential drive structure of the wheelchair with two front castor wheels is considered [START_REF] Desantis | Modeling and path-tracking control of a mobile wheeled robot with a differential drive[END_REF][START_REF] Mohareri | Indirect adaptive tracking control of a nonholonomic mobile robot via neural networks[END_REF]. Its dynamic model derivation is based on the Euler Lagrange formalism [START_REF] Uicker | Dynamic Behavior of Spatial Linkages: Part 1Exact Equations of Motion, Part 2Small Oscillations About Equilibrium[END_REF][START_REF] Kahn | The Near-Minimum-Time Control of Open-Loop Articulated Kinematic Chains[END_REF], and is carried out in two folds. Initially, both kinetic and gravitational energy is considered in the Lagrangian function to account for the wheelchair's dynamic properties on both inclined and non-inclined configurations without slipping situations. The slipping parameters are then formulated and incorporated into the model. The determination of the slipping parameters is approached from the geometric perspective, by considering the non-holonomic motions of the wheelchair in the Euclidean space. Because of its non-holonomic nature, the model constitutes the class of uncertain non-linear systems.

The study also involves the development of a steering behaviour model for wheelchair drivers. The formulation is based on the reactive potential field approach [START_REF] Khatib | Real-time obstacle avoidance for manipulators and mobile robots[END_REF][START_REF] Koren | Potential field methods and their inherent limitations for mobile robot navigation[END_REF][START_REF] Jaradat | Autonomous mobile robot dynamic motion planning using hybrid fuzzy potential field[END_REF], that has been considered by numerous experimentally validated models in the literature [START_REF] Jaradat | Autonomous mobile robot dynamic motion planning using hybrid fuzzy potential field[END_REF].

The formulation and identification of the time-series empirical driver model is carried out on account of two fundamental sources of information comprising the general observation of wheelchair steering and the generated microscopic steering data. In particular, the directed potential field method is considered in the formulation of the driver's risk detection and risk avoidance behaviours [START_REF] Schneider | Experimental Comparison of a Directed and a Non-Directed Potential Field Approach to Formation Navigation[END_REF][START_REF] Taychouri | Path planning for electrical wheelchair, accessibility and comfort[END_REF]. The advantage of the proposed directed potential field method is that: apart from using the distance representation and taking the risks dissemination into account, it also allocates variable repulsive potential on the relative direction of the risk from the wheelchair. In the identification of the driverspecific steering behaviours, the ordinary least square procedure is considered in the computation of best-fitting driving model parameters.

At the final stage, the closed-loop model utilising the partial-state feedback controller is proposed in the tracking of user inputs by torque compensation [START_REF] Codourey | Dynamic Modeling of Parallel Robots for Computed-Torque Control Implementation[END_REF]. The control of similar non-linear systems by feedback linearisation can either be full-state or partial-state. The full-state (or input-state) feedback linearisation involves complete linearisation of the system's states with respect to control inputs by coordinate transformation and static state feedback, while the partial-state or the input-output feedback linearisation procedure linearises dynamics of the systems between the input and the output. In real-life however, the exact conditions for the full-state linearisation are only satisfied by few non-linear systems [START_REF] Isidori | Nonlinear Control Systems[END_REF][START_REF] Hunt | Global transformations of nonlinear systems[END_REF]Su, 1982). Because the proposed dynamic wheelchair model does not satisfy the full-state feedback linearisation conditions [START_REF] Isidori | Nonlinear Control Systems[END_REF], the partial-state feedback linearisation technique is considered. Nevertheless, the system is minimumphase with stable internal dynamics. The optimality of the resulting closed-loop system is ensured through the performance index of the non-linear continuous-time generalised predictive controller (GPC).

Outline of the main contributions

The main contributions of this work can be summarised as follows:

• The identified driver-specific parameters of the driving behaviour model constitutes the equilibrium between the subjective risk level of the driver and the prevailing environmental situation. The formulation and implementation of a driving behaviour model using driver-specific parameters, to adapt the wheelchair's velocity to the driver's behaviour to achieve the background steering assistance with minimum corrective adjustments on the steering signals, entail the main contributions of this thesis. Besides, the proposed assistive system employs the driver-specific parameters in the driving model to ensure both fine steering manoeuvres and automatic risk and collision avoidance behaviours.

• The study also contributes to the development of a wheelchair driving behaviour model that is simple and linear in the parameters, with a capacity to allocate directed reactive resources against sensor detectable risks. These attributes make the driving model implementable on-line as real-time intelligent co-driver, on board the wheelchair, that predicts and provides local corrective solutions to possible steering errors in accordance with the driver's preference and current situation.

• The development of a dynamic model of a differential drive wheelchair and derivation of slipping parameters also constitutes a contribution of the study.

The dynamic model takes into account the effects of rolling friction, slipping parameter and gravitational potential of the wheelchair, on both inclined and non-inclined surfaces, and therefore presents a more realistic representation of the wheelchair.

• The study incorporates the driving behaviour model, the wheelchair model and a feedback controller in a closed-loop system, to adapt the control of the wheelchair to the driver's behaviour to realise the intended background steering assistance.

Delineations and Limitations

This study is based on the following assumptions:

• In order to formulate the wheelchair dynamic model, it is considered that the wheelchair, including its components, is built from rigid bodies, and therefore possess no flexible links.

• It is presumed that the symmetric structure of wheelchair remains unchanged during use, implying that the centre of mass will always remain along the longitudinal axis of the wheelchair's motion.

• In the modelling of slipping parameters, it is considered that the front castor wheels are relatively far away from the centre of mass compared to the hind wheels, and therefore experience no longitudinal slip because of the reduced force effect. The castor wheels velocity is thus presumed to represent the wheelchair's absolute velocity.

• In the driving behaviour modelling, explicit knowledge of the driver's subsequent intentions is presumed to be available. 

Publications

Thesis Chapter Overview

Chapter 1 presents the general introduction as well as the background and motivation for the study. Chapter 2 reviews the previous and current insights about the practises and methodologies used in the modelling and control of systems with human-in-theloop. This includes the current advancements in the modelling of the differential drive system, particularly, wheeled mobile robots and wheelchair systems. An overview of the existing user handling models is provided. Because of the structural similarities between cars and wheelchairs, the driving model developments for the two systems is also elaborated. Chapter 2 further includes a few methodologies used in the control of non-linear systems. In Chapter 3, the proposed dynamic model of a differential drive wheelchair system is introduced. It presents the employed formulation and validation procedure of the wheelchair model as well as the derivation and incorporation of slipping parameters into the dynamic model. Chapter 4 presents the proposed wheelchair driving model. This also encompasses the formulation, parameter identification, and validation of the driver model. The closed-loop system with human-in-the-loop is presented in Chapter 5, while Chapter 6 provides the conclusion, and outlines a few opportunities for further research.

Chapter 2

CONTROL WITH HUMAN-IN-THE-LOOP

METHODOLOGIES: A SURVEY

Introduction

This chapter presents the relevant previous and contemporary advancements in the control of dynamical systems with human-in-the-loop. It entails the existing modelling and identification contributions on both dynamical systems and operator behaviours. The chapter elaborates the control methodologies employed to manage the integration of the dynamic wheelchair and the driving behaviour models in the control loop. This includes the concept of time, kinematic structure and virtual work in system modelling, and analysis of microscopic user-data for system identification, which constitute the fundamental design requirements taken into consideration to evaluate the desirable operational behaviour of a system. Since the literature in this field is quite elaborate, a limited scope of the survey is necessitated. As a result, the chapter is limited to the modelling and control aspects that relate to wheeled-mobile system (WMS).

Background

A WMS is a mechanism with actuated and possibly non-actuated rolling wheels, mounted to provide both support and relative motion [START_REF] Muir | Modeling and control of wheeled mobile robots[END_REF]. The system not only consists of the main body and wheels, herein referred to as the moving platform, but also the surface upon which the platform moves. The application of WMSs is quite ancient in the transportation sector, and more evident in the modern world, with continuing research and developments in the transportation, defence, medical and manufacturing sectors. The common structural configurations of the wheeled platforms include the differential drive with two non-steered driving wheels and one or more caster wheels for stability, the tricycle with two non-steered and one steered wheels, the synchro-structure, the steered Ackermann and the omnidirectional drive structure [START_REF] Katevas | Mobile Robotics in Healthcare[END_REF]. The differential drive structure produces a straight line motion when all its drive wheels are turned at the same rate in the same direction, and an in-place rotation with zero turning radius, given equal and opposite turning velocities. Owing to the simple configuration and easier odometry, the differential drive structures find diverse application in common user and robotic systems. This chapter focuses on the differential drive structure with two front or rear caster wheels as applied in the powered wheelchair [START_REF] Ding | Electric powered wheelchairs[END_REF][START_REF] Desantis | Modeling and path-tracking control of a mobile wheeled robot with a differential drive[END_REF].

Based on the type and assembly of the driving wheels, holonomic and non-holonomic constraints may be imposed on the platform's motion. In consequence, the motion a WMS and the implied complexity in its controllability is highly dependent on the structural configuration. The holonomic constraints relate the time and positional variables of a kinematic system. In the presence of holonomic constraints, the final state of a kinematic link, is only dependent upon the initial states of other connected links. This means that given the initial states, it is possible to compute both translational and rotational positions of the link from the linear and rotational positions of the adjacent links. Besides, all velocity constraints can be integrated into positional constraints. As a result, all degrees of freedom (DoFs) related to a spacial kinematic system with holonomic constraints are easily controllable on planar surfaces with simple motion planning tasks [START_REF] Mariappan | A navigation methodology of an holonomic mobile robot using optical tracking device (OTD)[END_REF]. The omnidirectional holonomic wheels are numerous in the literature of mobile robotics. However, their main drawback entails the complexity of the wheeling system that necessitates high energy besides the periodic maintenance required by the actuators [START_REF] Xu | Mechatronics Design of a Mecanum Wheeled Mobile Robot[END_REF][START_REF] El-Shenawy | Motion Control of Holonomic Wheeled Mobile Robot with Modular Actuation[END_REF]. Because of this, the holonomic wheels are rarely implemented in common daily applications. The configurations with non-holonomic constraints on the other hand, introduce a continuous closed-circuit of constraining parameters, that governs the transformations of the system from one state to the other [START_REF] Bryant | Geometry of Manifolds with Special Holonomy: "100 Years of Holonomy[END_REF]. Accordingly, the velocity constraints are non-integrable, indicating that the final state of the system depend on the transitional trajectory values within the parameter space. The strength of the non-holonomic structures, nonetheless, lies in the construction simplicity, with fewer controllable axis required to ensure the necessary mobility. This makes them reliable, efficient, flexible and prevalent. Besides, the usage of multiple disk shaped wheels improves the robustness and stability of systems with non-holonomic constraints in the presence of irregular terrains. However, nonholonomic systems are strongly non-linear, and require exhaustive non-linear analysis [START_REF] Astolfi | Discontinuous control of nonholonomic systems[END_REF][START_REF] Koon | The Hamiltonian and Lagrangian approaches to the dynamics of nonholonomic systems[END_REF]. Thus, designing a good control system is generally a considerable challenge.

Modelling of WMSs

The majority of the literature concerns the kinematic and dynamic modelling. The kinematics of a WMS refers to the study of the system's motion that results from the geometry of constraints of the wheels' rotational motion [START_REF] Muir | Modeling and control of wheeled mobile robots[END_REF]. In kinematic modelling, the preceding requirement regards the allocation of numerous coordinate frames within the system and the environment, to facilitate the formulation of parameters and variables of the kinematic model. The kinematic modelling parameters, include the angles and distances between the various coordinate systems, while the variables include the relative positions, velocities and accelerations of the body and the wheels. Dynamic modelling on the other hand, determines the relationship between the actuator forces and the resulting motion of the WMS. The parameters involved in dynamic modelling include the angles and distances between different coordinate systems, mass and inertia components, and frictional coefficients; while the variables include the positions, velocities and accelerations of the wheels and the body.

Notably, two approaches are available in the literature of kinematic and dynamic modelling of WMSs: the non-generic vector approach, based on geometric interpretation of global relationships between the centroid velocity and the joints' rates [START_REF] Kelly | A Vector Algebra Formulation of Kinematics of Wheeled Mobile Robots[END_REF][START_REF] Yi | The kinematics for redundantly actuated omnidirectional mobile robots[END_REF]; and the generic transformation approach that involves an outline of the system's kinematic structure, with coordinate frames that may be assigned according to Sheth-Uicker's convention [START_REF] Sheth | A Generalized Symbolic Notation for Mechanisms[END_REF][START_REF] Muir | Modeling and control of wheeled mobile robots[END_REF][START_REF] Holmberg | A Powered-Caster Holonomic Robotic Vehicle for Mobile Manipulation Tasks[END_REF]. In the transformation approach, the wheel Jacobian and joints transformation matrices are formulated to express the displacement relationships between the different links of a WMS.

Special kinematic characteristics of a WMS

The following special characteristics of a WMS also provide a distinction between the internal kinematics; that relates the different links of a mechanism, and the external kinematics; that provides a relationship between a mechanism and its environment [START_REF] Schaal | Computational approaches to motor learning by imitation[END_REF][START_REF] Ambike | Modeling time invariance in human arm motion coordination[END_REF].

1. Each wheel is in contact with the body and the surface of travel, forming as many parallel closed-chains as the number of wheels. As a result, WMSs necessitates parallel computation of both kinematic and dynamic models. Unlike the mobile systems, most stationary mechanisms (with exception of manipulators whose end effectors are in contact with fixed objects) have open-chains with links that are serially connected by joints without closed-circuits. In consequence, the stationary mechanisms only require serial kinematic and dynamic modelling. According to [START_REF] Muir | Modeling and control of wheeled mobile robots[END_REF], a mechanical structure that amounts to a closed-chain system can be represented by 2. A higher-pair pseudo joint, that enables rotational and translational motions with respect to the point of contact exists, between each wheel and the surface of travel. According to [START_REF] Katevas | Mobile Robotics in Healthcare[END_REF], a pair is a joint between two bodies that keeps them not only in contact, but also in relative motion. A lower pair involves a surface contact, while a higher pair involves a point or a line contact.

Most stationary robotic mechanisms employ the lower-pair revolute, prismatic, helical, cylindrical, spherical or planar joints.

Unlike the open-chain mechanisms

, where all joints must be actuated and sensed, it may be unnecessary to actuate and sense all the DoFs of the wheels to provide adequate control. Indeed, it is more favourable to compute the motion of non-actuated wheel because it is less likely to be affected by slippage.

4.

Friction is important at the point of contact between the wheel and the surface of travel. The dry friction between the wheel and the surface of travel plays a very important role in ensuring the motion of the adjoining bodies. The friction in the wheel bearings is, however, undesirable because it results in excessive dissipation of energy.

Kinematic modelling of a differential drive system

By formulating the constraints that the joints impose on the adjacent links, the kinematic models provide the basis for both dynamic modelling and model-based control.

In WMSs, the computed constraints include positional, velocity and acceleration constraints of the body and the wheels, relative to the inertial coordinate system. This necessitates the simplifying assumption that the WMS is only built from rigid bodies, the transformation matrix and the wheel Jacobian matrix to describe and relate the translational and rotational motions associated with the joints. The relationship between the joints' velocities may be computed by differentiating the corresponding positional relationships.

Coordinate system assignment

The conventional kinematic modelling procedure begins by assigning various coordinate frames to the various joints of a mechanism. Two conventions are commonly applied in the assignment of coordinate frames: the Denavit-Hartenberg convention [START_REF] Niku | An Introduction to Robotics Analysis, Systems, Applications[END_REF], and the Sheth-Uicker convention [START_REF] Sheth | A Generalized Symbolic Notation for Mechanisms[END_REF]. The Denavit-Hartenberg, also known as D-H convention, presents two displacements and two rotations characteristic parameters for attaching the coordinate frames to the links of a spacial kinematic chain. The convention entails a 4 × 4 homogeneous transformation matrix, that, apart from describing the size, the shape and the associated transformations of the link, also relates the successive coordinate frames on the kinematic chain. Given the base effector's coordinate vector, the transformation matrices may be cascaded from the base link to the end effector to determine the position and orientation of the end effector of a stationary robotic manipulator. This convention attaches one coordinate frame to every joint of the kinematic chain. In spite of its popularity, the D-H convention does not present an obvious joint ordering criteria, and therefore leads to ambiguous transformation matrices, especially in systems with multiple closed-chains like WMS where one link, the environment, associates more than two joints [START_REF] Katevas | Mobile Robotics in Healthcare[END_REF]. Sheth-Uicher convention solves this problem by assigning one coordinate frame at the end of each link, implying that each joint will have two coordinate axis [START_REF] Muir | Modeling and control of wheeled mobile robots[END_REF]. In a WMS, the links include the surface of travel and the body, while the joints connecting the two links are the wheels and the center of mass of the WMS. The latter joint is not physical, but rather a relationship between the body and the surface of motion.

In order to formulate the kinematic model, a stationary or inertial coordinate frame may be assigned on the surface of travel to provide an absolute reference for the system's motion. The motion of a coordinate frame fixed at a point in the body relative to the inertial coordinate frame, herein referred to as body-fixed coordinate frame, may be interpreted as the WMS's motion. It is noted, that although the choice of position of origin and orientation of coordinate frames is not unique, it is preferred that positions and orientations which produce the appropriate formulation of a kinematic model is considered. Depending on the number of wheels, the coordinate frames may be assigned at the point of contact between the surface of travel and the wheel. Each wheel and the main body can then be modelled as a planer pair with two or more DoFs, contingent on the associated kinematic constraints.

The homogeneous transformation matrix

Spacial kinematics may be regarded as a way of representing the rigid body's pose and displacement (translational and/or rotational motions) within a space. The 4 × 4 homogeneous transformation matrix consolidates both positional vector and rotational displacement matrix in a compact matrix notation. The matrix is used in kinematic modelling to transform a point's coordinate to its corresponding coordinate in another coordinate frame, such that, given the position of origin of frame A with respect to frame B, denoted by

B r A = B r x A B r y A B r z A
T , and the corresponding orientation, computed using the rotation matrix of direction cosines, B R A , in Equation (2.3), any position vector A r in frame A can be transformed into position vector B r in frame B by expression (2.1), or expression (2.2) in matrix form.

B r = B R A A r + B r A (2.1)    B r 1    =    B R A B r A 0 T 1       A r 1    (2.2)
where

B R A =       (x A • xB ) (ȳ A • xB ) (z A • xB ) (x A • ȳB ) (ȳ A • ȳB ) (z A • ȳB ) (x A • zB ) (ȳ A • zB ) (z A • zB )       , (2.3)
with (x A ȳA zA ) and (x B ȳB zB ) representing the unit basis vectors of the frames

A and B respectively. The component,

B T A = B R A B r A 0 T 1 in Equation (2.2) and
(2.4), is the 4×4 homogeneous transformation matrix, consisting of four sub-matrices namely: the rotation matrix, the position vector, the perspective transformation and the scaling. Any transformation matrix C T A = C T B B T A , may be computed with a strict consideration of the transformation order.

B T A =    B R A(3×3) B r A(3×1) 0 T (1×3) 1 (1×1)    =   
rotation matrix position vector perspective vector scalar

   (2.4)
In WMSs, the relative change in position and orientation of the body with respect to the surface of motion result from the wheels' rotational motion. The wheel Jacobian matrix is used in kinematic modelling to relate the rotational motion of the wheels to the body's motion. The analysis of Jacobian matrix has been considered the main tool for evaluating the kinematic performance of robotic manipulators [START_REF] Tarokh | Kinematics modeling and analyses of articulated rovers[END_REF][START_REF] Galicki | Real-time constrained trajectory generation of mobile manipulators[END_REF][START_REF] Kanzawa | Steering Law of Control Moment Gyroscopes for Agile Attitude Maneuvers[END_REF]. Several guidelines, including manipulability, condition number, isotropy and global conditioning index for kinematic performance, have been proposed [START_REF] Merlet | Jacobian, Manipulability, Condition Number and Accuracy of Parallel Robots[END_REF]. An isotropic Jacobian matrix is emphasised because it establishes a linear map between the joints' and the body's velocities, ensuring that each actuator is providing a proportional effort in the body's direction of motion [START_REF] Zaw | Kinematic and dynamic analysis of mobile robot[END_REF][START_REF] Singh | Performance investigations on optimum mechanical design aspects of planar parallel manipulators[END_REF]. According to [START_REF] Muir | Modeling and control of wheeled mobile robots[END_REF] and [START_REF] Ostrovskaya | Dynamics of a Mobile Robot with Three Ball-Wheels[END_REF], derivation of wheel Jacobian matrix is based directly on the velocity transformation matrices.

Forward and Inverse Kinematic Solutions

The forward and inverse kinematic solutions can be obtained by parallel computation of the wheels kinematic equations of motion. The forward kinematic solution computes the body's velocity from the sensed positions and velocities of the wheels, while the inverse kinematic solution determines the actuated velocity of the wheels from the body's velocity. For instance, given the wheel Jacobian matrices, J i | i=1•••w , and the wheel velocity vectors, γi , where w is the number of wheels, the body velocity, ν, may be computed according to Equation (2.5). It is important that all the equations in (2.5) are solved in parallel, to characterise the motion of the WMS.

ν = J i qi          I 1 I 2 . . . I N          ν =          J 1 0 • • • 0 0 J 2 • • • 0 . . . . . . . 0 0 0 • • • J N                   γ1 γ2 . . . γN          or A 0 ν = B 0 Γ (2.5)
where I i | 1•••w are the identity matrices, B 0 is a block diagonal matrix of the wheels Jacobian matrices and Γ is composite velocity vector of the wheels. Equation (2.5) contains a set of algebraic linear equations whose numerical solutions may be computed by classical control techniques. The actuated inverse solution may then be computed by finding the velocity solution for the actuated wheels, while the sensed forward solution is computed from the wheels' positions and velocities. Since WMSs contain multiple closed-chains, it may be unnecessary to actuate and sense all wheels in order to compute a kinematic model. However, in case of some non-actuated and non-sensed wheel-variables, the Muir (1988)'s procedure for separating the actuated and the non-actuated, as well as the sensed and the non-sensed variables may be considered together with the least-square method to compute both inverse and forward solutions.

2.3.2.4

The kinematic model of a differential drive system: An example Differential drive WMSs commonly employ the conventional disk-shaped wheels. The disk-shaped wheels posses only two DoFs, consisting of the translational motion in the direction of orientation and the rotational motion about the point of contact on the surface of travel. In reality, an area rather than a point of contact exists between the wheel and the surface of contact. The rotation about this area, otherwise referred to as the rotational DoF, is therefore slippage. However, because of its formulation difficulties, the lateral slip is rarely taken into consideration in most kinematic models.

Differential drive systems entail a specific drive mechanism for each of the parallel driving wheels. The transformation from the wheels rotational velocity ( γR γL ) to the translational velocity (V ω) of the centre of the drive wheels axle is expressed by Equation (2.6), and the sensed forward kinematic solution is computed by expression

(2.7).    V ω    =    r 2 r 2 r 2b -r 2b       γR γL    (2.6) q =       ẋ ẏ θ       =       cos θ 0 sin θ 0 0 1          V ω    =       r cos θ 2 r cos θ 2 r sin θ 2 r sin θ 2 r 2b -r 2b          γR γL    (2.7)
Because the Jacobian matrix of the disk-shaped wheels in Equation (2.7), is not square, the conventional disk-shaped wheels are referred to as degenerate. Thus, in spite of the ability to compute the WMS's body velocity from the wheels rotational velocities, the inverse kinematic solution can only be computed if the system possess the capability of executing the desired motion.

Dynamic Modelling of differential drive systems

Unlike kinematic models, dynamic formulations relate the acceleration properties of motion, like mass, inertia, force and torque, between different joints and links of a mechanism. Depending on the accuracy of the dynamic formulation, the resulting simulation should be true to the actual behaviour of the modelled system. Although, the stated accuracy may be difficult to reach in actual sense, it is well known, that the accuracy of electrical and mechanical models, employing both kinematic and dynamic formulations, could extend the model's capabilities and improve performance. A kinematic model on its own may only provide acceptable execution of simple tasks at low speed and small loads. However, with the acceleration properties taken into account, the dynamic model may provide satisfactory performance for accurate tasks like pick and place and path following in robotic manipulators and WMSs respectively.

The Newton's laws and the concept of virtual work generally form the basis upon which all dynamic formulations of classical mechanics rely. However, the dynamic laws can be formulated in several other ways. Some of the important formulations include the D'Alembert's principle, the Lagrange's equations and Hamilton equations [START_REF] Wells | Schaum's Outline of Lagrangian Dynamics[END_REF][START_REF] Miller | Optimal Design and Modeling of Spatial Parallel Manipulators[END_REF]. The dynamic equations of motion applying to a wide variety of rigid-body mechanisms are mainly based on the Newtonian and Euler-Lagrange formulations [START_REF] Hahn | Rigid Body Dynamics of Mechanisms 2: 2 Applications[END_REF]. These dynamic modelling procedures observe a mechanism, consisting of joints and rigid links, as a massless structure upon which forces and torques are exerted. The point of exertion corresponds to the origin of the assigned coordinate frame, and the exerted force and torque interact by disseminating to other points. Both the Newton's and Euler-Lagrange's procedures compute the mechanism's motion resulting from the applied time dependant forces and torques, relative to the inertial coordinate frame, based on the D'Alembert's principle. Other dynamic methodologies include the Gauss Method [START_REF] Schiehlen | Multibody System Dynamics: Roots and Perspectives[END_REF], Gibbs-Appell Method [START_REF] Korayem | Motion equations proper for forward dynamics of robotic manipulator with flexible links by using recursive Gibbs-Appell formulation[END_REF] and Kane Method [START_REF] Kane | Dynamics of a cantilever beam attached to a moving base[END_REF][START_REF] Jazar | Advanced Dynamics: Rigid Body, Multibody, and Aerospace Applications[END_REF].

The Newton-Euler formulation

The Newton-Euler formulation treats each link of a multi-body mechanism in turn, utilising the Newton's law and the Euler's equation directly on the links connected by joints kinematic constraints [START_REF] Dasgupta | A general strategy based on the New-tonEuler approach for the dynamic formulation of parallel manipulators[END_REF]. The propagation properties of the forces and torques within the individual links are expressed by kinematic parameters of the link Jacobian matrix, while the propagation between the joints and links are expressed by coupling parameters of dry friction in the joint coupling matrix. Because the inertial and gravitational forces and torques are distributed within the link, they are directly expressed relative to a common frame, normally, the centre of mass coordinate frame; while, the actuator and constraint forces applied at specific points are propagated using the Jacobian matrix and the joint coupling matrix, to the common frame of reference [START_REF] Muir | Modeling and control of wheeled mobile robots[END_REF]. The equations of motion are then computed by summing up, within the common frame of reference, the independently modelled forces and torques that act on the link.

The forces and torques include the actuation, inertial, gravitational and frictional forces. The inertial forces and torques consist of three components: the self inertial, whose elements are proportional to the translational and rotational accelerations; the Coriolis, whose elements are proportional to the square of rotational velocities along similar rotational axes; and the centripetal, whose elements are proportional to the products of rotational velocities along non-similar axes of rotation. The gravitational force acting on the rigid-body is expressed along the z-axis aligned parallel but opposite the gravitational field while the actuator forces are modelled directly from the driving actuator's dynamics.

The Euler-Lagrange dynamics

The Lagrangian formalism on the other hand offers a general point of view of a rigidbody mechanism. It reduces the formulation of system dynamics to a procedure that assumes identical steps without regards to the number of links and system constraints, and the assigned type and motion of the coordinate frames. Besides, the formalism allows a wide variety of coordinate frames to be used, and automatically eliminates system constraints from the equations of motion that result directly from the generalised coordinates [START_REF] Wells | Schaum's Outline of Lagrangian Dynamics[END_REF] The Euler-Lagrange's approach is centred on the definition of energy functions in terms of the generalised variables of a suitable coordinate frame. The energy functions include scaler quantities like kinetic energy, potential energy and virtual work.

However, for most systems the Lagrangian function, L, from which the equations of motion automatically results is simply considered as the difference between kinetic energy, T , and potential energy, U . The Euler-Lagrange's method thus necessitates the assignment of body-fixed and inertial coordinate frames, to represent both T and U in the recommended forms, T = T (q i , qi , t) and U = U (q i , t). The n coordinates

q i,j | i=1•••n , in the generalised coordinate vector q = [q 1 • • • q n ]
T , describe the configuration or position of the system in an n dimension configuration space, while (q i , qi , t)

specifies the state of the system. The kinetic energy T assumes the form of Equation

(2.8), where M(q i ) satisfies M(q i ) T > 0, such that M(q i ) ∈ R n×n is the generalised inertia matrix.

T = 1 2 q M(q i ) q (2.8)
Given a set of initial conditions, the Lagrangian function L, is employed in the formulation in Equation (2.9) to ascertain the unique solution of the n second-order differential equations of motion; where A(q i ) T is the transpose of matrix A(q i ) associated with the system's constraints, m is the number of non-holonomic constraints, λ is a vector of the Lagrange multipliers, and Q i are the external forces aiding or resisting the motion.

d dt ∂L ∂ qi - ∂L ∂q i - m j=1 A ij (q i ) T λ j = Q i (2.9)

Newton-Euler versus Euler-Lagrange

A number of researchers believe that the Newton-Euler procedure possess important advantages that makes it the most suitable method for modelling multi-link and multi-DoFs mechanical structures. One of the advantages is its recursive structure that greatly simplifies the formulation, especially where the links are attached in a convenient way [START_REF] Hollerbach | A Recursive Lagrangian Formulation of Maniputator Dynamics and a Comparative Study of Dynamics Formulation Complexity[END_REF]. The other advantages include the applicability to closed-chain, lower-pair and higher-pair mechanisms with wide structural characteristics as well as its capability to model expansive physical force and torque phenomena.

Besides, its advocates believed that it produces the best algorithm with a customised symbolic code [START_REF] Khalil | Minimum operations and minimum parameters of the dynamic models of tree structure robots[END_REF]. This is regarded as necessary in the investigation of systems with both numerous links and DoFs, because changes in the system's topology only affect the link's indexation, without altering the structure of the algorithm [START_REF] Chen | Automatic Model Generation for Modular Reconfigurable Robot Dynamics[END_REF].

On the other hand, the opponents of the Euler-Lagrange procedure consider that the numerical handling of Euler-Lagrange models become more and more expensive with the increasing number of links and internal DoFs compared to the Newton-Euler formulations. The proponents, however, argue that it is also possible to couple the procedure with a customised symbolic code and compute a model using the Euler-Lagrange formulation in a recursive manner, and that both algorithms are equally efficient and possess equivalent computational time, with proper choice of the Lagrangian formulation [START_REF] Silver | On the Equivalence of Lagrangian and Newton-Euler Dynamics for Manipulators[END_REF][START_REF] Hollerbach | A Recursive Lagrangian Formulation of Maniputator Dynamics and a Comparative Study of Dynamics Formulation Complexity[END_REF]. Besides, the formalism reveals easily the structural properties of the system that are instrumental for controller design, and automatically eliminates the system constraints [START_REF] Ortega | Passivity-based Control of Euler-Lagrange Systems: Mechanical, Electrical and Electromechanical Applications[END_REF].

The formulation of choice between the Newton-Euler and Euler-Lagrange is therefore an interesting debate. In fact, a clear conclusion as to which is the most superior method is still non-existent [START_REF] Silver | On the Equivalence of Lagrangian and Newton-Euler Dynamics for Manipulators[END_REF]. The main objective is the formulation speed, the accuracy of the derived model and how well the intended goal is attained.

It is therefore presumed that the formulation of choice is a matter of personal preference. It is considered in this study that in the absence of a customised symbolic code, when investigating only one kinematic mechanism, the increasing complexity of the system under consideration coupled with the recursive nature of the Newton-Euler's formulation necessitates extra modelling insight with much bookkeeping, to formulate an accurate model. Besides, the manual elimination of joints constraints in the derivation of closed-chain equations, presents considerable difficulties with the Newton-Euler's method [START_REF] Kane | The Use of Kane's Dynamical Equations in Robotics[END_REF]. The Euler-Lagrange formalism is therefore adopted in this thesis.

In the literature, a general strategy to dynamic formulation of equations of motion of parallel manipulators is proposed by [START_REF] Khalil | General Solution for the Dynamic Modeling of Parallel Robots[END_REF], taking the inverse dynamics computational advantage of the Newton-Euler's approach into consideration. Contrary to [START_REF] Kane | The Use of Kane's Dynamical Equations in Robotics[END_REF]'s opinion, [START_REF] Dasgupta | A general strategy based on the New-tonEuler approach for the dynamic formulation of parallel manipulators[END_REF] believe that the application of Newton-Euler's approach is more economical in the formulation of equations of motion of parallel or hybrid manipulators, than serial manipulators, because it only necessitates the consideration of equilibrium equations of motion of the individual links that contribute to the systems motion. The problem of dynamic modelling and identification of passenger vehicles using the inverse dynamic model of Newton-Euler formalism is presented in [START_REF] Venture | Modeling and Identification of Passenger Car Dynamics Using Robotics Formalism[END_REF], while [START_REF] Luh | On-Line Computational Scheme for Mechanical Manipulators[END_REF] and [START_REF] Featherstone | Robot Dynamics Algorithms[END_REF] presented a fast computational algorithms that solve the forward and inverse torque dynamics of a manipulator based on the Newton-Euler procedure. The algorithm proposed by [START_REF] Luh | On-Line Computational Scheme for Mechanical Manipulators[END_REF] entails two recursions based on the joints motion. The first computes the kinematics of the body, while the second utilises the body kinematics to formulate the joint torques by transforming the end-effector forces back to the base. The use of the Newton-Euler's recursive formulation is also proposed by [START_REF] Khalil | Dynamic Modeling of Robots Using Newton-Euler Formulation[END_REF] to facilitate a faster modelling process with reduced number of operations; while [START_REF] Luca | A modified newton-euler method for dynamic computations in robot fault detection and control[END_REF] proposed a modified recursive method to compute the residual vector dynamic expressions, and evaluate a passivity-based trajectory tracking control law. The modified recursive Newton-Euler method of [START_REF] Luca | A modified newton-euler method for dynamic computations in robot fault detection and control[END_REF] automatically generates the Coriolis and centrifugal matrices that satisfy the skew-symmetric property.

The use of Newton-Euler method in the modelling of WMSs is also prevalent [START_REF] Wu | Time optimal path planning for a wheeled mobile robot[END_REF][START_REF] Korayem | Maximum allowable load on wheeled mobile manipulators imposing redundancy constraints[END_REF][START_REF] Koz | Modeling and control of a 4-wheel skidsteering mobile robot[END_REF]. In [START_REF] Muir | Modeling and control of wheeled mobile robots[END_REF], a kinematic and dynamic methodology for modelling robotic systems with closed-chains, friction, and pulse-width modulation, as well those with higher-pair, non-actuated and non-sensed joints, is identified and developed. The applicability of the kinematic-based and dynamic-based methodologies to WMSs are also demonstrated.

The Euler-Lagrange procedure is also widely used in the computation of equations of motion of robotic manipulators and multi-agent systems [START_REF] Chen | Dynamic modeling of multi-link flexible robotic manipulators[END_REF]Subudhi & Morris, 2002;[START_REF] Mei | Distributed Coordinated Tracking With a Dynamic Leader for Multiple Euler-Lagrange Systems[END_REF]. Other research articles that utilise the Euler-Lagrange approach in the modelling of flexible links include (Sunada & Dubowsky, 1983;[START_REF] Book | Recursive Lagrangian Dynamics of Flexible Manipulator Arms[END_REF]. In the modelling of mobile systems, the procedure has been applied to formulate constrained dynamic equations of motion of wheeled robots and vehicles. In particular, D' Andrea-Novel et al. (1991) considered both Lagrange formulation and differential geometry to derive the model of a three-wheel mobile robot with non-holonomic constraints; while [START_REF] Emam | Dynamic model of electrical wheelchair with slipping detection[END_REF]; Onyango et al. (2009aOnyango et al. ( ,b, 2011[START_REF] Onyango | Modeling a powered wheelchair with slipping and gravitational disturbances on inclined and non-inclined surfaces[END_REF] considered the formulation to derive the model of a wheelchair with non-holonomic constraints.

Operator behaviour modelling

The presence of human at the centre of operation of machines and other dynamic systems is the main root and motivation of design ideas in system control. Lately, for the same reason, unmanned systems have began to find application in areas like military aviation and guided transport. However, these systems have not eliminated the remote or physical human assessment performed by the operator, who remains fully responsible for the overall operation. Thus, careful consideration of the operator becomes an important issue in the design and development of dynamic systems.

Presently, the consideration is evolving from that of a manual human controller, to a supervisor that monitors the operations. This necessitates the evaluation of physical and mental processes that guide the operator's behaviour in system control. One area that clearly necessitates a careful consideration of the human-in-control is the automotive transport where numerous operating conditions and human behaviours are involved. A specific example in this area is the automatic gearbox system found in particular vehicles, which dynamically adapts to the drivers' different driving behaviours. Although quite elemental from the cognitive point of view, these in-vehicle systems are generally essential in vehicle control. Additionally, a driver behaviour model could be useful in the regulation of transport safety, if considered when settingout the rules and standards to govern vehicle control and traffic management.

Existing driver behaviour models

The history of driver behaviour modelling is long-standing with a great variety of models that tackle different aspects of the driving task. However, most of the available driver models pertain particularly to motor-vehicles, and very few target the behavioural aspects of a wheelchair driver on the steering task. The analysis and formulation of the driving task necessitates consideration of dynamic interactions that occur between the driver, the vehicle and the environment, because every state of the vehicle can be linked to these interactions. However, some driver specific factors like disposition and experience, that provide significant contributory influence in the driving behaviour, may also need be taken into account. [START_REF] Michon | A Critical View of Driver Behavior Models: What Do We Know, What Should We Do[END_REF] classifies the driver models as either taxonomic models, consisting of those that do not take into consideration the interaction between the model's components, or functional models, that accounts for the interaction. Differently, Plöchl & Edelmann (2007) consider the classification in terms of the model's application, but observe that the driver models can also be classified as either descriptive, i.e. those that provide descriptions, classifications and schemes; or mathematical, i.e. those that utilise the identification, control, fuzzy logic, stochastic, neural networks theories and hybrid approaches.

It is agreeable because of the numerous classifications, that most of the available models will overlap the classes. This implies that unique driver model may not exist, but those customised to satisfy certain specific demands of the driver. Scores of driver model are therefore available in the literature within these and (probably) more classifications. This section surveys the available driver behaviour models according to the following classification [START_REF] Engström | A General Conceptual Framework for Modelling Behavioural Effects of Driver Support Functions[END_REF].

The control theoretic models

These models consider driving as a control task that focuses on minimising the error between the actual and the target state, using the feedback and feedforward control theories. The control theoretic driver models concentrate on the vehicle to establish that a defined trajectory is followed at a defined speed. Although very useful in lateral and longitudinal control in defined environments [START_REF] Macadam | Understanding and Modeling the Human Driver[END_REF][START_REF] Guo | Development of a longitudinal and lateral driver model for autonomous vehicle control[END_REF], these models rarely capture the higher level driving aspects in decision making like learned patterns. One of the earliest driver model expressed in Equation (2.10) was presented by [START_REF] Kondo | Driver's Sight Point and Dynamics of the Driver-Vehicle-System Related to It[END_REF] based on a two wheeled vehicle that runs at a constant speed along a straight line with side wind disturbances.

y p (t) ≈ y(t) + Lψ(t) = y(t) + T p V ψ(t) ≈ y(t + T p ) (2.10)
The model attempts to diminish the lateral predicted deviation y p at some distance L ahead of the vehicle according to Figure 2.2. In Equation (2.10), T p is the preview time given by L/V , where V is the speed of the vehicle, while ψ(t) is the yaw angle and y(t) is deviation. Until recently, several improvements have been made on this model to consider the visual angle between the longitudinal axis and the sight point ψ c , and to provide compensation on the lateral deviation y, with regards to a reference position, yaw angle error ψ, and local roadway curvature ρ r , [START_REF] Allen | Analysis and Computer Simulation of Driver/Vehicle Interaction[END_REF][START_REF] Mitschke | Driver-Vehicle-Lateral dynamics under Regular Driving Conditions[END_REF][START_REF] Apel | Adjusting vehicle characteristics by means of driver models[END_REF][START_REF] Mcruer | New Results in Driver Steering Control Models[END_REF].

The [START_REF] Donges | A Two-Level Model of Driver Steering Behavior[END_REF]'s two level driver steering behaviour model has also received significant attention in this category. The model consist of a guidance level, that entails perception and response in the anticipatory open-loop control mode, by optimising a quadratic criterion that uses the angle of the steering wheel and a desired path curvature. The second stabilisation level provides compensations towards the occurring deviations in a closed-loop mode. An extension of the model is proposed by [START_REF] Plochl | The dynamics of vehicles on roads and on tracks -supplement to vehicle system dynamics[END_REF] who introduced a third level to account for local deviations. A further improvement on the Donges (1978)'s model can be found in [START_REF] Edelmann | A passenger car driver model for higher lateral accelerations[END_REF].

The information processing models

Information processing models attempt to represent human cognition including perception, decision making and response selection, as a logical sequence of computational steps. These models have made great influence in the understanding of multiple task sharing, where different components of the driving task interact to accomplish the global driving task. An example of the information processing model is the concept of mental work-load intoduced by de [START_REF] De Waard | The measurement of drivers' mental workload[END_REF]. Other information processing models entail the dual task studies performed to evaluate the extent of interference between the tasks [START_REF] Wickens | Multiple resources and performance prediction[END_REF]. It has not been possible, however, to incorporate the information processing models into a more general driver behaviour model [START_REF] Salvucci | Predicting the effects of in-car interface use on driver performance: An integrated model approach[END_REF]. According to [START_REF] Engström | A General Conceptual Framework for Modelling Behavioural Effects of Driver Support Functions[END_REF], the information processing models of driver behaviour consider human beings as passive receivers of information, making it hard to account for the drivers' capability in the active traffic situations management like self-pacing.

The motivational models

Motivational models attempt to formulate the risk regulating behaviour of the driver in dynamic situations. Unlike the information processing models, the motivational models emphasise the drivers' self-paced driving nature in the endeavour to understand their dynamical adaptation to varying driving conditions. Motivational models mainly differ in the criteria suggested to regulate the adaptation. While some may utilise qualitative criteria like task difficulty or risk level, the quantitative models that regard the subjectively chosen safety margin may also be considered in this category. Concerning the adaptation regulation criteria, the Wilde (1982)'s theory of risk-homoeostasis, for instance, presumes that drivers aim to stay within a constant range of accepted risk, while the Summala (1988)'s theory of zero-risk supposes that the drivers attempt to keep the perceived subjective risk at zero-level. In a similar perspective, [START_REF] Fuller | Towards a general theory of driver behaviour[END_REF], considers task difficulty rather than risk range, as the primary factor that influence the drivers' adaptation. Ordinarily, motivational models have been reprimanded for being too general with respect to the internal mechanisms, to an extent that it is extremely difficult to produce testable suppositions. The artificial neural network methodology has been considered quite often in the realisation of motivational models because it emulates the adaptive behaviour of human in system control, and can be used to represent the interactions of the model's internal mechanisms. In the literature, [START_REF] Kraiss | Identification and application of neural operator models in a car driving situation[END_REF] examined the possibility of using the neural network approach to model a driving support system to assist in the overtaking task. The model's decision parameters that include the vehicle's speed and distance to collision, are used to select the appropriate angle of the steering wheel and position of the accelerator or brake pedal. The authors experimentally show that human driving can be identified from the relationship between inputs and outputs of the trained network. In [START_REF] Macadam | Using neural networks to identify driving style and headway control behavior of drivers[END_REF], the use of neural networks to examine the headway driving data obtained during normal highway driving, and to represent the longitudinal control behaviour is demonstrated. The article considers pattern recognition methods in the identification of headway keeping behaviours and relative distribution displayed by participant drivers. Human factors and accident causation relationships are investigated in [START_REF] Kageyama | An Analysis of a Riding Control Algorithm for Two Wheeled Vehicles with a Neural Network Modeling[END_REF] and extended in [START_REF] Kuriyagawa | A Research on Analytical Method of Driver-Vehicle-Environment System for Construction of Intelligent Driver Support System[END_REF] to represent the age and experience effects. The use of genetic algorithms to represent the emergency situations encountered during driving is also considered by [START_REF] Nagai | Application of genetic algorithm to analysis of driver's behaviour in collision avoidance[END_REF].

The application of system identification using steering data is also considerably com- ARMAX can yield residuals closer to white noise with fewer parameters given the same model order. The system identification approach is also considered by [START_REF] Diehm | An identification method for individual driver steering behaviour modelled by switched affine systems[END_REF]. The authors, however, do not take into account exogenous inputs in their affine autoregressive system, but instead derive a multi-step model output error criterion, and present an algorithm to identify the parameters of the subsystem using measurable motion data. Although, the consideration of black-box method of system identification is straight forward and common with availability of data, it is believed in this thesis that it is possible to find sufficient information to relate the driver's actions to the perceivable contextual environment.

Hierarchical models

Hierarchical models constitute the formulation approaches where sub-tasks are arranged in the order of rank. A popular example is [START_REF] Michon | A Critical View of Driver Behavior Models: What Do We Know, What Should We Do[END_REF]'s hierarchical representation, in which the entire driving task is subdivided into three hierarchically coupled and ordered levels of demand consisting of strategic, tactical and control level, with each demand level encompassing the driver, the vehicle and the environment. At the strategic level, the global goal is perceived and a general plan of the journey is established. The driver for instance considers the available routes and evaluates the resulting costs. Although the involvement of the strategic level in the actual steering control is limited, it helps in making decisions regarding the lower levels of demand and the amount of risk the user is willing to tolerate. At the tactical level, safety is the primary consideration. The driver continuously adjusts the instantaneous goal and driving speed in order to avoid the prevailing risk conditions. A hierarchical driver model of two lane highway traffic that takes into consideration the [START_REF] Michon | A Critical View of Driver Behavior Models: What Do We Know, What Should We Do[END_REF]'s decision levels is outlined with control sub-systems in [START_REF] Cheng | A hierarchical driver model[END_REF], and a similar consideration is proposed by [START_REF] Song | Cognitive and hybrid model of human driver[END_REF] to take the human drivers' overtaking and car following behaviours into consideration.

Driver behaviour models for path and speed planning

The majority of the driver models require a desired path or speed to track. In most cases, these are specified directly. However in certain cases, the path generation task may be constituted theoretically as a separate component of the driver model, or independently formulated as the driver model. Numerous proposals, regarding path generation, have been made that utilise variables like time, acceleration, velocity, lateral position, rpm e.t.c, as the optimisation principles that represent the drivers' intuitive preferences [START_REF] Prokop | Modeling Human Vehicle Driving by Model Predictive Online Optimization[END_REF]. For instance, a driver model that predicts the reference path when negotiating a bend is proposed by [START_REF] Lauffenburger | Driveraid system using path-planning for lateral vehicle control[END_REF], using lines and polar curves to describe the reference trajectory, by taking the road and driver's profile as well as vehicle characteristics into consideration. In the improved model [START_REF] Lauffenburger | Design of a coupled longitudinal-lateral trajectographic driver model[END_REF], the authors propose a variable curve negotiating speed that depends on the tolerated lateral acceleration and the instantaneous curvature of the generated trajectory. [START_REF] Kageyama | On a new driver model with fuzzy control[END_REF] also consider mental influence as part of the environmental risks aiding the driver's directional decision. [START_REF] Kageyama | On a new driver model with fuzzy control[END_REF]'s model regards the driver's risk feeling from the forward view as an important information for course decisions, and presumes that drivers generally prefer courses with minimal risk levels. The formulation uses exponential functions to describe the risk levels based on fuzzy logics. An adaptive lateral preview model of the driver is also proposed in [START_REF] Ungoren | An adaptive lateral preview driver model[END_REF]. The model, based on the adaptive predictive control framework, uses preview information, weight adjustments and internal model identification, to simulate various driving styles and determine the optimal steering action of the driver. In [START_REF] Eboli | Combining speed and acceleration to define car users' safe or unsafe driving behaviour[END_REF] the use of speed and acceleration is considered to determine the drivers behaviour.

One of the recent formulations presented to maximise the safety and mobility in a connected vehicle environment is the variable speed limit (VSL) control algorithms in Equation (2.11) proposed by [START_REF] Khondaker | Variable speed limit: A microscopic analysis in a connected vehicle environment[END_REF], where the variables X i (t),

V i (t) and a i (t) represent the longitudinal position, speed and acceleration at time t of the i th vehicle in the network, and T m is the simulation time step size in seconds.

V i (t + 1) = V i (t) + a i (t)T m X i (t + 1) = X i (t) + V i (t)T m + 1 2 a i (t)T 2 m (2.11)
The driver's acceleration and deceleration behaviours adopted from the intelligent driver model (IDM) [START_REF] Treiber | Congested traffic states in empirical observations and microscopic simulations[END_REF] are utilised to investigate the control algorithm based on the model predictive control methodology. The model also uses a changeover algorithm (from free-flow to car-following, and vice versa) and the traffic flow prediction model to optimise and calculate the total travel time, time to collision to measure the instantaneous safety, and fuel consumption to compute the environmental impact. Other on-road motion and path planning models may be found in the review articles [START_REF] Katrakazas | Real-time motion planning methods for autonomous on-road driving: State-of-the-art and future research directions[END_REF]Plöchl & Edelmann, 2007) and in [START_REF] Xiu | A Behavior-Based Path Planning for Autonomous Vehicle[END_REF][START_REF] Pauwelussen | Essentials of Vehicle Dynamics[END_REF][START_REF] Wang | Advances in Intelligent Vehicles[END_REF][START_REF] Guo | Understanding and Modeling the Human Driver Behavior Based on MPC[END_REF][START_REF] Bornard | Use of a computational simulation model of drivers' cognition to predict decision making and behaviour while driving[END_REF][START_REF] Seppelt | Modeling Driver Response to Imperfect Vehicle Control Automation[END_REF].

The context around the use of wheelchairs

A wheelchair that provides the most beneficial service may be determined based on the available mobility needs and the ways in which it satisfies or used to satisfy the user's needs. These normally take into consideration the probable usage duration and the environment in which the wheelchair is anticipated to be used. The environment plays an important design role in dictating the needed physical and control parameters like foldability, size and manoeuvrability. Pathological factors such as impaired mobility, user recovery and cognitive function, as well as socio-demographic factor like the need to upgrade and the extent of involvement of the user in the in the procurement/design process constitute the circumstances that contribute to the variability in the use of wheelchairs over time. Taking the user's perspective into consideration by predicting the potential short-term or long-term mobility needs of the user may be helpful to supplement wheelchair appreciation and minimise cases of abandonment. The desired optimal purpose of the wheelchair may thus be a function of the interface between the driver and his environment, or where assistive technology is involved, between the driver, the wheelchair and the environment. A steering behaviour model that takes into consideration the driver's and the driving context is not only important in supplementing wheelchair appreciation but also necessary in the design to ensure easier control.

Existing wheelchair driver and steering models

Extensive information regarding the modelling and control of powered wheelchairs exists, however, studies that takes into consideration the driver's behaviour for assistance and rehabilitation are still limited. In fact, apart from [START_REF] Emam | Power wheelchair driver behaviour modelling[END_REF][START_REF] Hüntemann | Online user modeling with Gaussian Processes for Bayesian plan recognition during powerwheelchair steering[END_REF][START_REF] Demeester | Bayesian estimation of wheelchair driver intents: Modeling intents as geometric paths tracked by the driver[END_REF]Demeester et al., , 2003a;;[START_REF] Vanacker | Adaptive filtering approach to improve wheelchair driving performance[END_REF][START_REF] Onyango | Identification of wheelchair user steering behaviour within indoor environments[END_REF], more behaviour model related to wheelchair drivers could not be located.

Studies in the vast area of behaviour modelling have been approached mainly from the field of automotives, aviation simulators and robotic intelligence [START_REF] Cacciabue | A simple model of driver behaviour to sustain design and safety assessment of automated systems in automotive environments[END_REF][START_REF] Boril | Human-machine interaction and simulation models used in aviation[END_REF]. Majority of the wheelchair driver models available in the literature are concerned with detecting the intended direction of travel rather (2007) for global intention recognition for autonomous wheelchair navigation. A multi-hypothesis approach that predicts the driver's intention and provides collaborative control, by adjusting the steering signal to avoid the observable risks during navigation is also considered in [START_REF] Carlson | Collaborative control in human wheelchair interaction reduces the need for dexterity in precise manoeuvres[END_REF], 2012). The use of Bayesian networks to recognise wheelchair driver's intention and estimate the uncertainty on the driver's intent is also common [START_REF] Demeester | Bayesian estimation of wheelchair driver intents: Modeling intents as geometric paths tracked by the driver[END_REF][START_REF] Hüntemann | Online user modeling with Gaussian Processes for Bayesian plan recognition during powerwheelchair steering[END_REF][START_REF] Vanhooydonck | Adaptable navigational assistance for intelligent wheelchairs by means of an implicit personalized user model[END_REF]Demeester et al., 2003b). The proposed Bayesian network approaches formulate the driver's intended direction of travel on-line during navigation and takes into consideration the involved uncertainty. However, they are computationally intensive, and rarely incorporate the adaptable driver's steering preferences.

Besides the intention detection models, [START_REF] Vanacker | Adaptive filtering approach to improve wheelchair driving performance[END_REF] consider a filtering approach that presumes an experienced reference driver to eliminate the driver's handicap, while [START_REF] Parikh | Incorporating user inputs in motion planning for a smart wheelchair[END_REF][START_REF] Parikh | Integrating Human Inputs with Autonomous Behaviors on an Intelligent Wheelchair Platform[END_REF] is not tested on steering data.

F d = K τ r V max 1 -X saf X obst ē -ν act (2.12) F k = k o exp -X obst B ēo D v (2.13)
In the equations; K is the weight constant, τ r is the driver's relaxation or reaction time, V max is the maximum limit of the wheelchair's speed, X saf is the safe distance, ē is a unit vector in the direction of motion and X obst is the actual wheelchair distance from the obstacle. Additionally, B is a constant that represents the range of the repulsive force, ēo is a unit vector in the direction of the moving obstacle while D v is the directivity factor.

System control with human-in-the-loop

System control entails management of a plant's behaviour using a device or a collection of devices under some intelligent directions. This may involve making decision based not only on the knowledge of the plant's dynamical capability, but also the operator and the operational environment. As used in this context, the device may take the human, the human-machine or purely the machine form. Previous research in this domain derives from the interaction of humans with stationary and mobile robots, i.e. proximate and remote interactions respectively, during teleoperation or supervisory controls. The control of a dynamical system with a human-in-the-loop has been referred to as mixed-initiative interaction or shared control by some researchers, because the human-in-the-loop and the (classical) controller act on the same dynamical system [START_REF] Goodrich | Human-Robot Interaction: A Survey[END_REF]. Some of the studies that have considered the human-in-the-loop control to reduce cognitive burden on the operator include [START_REF] Chrpa | On mixed-initiative planning and control for Autonomous underwater vehicles[END_REF][START_REF] Stanciu | Human-in-the-Loop Camera Control for a Mechatronic Broadcast Boom[END_REF].

Shared control in general applications

Human-machine interactions exist inherently in all machines designed to provide human beings with services. In the literature, the factors that affect the interaction between human and machines have been suggested based on different levels of autonomy [START_REF] Sheridan | Human and Computer Control of Undersea Teleoperators[END_REF][START_REF] Riley | A General Model of Mixed-Initiative Human-Machine Systems[END_REF][START_REF] Parasuraman | A model for types and levels of human interaction with automation[END_REF][START_REF] Goodrich | Human-Robot Interaction: A Survey[END_REF]. For example, the continuum level of autonomy (LOA) scale, suggested by [START_REF] Goodrich | Human-Robot Interaction: A Survey[END_REF], supposes that the interaction between human and machines ranges between teleoperation; where direct human control is involved, and dynamic autonomy; where peer-to-peer collaboration is effected. However, other studies have regarded human-machine interactions based on machine (or human) learning, training, and adaptation to human (or machine) behaviour. An example is the conceptual framework presented by Hoc (2010) from a cognitive point of view, to study the cooperation between humans and machines in highly dynamic applications. Evaluating the interaction between human and machines to design technologies that produce desirable behaviours, therefore, becomes an essential component in the development of systems that intend to incorporate supportive controls.

The majority of the studies related to shared control have regarded user interfaces, human interventions at planning levels, and work flow models, to enhance the interaction at the supervisory side of the LOA scale [START_REF] Murphy | HumanRobot Interaction in Rescue Robotics[END_REF][START_REF] Tzafestas | HumanMachine Interaction in Intelligent Robotic Systems: A Unifying Consideration with Implementation Examples[END_REF][START_REF] Morris | A robotic walker that provides guidance[END_REF][START_REF] Bruemmer | Shared Understanding for Collaborative Control[END_REF]. Others on the other hand, have suggested various discrete levels of autonomy that include teleoperative, safe, shared and autonomous modes with manual switch [START_REF] Mano | Treaded control system for rescue robots in indoor environment[END_REF][START_REF] Bruemmer | Shared Understanding for Collaborative Control[END_REF]. In [START_REF] Beard | Satisficing approach to human-in-the-loop safeguarded control[END_REF], for instance, the system's static and dynamic safe regions are defined using control Lyapunov functions according to the proposed attractive and repulsive behaviours. The human inputs are used to control the system only within a safe partitioned region. However, outside the specified region, the user inputs are snapped to the closest applying control input. This architecture employs a behaviour based strategy that ensures smooth transition as well as flexibility and stability. A similar approach with certain autopilot modes, is considered by [START_REF] Matni | Reachability-based abstraction for an aircraft landing under shared control[END_REF] to broaden reachability abstractions of shared control in the pilot-autopilot interaction during the landing of an aircraft. For further reference, the available technologies supporting shared and cooperative control may be referred in [START_REF] Krüger | Cooperation of human and machines in assembly lines[END_REF].

A human-in-the-loop control architecture where a modelled operator is integrated in the control loop is presented by [START_REF] Feng | Synthesis of Humanin-the-Loop Control Protocols for Autonomous Systems[END_REF]. The responsibility of the humanin-the-loop is to account for the human imperfections and machine uncertainties that arise during interactions. One example is the approach employed in [START_REF] Corno | Human-in-the-Loop Bicycle Control via Active Heart Rate Regulation[END_REF] using a second order sliding mode controller to design a bicycle control system that helps cyclists to regulate their heart rates, and maintain a desired constant effort throughout the entire trip. The approach involves modelling the cyclist, the bicycle and heart rate dynamics, identification of the models and validation of the control system using experimental data.

A notable challenge with the human-in-the-loop control architecture concerns the choice and realisation of the human operator's decision levels. Several artificial intelligence, probabilistic and possiblistic tools have been considered in formulation of operator behaviour. In [START_REF] Berg-Yuen | Control of human-machine interaction for wide area search munitions in the presence of target uncertainty[END_REF] for instance, the authors model the operator as a Markov decision process (MDP), and formulate a receding horizon control problem to assist in the determination of an optimal control sequence over a finite horizon, based on probability ratio test (SPRT) estimation. [START_REF] Feng | Synthesis of Humanin-the-Loop Control Protocols for Autonomous Systems[END_REF] also used the MDP in the operator modelling to enable synthesis of control protocols for autonomous systems. A partially observable Markov decision process (POMDP) has been considered by [START_REF] Lam | A POMDP framework for human-in-the-loop system[END_REF] to manage feedbacks during the interactions between human and machines, while the use of the neural networks in the implementation of human-in-the-loop controls is considered by [START_REF] Zhang | Neural Network-Based Hybrid Human-in-the-Loop Control for Meal Assistance Orthosis[END_REF][START_REF] Looney | Human-in-the-loop control with majority vote neural networks[END_REF]. Similarly, the application of fuzzy logic and regression tree methodologies in the formulation of implicit frameworks for human-machine interaction that are sensitive to human anxiety is also observed [START_REF] Sarkar | Anxiety-based affective communication for implicit humanmachine interaction[END_REF].

The use of classical control approaches are not very popular. One of the few available examples, is the Lee & Lee (1992)'s design methodology. The authors modelled and incorporated both human dynamics and force feedback into the control loop, and used a PID controller to realise a shared teleoperator control, also, [START_REF] Gabay | Identification of a Parametric Model of the Human Operator in Closed-Loop Control Tasks[END_REF] presented an identification method that establishes the parameters, time delay and order of an on-line parametric model of the human operator in a closed-loop tracking task.

Application in motor-vehicle and wheelchair control

The notable areas of application of the shared control research in motor-vehicle include lane-keeping, car-following and roadway departure avoidance. Although the fundamental objective in these areas is supportive control, the shared control in motor-vehicle applications is also aimed at ensuring that the application is not only usable to skilful drivers, but also to the inexperienced and novice. In [START_REF] Enache | Driver Steering Assistance for Lane-Departure Avoidance Based on Hybrid Automata and Composite Lyapunov Function[END_REF], a practical realisation of a lane departure avoidance system is presented. The steering assistance system, formalised as an input-output hybrid automation, controls the driver's interaction only when the steering column torque is insufficient and the vehicle is at risk of departing from the driving lane. [START_REF] Gray | A Unified Approach to Threat Assessment and Control for Automotive Active Safety[END_REF] combine threat, stability assessment and control of a passenger vehicle into an optimisation problem using a non-linear model predictive control (MPC), and estimates of the observed nominal behaviour of the driver. The use of probability weighted ARX model in the formulation and identification of driver behaviour is considered in [START_REF] Okuda | Model predictive driver assistance control for cooperative cruise based on hybrid system driver model[END_REF] to assist in the corporative cruising of multiple cars. The presented methodology, as depicted in Figure 2.3, involves the identification of each driver's highway car-following skills using MPC to account for the drivers individual driving differences. It is observed that the conventional driver assistance systems are more conservative, focusing, solely, on the average driver. As a result, the logical consequence of the resulting behaviour could be unpredictable and may lead to a nondesired outcome if a series of cars with such assistive systems exist in the same traffic.

In consequence, the authors adopt a personalised and cooperative driver assistance system.

Assisting acceleration Ideally, the known and structured motor-vehicle's operational environment, consisting of distinct driving lane, overtaking rules and speed limits rarely exist for the wheelchair. Thus, the numerous collaborative as well as the available shared control systems for motor-vehicles may not make sense in wheelchair control. The literature of smart wheelchairs, with wheelchair accustomed autonomous and semi-autonomous systems is, however, vast. For a detailed review, a survey of the older smart wheelchair may be referred in [START_REF] Simpson | Smart wheelchairs: A literature review[END_REF], while some of the recent smart wheelchairs developments with anti-collision features and way-finding modules can be found in [START_REF] How | Evaluation of an intelligent wheelchair system for older adults with cognitive impairments[END_REF][START_REF] Viswanathan | Navigation and obstacle avoidance help (NOAH) for older adults with cognitive impairment[END_REF][START_REF] Wang | Evaluation of a Contact Sensor Skirt for an Anti-Collision Power Wheelchair for Older Adult Nursing Home Residents With Dementia: Safety and Mobility[END_REF].

Driver assisting system

Wheelchair systems with collaborative or shared control are presented in [START_REF] Zeng | A collaborative wheelchair system[END_REF][START_REF] Zeng | Evaluation of a collaborative wheelchair system in cerebral palsy and traumatic brain injury users[END_REF]). The collaborative system consist of a graphical user interface, where the user selects a preferred path and destination, and controls the speed as the intelligent system guides the wheelchair along the software guide-paths. The system also provides an intuitive path editor that allows the user to modify the guide paths and avoid obstacles at will. Besides, an elastic path controller that seeks to maintain the original path is unified with a proportional and derivative controller to enable the wheelchair return to the original path in the absence of the user's conscious effort after a guide path modification. [START_REF] Yu | An Adaptive Shared Control System for an Intelligent Mobility Aid for the Elderly[END_REF] presented a bi-level control system that provides a natural user interface for a personal mobility aid system with an admittance-based controller at the first level, and a shared adaptive controller based on the user's metric performance at the second level in order to allocates control between the user and computer.

A shared control strategy based on a reactive algorithm is implemented by [START_REF] Urdiales | A new multi-criteria optimization strategy for shared control in wheelchair assisted navigation[END_REF] to enable constant cooperative adaptation between the wheelchair and the driver. The control strategy entails evaluating and weighing the driver's and wheelchair's local performance to generate, in a reactive way, a combined signal that represents the most efficient response to a situation. The system consists of a three layer control strategy, where at the lowest level, the safeguard layer remains 'always active' to prevents imminent collisions by stopping the wheelchair in a dangerous situation. The middle reactive layer, where the shared control is implemented, is based on the [START_REF] Khatib | Real-time obstacle avoidance for manipulators and mobile robots[END_REF]'s potential fields approach. It formulates the goals as attractors and obstacles as repellers in order to create a vector field that drives the wheelchair towards the intended destination, with emphasis on the steering safety, smoothness and directness. This layer employs two behaviours to avoid the traditional potential field problems when doors or walls are detected. The topmost deliberative layer that is meant for users with cognitive impairments plans a safe path to the destination and decomposes the generated path into a series of way-points. The driver and wheelchair signals are merged to a shared velocity ν S based on a weighting criteria that takes into consideration the current and the recent past user ν H , and wheelchair ν R , velocity efficiencies according to Equation (2.14).

ν S = (1 -k H ) • η R • ν R + k H • η H • ν H (2.14)
where η R and η H are the wheelchairs and the users efficiencies respectively, while k H (considered as equal to 0.5) is a factor that may be used to allow global increase/decrease of the user's contribution in case of the caretaker's advise. The efficiency η is calculated as an average of the smoothness η sm , directness η dir and safety η sf efficiencies. In their subsequent study [START_REF] Peinado | Navigation skills based profiling for collaborative wheelchair control[END_REF], the authors considered estimating the efficiencies by predicting the performance based on similar driving situations from the driving database of the previous users.

A shared control architecture is also implemented by [START_REF] Carlson | Collaborative control for a robotic wheelchair: evaluation of performance, attention, and workload[END_REF] 

Control theoretical tools

It is generally difficult to single-out a specific control theoretical tool that works better than others. In fact, the choice of a model-based control tool is often derived from the nature of the system's dynamics or structure of the available model. A brief discussion of the previous studies regarding the theoretical as well as analytical tools employed to implement the control of wheelchair with human-in-the-loop is presented.

The methods consist of the input-output feedback linearisation considered in the closed-loop system implementation, and the non-linear continuous time GPC whose performance index is used to ascertain the optimality of the resulting minimum-phase closed-loop system.

Model predictive control

Model predictive control (MPC), that is also referred to as receding horizon control (RHC) has been applied quite often in the control of industrial processes, especially

where the plant's dynamics are complex and hard to formulate. The advantages of the MPC method that plays a significant role in the realisation of control with human-inthe-loop include the ability to impose constraints, like saturation limits, on the inputs and system states. Besides, MPC computes optimal solutions of the control problem by taking the input constraints and the system's measured states into consideration at each time instant. One of the earliest considerations of the MPC method, is the application by [START_REF] Macadam | An Optimal Preview Control for Linear Systems[END_REF] in driver steering, to predict finite successive points of the future path and generate the appropriate steering command. Succeeding studies have demonstrated that varying the parameters like preview time and weights of the cost function can be utilised in the realisation of various control behaviours. As a result, the MPC or RHC method has been used widely in the formulation of control behavious with human-in-the-loop [START_REF] Ungoren | An adaptive lateral preview driver model[END_REF][START_REF] Treiber | Congested traffic states in empirical observations and microscopic simulations[END_REF][START_REF] Gray | A Unified Approach to Threat Assessment and Control for Automotive Active Safety[END_REF][START_REF] Okuda | Model predictive driver assistance control for cooperative cruise based on hybrid system driver model[END_REF]. A review of the MPC literature, focusing majorly on the control formulation as well as stability and optimality conditions of constrained linear and nonlinear systems is presented by [START_REF] Mayne | Constrained model predictive control: Stability and optimality[END_REF]. The use of MPC however contrasts the classical optimal control methods, whose feedback laws rely on the accurate model of the system's dynamics. In addition, considerably complex on-line and off-line computations may be required where predictive control of a non-linear model is involved. The latter can exclude practical implementation of the controller where higher bandwidth control is necessitated, yet the processor power is limited. The computational burden could be avoided by reducing the non-linear problem into a linear set. This may involve breaking down the operating space into various regions with linear behaviour that can be solved by different independent linear controllers. See (Murray-Smith & Johansen, 1997;

Ge [START_REF] Ge | Online monitoring of nonlinear multiple mode processes based on adaptive local model approach[END_REF][START_REF] Costa | Experimental assessment and design of multiple model predictive control based on local model networks for industrial processes[END_REF]. The issue of state space decomposition and switching different controller is particularly critical where system disturbances are involved. However a simpler non-linear continuous-time GPC that regards the local model approach and involves successive linearisation based on the current position of the system in the operating space as defined by the states and inputs is considered [START_REF] Demirciolu | Continuous-time generalized predictive control (CGPC)[END_REF][START_REF] Johansen | Off-equilibrium linearisation and design of gain-scheduled control with application to vehicle speed control[END_REF][START_REF] Siller-Alcalá | Nonlinear continuous-time generalised predictive control[END_REF].

Feedback linearisation

The classical feedback linearisation method that necessitates an accurate model of the system's dynamics is also considered in the closed-loop model, to track the user inputs by torque compensation [START_REF] Jaulin | Feedback Linearization[END_REF]. Feedback linearisation can either be input-state or full-state. The input-state feedback completely linearises the inputstate non-linearities after coordinate transformation and static state feedback. A linear controller can then be chosen and used to control the linearised system. The use of input-state feedback linearisation is however restricted by the fact that the exact linearising compensators can sometimes be difficult to design. Besides, a wide range of systems exist whose non-linearities cannot be entirely compensated, thus limiting the application of the linearisation procedure. As a result, several reality systems may fall outside the input-state feedback linearisable category.

For such systems, the input-output feedback linearisation procedure can be considered. The procedure linearises the entire system dynamics between the input and the output. However, the state equation may only be partly linearised [START_REF] Isidori | Nonlinear Control Systems[END_REF][START_REF] Isidori | Nonlinear Control Systems II[END_REF]. Some non-linear residual dynamics, referred to as internal or zero dynamic, may result from the input-output transformation. These dynamics are not dependant on the inputs of the system, and are therefore not controllable. In fact, the main challenge with the input-output feedback linearisation is realised when the internal dynamics cannot stabilise. A system is referred to as non-minimum phase system when this is the case. See examples (Sun et al., 2016;[START_REF] Fiorentini | Adaptive restricted trajectory tracking for a non-minimum phase hypersonic vehicle model[END_REF].

A non-minimum phase system can be controlled by neglecting the internal dynamics in a way that the resulting system is input-state linearisable (Sun et al., 2016), or the internal dynamics may be stabilised concurrently with the system's input-output behaviour [START_REF] Yang | Stabilization of non-minimum phase switched nonlinear systems with application to multi-agent systems[END_REF][START_REF] Serrani | Nested zero-dynamics redesign for a non-minimum phase longitudinal model of a hypersonic vehicle[END_REF]. The non-minimum phase condition is, however, disregarded because the selected outputs of the closed-loop wheelchair model in this thesis produces no zero dynamics. The structural procedure of feedback linearisation control may be represented as in Figure 2.5. Notwithstanding the considered control theoretical tool, a significant need for proper operation of the system regards the coordination between the machine and the human operator. To accomplish a desired trajectory tracking, the operator should be capable of effective manipulation of the system's motion, irrespective of topology, dynamic or kinematic characteristics of the system. The control of wheelchair with humanin-the-loop is therefore emphasised to accomplish the assistive mobility objective, by adapting the wheelchair to the driver's behaviour.

Feedback linearisation procedure

The input-output feedback linearisation procedure results in a system with a global linear relationship between the input and output variables. The procedure achieves exact linearisation by inverting the system dynamics through a non-linear coordinate change and application of a feedback law. Suppose the standard state-space representation of a MIMO non-linear system expressed in Equation (2.15) is considered, the following input-output feedback linearisation steps can be used to achieve a linearised

system χ = f (χ i ) + g(χ i )u Y = h(χ i ) (2.15)
where χ ∈ R n , Y ∈ R p and u ∈ R m are the states-space, outputs and control inputs respectively; functions f and g describe the system dynamics, while h is the output function; and the parameters n, m and p represent the dimensions of the states vector, inputs vector, and outputs vector respectively.

1. If the system has a relative degree ρ, the state feedback law u(χ i ) in Equation

(2.16), where D(χ i ) is the decoupling matrix expressed with vectors Z and U in Equations (2.17) and (2.18) is applied to compensate the non-linearity of the system.

u(χ i ) = D(χ i ) -1 [U -Z] (2.16) D(χ i ) =       L g1 L ρ 1 -1 f h 1 (χ i ) • • • L gm L ρ 1 -1 f h 1 (χ i ) . . . . . . . . . L g1 L ρm-1 f h m (χ i ) • • • L gm L ρm-1 f h m (χ i )       Z =       L ρ 1 f h 1 (χ i ) . . . L ρm f h m (χ i )      
(2.17)

U =          -K 1 0 • • • 0 0 -K 2 • • • 0 . . . . . . . . . . . . 0 0 • • • -K m                                    h 1 (χ i ) . . . L r 1 -1 f h 1 (χ i )       . . .       h m (χ i ) . . . L rm-1 f h m (χ i )                           (2.18)
The elements of the vectors K i , in Equation (2.18) are chosen to ensure that the polynomial in Equation (2.19) is Hurwitz stable for all outputs.

s ρ i + K i(ρ i -1) s ρ i -1 + K i(ρ i -2) s ρ i -2 + • • • + K i1 s + K i0 = 0 (2.19) 2. A non-linear transformation z = ϕ (χ i ) = ξ T ψ T T is then applied; where ξ = y, ẏ, • • • , y (ρ-1
) T , while ψ, of length n -ρ, is chosen to ensure that the function ϕ(χ i ) is a diffeomorphism. Equation (2.15) can now be written in the following form [START_REF] Isidori | Nonlinear Control Systems[END_REF][START_REF] Isidori | Nonlinear Control Systems II[END_REF]:

y (ρ) = U y(0) = y 0 (2.20) ψ = Q y, y (1) , • • • , y (ρ-1) , ψ ψ(0) = ψ 0 (2.21)
where Q denotes a non-linear function of ψ, y and y (i) , that defines ψ, with (i)

being the i th time derivative. Equation (2.21) expresses the internal or zero dynamics of the system, which is generally independent of the control input u.

The linearisation decouples the internal internal dynamics from the input-output behaviour of the non-linear system in Equation (2.15). Thus ψ has no effect on the output y. Equations (2.20) and (2.21) can now be rewritten as follows, as a function of the transformed coordinates:

ξi = ξ i+1 i=1, 2, ••• , (ρ-1) ξρ = U ψ = Q (ψ, ξ) (2.22)
with ξ 1 (0) = y 0 and ψ(0) = ψ 0 At this point, the system's input-output behaviour is globally linearised, and simple proportional controller U in Equation (2.18) can be used to control its outputs. This, however, does not control the internal dynamics which can still be unstable.

Zero Dynamics

Suppose that the equilibrium point of the system in Equation (2.15) is at the origin, χ = 0, then it follows that the first ρ coordinates of the transformed system in Equation (2.22) are equal to zero i.e.

ξ i = 0 | i=1, 2, ••• , ρ .
Besides, when χ = 0, the value of ψ can be made zero because ψ can be arbitrarily fixed, implying that the point (ξ, ψ) = (0, 0) denotes the equilibrium point of the transformed system, with L r f h(0) = 0 and Q(0, 0) = 0. The problem of zeroing the system outputs would therefore involve finding all the pairs (χ, u) of the initial states χ i and u for all t in the region of t = 0, such that the corresponding output y(t), which is zero at t = 0 remains at zero in the region of t = 0. One obvious solution to this problem is the pair (0, 0), however it is necessary to compute all the pairs that satisfy this property.

Since y(χ i ) = 0 in the region of t = 0, the time derivative ẏ(χ 

i ) = ÿ(χ i ) = • • • = y r-1 (χ i ) = 0,
= L r f h(χ i ) and d(ξ, ψ) = L r-1 f L g h(χ i ),
then the new input U = 0 and the input vector of the original system u must satisfy the Equation (2.23), where the solution of ψ * is computed from ψ * = Q (0, ψ * ).

u = - c (0, ψ * ) d (0, ψ * ) (2.23)
The function, ψ * = Q (0, ψ * ), defines the zero dynamics of the non-linear system

(2.15). The zero dynamics correspond to the system's internal dynamics whenever the output y = h(χ i ) is restricted to remain at zero by the input u. The concept zero dynamics of non-linear systems corresponds to the concept of zeros of linear systems.

Conclusions

The chapter intended to outline a conceptual modelling and control framework for dynamic systems with human in the control loop. A survey of the literature regarding the modelling and control methodologies employed in such systems is elaborated.

A special attention is given to WMS in terms of the modelling procedures, operator behaviours and control methodologies applied to incorporate the handling behaviours of the operator in the overall design. In particular, the motor-vehicle and wheelchair frameworks have been considered. The existing modelling procedures and methodologies applied to WMS are presented, with a brief observation of the advantages and drawbacks of the popular modelling methodologies. A classification of the available driver behaviour models, driver adaptation criteria and shared control methodologies proposed in the literature are reviewed. The presented control theoretical tools include the model predictive control and feedback control. It is observed that dynamic modelling presents a better representation of the system's behaviour, and that the existing driver-in-the-loop control system often fail to account for the driver's specific behaviour.

Chapter 3 MODELLING A POWERED WHEELCHAIR WITH SLIPPING AND GRAVITATIONAL DISTURBANCES

Introduction

The locomotive support that wheelchairs provide to people with ambulatory impairments, necessitates control systems that take into consideration not only the favourable indoor driving situations, but also the unstructured conditions that users experience in outdoor environments. Designing such a control system necessitates the formulation of a comprehensive wheelchair model. Most dynamic models in the literature, however presume the non-inclined indoor planer surfaces, and therefore fail to take the combined effects of both gravitational forces and rolling friction on the usable-traction into consideration. Wheel-slip situations are also commonly neglected. This chapter contributes to wheelchair modelling by formulating a dynamic model that considers the effects of rolling friction and gravitational potential on the wheelchair's road-load force, on both inclined and non-inclined surfaces. The dynamic model is derived through the Euler Lagrange procedure, and wheel-slip is geometrically determined by an approach that reduces the conventional number of slip-detection encoders.

Background and Motivation

Although most wheelchair drivers are able to comfortably move a joystick and make a fine movement correction when driving, others are only able to click on switches. A number of potential users, on the other hand, are incapable of driving and controlling a powered wheelchair with such interfacing devices, and can only rely upon caretakers to access the environment. The usage and potential users of electric-powered wheelchairs are determined to a large extent by the functionality of their embedded controllers. It is therefore necessary for a model based controller, that the wheelchair model is comprehensive enough to reflect real situations. The modelling of differential drive wheelchairs and other wheeled-mobile systems has previously been studied from the ideal perspective, where only the kinematic properties are taken into consideration, without regard to the dynamic attributes [START_REF] Tarokh | Kinematics modeling and analyses of articulated rovers[END_REF][START_REF] Zhu | Robust Tracking Control of Wheeled Mobile Robots Not Satisfying Nonholonomic Constraints[END_REF][START_REF] Morales | Kinematic Model of a New Staircase Climbing Wheelchair and its Experimental Validation[END_REF][START_REF] Tian | Design and forward kinematics of the compliant micro-manipulator with lever mechanisms[END_REF][START_REF] Zhang | Kinematics analysis of a novel parallel manipulator[END_REF]. Such models fail to account for the effects of the system's mass, inertia and acceleration, and do not consider the contributions of both conservative and non-conservative forces on the system's motion. However, the outdoor wheelchair usage generally demands driving on paths with diverse ground surface characteristics. The slippery and hilly configurations encountered in such situations could complicate the controllability of a wheelchair, and lead to a severe accident with injuries to the user, if not taken into consideration during design [START_REF] Wretstrand | Safety as perceived by wheelchair-seated passengers in special transportation services[END_REF][START_REF] Weiss | Vibration-based Terrain Classification Using Support Vector Machines[END_REF]. Furthermore, the rolling friction between the wheels and the road surface could be used to realise an optimised transfer of torque to the wheels during acceleration, if properly regarded. This could improve the controllability and lessen the slipping situations during motion. These considerations are therefore very important in the formulation of a wheelchair model.

A few researchers have considered the effects of such dynamic conditions. [START_REF] Fierro | Control of a nonholomic mobile robot: Backstepping kinematics into dynamics[END_REF] and [START_REF] Oubbati | Kinematic and dynamic adaptive control of a nonholonomic mobile robot using a RNN[END_REF] for instance, presented the dynamic models of wheeled robotic systems with constrained motion on non-inclined planer surfaces.

Although the models took into consideration the contributions of mass and inertia, they neither regarded the effects of rolling friction, nor considered the influence of gravitational forces experienced by the system during normal use. Frictional effects have been taken into consideration in various studies [START_REF] Koz | Modeling and control of a 4-wheel skidsteering mobile robot[END_REF][START_REF] Chen | 3D Dynamical Analysis for a Caster Wheeled Mobile Robot Moving on the Frictional Surface[END_REF]Stonier et al., 2007), while slipping situations in the dynamic model have been accounted for by [START_REF] Williams | Dynamic model with slip for wheeled omnidirectional robots[END_REF][START_REF] Olson | Nonlinear Dynamics of Vehicle Traction[END_REF][START_REF] Sidek | Dynamic Modeling and Control of Nonholonomic Mobile Robot with Lateral Slip[END_REF]. Although such dynamic models are numerous, they are commonly based on the various structures of wheeled-mobile systems considered in section 2.2, and may therefore not reflect the behaviour of the conventional differential drive wheelchair with front castor wheels.

There are relatively few dynamic models in the literature formulated to specifically describe the motion of a wheelchair, and a few that only take into consideration the influence of mass and inertia have been reported [START_REF] Katsura | Human Cooperative Wheelchair for Haptic Interaction Based on Dual Compliance Control[END_REF][START_REF] Nguyen | Advanced robust tracking control of a powered wheelchair system[END_REF][START_REF] De | Adaptive motion control law of a robotic wheelchair[END_REF]. These presentations restrict the motion of a wheelchair to horizontal work-planes and therefore disregard the influence of gravitational potential. [START_REF] Emam | Dynamic model of electrical wheelchair with slipping detection[END_REF] presented a wheelchair dynamic model for non-normal driving conditions involving wheel-slip situations. Although the model takes the rolling friction and wheel-slip effects into account, it also constrains the wheelchair's motion to non-inclined planer surfaces.

A dynamic model that takes the rolling friction as well as the up-hill and down-hill gravitational forces into consideration has been reported (Onyango et al., 2009a(Onyango et al., ,b, 2011)). However, the authors did not consider the estimation of slipping parameters.

The most recent study (to the best of our knowledge) in this respect has been presented by [START_REF] Chénier | A new dynamic model of the manual wheelchair for straight and curvilinear propulsion[END_REF][START_REF] Chénier | A new dynamic model of the wheelchair propulsion on straight and curvilinear level-ground paths[END_REF]. The study proposed a good dynamic model for manual wheelchair propulsion, usable by a new kind of motorised roller ergometer to simulate the behaviour of a wheelchair on both straight and curvilinear level ground paths. However, two observations could be made with regards to this model. First, like most dynamic models, it is based on horizontal level grounds. The influence of gravitational potential is therefore assumed to be constant. Second, the model is formulated based on the no-slip condition, which means the rolling friction model does not take slip velocity into account. These are acceptable modelling assumptions for the proposed application. However, the effects of gravitational potential and slipping situations could be significant during the actual outdoor usage. Such conditions therefore need to be taken into consideration during modelling. We could not find a wheelchair model that takes all of the aforementioned dynamic situations into account. This chapter (also see [START_REF] Onyango | Modeling a powered wheelchair with slipping and gravitational disturbances on inclined and non-inclined surfaces[END_REF] therefore contributes to wheelchair modelling by considering the combined effects of extreme dynamic situations accessible to a wheelchair during both indoor and outdoor usage. This involves estimating the slipping parameters of a conventional differential drive wheelchair, by taking the wheelchair's rolling friction and the varying gravitational potential on both inclined and non-inclined surfaces into consideration during modelling.

The rest of the chapter is organised as follows: The dynamic modelling with gravitational forces is presented in Section 3.3, taking the ideal non-holonomic constraints of the wheelchair into account. This is followed by estimation and incorporation of slipping parameters into the dynamic model in Section 3.4. The simulation results

to validate the dynamic model are discussed in Section 3.5, with some concluding remarks in Section 3.6. on the idea that a driver (through a conventional joystick) only has control of Ẋ and ω Z otherwise denoted as V and φ respectively. The angular velocities ω X and ω Y are determined by the road surface, and since they lack a dedicated control actuator, these derivatives may introduce the undesired zero dynamics in the control system.

Dynamic model with gravitational forces

Accordingly, the unstructured environment considered in the dynamic model only entails the effects of path inclination and slipping situations (surface characteristics).

The structure consists of two active rear wheels of radius r, and two passive front castor wheels of radius r C . These are driven by applying the torques τ R and τ L on the right and left rear wheel respectively. It may be necessary to explain that θ is the instantaneous deviation of the Z-axis from the z-axis, whereas the angle between the x-axis and the line of intersection of the moving XY plane and the stationary xy plane is ψ. Lastly, φ is the precession angle about the Z-axis in a counter-clockwise direction as visible in a body fixed frame. The Euler Lagrange's approach that yields Equation (2.9) is proposed in the derivation of equations of motion.

System constraints

Considering identical d.c. motors for the right and left rear wheels, the wheelchair's linear and angular speeds, V and φ, respectively, can be expressed in the body fixed coordinate frame, according to Equation (3.1) in terms of γR and γL .

V = r / 2 ( γR + γL ) φ = r / 2b ( γR -γL ) (3.1)
In order to facilitate the computation of system constraints, the ideal non-slipping condition is initially considered. The body fixed linear velocity vector [ Ẋg Ẏg Żg ], of point C is expressed according to Equation (3.2), as a linear transformation of the inertial velocity vector. The rotational matrix, R, of frame {X, Y, Z} relative to {x, y, z} is presented in Equation (3.3) in terms of Euler angles. In the rest of this thesis, the elements of matrix R will be referred to as R XX | X=1,2,3 . Moreover, the non-holonomic restrictions constraining the wheelchair's motion in the direction perpendicular to the driving axis of the wheels, and on the moving XY plane, (ground surface), could be presented as Equation (3.5):

Ẋg Ẏg Żg

T = [R] [ ẋg ẏg żg ] T (3.2) R =              cos φ cos ψ-
ẋg

R 21 + ẏg R 22 + żg R 23 -φx = 0 ẋg R 31 + ẏg R 32 + żg R 33 = 0 (3.5)
Being non-integrable and independent velocity constraints, the equations in (3.5) may be expressed in terms of Equation (3.6) with A(q i ) being a full rank matrix of size m × n.

A(q i ) q = 0 (3.6)

The computation of the first order kinematic model in Equation (3.7) without slip, requires the full rank transformation matrix S(q i ) ∈ R n×(n-m) , which transforms the velocity vector ν ∈ R (n-m)×1 , to the generalised velocity vector q. Both S(q i ) and ν are presented in Equation (3.8). The matrix S(q i ) is formed by a set of smooth linearly independent vector fields that span the null space of A(q i ), such that the product S T (q i )A T (q i ) = 0. It is evident from Equation (3.6), that q is in the null space of A(q i ), and it accordingly follows that q ∈ span{S(q i )}. However, depending on the physical interpretation given to ν, different choices of S(q i ) may be possible.

q = S(q i )ν(t) (3.7)
where

S(q i ) =          R 11 xR 21 R 12 xR 22 R 13 xR 23 0 1          ν =    V φ    (3.8)

Kinetic and potential energy

Considering the wheelchair as a single non-elastic body, the kinetic energy T , of the wheelchair with reference to the centre of mass can be computed. Equation (3.9) observes the wheelchair symmetry, and therefore takes into account the assumption that the wheelchair's centre of mass is likely to lie along the longitudinal axis. This implies that ȳ could be considered equal to zero without loss of generality.

T = 1 2 M ẋ2 g + ẏ2 g + ż2 g + 1 2 I XX ω 2 X + I Y Y ω 2 Y + I ZZ ω 2 Z -2I XZ ω X ω Z + M [ x (ν 0Y ω Z -ν 0Z ω Y ) + z (ν 0X ω Y -ν 0Y ω X )]
(3.9) where • M is the total mass of the wheelchair including all its components.

• I XX , I Y Y and I ZZ are the moment of inertia of the wheelchair about the X, Y and Z axis respectively through point O, while I XZ is the product inertia about X and Z axis through the same point.

• ω X , ω Y and ω Z are components of angular velocity ω of the wheelchair given by Equation (3.10) along the X, Y and Z axis respectively. 

L = T -U = 1 2 M ẋ2 g + ẏ2 g + ż2 g + 1 2 I XX ω 2 X + I Y Y ω 2 Y + I ZZ ω 2 Z -2I XZ ω X ω Z + M [ x (ν 0Y ω Z -ν 0Z ω Y ) + z (ν 0X ω Y -ν 0Y ω X )] -M gz g (3.11)

Dynamic model development

The inclusion of the potential energy of gravitational forces in the Lagrangian function has the logical effect that the resulting equations of motion naturally take into account the gravitational forces subjected to the wheelchair relative to its position in the configuration space. The dynamic equations of motion are computed in accordance with the Lagrangian formalism. This simplifies the modelling process of a rigid body's dynamics into a straightforward procedure that generates the matrices M(q i ) ∈ R n×n , G(q i ) ∈ R n×1 and C(q i , qi ) ∈ R n×n in Equations (3.12) and (3.13).

M(q

i ) =          M 0 0 -M xR 21 0 M 0 -M xR 22 0 0 M -M xR 23 -M xR 21 -M xR 22 -M xR 23 I ZZ          , G(q i ) =          0 0 M g 0          (3.12) C(q i , qi ) =         
0 0 0 M x( φR 11 + 2 ψR 22 -2 θ sin ψ sin θ cos φ) 0 0 0 M x( φR 12 -2 ψR 21 + 2 θ sin θ cos φ cos ψ)

0 0 0 M x( φR 13 -2 θ cos φ cos θ) 0 0 0 0          (3.13)
Because the kinetic energy equation, (3.9), is a quadratic function of the generalised velocity vector q, that is, T = 1 2 q M(q i ) q, the matrix, M(q i ), could be referred to as the mass matrix, that relates T to q. The symmetric mass matrix M(q i ) depends on the configuration of the dynamic system, and since T is always positive and bounded, matrix M(q i ) is also positive definite and bounded. With these properties, M(q i ) can be considered non-singular with positive eigenvalues. The product of q and matrix C(q i , qi ) in Equation (3.13) is the vector of centrifugal and Coriolis forces.

It includes all the inertial forces resulting from centrifugal and Coriolis accelerations.

The matrices M(q i ) and C(q i , qi ) are related by the skew-symmetric matrix Ṁ(q i ) -2 C(q i , qi ). The G(q i ), also in Equation (3.13), is the vector of gravitational forces, and is often present in a dynamical system from the mechanical point of view. Since it is continuous and depends only on the generalised positions q i , G(q i ) is bounded for each bounded q i . Further details regarding these matrices may be found in the literature [START_REF] Spong | Robot modeling and control[END_REF]Taghirad, 2013;[START_REF] Kelly | Control of Robot Manipulators in Joint Space[END_REF]. The ideal dynamic model that does not take the slipping effects into consideration, can therefore be computed as expressed in Equation (3.14).

M(q i )q + C (q i , qi ) q + G(q i ) = E(q i )τ -F( qi ) + A T (q i )λ (3.14)

The matrix E(q i ) presented in Equation (3.15) is also a transformation matrix, that transforms the inputs, motor torques τ , also in Equation (3.15), into the applied force components in the generalised coordinates, while, F( qi ) is the vector of frictional forces described in section 3.4.3.

E(q i ) = 1 r          R 11 R 11 R 12 R 12 R 13 R 13 b -b          τ =    τ R τ L    (3.15)
3.4 Slipping parameters and frictional force

Slipping parameters

In this study, a wheelchair is considered slipping if there exists a difference between the computed or theoretical wheel circumferential velocity r γ, and the absolute or actual velocity V , at any given time instant. The slip ratio s r is generally computed by Equation (3.16), where r is the radius, and γ is the average rotational velocity of the driving wheel.

s r =      r γ-V r γ driving : (r γ > V ) r γ-V V braking : (V > r γ) (3.16)
Apart from the road surface texture and mechanical load of the wheelchair, the frictional force between the tire and the road surface is also dependent upon the slip ratio s r , because τ R and τ L are translated into wheelchair motion through the roadtire friction. If the slipping condition is allowed beyond a certain threshold, it lowers the traction force and significantly reduces the controllability. Regulation of wheel torques is therefore necessary to maintain traction within the acceptable limit. Slip detection could be a major challenge bearing in mind the slow steering speed of a wheelchair. However, considering that the front castor wheels are relatively far from the centre of mass compared to the hind wheels, it could be assumed as a result of force effect that the castor wheels experience no slip. The castor wheels are therefore considered to reflect the real or actual velocity of the wheelchair, while the motorised wheels reflect the theoretical velocity. [START_REF] Chenier | An Orientation Estimator for the Wheelchair's Caster Wheels[END_REF] originally proposed an open-loop observer method for estimating the orientational directions of each of the two castor wheels, based on the kinematics of the rear wheels, and without using encoders. However, this method is founded on the assumption that none of the wheels will slip. For this reason, a previously published method that requires no additional information regarding the environment or acceleration of the wheelchair is elaborated to take the effects of wheel rotations on linear velocity when driving on inclined paths into consideration [START_REF] Emam | Dynamic model of electrical wheelchair with slipping detection[END_REF]. In this method, encoders are used in the determination of slipping velocity by measuring and comparing the actual and expected velocities of the wheelchair.

This procedure demands two encoders on each of the front wheels, one for wheelchair orientation measurement, and the other for measuring wheel rotational angle.

Similarly, two odometers are required on the driving wheels for absolute velocity and orientation measurement.

Determination of real velocity

As indicated in the previous section, besides the wheelchair's geometry, the determination of the real centre of mass velocity is based on the utilisation of the orientational and rotational velocities of the castor wheels. Considering Figure 3.2, it is possible to derive Equations (3.17) -(3.19) that validate the possibility of representing the direction of the right castor wheel in terms of the left, thus reducing the number of front wheels encoders required for slip detection.

φf = v Y x + f (3.17) β = sin α L cos α L + b x+f sin α L (3.18) α R = sin α L cos α L + 2b x+f sin α L (3.19) (derived in Appendix A)
where φf is the rotational velocity of the wheelchair on the XY plane due to v Y and the radial distance (f + x) along the X-axis. 

v R = v R B + v R A v L = v L B + v L A (3.20) where v R A =          αR e(sin α R cos ψ -cos α R sin ψ cos θ) αR e(sin α R sin ψ -cos α R cos ψ cos θ) αR e(cos α R sin θ) 0         
(3.21) v (3.27) may be computed from the actual and the relative centre of mass velocities.

R B =          r c γf R (cos α R cos ψ -sin α R sin ψ cos θ) r c γf R (cos α R sin ψ + sin α R cos ψ cos θ) r c γf R (sin α R sin θ) 0          (3.22) v L A =          αL e(sin α L cos ψ -cos α L sin ψ cos θ) αL e(sin α L sin ψ -cos α L cos ψ cos θ) αL e(cos α L sin θ) 0          (3.23) v L B =          r c γf L (cos α L cos ψ -sin α L sin ψ cos θ) r c γf L (cos α L sin ψ + sin α L cos ψ cos θ) r c γf L (sin α L sin θ) 0          (3.24) v R B , v R A , v L B and v L A
v = v R +v L 2 +          0 0 0 φf          =          v x v y v z φf          (3.
v O = v [R 11 R 12 R 13 1] T (3.26) =          ẋfo ẏfo żfo φf          -          ẋo ẏo żo φ          (3.27)
where ẋfo , ẏfo , ẏfo and φf are the components of v O , while [ ẋo ẏo ẏo φ] T is the velocity of wheelchair at point O translated from [ ẋg ẏg ẏg φ] T of point C.

By super-positioning the slipping velocities, , and the generalised velocities without slip, S(q i )ν, presented in Equation (3.7), the kinematic model with slipping conditions taken into account may be expressed. Upon differentiation of the configuration velocity vector in Equation (3.28), the acceleration vector in Equation (3.29) may be expressed as follows: q = S(q i )ν(t) + (3.28) q = Ṡ(q i )ν + S(q i ) ν + ˙ (3.29)

Frictional and resistive force modelling

Modelling the rolling friction involves determining the relationship between the driving velocity and the normal force at the area of contact between the wheels and the ground. Since the rolling friction is quite non-linear and depends on many parameters, a reduced formulation that only depends on the new generalised velocity vector, q , is considered. The reduced model in Equation (3.30) is a combination of viscous and Coulomb friction, with a dimensionless coefficient of rolling friction µ, that describes the ratio of the frictional force responsible for friction coupling between the wheels and the ground.

F( ) = µ vis q + µ cmb N sgn( q ) (3.30)
where q is the new vector of generalised velocities described in Equation (3.28) that includes the slipping parameters, N is the normal force at point O, while µ vis and µ cmb denote the coefficient of viscous friction and coefficient of Coulomb friction respectively. Nevertheless, considering the low driving speed involved in wheelchairs, both µ vis and q may be considered very small, resulting in much greater Coulomb friction as compared to viscous friction. The viscous friction, µ vis q , may therefore be neglected to simplify the model without loss of generality. The frictional force expressed in Equation (3.30) is not smooth and therefore not differentiable at q = 0.

Since a continuous and time differentiable friction model is required for simulation, an approximation in Equation (3.32) based on Equation (3.31) may be used, with k being a constant that determines the approximation accuracy.

lim k→∞ 2 π arctan(k q ) = sgn( q )| k>>1 (3.31) sgn( q ) ≈ 2 π arctan(k q ) (3.32)
The rolling friction model, F, of the wheelchair is therefore expressed as follows:

F = 2 π N µ max          arctan(k q x ) arctan(k q y ) arctan(k q z ) arctan(k q φ )          (3.33)
The normal force N may be determined by solving the Lagrange multiplier related to the vertical velocity constraint at point O in the second component of Equation (3.5) according to Equation (3.34)

N = λ(2) = -A M-1 A T -1 Ȧ q + AM -1 Eτ -C -G (3.34)
where λ(2) denotes the second element of the matrix. The general equations of motion (3.14) may then be transformed into a more appropriate form for control by including Equations (3.28) and (3.29). Since matrix S(q i ) spans the null space of A(q i ), multiplying the result by S T (q i ) eliminates the constraint forces, and produces a dynamic model in Equation (3.35) which takes the rolling friction and gravitational effects on the wheelchair into account.

S T MS ν + S T M Ṡν + S T CSν + S T M ˙ + S T C +S T G + S T F = S T Eτ (3.35)
The dynamic model may be simplified to Equation (3.36) with G n being a full rank and non-singular matrix

ν = [F n ] + [G n ] τ (3.36)
where

[F n ] = -S T MS -1 S T M Ṡν + S T CSν + S T M ˙ -S T MS -1 S T C + S T G + S T F [G n ] = S T MS -1 S T E

Simulation and results

The friction as compared to sub-plot D with the rolling friction. Figure 3.5 presents the change rates of x g , y g and z g for trajectories A and C for clearer perception of the model.

A comparison: the model with and without gravitation effects

The straight line trajectories and the corresponding change rates of x g , y g and z g , generated from an inclined surface with θ = 7.5 data. However, it may be observed that although the aforementioned model is based on experimental analysis, which makes its results more valid, its evaluation only regards manual propulsion, and does not consider the varying gravitational influence of inclined planes. Neglecting the contributions of both rolling friction and gravitation potential could therefore be inadequate in the dynamic model.

Two circular trajectories with their corresponding velocities are depicted in Figure 3.7. In the first case (case A) the wheelchair turns leftwards due to high τ R as compared to τ L while in the second case (case B) the opposite is true. Although not presented due to space limitation, simulation results show that the smaller the torque difference between the right and left wheels, the larger the radius of the circular trajectories and vice versa. Besides, circular trajectories of the same radius generated by equal but opposite τ R and τ L on flat surfaces have also been noticed, consistent

with the expected behaviour.

The situations exemplified in Figure 3.8 arise on inclined surfaces, whenever the initial orientation is neither directly up nor directly down the slope. With τ R = τ L = 3 when the initial orientation is perpendicular to the direction of the slope, the S-shaped trajectory depicted in sub-plot A results. The left wheel, being raised compared to the right, has a higher potential energy which due to the force effect results in faster rotations. The wheelchair thus turns and a curved trajectory is observed. In the new direction, the right wheel is raised. Having a higher potential energy, it rotates faster than the left resulting in the second turning effect. This repetitive process generates the S-shaped trajectory. In sub-plot B, a larger torque is supplied to the right wheel to generate a counter-clockwise circular trajectory. The high torque overcomes the stronger gravitational effect on the raised wheel, the right wheel therefore rotates faster and a circular trajectory begins to form. However, when the right is raised compared to the left, its gravitational force together with its high torque creates a faster left turning effect and the wheelchair turns earlier. This generates the moving circular trajectory which seems to retard as the forces tends to equilibrium.

The explanation given for sub-plots A in the Figures 3.8 

A comparison with other differential drive models

Table 3.2 compares the wheelchair model presented in this thesis with the previous models available in the literature, based on model's comprehensiveness and the employed modelling approach. The comparison is however limited to differential drive structures of wheeled-mobile systems with two front castor wheels. 

Study

Conclusions

This study intended to develop a comprehensive dynamic model that takes into consideration the effects of gravitational forces on inclined and non-inclined surfaces as well as the contributions of rolling friction. This also involved the estimation of slipping parameters and formulation of slipping velocities. A new dynamic model is therefore presented. With the simulation results that show consistency between the dynamic model's and the expected wheelchair behaviour, it is believed, that the new dynamic model gives a better representation of a real wheelchair. The introduced method of wheel-slip detection with a reduced number of slip detection encoders is also considered a simple and cost effective solution. The dynamic model is therefore presumed to be comprehensive enough to enable accurate design, testing and validation of assistive controllers, to improve the wheelchair's safety and steering-ease. Chapter 4

A DRIVING BEHAVIOUR MODEL OF ELECTRICAL WHEELCHAIR USERS

Introduction

According to [START_REF] Fehr | Adequacy of power wheelchair control interfaces for persons with severe disabilities: a clinical survey[END_REF], some powered wheelchair drivers still experience steering challenges and manoeuvring difficulties that limit their capacity to navigate effectively. Such drivers require steering support and assistive systems to supplement their steering capability. Besides, for a driver to appreciate fully the assistance of a

steering support system, it may be necessary that the assistive control is adaptable to his/her steering behaviour. This chapter contributes to wheelchair steering improvement, by modelling the driving behaviour of a powered wheelchair user for wheelchair control. More precisely, the modelling is based on the improved directed potential field (DPF) method for trajectory planning. The proposed framework has facilitated the formulation of a simple driving behaviour model that is also linear in parameters.

In the identification of the driving model's parameters, the steering data generated from the virtual worlds of an augmented wheelchair platform, is used. The estimation of parameters is facilitated by the least square method, with regression analysis results that accurately depict the observed driver-specific steering behaviours.

Background and Motivation

The manoeuvring difficulty experienced by wheelchair drivers with Parkinson's disease, multiple sclerosis and related handicaps is the main motivation in this chapter.

Such handicaps complicate the ability to effectively manipulate a conventional joystick, even within fairly simple environments [START_REF] Eizmendi | Challenges for Assistive Technology: AAATE 07[END_REF]. According to [START_REF] Fehr | Adequacy of power wheelchair control interfaces for persons with severe disabilities: a clinical survey[END_REF], about 40% of the drivers struggle to steer standard powered wheelchairs with ordinary user interfaces. [START_REF] Fehr | Adequacy of power wheelchair control interfaces for persons with severe disabilities: a clinical survey[END_REF] further observe, that close to 50% of the affected user group can be assisted if better control methods, with supplemented user interfaces and/or support systems capable of accommodating their needs and preferences, were employed. Huge research on joysticks and related interfaces, including haptic systems, have emerged [START_REF] Wei | Fusing EMG and visual data for hands-free control of an intelligent wheelchair[END_REF][START_REF] Dicianno | Joystick control for powered mobility: current state of technology and future directions[END_REF][START_REF] Trujillo-León | Driving Interface Based on Tactile Sensors for Electric Wheelchairs or Trolleys[END_REF][START_REF] Sorrento | Assessment of joystick control during the performance of powered wheelchair driving tasks[END_REF][START_REF] Bauer | Human-robot collaboration: A survey[END_REF], and new control models are continuing to develop [START_REF] Ju | Vision based interface system for hands free control of an Intelligent Wheelchair[END_REF][START_REF] Vanacker | Context-based filtering for assisted brain-actuated wheelchair driving[END_REF]. The available driving models, however, suffer lack of individuality, focusing mostly on common driver attributes, and assume that all drivers respond to particular navigational situations by similar general patterns [START_REF] Diehm | An identification method for individual driver steering behaviour modelled by switched affine systems[END_REF]. Such driving models employ general parameters that barely correspond to measurements obtained from extreme drivers, and hardly take into consideration the contextual nature of human response to stimuli. Besides, the available control and assistive techniques rarely consider the fact that the steering capability of drivers with degenerative conditions (like ageing) deteriorate progressively over time. Adapting the wheelchair to the driver's best steering behaviour may simplify the general steering task and limit the steering troubles attributable to a worsening disability condition.

This necessitates the modelling and identification of the driver's steering behaviour.

This chapter contributes to wheelchair driving by formulating a simple driving behaviour model that is also linear in parameters. The complexity of the steering model is considered instrumental in determining whether the model is usable on-line for real-time adaptation, or off-line for periodic or permanent adaptation. The driving model's derivation is based on deductive reasoning from known steering operations and systematic relationships between the driver's observable actions and wheelchair reactions, taking into consideration the prevailing environmental situation. It, however, shuns the consideration of social events that occur within the driver's mind. To capture the driver's adaptable demands and preferences at the control and tactical levels, the driver-specific parameters are identified. The steering data generated from the augmented virtual-reality wheelchair platform, known as Virtual-Space 1 (VS-1), at FSATI1 in TUT2 [START_REF] Steyn | Differential Driven Mobility Aid[END_REF], is utilised. The identified parameters are then used to curve-fit and compare the model against other generated data. Due to its simplicity and linearity, the proposed model can be used as well in wheelchair self-tuning adaptive control, to observe the preceding behaviour and self-tune the control parameters to fit the observation.

The chapter is organised as follows: Section 4.1 has presented the background and motivation for modelling the driving behaviour of a wheelchair user. Section 4.2 presents a few approaches that have previously been used to represent the drivers' path planning behaviours, including the existing wheelchair driver behaviour models.

Simulator evaluation is discussed in Section 4.3, while the driving behaviour model's formulation is presented in Section 4.4. In Section 4.5, the statistical analysis of the proposed driver behaviour model and its comparison to the generated data is discussed. Finally, the conclusion is presented in Section 4.6.

Path planning and driver adaptation models

The driving process often begins when the driver has conceived a desired path to the destination. This involves careful consideration of the entire workspace. Based on the associated constraints, the conception process may be accomplished either fully in advance before setting out the journey, or partly before, and continuously while driving. Path planning for robotic automation has been achieved in the literature by deliberate and reactive planners [START_REF] Zeng | A survey on path planning for persistent autonomy of autonomous underwater vehicles[END_REF][START_REF] Gamarra | Computational optimization techniques applied to microgrids planning: A review[END_REF].

The deliberate path planning methods that consist of cell decomposition, road-maps and evolutionary algorithms ensure prior plan of the whole journey, but entail expensive computations that limit their practical implementation in higher dimensional configurations. As a result, they are commonly applied in confined environments.

On the contrary, the reactive planners provide cheap trajectory planning algorithms based on the local (sensor captured) information. These planners ensure both faster and real-time information update, and reactive response to stimuli. In consequence, they are commonly used to represent the drivers' reactive behaviours towards the surrounding risks. Nonetheless, the paths obtained from these approaches may not be optimal, and the vehicle could be trapped into local minima. The use of reactive planners, in global or local path planning, is therefore considered inefficient without deliberate planners. As a result, hybrid path planning approaches that integrate the reactive and deliberate planners into unified structures have been proposed to overcome the drawback of the individual planners [START_REF] Masehian | Classic and Heuristic Approaches in Robot Motion Planning A Chronological Review[END_REF].

Although driving involves both global and local planning, the actual control or steering behaviour may be considered local, characterised by the drivers' reactive adaptations in response to perceived risks and undesired situations. For this reason, the reactive path planners have been used in the formulation of driver obstacle and collision avoidance behaviours. Furthermore, in wheelchair steering, the common limitations of reactive planners are naturally eliminated because the driver is personally available to solve the unknown trajectory as well as the global and non-optimality problems.

The reactive path planning approaches consist of nearness diagram, dynamic window, velocity obstacle and potential field. The strength of the nearness diagrams approach is based on the situation analysis performed to select the new direction of motion that reduces the local minima. The dynamic window and velocity obstacle approaches operate in the vehicle's velocity space, by admitting all velocities that allow stopping without collision. However, they are more computationally intensive [START_REF] Fraichard | A Short Paper about Motion Safety[END_REF]. The velocity obstacle approach also requires complete knowledge of other agents in the environment, including their future dynamics. Besides, the implementation of their analytical solutions is more difficult with environmental uncertainties and noisy data [START_REF] Kruse | Human-aware robot navigation: A survey[END_REF]. On the contrary, the potential field method is known to be 'elegant' and compatible to most real-time problem solving tools with minimal computational demands.

The potential field method

The artificial potential field (APF) method is therefore considered. The APF method allocates a potential function, expressed according to Equation (4.1), in the configuration space by representing the goal as an attractor and obstacles as repellers. The APF function denoted as U art , is defined as a sum of the attractive potential U att and repulsive potential U rep , and the resulting force function is obtained by computing the negative integral of the APF function [START_REF] Khatib | Real-time obstacle avoidance for manipulators and mobile robots[END_REF][START_REF] Ge | Dynamic Motion Planning for Mobile Robots Using Potential Field Method[END_REF])

U art = U att + U rep (4.1)
The attractive force, commonly represented to attain its minimum at the intended goal, is often considered to have a direct or quadratic relationship with the goal distance X goal , while the repulsive potential is assigned an inverse relationship with the square of the obstacles distance X 2 obst . In the literature, the following representations are commonly used to express the repulsive potential:

Minimum distance representation: where the repulsive force is computed out of the minimum distance between the obstacle and the vehicle at each time instant k according to Equation (4.2). The positive constant, k o , scales the repulsive potential, while X obst (r, r obst ) represents the distance between the vehicle at position r, and the obstacle at position r obst .

F rep k = k o 1 min X 2 obst k (4.2)
Multiple distance representation: where several i equidistant points on the obstacle are selected, and a repulsive force directed towards the vehicle is computed at each time instant k, according to Equation (4.3).

F rep k = N i=1 k o 1 X 2 obst i k (4.3)
Representation with restricted radius of influence: Both minimum and multiple distance representations may introduce unnecessary obstacle effects on the vehicle when the distance, X obst i , is large enough to allow safe passage. [START_REF] Latombe | Robot Motion Planning[END_REF], therefore, proposed an adjustment to the conventional repulsive potential by limiting the radius of influence X 0 obst of the obstacle to eliminates the unnecessary influence. 

U rep =      1 2 k o 1 X obst -1 X 0 obst X obst ≤ X 0 obst 0 X obst > X 0 obst
F rep k = N i k o (cos φ i ) m X 2 obst i k (4.5)

DPF and other modified APF methods: A comparison

The non-globality (i.e. local minima and trap situations), non-optimality, and goals non-reachable with obstacles nearby (GNRON) [START_REF] Raja | New potential field method for rough terrain path planning using genetic algorithm for a 6-wheel rover[END_REF][START_REF] Montiel | Optimal Path Planning Generation for Mobile Robots using Parallel Evolutionary Artificial Potential Field[END_REF][START_REF] Ahmed | Multi-objective optimal path planning using elitist non-dominated sorting genetic algorithms[END_REF] are the primary causes of discontent that have seen several modifications in the APF approach. One of the recent APF modifications is the evolutionary artificial potential field (EAPF) method, which integrates APF with genetic algorithms to derive an optimal potential field function, that ensures global planning without local minima [START_REF] Vadakkepat | Evolutionary artificial potential fields and their application in real time robot path planning[END_REF]. The model uses multi-objective evolutionary algorithm (MOEA) to identify the most optimal potential field function, and escape force algorithm to avoid local minima. The other modification is the concept of parallel evolutionary artificial potential field (PEAPF) introduced by [START_REF] Montiel | Optimal Path Planning Generation for Mobile Robots using Parallel Evolutionary Artificial Potential Field[END_REF], as a new path planning method in mobile robot navigation. PEAPF improves the earlier EAPF method by making the controllability of the vehicle in real-world scenarios with dynamic obstacles possible. The recent bacterial evolutionary algorithm (BEA), also compares closely with PEAPF, introducing an enhanced flexible planner to improve the EAPF method [START_REF] Montiel | Path planning for mobile robots using Bacterial Potential Field for avoiding static and dynamic obstacles[END_REF]. While these algorithms always provide solutions for the APF drawbacks, the logical consideration of these modifications with regard to real-time applications turns out, in most cases, to be unrealistic because the resulting models involve expensive computational steps [START_REF] Barraquand | Numerical potential field techniques for robot path planning[END_REF].

Because the driver is always available in the wheelchair to solve the APF limitations, the important considerations in the approach of choice for the driving model include features that enhance the model's adaptational behaviour in the local environment.

Global planning at the expense of computational simplicity may therefore constitute a worthless trade-off. The features of consideration regarded in this study include computational complexity, path smoothness, context scalability, directionality and handling capability in complex environments.

Computational complexity:

The implementation of a control model in a real-time application is strongly influenced by the amount time it take to compute the control signal that generates both feasible path and desired speed. According to [START_REF] Barraquand | Numerical potential field techniques for robot path planning[END_REF], it is more suitable to have a very fast path planner for real-time applications, than to perceive a vehicle that only learns its workspace to memorise a variety of standard paths. Thus, a finite horizon that only encompasses the perceivable workspace may be considered to increase planner's computational speed.

Path smoothness: This regards the planner's capability to interpret the dynamic and static behaviours of other agents within the workspace in order to execute the adaptive control progressively without jerks. The planner's response speed and the computed magnitude of the steering signal are very crucial in determining the quality of the resulting path. A driver model with smooth planning capability could be instrumental in the assistance of wheelchair drivers with disabilities like hand tremors and cognitive disorders. Handling capability in complex environments: This regards the planner's computational speed, and its ability take into consideration the dynamic behaviour of other agents in the configuration space.

Table 4.1 compares the features of the recent modified potential field methods with the proposed DPF, based on their computational complexity, path smoothness, context scalability, directionality and handling capability in complex environments.

Simulator evaluation and steering data 4.3.1 Evaluation of the VS-1 simulator

The steering data required to identify the driving behaviour is generated in a simulated environment, on the VS-1 simulator depicted in Figure 4.1. The platform's basic components include the visual interface, the motion platform, and the controller [START_REF] Steyn | Virtual Reality Platform Modelling and Design for Versatile Electric Wheelchair Simulation in an Enabled Environment[END_REF]. The visual interface presents a synchronised virtual world to the user through a stereoscopic head mounted display (HMD) or a four-connected screens display. The motion platform consists of a user ramp, a roller system for the right and left driving wheels, and a stage that hosts either a powered or a manual wheelchair. Lastly, the controller interlinks the motion platform and the display unit. The roller system depicted in Figure 4.2 enables rotational motion of the wheels on the platform, and facilitates the mapping of wheel motion into the virtual world. This is aided by the rollers' force effect that results from the wheelchair's and the user's weights. Each roller system consists of a pulse generating rotary encoder, mounted to enable the determination of the wheelchair's position, velocity and acceleration in the virtual space, and to facilitate the measurement of the wheelchair's differential drive motion.

In similar simulators, the slip dynamics at the point of contact between the driving wheel and the roller constitutes a possible source of error that could lead to inaccurate representation of the wheelchair's behaviour in the virtual world. Since the absolute translational velocity of the wheelchair on the motion platform is zero, the theoretical difference between the rotational velocity of the driving wheel and the rollers is used to account for possible wheel-slip errors in the simulator. A comparison between the driving motors' current and the wheels' velocity with respect to the driving wheels' torques is also made to determine the possible instability of the wheelchair. In the case of instability, a method for auto-mobile traction control proposed by Hori et al.

(1998) is used in the stabilisation [START_REF] Steyn | Virtual Reality Platform Modelling and Design for Versatile Electric Wheelchair Simulation in an Enabled Environment[END_REF].

The simulator possesses an important advantage of allowing full access and control of the steering variables. Besides, the following desirable characteristics of the VS-1 platform regarding this study are noted: 1) It eliminates the need for sensor installation.

2) It introduces a synchronised feeling of the pitch and roll rotational motions on flat and inclined surfaces, reducing the possibility of simulator sickness.

3) It allows the use of manual or powered wheelchair in the evaluation of steering behaviour.

Moreover, the powered wheelchair can be steered using the standard wheelchair embedded joystick or any other compatible user interface. 4) Lastly, the virtual worlds can be modified to provide a close representation of a desired real environment. Notwithstanding the above advantages, the potential usefulness of the motion platform in the evaluation of driver behaviour, can only be acceptable if the virtual world and the impression of motion in the simulated environment conform to the real world to a certain extent. A study evaluating the participants' perception of degree of presence and comparing the usability of the simulated and reality world is conducted by [START_REF] Steyn | Virtual Reality Platform Modelling and Design for Versatile Electric Wheelchair Simulation in an Enabled Environment[END_REF]. The degree of presence in the simulator, compared to the real world, is evaluated in terms of spacial presence, involvement, realism and system value. A portion of evaluation outcome is presented in Figure 4.4.

Spacial presence indicates the extent to which the user acknowledges his/her existence in the environment in the actual sense, while involvement concerns the response of the simulator towards the driver inputs and the resulting motion feedback. Realism is expressed by the use of a real wheelchair and the rotational motion of VS-1 platform, while system value represents the degree to which users recognise the motion platform in general as an evaluation aid.

According to the study [START_REF] Steyn | Virtual Reality Platform Modelling and Design for Versatile Electric Wheelchair Simulation in an Enabled Environment[END_REF], the participants experienced 75% disorientation with regard to the steering tasks and platform usage at the beginning of evaluation in both reality and simulated world. However, adaptation was much faster in both cases, with 81% adaptation rate in the reality world, and 69% in the virtual world. Based on the presented tasks, the participants observed 73% and 75% challenges/uncertainties in the reality and simulated worlds respectively. The study, thus, demonstrates a fair similarity between the steering experience observed within the virtual and reality worlds. Figure 4.3 for instance, shows a user steering the wheelchair within a livingroom environment in both virtual and reality worlds during the evaluation.

Like in most simulators, the existence of cue conflicts that result from the absence of translational motion between the motion platform and the virtual world, and the sensory simulation artefacts like reduced field of view in the virtual world, must be acknowledged. Moreover, a simulation task, however important it is, will always be perceived as a simulation exercise, with few risks for careless actions and few rewards for desired behaviours. Nevertheless, studies have demonstrated the feasibility of simulation techniques, and have shown that simulation results approximate those obtained by other methods [START_REF] Beare | A Simulator-Based Study of Human Errors in Nuclear Power Plant Control Room Tasks[END_REF]. The relative validity of the VS-1 platform is therefore trusted as sufficient for driver behaviour assessment. The augmented virtual and motion platform at FSATI for wheelchair simulations.

Steering data and implied behaviour

A powered wheelchair employing the standard embedded joystick was used in the generation of steering data. In order to effectively evaluate the steering behaviours in relation to the general and familiar environments, the virtual worlds attempted as much as possible to represent the actual areas. Accordingly, seven data sets comprising the following information, were generated in similar virtual environments on the augmented platform to represent seven different cases of steering behaviours.

1. Distance between the wheelchair and other agents (X obst )

2. Wheelchair velocity relative to other agents (ν obst )

3. Orientation of the agents relative to the wheelchair's direction of motion (φ obst )

4. Absolute velocity of the wheelchair (ν k )

5. Yaw angle (φ k ), yaw rate, pitch angle and roll angle

The steering behaviour observed in the following virtual environments is described using a portion of the steering data.

A risk free environment

The word risk is used to represent objects or agents that the driver would not wish to steer over, closer to or collide into. In this environment, goal positions G 1 to G 5 are set 4m away from the starting position S, at angles 90 • , 60 • , 30 • , 0 • and -30 • respectively.

The wheelchair is then driven from the starting point to each goal. Initially in each trip, the wheelchair is positioned at S, oriented towards G 1 . One set of the trajectories and speeds observed in this environment is shown in to align the wheelchair to the global goal at the beginning of the journey. Once aligned, a steeper rise in the driving speed is observed. It is presumed that closer instantaneous goals with slower accelerations were considered in the curved paths, to facilitate the process of aligning the wheelchair towards the skewed global goals.

The position of the instantaneous goals then shifted at accelerated rates towards the global goals as the path curvature reduced. In consequence, the local driving speed in a risk free environment is considered a function of the instantaneous goal position and path curvature. Although this pattern is observed, the rate at which the path curvature and the instantaneous goal position influences the desired speed is considered subjective.

A minimal risk environment

The second environment presumed a configuration with an object placed 4m, 8m and 12m away from the starting point in the first, second and third trip respectively. In each trip, the wheelchair is driven from the starting point, near position (0,0), in Fig- speeds generated in one case. It is observable that although the chosen trajectories deviated away from the observed risk, the sufficient space within the configuration enabled the consideration of paths with little effect on the desired steering speed.

A living-room environment

In this case, an example of the living-room environment depicted in 

Modelling the driving behaviour

According to the 'intentional stance' strategy, [START_REF] Dennett | The intentional stance[END_REF] treats an entity as a rational agent having the ability to regulate its choice of action by its desires and beliefs. [START_REF] Dennett | The intentional stance[END_REF] then defines a 'behaviour' as a goal oriented activity of an agent that can only be understood by assigning intentions or goals to the agent. The modelling of driver behaviour, therefore involves defining one of the numerous goals that the driver may want to reach, and determining the activities that the driver performs to arrive at the goal. Generally, different drivers demonstrate different driving actions and reactions within the same environment to achieve the same objective. These subjective behaviours are commonly related to the driver's capability in terms of decision making (choice) and risk taking (desires), and are affected by personality, experience, state of driver, task demand and environment.

Adapting the wheelchair to exhibit the desired characteristics of the driver, taking into account the evolving and dynamic behaviour of the driver and other agents is a complex task that may be approached in the following two ways:

System training: In this case, the model learns by observing over time the way drivers execute the driving tasks. Once a task is perfectly learned, the model can proceed to learning other tasks. This approach is applicable to motorvehicle driving, because the required tasks are well-defined, performed in regular configurations, and can be represented by heuristics. However, in the wheelchair case, the workspace is highly complex, undefined and involves tasks that lack chronological rules of execution, making system training difficult to consider.

Representing the entire driving behaviour theoretically: This is the approach considered in this study. All local tasks performed by the driver are considered together to realise the driving behaviour. The theoretical driver behaviour models of this nature are initially limited in scope, and may not perfectly represent certain specific driving tasks. However, they can be advanced over time to closely predict the actual driving behaviour. The theoretical driver model of this nature can be validated by comparing the model's outputs against real driving data.

Dynamic representation of driving behaviour

Four major factors are considered to influence wheelchair driving: The first that prompts the user to exert some force, to begin or continue in motion, pertains to the difference between the actual wheelchair position and the target position (in this case the instantaneous goal). This is the primary motivating factor that instigates the driver to steer. As long as it exists, the driver is presumed to apply the driving force. The second factor influences the amount of force exerted to minimise the positional difference. This factor, the desired velocity, is related to the urgency or average time required by the driver to accomplish the driving task. The desired velocity may be considered as a function of disposition and the prevailing personal desire and priorities of the driver. The third factor concerns risk assessment and involves the driving capability and the driver's opinion of safety about the driving environment. These factors contribute concurrently to the varying driving velocity of the wheelchair towards the global goal during motion. In fact, there exist an interrelationship between the three factors: the driver establishes a subjective constant risk level, when this is exceeded, a compensation mechanism is activated. The compensatory mechanism may involve altering the position of the instantaneous goal, which then alters the direction and speed of travel. Finally, it is important to observe that the amount of force exerted is constrained by physical limits of the wheelchair.

The local driving velocity, ν, is therefore limited by the maximum velocity, ν max of the wheelchair. In this study, ν is considered a function of the instantaneous goal, ν des (g i ), and environmental situation, ν env (env), according to Equation (4.6). ν des = V des cos p (φ k -φ k-1 )ē (4.7)

In Equation (4.7), p is a constant, V des is the desired driving speed, φ k is the orientation of the wheelchair at the time instant k. The function, cos p (φ k -φ k-1 ), represents the influence of path curvature on the desired speed, and ē, expressed in Equation (4.8), is the direction of desired velocity.

ē = r L k -r k |r L k -r k | (4.8)
In Equation (4.8), r L k is the position of the instantaneous/look-ahead goal, while r k is the instantaneous position of the wheelchair.

Influence of risk and driver adaptation mechanisms

Collision or threat avoidance and goal-seeking reactions constitute the driver's fundamental behaviours. Indeed, the capability of wheelchair drivers is commonly evaluated based on their dexterous ability to avoid threats and collisions when driving.

Besides, common wheelchair accidents that have resulted in severe damages and injuries to the driver, can be related to collision. Collision avoidance is, therefore, elemental to the driver's and wheelchair's safety. Drivers often presume some constant risk thresholds and safety margins to observe in the vicinity of danger during steering. When such thresholds are exceeded, certain risk-compensating mechanisms are initiated to minimise the risk level. In the Taylor's risk-speed compensation model [START_REF] Taylor | Drivers' galvanic skin response and the risk of accident[END_REF], it is observed that drivers regulate their driving speeds in accordance with the magnitude of the perceived risk in such a way that larger magnitudes result in slower speeds. To adapt the wheelchair to such behaviours and eliminate the common variations in the drivers' level of attention, proper risk detection systems need to be instituted on the wheelchair. The following two hypothesis are considered in this thesis as the main adaptation references that drivers commonly presume to confine wheelchair within the limits of safety.

1. Time-to-risk (TTR)

2. Distance-to-risk (DTR)

The time-to-contact with a risk, is influenced by the distance and speed of travel of the wheelchair towards the risk. The consideration of TTR naturally implies that the wheelchair can basically reach or get very close to an objects at very low velocities.

On the other hand, with DTR, the driver maintains a comfortable distance from the risk. The expression in Equation (4.9) is considered to represent the drivers' risk avoidance behaviour in the configuration space.

ν env k = -k env N i=1 cos m φ obst i -φ k A n i (4.9)
In Equation (4.9), k env , m, n and N are constants, φ obst i is the instantaneous direction of point i on the risk from the position of wheelchair, φ k is wheelchair direction at the time instant k, while A is the adaptation mechanism presumed by the user. account, the model considered to represent the local driving behaviour of a wheelchair user may be expressed by Equation (4.10).

ν k+1 = ν k + k ν (ν des -ν k ) -k env N i=1 cos m φ obst i -φ k A n i (4.10)
4.5 Simulation, results and discussion

Parameter identification and adaptation mechanism

The linearity of Equation (4.10) in the parameters has facilitated the use of ordinary least squares method in the identification of parameters. The moving average filter with a span of 20 was also considered in the smoothing of generated data. The result of the model's regression analysis is presented in Table 4.2, where the DTR criteria presented in Equation (4.11) is considered as the primary adaptation mechanism presumed to avoid collision risks, and also in Table 4.3, where TTR in Equation (4.12) is the primary adaptation mechanism:

DT R k = X obst k i x + X obst k j ȳ (4.11) T T R k = X obst k i ν k i x + X obst k j ν k j ȳ (4.12)
Regarding Equations (4.11) and (4.12), X obst k = r obst -r k is the instantaneous distance between the risk at position r obst and the wheelchair at position r k , while ν k is the instantaneous velocity of the wheelchair. Constant n, on the other hand, determines the magnitude of influence of the risks based on the presumed adaptation mechanism. Higher values imply that the magnitude of influence is considerably high within the close neighbourhood of the observed risk, but negligible outside.

In parameter identification, the navigation data generated in Section 4. are negative, and the identified desired velocity in Case 7 is unreasonable. These may have resulted from the driver's preferences and their choice of the adaptation criteria. For instance, because of the slow wheelchair speed, drivers with confidence in the braking system may only observe the distance-to-risk criteria by applying sudden brakes at sufficient distances to avoid collision. It is considered that TTR is not observed if there is no progressive reduction in the travel speed as the driver approaches the threats. Presuming TTR in such cases, may produce the observed invalid results. It may therefore be concluded, that the consideration of DTR as between the model and generated data, as well as the trajectory and steering velocity of the wheelchair in the two cases. 

Param. value

The control tool

Generally a classical controller is preferred where a model exists. Several classical control techniques applicable to nonlinear systems including numerical evaluation, Lyapunov theory and feedback linearisation exist. Although numerical techniques are widely applied to evaluate the performance of nonlinear systems, these techniques commonly suffer time and global stability issues. This is because a numerical simulation only depicts the response corresponding to one input sequence and a set of operation conditions at a time. It is therefore difficult to completely prove stability of a system with numerical simulations only. Lyapunov theory on the other hand plays a central role in the study of the controllability and stabilisability of control systems. However, except for passive systems, Lyapunov theory lacks a systematic procedure for constructing a positive definite control function that contains the system variables. This restricts the applicability of methods like sliding mode control which also necessitates a positive-definite energy function with negative derivative.

On the other hand, feedback linearisation techniques may be applied in the control of nonlinear systems through state transformations and feedback, to algebraically linearise the system, leaving the equations of the nonlinear system intact. Linearisation techniques have been used successfully in high performance systems like robots and aircraft. It may, however, be impossible to algebraically linearise some nonlinear systems. In such cases, feedback linearisation technique only provides a partial linearisation with no guarantee of global stability. Nonetheless, the attractive characteristic of feedback linearisation is that, it has a systematic linearisation procedure.

Besides, once a system is linearised, linear techniques may be used in a simple way to control the system. These motivate our feedback linearisation choice.

Feedback linearisation background

The differential drive structure of the wheelchair with two passive front castor wheels have restricted mobility and reduced number of actuators, and are therefore both nonholonomic and non-linear. This reduces the feasibility of computing their optimal controllers [START_REF] Bloch | Control of mechanical systems with classical nonholonomic constraints[END_REF][START_REF] Campion | Controllability and state feedback stabilizability of non holonomic mechanical systems[END_REF]. The classical controller synthesis methods that have previously been employed for non-holonomic and nonlinear systems include feedback linearisation and Lyapunov theory [START_REF] Isidori | Nonlinear Control Systems II[END_REF].

The latter has previously been considered in the control of simple non-holonomic models, that did not take into account the effects of rolling friction as well as the varying gravitational potential of inclined grounds [START_REF] Fierro | Control of a nonholomic mobile robot: Backstepping kinematics into dynamics[END_REF][START_REF] Yang | Adaptive tracking control for uncertain dynamic nonholonomic mobile robots based on visual servoing[END_REF]. This is because it lacks a systematic procedure for constructing the control function, except for passive systems [START_REF] Spong | Robot Dynamics And Control[END_REF]. The former method, employed in this study, is commonly preferred for non-linear minimum and non-minimum-phase systems because of its systemstic linearisation procedure. Although [START_REF] Bloch | Control of mechanical systems with classical nonholonomic constraints[END_REF] and [START_REF] Campion | Controllability and state feedback stabilizability of non holonomic mechanical systems[END_REF] demonstrated that it was not possible to stabilise non-holonomic systems to a single equilibrium by smooth feedback, [START_REF] Sarkar | Control of Mechanical Systems With Rolling Constraints: Application to Dynamic Control of Mobile Robots[END_REF] showed that the input-output feedback method could still be used to control such systems. Feedback control theories have been used widely in the execution trajectory tracking, path following and point stabilisation controls in both linear and non-linear systems [START_REF] Khosla | Experimental Evaluation of Nonlinear Feedback and Feedforward Control Schemes for Manipulators[END_REF][START_REF] Luca | Feedforward/feedback laws for the control of flexible robots[END_REF][START_REF] Laumond | Robot Motion Planning and Control[END_REF]. Recently, a global path-following feedback controller for a mobile robot is presented by [START_REF] Do | Global output-feedback path-following control of unicycle-type mobile robots: A level curve approach[END_REF] at a dynamic level, based on level curve approach, under slow and constant time-varying disturbances with negligible derivatives. The design considered the Lyapunov's backstepping and direct methods to track a desired linear velocity in the path following problem with an observer that estimates the subjected disturbances and robot's velocity. The use of input-output feedback linearisation techniques is also considered by [START_REF] Bidram | Synchronization of nonlinear heterogeneous cooperative systems using inputoutput feedback linearization[END_REF] to design a controller for multi-agent systems with diverse non-identical and non-linear dynamics. The authors used the procedure to transform the non-identical and non-linear dynamics into identical linear dynamics, and designed a fully distributed controller, that ensures that the only information required for the control is the state of the agent and its neighbours. In a similar case, [START_REF] Rahimi | Time-varying formation control of a collaborative heterogeneous multi agent system[END_REF] trajectories and ensure a stable dynamic balance. In [START_REF] Palli | On the feedback linearization of robots with variable joint stiffness[END_REF], a full-state feedback linearisation via static feedback is employed to linearise and control the position and stiffness of manipulator joints with multiple degrees of freedom and variable joints stiffness. The authors showed that it is possible, by static-state feedback, to impose a desired behaviour on the robot's motion in a decoupled way. In other applications, [START_REF] Eghtesad | Experimental study of the dynamic based feedback linearization of an autonomous wheeled ground vehicle[END_REF] performed an experimental study of feedback linearisation of a dynamic autonomous ground vehicle to ascertain asymptotic point stabilisation in curvilinear coordinates, while [START_REF] Bortoff | Approximate state-feedback linearization using spline functions[END_REF] presented an algorithm to construct a state-feedback linearising controller in such a way that certain part of the state coordinate transformation can be used as an output function.

Configuration of the control system

The proposed structure of the closed-loop model comprises the driver, the driving behaviour model, the wheelchair model, the driving environment and the controller, The model however does not take into account the non-perceivable and interpersonal events that occur within the driver's mind. Although this study presumes a driver 

System description

In this and the following sections, the wheelchair dynamic model and the driving behaviour model presented in Equations (3.36) and (4.10) respectively, will be considered to ensure tracking and stabilisation of the driver's commands. Equation (5.1) expresses the non-linear dynamic model of the wheelchair in a state space form:

χ(t) = f 1 (χ(t)) + g 1 (χ(t)) u(t) Y(t) = h (χ(t)) (5.1) where χ(t) ∈ R n = v φ T is the state vector, u(t) ∈ R n = [τ R τ L ] T is the input vector and h (χ(t)) ∈ R n = [v φ
] n is the output vector of the system. In addition, the non-linear functions f 1 : R n → R n and g 1 : R n×n → R n describe the dynamics of the system, while h : R n → R n gives the output expression Y(t). Finally, χ(t)

represents the derivative of the state vector χ(t) with respect to time t. For clarity reasons, the time index will not be indicated in this and the following sections, unless its indication is necessary to clear a possible confusion. Because the functions f 1 , g 1 and h are smooth, it logically follows that the mappings f 1 : R n → R n and g 1 : R n×n → R n , expressed in Equations (5.2) and (5.3) respectively, are vector fields on R n .

f 1 (x) =    -x cos θ ψ φ -g sin φ sin θ -M g x sin θ cos φ (I ZZ -M x2 )    (5.2) g 1 (x) =    1 M r 1 M r b r(I ZZ -M x2 ) -b r(I ZZ -M x2 )    (5.
3)

The proposed input-output feedback linearisation entails inverting the non-linear system dynamics through a change of coordinates to globally linearise the model. A feedback control law can then be implemented on the linearised system to ensure that it tracks the reference inputs. This involves the consideration of both lie derivatives and relative degree of the non-linear system according to the following definitions:

Lie derivatives: Given system (5.1), computing the derivative of the output Y with respect to time result in the following Equation (5.4):

Ẏ = ∂h ∂x χ = ∂h ∂x [f 1 (x) + g 1 (x) u] = L f h(x) + L g h(x)u (5.4)
where

L f h(x) = ∂h ∂x f 1 (x) and L g h(x) = ∂h ∂x g 1 (x)
The function L f h(x) denotes the Lie derivative of h(x) along f 1 (x), while L g h(x)

is the Lie derivative of h(x) along g 1 (x).

Relative Degree: The relative degree, ρ, of a non-linear system refers to the number of times the output Y = h(x) of the system is differentiated with respect to time for the input u to appears explicitly in the resulting equations. A system is therefore said to have a relative degree of ρ such that 1

≤ ρ ≤ n ∈ R n if ∀x ∈ R n : L g L i-1 f h(x) = 0 i = 1, 2, • • • , ρ -1 L g L ρ-1 f h(x) = 0 where L g L i-1 f h(x) = L g L i f h(x) , L i f h(x) = L f L i-1 f h(x) and L 0 f h(x) h(x)

Feedback linearisation and controller design

The appropriate controller design approach is generally determined by the complexity of the dynamic system as well as the control task that the system has to accomplish. Normally, in order to obtain a locally linearised approximation, the non-linear state-space system expressed in Equation (5.1) could be controlled in a classical way by estimating its first-order dynamics around the origin, χ = 0, using a linear controller. However, the lie derivatives of the smooth non-linear wheelchair model derived in Chapter 3 does not satisfy the involutivity condition [START_REF] Isidori | Nonlinear Control Systems II[END_REF][START_REF] Yun | Control of multiple arms with rolling constraints[END_REF][START_REF] Sarkar | Control of Mechanical Systems With Rolling Constraints: Application to Dynamic Control of Mobile Robots[END_REF]. As a result, the proposed dynamic model is not full-state feedback linearisable. However, the non-approximating input-output feedback technique can be used to achieve the linearisation with a proper choice of the output variables. As previously stated in this thesis, a typical problem of wheelchair velocity control is considered. The problem is translated into torque regulation task, that necessitates the coupling and linearisation of the system's dynamic properties between the input and the output. This solves the velocity control problem by computing the wheel torques that guarantee tracking of the steering commands from driving behaviour model on flat, inclined and slippery surfaces; and by optimising the closed-loop gains through the performance index of the non-linear continuous-time GPC.

Navigation task

In practice, in order to direct the wheelchair according to path geometry to a desired destination, the steering task is executed by continuous specification the of steering signals through the available interface by the driver. The proposed closed-loop control model is not intended to withdraw this driver's responsibility, but to simplify the driver's steering task. A linearised system is necessary in this respect, because it aids the driver to make a proportional judgement of the inputs quantities required to produce a desired output. The non-linear wheelchair system in Equation ( 5 

1 1 = V -V r e 2 1 = φ -φ r
(5.5)

Relative degree of the system (ρ)

It is observable in Equation (5.6), that the first derivative of the output variable vector e, lacks the control signal u, in the second element. This explains why Equation (5.1)

could not be linearised by exact feedback linearisation. The control signal u, however, appears by delaying the first element of the first derivative ė, while performing the second differentiation on the second output element:

ė1 1 = -x cos θ ψ φ -g sin φ sin θ -vr + 1 M r (τ R + τ L ) ė2 1 = e 2 2 ė2 2 = -M g x sin θ cos φ (I ZZ -M x2 ) -φr + b(τ R -τ L ) r(I ZZ -M x2 ) (5.6)
As a result, the relative degree of the first output element e 1 , is one, while the second element e 2 , has a relative degree of two. Since the sum of the components of vector relative degree is greater than the state dimension of the system, the state extension is performed to enable computation of the outcome for every state. A linearised Equation (5.7) of the system is therefore presented as follows:

   ė1 1 ė2 2    =      -x cos θ ψ φ -g sin φ sin θ -vr -M g x sin θ cos φ (I ZZ -M x2 ) -φr      +    1 M r 1 M r b r(I ZZ -M x2 ) -b r(I ZZ -M x2 )    u (5.7)

The control law

Considering that the synthetic control inputs need to equalise the rate of change of errors ė = [ ė1 1 ė2 2 ] T , and that, the two-rank decoupling matrix is invertible and non-singular unless r = 0 or I ZZ -M x2 = 0, the state feedback law required to provide a compensation for the input-output non-linearities can be computed. Since r cannot be equal to zero it is possible to ensure, through proper wheelchair design, that I ZZ -M x2 = 0 throughout. I ZZ , M and x are therefore carefully chosen in this thesis to realise a decoupling matrix that is always invertible. The input, u that drives Equation (5.1) to a desired response is then be computed as follows:

u =    1 M r 1 M r b (I ZZ -M x2 )r -b (I ZZ -M x2 )r    -1 ×         ė1 1 ė2 2    -      -x cos θ ψ φ -g sin φ sin θ -vr -M g x sin θ cos φ (I ZZ -M x2 ) -φr           (5.8) where ėi = -ρ i -1 j=0 K ij L j f (h i )| i=1,2.
with ρ i being the relative degree of the i th output element. To guarantee stability of the closed-loop system, positive values of the tracking coefficients K 11 , K 21 and K 22 are considered in the control law in Equation (5.9):

U =   ė1 1 ė2 2   =   -K 11 e 1 1 -K 21 e 2 1 -K 22 e 2 2   (5.9)
Redefining the h(χ) in Equation (5.1) as [e 1 1 e 2 2 ] T the internal dynamics of the system may be analysed as follows:

The error e 1 1 = 0 implies that ė1 1 = 0. However, e 2 2 = 0 means that ė2 2 = -K 21 e 2 1 . This means that the error e 2 2 is governed by ė2

2 = -K 21 e 2 1 .
But since K 21 is positive, the internal dynamics are stable and the system is wellbehaved.

Non-linear continuous-time GPC

In this section, the non-linear continuous-time generalised predictive control is utilised to validate and provide an optimal design of the input-output controller gains through its performance index. The output, Y = h(χ), of the wheelchair system in Equation

(5.1) with χ ∈ X ⊂ R n , Y ∈ Y ⊂ R m |m = n is considered in the receding horizon performance index in Equation (5.10), where T 1 and T 2 are the minimum and maximum prediction time respectively, defined such that T 1 ≤ τ ≤ T 2 :

J = 1 2 T 2 T 1 [Y (t + τ ) -Y r (t + τ )] T [Y (t + τ ) -Y r (t + τ )] dτ (5.10)
The predicted output, Y(t + τ ), is computed by Taylor series expansion to the order of the corresponding relative degree of its elements as given by Equation (5.11) below:

Y i (t + τ ) = ρ i k=0 τ k k! Y (k) i (t) + H(τ )| k>ρ i (5.11)
In the Equations (5.10) and (5.11), t is the current time, t + τ is the duration of prediction and H(τ )| k>ρ i are the higher order terms of the expansion. Defining the error within the prediction duration as e(t + τ ) = Y(t + τ ) -Y r (t + τ ), and neglecting the higher order terms of Equation (5.11), the Taylor expansion yields:

e(t + τ ) = Γ(τ ) Ẽ(t) (5.12)
where Γ(τ ) is an (n× i (r i + 1)) matrix whose elements are (n×n) diagonal matrices, and Ẽ(t) is a vector of errors expressed in Equation (5.13).

Γ(τ ) = I τ τ 2 /2! • • • τ p /p! Ẽ(t) =              φ(t) -φ r (t) v(t) -v r (t) φ(t) -φr (t) v(t) -vr (t) φ(t) -φr (t)              =              e 2 1 e 1 1 e 2 2 f 11 -vr (t) + τ L M r + τ R M r f 12 -φr (t) - bτ L r(I ZZ -M x2 ) + bτ R r(I ZZ -M x2 )             
(5.13) Equation (5.10) is then simplified to:

J = 1 2 ẼT (t)Λ (T 1 , T 2 ) Ẽ(t) (5.14)
where the 'prediction matrix', Λ, is defined as:

Λ (T 1 , T 2 ) = T 2 T 1 Γ T (τ )Γ(τ )dτ
Minimising the cost expressed in Equation (5.14) with respect to the control parameter u results in the following control law:

u = D -1 Λ ss -1 Λ s -e 2 1 -e 1 1 -e 2 2 -f 11 + vr -f 12 + φr T (5.15)
where D is the decoupling matrix in Equation (5.7), while Λ ss

-1 Λ s (T 1 , T 2 , ρ) = K with Λ ss =    (T2 3 -T 1 3 ) 3 0 0 (T2 5 -T 1 5 ) 20    (5.16) Λ s =    0 (T2 2 -T 1 2 ) 2 0 (T2 3 -T 1 3 ) 3 0 (T2 3 -T 1 3 ) 6 0 (T2 4 -T 1 4 ) 8 0 (T2 5 -T 1 5 ) 20   
(5.17)

T 1 = 0 and T 2 = T is opted for in this simulation, for simplicity reasons. However, the control law applies as well to problems with T 1 = 0. The optimised gain matrix K (T, ρ) in Equation (5.18) can thus be expressed to obtain the alternative control law in Equation (5.19):

K (T, ρ) = Λ ss Λ s (T, ρ) =    0 3 2T 0 1 0 10 3T 2 0 5 2T 0 1    (5.18) u =    1 M r 1 M r b r(I ZZ -M x2 ) -b r(I ZZ -M x2 )    -1 ×    -f 11 - 3e 1 1 2T + vr -f 12 - 10e 2 1 3T 2 - 5e 2 2 2T + φr    (5.19)
When Equation (5.9) is substituted into Equation (5.8), the generalised predictive control law in Equation (5.19) resembles the input-output control law in Equation

(5.8) except for the difference in the gain matrices K (T, ρ) that produces the most accurate prediction over the chosen time horizon. This characterises the closed-loop tracking stability of the wheelchair.

Closed-loop stability of the wheelchair system

Although closed-loop stability is one of the non-linear continuous-time GPC's constraints, the corrected control law procedure that guarantees the stability of a closedloop system could be applied [START_REF] Dabo | Unconstrained NCGPC with a guaranteed closed-loop stability: Case of nonlinear SISO systems with the relative degree greater than four[END_REF]. However, since ρ i ≥ 4| ∀i, the corrected control law procedure does not apply, but the following demonstrates that the asymptotic stability of the closed-loop system in Equation (5.19) is guaranteed.

Representing the coefficients of e 1 1 , e 2 1 and e 2 2 as K 11 , K 21 and K 22 respectively, and with the invertability of the decoupling matrix in the control law in Equation (5.19), Equation (5.1) can be expressed as follows:

   -K 11 e 1 1 + vr - v -K 21 e 2 1 -K 22 e 2 2 + φr - φ    = 0 or simply as    -K 11 e 1 1 -ė1 1 -K 21 e 2 1 -K 22 ė2 1 -ë2 1    =    3e 1 1 /2T + ė1 1 10e 2 1 /3T 2 + 5 ė2 1 /2T + ë2 1    = 0 (5.20)
The closed-loop stability of the system can be established by letting the reference signals, v r and φ r equal to zero because they do not affect the stability of the linear system in Equation (5.20). The poles of Equation (5.20) then becomes -1.5/T and -1.25 ± 1.3307j/T respectively, ensuring that lim t→∞ {e 1 1 , e 2 1 } = 0, a sufficient condition for the closed-loop system to be asymptotically stable. The wheelchair system in Equation (5.1) is therefore asymptotically stable given the control law in Equation (5.19). The poles of the closed-loop system depend linearly on the prediction time T , thus given a small prediction time, the controlled output will rapidly track the reference signal at the expense of large control torques. Control torques can therefore be regulated by appropriate selection of the prediction time T . 

Simulation results of the closed-loop model

Simulation without the driving behaviour model

In the absence of the driving behaviour model, the proposed controller independently regulates the wheel torques to track the reference signals, based on the prevailing steering situation. Two simulation results are presented to this effect, and a consideration is made in each case to a slippery surface condition. In Figure 5.2 for instance, a reference angular orientation in the form of a unit slope ramp, with a Although the controller produces a reactive response to avert the possible dangerous situations, human drivers are also known, in practice, to observe and use the feedback result to improve their subsequent undertakings. The lack of practical implementation due to time constraints made it difficult to study the actual effects of the human-in-the-loop controller in the presence of human feedback. However, it is presumed that in a practical implementation with a driver's utilisation of the steering feedback, higher quality trajectories could be produced.

Conclusions

This chapter proposed a closed-loop controller with human-in-the-loop to adapt the steering of the wheelchair to the driver's behaviour. The linearisation of the closed-loop model is accomplished using the classical input-output feedback technique through torque compensation, and the linearised system is controlled using a simple proportional controller. To ensure an optimal tracking performance of the closed-loop control model, the performance index of the non-linear continuous-time generalised predictive control is used. Moreover, the presented simulation results have shown that it is possible to assist a wheelchair driver in the steering task, and that the control model may be used by both normal and non-normal drivers with steering problems to reduce the extra steering attention observed in typical environments. Furthermore, the results have shown the accurate tracking performance of the controller with regards to the steering signals of normal drivers, and considerable improvements in the resulting trajectory and driving speed of drivers with steering handicaps. It may however be noted that linearisation control techniques can sometimes be a real problem because the dynamics (operator included) must compensated first by the engines before the trajectory tracking, all in spite of the available power of the engine. A validation in this regard could not be accomplished due to time constraint and will therefore be necessary in future.

Chapter 6

CONCLUSION AND FUTURE WORK

Conclusion

The extensive literature survey carried out in this thesis has shown the important need for user adapted assistive systems, especially in applications like wheelchair, where the service machine forms an integral component of the user's life. It is observed that human operators exhibit diverse handling behaviours, and appreciate assistance not only because the assistive system performs the intended task to a desired conclusion, but also based on how the process executes the assistance. This makes it necessary to synthesise the behaviour of the operator into the control system. In this thesis, the control of wheelchair has been considered with a special focus on the steering support. It is observed that the contemporary wheelchair functionalities are directed towards user-suited interfaces with numerous autonomous control and hands-free navigation proposals. However, these functionalities often fail to empower the infirm users with the full control independence and self-esteem that the stronger drivers experience, and commonly disregard user disposition. Rather than the autonomous controllers, it is preferred in this thesis that the higher-level decision making tasks and control processes are granted to the driver, while the controller executes the necessary steering support in the background.

The primary objective of this study, was to advance the contemporary wheelchair steering task, by synthesising the user's driving behaviour into the control system, to implement a driver-specific background steering support. The proposed assistance was required to apply to all users in spite of their handicap conditions, and to reduce the workload in fine control without limiting the driver's responsibility in the steering decisions. The implementation entailed integrating a driving behaviour model and a wheelchair model in the control system, to adapt the control of wheelchair to the driver's steering behaviour. This objective is accomplished by formulating the wheelchair dynamic model, by formulation and identification of the driving behaviour model and by proper implementation of the presented closed-loop control architecture.

In order to validate the proposed assistive system, it was important that the actual wheelchair dynamics and the driving behaviour of the user, are represented as much as possible in the close-loop control system. In consequence, a dynamic model of a differential drive wheelchair structure with two front castor wheels has been derived based on the Euler Lagrange formalism. Unlike the dynamic models in the literature that restrict the wheelchair motion to flat surfaces, the presented model also takes into consideration the effects of gravitational forces on the wheelchair on non-horizontal surfaces. The Lagrangian function was based on both kinetic and gravitational potentials to account for the dynamic properties of the wheelchair on both inclined and non-inclined configurations. Besides, the slipping parameters of the wheelchair are derived and integrated to represent the wheelchair slipping situations.

The formulation of the driving behaviour model was based on the reactive potential field approach on account of two fundamental sources of information: the empirical wheelchair steering knowledge, and the microscopic steering data generated by the wheelchair in different virtual environments. The DPF method has particularly been considered in the formulation of the user's risk detection and avoidance behaviours since it accounts for both distance and velocity representation, considers risks dissemination and allocates variable repulsive potential on the relative direction of a potential risk. To present the specific behaviour of the driver, the best-fitting parameters, identified using the ordinary least square procedure from the driver's steering data, were incorporated in the driving behaviour model.

In the closed-loop system implementation, the proposed wheelchair dynamic model did not satisfy the full-state feedback linearisation conditions. The use of partial-state feedback linearisation technique, was therefore considered to track the user inputs by torque compensation. Interestingly, a minimum-phase closed-loop system resulted with stable internal dynamics. The performance index of the non-linear continuoustime GPC was also used to ensure the optimality of the resulting closed-loop system.

The primary contribution of the study lies in the use of the proposed reactive driving behaviour model, with driver-specific parameters, to represent the acceptable subjec- the identification parameters that although the drivers exhibit similar driving behaviours, there is always an implied uniqueness with each driver making it necessary to model and identify the driver's behaviour. It is presumed from these conclusions, that the wheelchair dynamic model and the driving behaviour model can be used in the implementation of the proposed wheelchair control with human-in-the-loop. The accurate tracking results of the closed-loop control system validates this presumption.

Recommendations for future works

The study concentrated on the utilisation of user-specific steering behaviours to adapt the control of wheelchair to the driver's driving preferences. However due to time constraints, the presented model is only validated by simulation. Furthermore, besides the superimposed modelled disability, the steering data used in the validation did not include the actual disability signal. A practical implementation of the human-in-theloop control is necessary with real disability signals, in an actual steering situation under clinical supervision, to ensure a conclusive validation of the support system.

It may be necessary that this also takes into consideration the reaction delay of the driver. Besides, the study presumed a driver with relatively predictable steering signals, but it may be necessary in the case of serious steering disability to establish the driver's explicit intention. This justifies the important need to integrate an intention detection system in closed-loop model. The usability of the intention detection models should therefore be considered in future. This entails further study and research on novel input techniques like eye-tracking, and use of BCI and brain-actuated systems to acquire the necessary information for wheelchair control. It may also be noticed, that the presented driving behaviour model only took into consideration the observable driver actions and wheelchair reactions. However, numerous cognitive processes are also known to affect the driving behaviour, further study is necessary in this respect.

Adapting the wheelchair to common user environments may as well be very important to ensure inclusivity of the user community. Certainly, this includes obstacle and collision avoidance tasks that have received significant attention in the wheelchair literature. These tasks require the accurate sensors that often come with prohibitive costs. Sensor related studies are therefore still necessary to improve the accuracy and affordability of assistive wheelchairs. Moreover, staircase wheelchair climbing capabilities have been proposed in the literature, but further research is required to enable commercial implementation.
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φ f = x ρ + b (A.3) ρ = x tan φ f -b = x -b tan φ f tan φ f (A.4) Also, tan β = x + f ρ + b = x + f x -b tan φ f tan φ f + b = ( x + f ) tan φ f x (A.5)
From which, tan φ f = x x + f tan β (A.6)

φ f = arctan x x + f tan β (A.7)
Also using Equation (A.4),

tan α L = x + f ρ = x + f x -b tan φ f tan φ f = ( x + f ) tan φ f x -b tan φ f (A.8) α L = arctan ( x + f ) tan φ f x -b tan φ f (A.9)
Making tan φ f in Equation (A.8) the subject, .12) 

tan φ f = x tan α L ( x + f ) + b tan α L (A.10) Similarly tan α R = x + f ρ + 2b = x + f x -b tan φ f tan φ f + 2b = ( x + f ) tan φ f x + b tan φ f (A.11) α R = arctan ( x + f ) tan φ f x + b tan φ f (A
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 2 Figure 2.1: A simple closed chain mechanism

Figure 2 . 2 :

 22 Figure 2.2: A pictorial description of the driver model presented by[START_REF] Kondo | Driver's Sight Point and Dynamics of the Driver-Vehicle-System Related to It[END_REF] 

  mon.[START_REF] Pilutti | Identification of driver state for lane-keeping tasks[END_REF] used a back-box model with autoregressive exogenous structure (ARX), to identify the driver model's parameters, while Chen & Ulsoy (2001) proposed the same formulation for both driver model and driver model uncertainties, using the actual driving data from a fixed-base driving simulator. The Chen & Ulsoy (2001)'s model employed the auto-regression moving average with exogenous inputs (ARMAX) to improve on accuracy, based on the consideration that

  The driver's knowledge regarding both the vehicle and the environment plays a very important role at this level in solving the problems at hand. Finally, the fine controls and instantaneous decisions, including user preference, are executed at the control level with little conscious effort in view of stabilisation. The other well known hierarchical model is the Rasmussen (1986)'s model that divides the operative behaviour of the driving performance into three levels: knowledge based, rule based and skill based behaviours. The driver applies the knowledge based behaviours in less familiar and difficult environments, while the rule based behaviours that pertains to the implementation of learned rule, apply when interacting with other drivers. Lastly, the skill based behaviours relate to the automatic operation performed in accustomed situations, without conscious cognitive processing. Hierarchical models provide detailed description of the dynamical processes between the different levels, however, they commonly fail to express the actual execution of these interactions.

  than adaptating the wheelchair to the driver's steering behaviour. The common examples include the intelligent decision making agents by Yong Tao et al. (2009) and Taha et al. (2008) for driver intention detection in uncertain local environments based on partially observable Markov decision process (POMDP); and by Taha et al.

  Figure 2.3: Okuda et al. (2014)'s predictive driver assisting system in a single car

Figure 2

 2 Figure 2.4: The Qinan Li et al. (2011)'s architecture of the dynamic shared control

  The authors use Lyapunov theory to prove the stability techniques that involve terminal constraints and special terminal cost. The use of MPC is also considered in by[START_REF] Prokop | Modeling Human Vehicle Driving by Model Predictive Online Optimization[END_REF] to relate the perception, preferences and experience of the driver in various traffic situations. The study considers a minimisation cost function that involves various goals and driving styles to represent the driver's accelerating, decelerating and steering behaviours. The authors considered as fundamental, the idea that human beings use their expert knowledge and sensory perception to predict the future behaviour of a system over the next few seconds. The modelled behaviours of the driver include the minimisation of lateral and longitudinal acceleration, the driver's braking effort, path following errors as well as forward velocity changes. The use of PID control loops is also considered to realise both feedback and feedforward control in the driver model.[START_REF] Keen | Bias-free identification of a linear model-predictive steering controller from measured driver steering behavior[END_REF] proposes a linear MPC based steering controller using a formal system identification procedure, with the lane change steering data from 14 drivers of an instrumented test vehicle, to reduce the steering angle prediction error. The procedure emphasises the avoidance of identification bias, resulting from the operation of the closed-loop driver-vehicle system. Other applications of the MPC based control include[START_REF] Van-Overloop | Human-in-the-Loop Model Predictive Control of an Irrigation Canal [Applications of Control[END_REF];[START_REF] Kleinman | Modeling human performance in a time-varying anti-aircraft tracking loop[END_REF][START_REF] Mcruer | The Man-Machine System Concept[END_REF].

FeedbackFigure 2 . 5 :

 25 Figure 2.5: The structural procedure of feedback control

  resulting in both ξ and ξ equal to zero. If the lie derivatives of the transformed system are denoted by c(ξ, ψ)
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 313 Figure 3.1: A differential drive wheelchair model.
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 φ sin φ cos ψcos φ sin ψ cos θ -sin φ sin ψ+ cos φ cos ψ cos θ sin θ cos φ sin θ sin ψ -sin θ cos ψ cos θ 3.1), it is easy to notice that V = r γR -b φ = r γL + b φ. Noting that V in Equation (3.1) = Ẋg in Equation (3.2), the pure rolling constraints of the right and left wheels that express how the longitudinal motion of the wheelchair's centre of mass is restricted by the longitudinal velocity of the wheels may be stated as follows: Ẋg = r γR -

ω

  X = ψR 13 + θ cos φ ω Y = ψR 23 -θ sin φ ω Z = ψR 33 + φ (3.10) • ν 0X , ν 0Y and ν 0Z are components of inertial velocity of point C given by [ Ẋg Ẏg Żg ] T along the instantaneous directions of X, Y and Z axis respectively. Thus with potential energy U = M gz g , the Lagrange function L can be computed as Equation (3.11):

  Figure 3.2: Geometrical representation of the wheelchair, with the parameters that have been utilised in deriving the velocity of the centre of mass from the castor wheels' velocities.

Figure 3 . 3 :

 33 Figure 3.3: (a) Bird view and (b) side view schematic representation of a castor wheel.

  are given inEquations (3.21) to (3.24). The resultant velocity of the front wheels as conceived at the midpoint between the right and left castor wheels is then computed as Equation (3.25):

  25) Translating v to point O (see Figure 3.1), the new velocity of point O denoted as v O can be considered equal to V because of the non-holonomic constraint that restricts the lateral speed of the rear wheels, v Y , to zero (see Figure 3.2). v O can then be expressed in terms of v by relationship (3.26). The slipping parameters in Equation
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 3436 Figure 3.4 presents the trajectories of point C, generated by τ R = τ L on a flat surface. The simulation results of the model without rolling friction are shown in sub-plots A to C, while the equivalent with rolling friction are in sub-plots D to F. It is notable in sub-plots A and B, and correspondingly D and E, that longer distances are obtained with larger torque values, and in sub-plots C and F, that negative torques generate backward trajectories. This is consistent with the expectation. According to Hoffman et al. (2003) and Chua et al. (2010), the coefficients of rolling friction of a manual wheelchair vary significantly with the kind of floor/road surface. Typical values include µ W = 0.0042, µ L = 0.0061 and µ C = 0.0143, for wooden, linoleum and carpet floors respectively. However, higher coefficients would be expected from the heavier powered wheelchairs with smaller wheel diameters on non-normal outdoor surfaces. Considering a carpet floor with µ C = 0.0143 in sub-plots D to F, an error of 20.15% in terms of the distance covered is observable in sub-plot A without the rolling
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 37 Figure3.7: Circular wheelchair trajectories and rates of change of x g , y g and z g generated on a flat surface from initial position [0 0] and initial direction φ = 0 • with τ R and τ L equal to 4 and 3, and 3 and 4 in the first and the second sub-plot respectively.
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 3839 Figure 3.8: Trajectories and velocities generated when initial wheelchair orientation is neither directly up nor directly down the slope. The simulation have been conducted on a surface inclined by θ = 15 • and ψ = 0 • from an initial [0 0] wheelchair position.

Figure 3

 3 Figure 3.10: Resulting deviation from the intended trajectory on a flat surface with slight slip introduced into the model.

  This approach proposed by[START_REF] Taychouri | Path planning for electrical wheelchair, accessibility and comfort[END_REF] is of special interest. Although it uses the distance representation methods and takes the obstacle's position and direction of motion into account, it also allocates maximal repulsive potential whenever the vehicle is moving directly towards the obstacle, and negligible potential whenever the obstacle is at right angle to the direction of motion. Due to its strength and ingenious simplicity, the DPF formulation in Equation (4.5) is considered to represent the subjective risk function of the driver's steering behaviour, where m is the gain constant and φ i is the angle between point i of the obstacle and the direction of motion of the vehicle.

  Context scalability: It is important that only behaviours of the agents that influence the driver's subjective risk are taken into consideration. For instance, scaling down the entire workspace to an area enclosed by a look-ahead radius, and further into a smaller area encompassing only the driver's field-of-view may reduce the complexity of analysis and enhance the quality of control. Directivity: This concerns the amount of influence imposed on the driver by virtue of the agents' position relative to the vehicle's direction of motion. Directed models enhance smoother time variations in the sensor signals to improve the quality of the resulting path.
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 41 Figure 4.1: Virtual-reality System 1 (VS-1): The augmented virtual and motion simulator at FSATI for wheelchair simulations.

Figure 4 . 2 :

 42 Figure 4.2: The roller system on the motion platform that enables both rotational motion of the wheels, and the mapping of the wheel's motion into the virtual world.

Figure 4

 4 Figure 4.3: A user steering the wheelchair in a living room set-up in both virtual and reality environments.

  Comparative participants' experience in real and simulated worlds Rated percentage (%) Disorientation at the begining of the task. Adaptation to steering task. General challages/uncertainities.
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 44 Figure 4.4: Virtual-reality System 1 (VS-1): The augmented virtual and motion platform at FSATI for wheelchair simulations.

Figure 4 . 5 :

 45 Figure 4.5: Wheelchair trajectories and speeds observed in a risk free environment.

Figure 4 . 6 :

 46 Figure 4.6: Trajectories and speeds of wheelchair observed in a minimal risk environment.

  Figure4.7 is considered. The wheelchair is steered to the goals G 1 , G 2 and G 3 from the starting point S, without speed or path restrictions. Interestingly, the paths and speeds depicted in Figure4.8 were mostly considered, with additional steering priority allocated to avoid the local risks. Also, it may be important to note that longer safer paths as opposed to shorter riskier paths were preferred; the risk magnitude in this case concerns the amount steering accuracy required to avoid collision. Additionally, in Figure4.8 at positions A, B, C and D, the reduction in the immediate forward space along the perceived curved path and the apparent possibility of collision with furniture, compelled the consideration of closer instantaneous goals. This accordingly,

Figure 4 . 7 :

 47 Figure 4.7: The considered virtual living room environment (perimeter wall not shown for clarity reason).

Figure 4 . 8 :

 48 Figure 4.8: Wheelchair trajectories observed in a living-room environment. The rectangular shapes in the configuration space represent the living room furniture.

Figure 4 . 9 :

 49 Figure 4.9: Wheelchair speeds observed in the living room environment.

ν

  = |ν des (g i ) + ν env (env)| ≤ ν max (4.6)4.4.2 Desired steering velocityIn normal situations, drivers are believed to prefer some constant driving speeds in environments with minimal risk factors. The desired speed is a personality factor that varies from one individual to another. It is affected not only by the composition of the workspace, but also by the implied steering complexity and driver experience. The composition of the workspace introduces an aspect of risk and safety, that compels a driver to presume an adaptation mechanism that limits the perceived risk to an acceptable subjective threshold. Such adaptive mechanisms generally confine the local driving speed to a safe minimum. A discussion in this regard is presented in Section 4.4.3. On the other hand, the steering complexity pertains to influence of complex orientational manoeuvres involved in the steering task, including the effects path curvature.Disassociating the influence of environmental risks from the desired speed, and considering the speed as a function of the steering complexity alone, results in Equation (4.7), that expresses the desired velocity as a function of path curvature in the direction of the instantaneous goal. As presented, the desired velocity in a risk free environment only takes into consideration the observable variables (i.e. path curvature and the instantaneous goal direction) that have systematic relationships with the driver's steering behaviour. The formulation avoids the effects of non-quantifiable subjective factors including the driver's experience and task urgencies that are also know to influence the driving behaviour.

Figure 4 .Figure 4 . 10 :

 4410 Figure 4.10: Influence of risky situations on wheelchair steering with m and n = 2, and with distance-to-risk d risk considered as the main adaptation reference.

  ated data, and coefficients of determination of the analysis for each of the seven data sets. The optimised values of constants m and n used in the identification process are 4 and 2 respectively. These values represent a pair that resulted in the highest coefficient of determination with regards to majority of the presented cases. The value of constant m, according to Figure4.10, defines the shape of the contours along which risks possess the same magnitude of influence on the driver. A higher value represents a driver who is less bothered about the skewed risks and more concerned about the risks perceived along the direction of wheelchair orientation. Referring to Equation (4.9), m = 1 produces a circular contour, while higher values (m > 1) results in oval contour shapes. The high value of constant m considered in the identification process thus represents a reduced influence of side risks on the driver's steering behaviour.
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 411 Figure 4.11: The generated linear velocity and model response in Case 1 and Case 7.

Figure 4

 4 Figure 4.12: Regression errors in Case 1 and Case 7.

Figure 4

 4 Figure 4.13: Generated trajectories and linear velocities in Case 1.

  -the-loop control represents a framework for modelling systems that involve human interactions. Contrary to conventional control systems where a human model is included as an external input into the closed-loop system, the contemporary technological developments regard a human model as an active participant, capable of both judgement and decision making. In this way, human-in-the-loop technologies enable thorough analysis and understanding of the existing complex interaction between humans and machines under operational conditions, from a holistic perspective. The possibility of realising control systems with human-in-the-loop has become more and more practical with the rapid development of fast electronic systems and sensor technologies. A few implementations have been realised in automotive environments, to reduce car accidents and improve traffic safety. This chapter presents a closed-loop control system for a differential drive wheelchair, that also includes a driving behaviour model. Instead of a fully autonomous system, the architecture emphasises driver assistance, by adapting the wheelchair to the driving behaviours and preferences of the driver. The presented closed-loop model utilises the input-output feedback controller to track the driver inputs through torque compensation, and ensures the optimality of the resulting minimum-phase system through the performance index of the non-linear continuous-time GPC.

  used the technique in the time varying formation control of collaborative multi-agent systems. Li & Yang (2012) carried out a non-linear controller design for a model-based inverted pendulum vehicle, whose accurate dynamic model could not be guaranteed because of the presence of uncertain vehicle and operator behaviours. They based the design on the input-output feedback linearisation control coupled with adaptive neural network (NN) and a linear dynamic compensator, to accomplish the tracking of desired

  according to Figure5.1. The controller design is based primarily on the presence of accurate models of the wheelchair and the driver's steering behaviour. In Chapter 3, a dynamic model of a differential-drive wheelchair is derived, using the Euler Lagrange procedure, to facilitate the design of assistive control systems in the presence of gravitational, frictional and slipping forces that act on the wheelchair during motion. The modelling considered the effects of wheel-slip, gravitational potential and rolling friction on the road-load force, on both inclined and non-inclined surfaces, and determined the slipping parameters by an approach that reduces the conventional number of slip-detection encoders. Derivation of the driving behaviour model and identification of driver-specific steering behaviours is carried out in Chapter 4.The driving model utilises the driver-specific parameters, the real-time steering signals, the state of the wheelchair and the sensor captured environmental information to compute, at each time instant, a reactive signal that drives the wheelchair to an instantaneous look-ahead goal, while at the same time circumventing collision incidents. The behaviour model thus executes the adaptive action on the joystick signals by applying the identified driver-specific parameters, to guarantee that the succeeding wheelchair states will track the steering behaviour of the driver, and avoid collision situations without the driver's conscious effort. The formulation of the driving model is based on deductive reasoning from the known steering operations and systematic relationships between the drivers' observable behaviours and wheelchair responses.

Figure 5 . 1 :

 51 Figure 5.1: The control diagram of a wheelchair with integrated driver behaviour model and intention detection model.

  .1) is therefore linearised with respect to the output variables of a conventional wheelchair joystick to ensure practicality of the steering task. Since the proposed wheelchair dynamic model in Equation (3.36) has two inputs, it is possible to choose any two output variables to achieve the input-output feedback linearisation. The problem of linear speed and angular position control of a conventional wheelchair is therefore considered with an intention of tracking the specified input signals. This is accomplished by ensuring that the linear speed and angular position errors, e = [

  e

  This section presents some simulation results to support the proposed closed-loop control model of the wheelchair with human-in-the-loop. The presented validations include plots of various centre of mass trajectories and velocities of the system, with and without the driving behaviour model. The dynamic model parameters and the default controller gains used in the simulation are shown in Table5.1. Unlike the open-loop model simulations in Section 3.5, that considers the wheel torques as the system inputs, the reference linear speed V r and angular position φ r are considered in the closed-loop model simulations.

  µ y = µ z = µ φ = 0.3 Prediction horizon T = 0.5s reference speed of V r = 1.5, an initial surface inclination angle of θ = 15 • and an initial ψ of 90 • , generated the circular trajectory shown in the first sub-plot. During the simulation, a random slip was introduced at time t = 20s for the rest of the simulation time. As depicted in the wheel-torques time-series curve, the controller automatically adjusted the torques to track the specified user inputs. The linear velocity time-series curve and angular orientation error illustrate how accurate the controller tracked the desired inputs in spite of the effects of gravitational potential and the slipping situation. Similar results are plotted in Figure 5.3, where the controller tracked a unit amplitude sinusoidal input, to produce the desired sine wavetrajectory. Although a tracking error is evident in the orientation, the error is steady state with much smaller magnitude compared to the desired output. Thus, the simulated behaviour of the closed-loop model is considered largely consistent with the expected response of a wheelchair system in a practical situation.

  Figure5.2: Circular wheelchair trajectory generated by considering a ramp input for reference angular orientation and V r = 1.5 at θ = 0 • and ψ = 90 • . As depicted in time series curve for wheel torques, random slip introduced at time t = 20s for the rest of simulation time does not affect the ability of controller to automatically adjust the torques in order to track the specified user inputs.

Figure 5 .

 5 Figure 5.4 and 5.5 depicts simulation results of the closed-loop wheelchair with a driving behaviour model in the loop. The results intended to show the ability of the closed-loop controller to track the driver's commands and reproduce the wheelchair's trajectory. In Figure 5.4, both the original trajectory of the driver's steering speed and directional commands, and the controller's new trajectory in Case 1 and Case 7 are shown in sub-plots A and B respectively. Similarly, Figure 5.5 presents the original and controller computed linear speeds and their corresponding linear speederrors in Case 1 and Case 7 in the first and second columns respectively. As depicted, the controller accurately tracks the reference speeds and trajectories of the drivers.
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 5556 Figure 5.3: Sinusoidal wheelchair trajectory generated by considering a sine wave input for reference angular orientation and V r = 1.5 at θ = 0 • and ψ = 90 • .Similarly, the random slip introduced at time t = 20s does not affect the ability of controller to regulate wheel torques.

  tive risks and steering preferences of the driver. The simulation results have demonstrated that it is possible to improve wheelchair control and implement fine steering manoeuvres, as well as risk and collision avoidance behaviours through background steering support, by adapting the steering velocity of the wheelchair to the identified driver-specific parameters. The proposed driving model is simple and linear in the parameters, and therefore very convenient for on-line application as a real-time codriver to predict and implement local corrective solutions to possible steering errors and emergency collision situation. The study has also contributed to the development of wheelchair dynamic model and derivation of slipping parameters. The dynamic model takes into account the effects of rolling friction, slipping parameter and gravitational potential of the wheelchair, on both inclined and non-inclined surfaces.It was concluded from the comprehensiveness and simulation results of the wheelchair dynamic model, that it gives a better representation of the dynamic behaviour of a reality wheelchair in normal and non-normal indoor and outdoor driving conditions, and that the reduction in the number of slip detection encoders makes it a cost effective model alternative. From the regression analysis and curve-fitting results of the driving model, it was concluded that it is possible to represent the local behaviour of a wheelchair driver using a simple reactive model that is linear in parameters. The presented driving behaviour model that modifies the driver's signals based on the contextual situation, to adapt the wheelchair to the driver's behaviour is assumed to have explicit knowledge of the driver's subsequent intentions. It was concluded from

  The model is derived in terms of two force components: the driving force component, F d , and the environmental or obstacle component, F k , expressed in Equation (2.12) and (2.13) respectively. The model is however non-linear and does not represent in a simple way the directed influence of risks. In addition, it

	and enable the wheelchair to perform autonomous tasks without the driver's input
	at another extreme level. However, the resulting behaviour in both autonomous and
	semi-autonomous do not account for the driver's steering preferences.

; Qinan

[START_REF] Li | Dynamic shared control for human-wheelchair cooperation[END_REF]

;

[START_REF] Urdiales | On the construction of a skill-based wheelchair navigation profile[END_REF]

;

[START_REF] Levine | The NavChair Assistive Wheelchair Navigation System[END_REF]

;

[START_REF] Montesano | Towards an intelligent wheelchair system for users with cerebral palsy[END_REF] 

propose task oriented models that generate autonomous behaviours at different levels. The task oriented models allocate the driver more or less control depending on the contextual need at one extreme level, A reactive steering behaviour model, usable in wheelchair adaptation, is proposed by

[START_REF] Emam | Power wheelchair driver behaviour modelling[END_REF]

.

Table 3 .

 3 2: A comparison of the presented wheelchair model with other wheelchair models.

Table 4 .

 4 1: Comparison of the potential field modifications based on their applicability in the formulation steering behaviour of wheelchair users.

	APF	EAPF	PEAPF	BPF	DPF
	Smooth planning				
	Local planning				
	Global planning				
	Complex environments				
	Highly scalable				
	Directionality				
	Min. computational time				

Table 4 .

 4 2 contains the identified parameter values, constant p, standard error (in value and percentage), t-statistics, maximum deviation between the fitted and the gener-

Table 4 .

 4 3, have been utilised. Of the data, 85% are used in the identification of the driver-specific model parameters to ensure that the observed values represent well the natural driving behaviour, while only 15% is used in the curve fitting validation. The observed values of coefficient of determination R 2 , in Table4.2 demonstrate how well the model replicates the generated data. Besides, the resulting large values of t-statistics establish the significance of the identified coefficients of the driver behaviour model.It is noticeable that higher values of t-statistics corresponding to k ν as compared to k env are obtained, indicating the general stronger impact of the driver's desired velocity compared to risks avoidance. This is presumed to have resulted from the drivers' subjective goal reaching urgencies during steering. The variability of ν des with respect to each of the presented seven cases demonstrates the importance of identifying the individual's driving behaviour, denoting the different preferred driving speeds. 3 adopts the TTR criteria, and considers the constants presented in the previous table to compare and determine the relevance of the two hypothesised risk adaptation mechanisms. The observed results are found to be very close to those in Table4.2. Nonetheless, the slightly lower values of coefficient of determination and t-statistics obtained with TTR may be realised. Besides, the model parameters in Case 6 and 7 may not represent the actual driving behaviour because ν des and k ν

  Table4.4: The regression parameters obtained with[START_REF] Emam | Power wheelchair driver behaviour modelling[END_REF]'s model behaviour. It is observed from the identified parameters that although similar driving behaviours are exhibited, an implied uniqueness with respect to each case can still be observed. This validates the need for modelling and identification of the driver's steering behaviour. Because of the model's simplicity and linearity in parameters, the ordinary least square method has been used in parameter identification. The curve-fitting and regression analysis of the model with the identified parameter values produced results that accurately depict the generated driver-specific steering behaviours. Although the driving behaviour took into consideration the DPF algorithm, the model is uniquely formulated to account for user disposition like desired velocity. Besides, to the best our knowledge, a wheelchair driving model with similar simplicity and the accuracy with which its trajectory tracks/fits the actual may not available.

			Std Error	1 t stat	Dev Max.	R 2
	Case 1					
	K(1) K(2)	-0.00097 -0.99680	0.00033 0.00074	-34.184% -0.3418 -0.0744% -7.44e-4	0.39777	0.99258
	K(3)	0.002372	0.00132	55.4434% 0.55443	
	K(4)	2.666837	0.47865	17.9482% 0.17948	
	Case 2					
	K(1) K(2)	0.000822 -0.99650	0.00169 0.00075	2.062e2% 2.06227 -0.0756% -7.56e-4	0.55602	0.99266
	K(3)	0.002030	0.00117	57.8637% 0.57864	
	K(4)	2.914947	0.51880	17.7981% 0.17798	
	Case 3					
	K(1) K(2)	0.007529 -0.99562	0.00099 0.00063	13.1842% 0.13184 -0.0629% -6.29e-4	0.36037	0.99245
	K(3)	0.001935	0.00106	54.7612% 0.54761	
	K(4)	2.720196	0.51956	19.1000% 0.19100	
	Case 4					
	K(1) K(2)	5.4794e-5 2.577e-5 47.0383% 0.47038 -0.99611 0.00053 -0.0528% -5.28e-4	0.58585	0.99193
	K(3)	0.000754	0.00028	37.4431% 0.37443	
	K(4)	3.414773	0.31000	9.07842% 0.09078	
	Case 5					
	K(1) K(2)	0.001279 -0.99631	0.00086 0.00069	67.1672% 0.67167 -0.0693% -6.93e-4	0.29464	0.99237
	K(3)	0.001302	0.00093	71.2194% 0.71219	
	K(4)	2.802759	0.61846	22.0662% 0.22066	
	Case 6					
	K(1) K(2)	0.003097 -0.99582	0.00096 0.00063	30.9182% 0.30918 -0.0633% -6.33e-4	0.01506	0.99205
	K(3)	-0.00016	0.00123	-7.82e2% -7.8198	
	K(4)	0.645253	11.9476	1.851e3% 18.5161	
	Case 7					
	K(1) K(2)	0.002894 -0.99636	0.00192 0.00071	66.2751% 0.66275 -0.0708% -7.08e-4	0.66898	0.99254
	K(3)	0.001286	0.00064	49.5301% 2.01897	
	K(4)	3.589096	0.46016	12.8211% 0.12821	

  Table 5.1: Dynamic model and controller parameters used in simulation

FSATI is an acronym for French South-African Institute of Technology.

TUT is an acronym for Tshwane University of Technology.
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Abbreviations

ADAS

Advance Driver Assistance Systems the principal adaptation criteria that wheelchair drivers adopt in the vicinity of risks corresponds well with most wheelchair drivers.

Case 1 2 k ν 0.0023296 0.0000493 2.12% 0.021145 0.0066778 0.9998727 k env 0.0000607 0.0000042 6.92% 0.069456 ν des 2.1620485 0.0000664 0.003% 0.000031 Case 2 1 k ν 0.0013058 0.0000457 3.50% 0.034998 0.0044821 0.9998751 k env 0.0000168 0.0000050 29.8% 0.297619 ν des 3.1936471 0.0000572 0.002% 1.791e-5 Case 3 2 k ν 0.0016111 0.0000638 3.96% 0.039600 0.0282700 0.9998215 k env 0.0001812 0.0000042 2.32% 0.023179 ν des 2.9748170 0.0000809 0.003% 2.720e-5 Case 4 1 k ν 0.0022988 0.0000481 2.10% 0.020924 0.0096421 0.9998336 k env 0.0001566 0.0000041 2.62% 0.026181 ν des 1.5590495 0.0000483 0.003% 3.098e-5 Case 5 1 k ν 0.0011705 0.0000330 2.82% 0.028193 0.0048858 0.9999171 k env 0.0000525 0.0000024 4.57% 0.045714 ν des 2.3263703 0.0000322 0.001% 1.384e-5 Case 6 2 k ν 0.0033319 0.0003469 10.4% 0.104115 0.0288915 0.9992932 k env 0.0002114 0.0000097 4.59% 0.045885 ν des 2.0650043 0.0003439 0.017% 1.665e-4 Case 7 2 k ν 0.0007837 0.0000496 6.33% 0.063290 0.0108345 0.9998355 k env 0.0001583 0.0000048 3.03% 0.030322 ν des 5.5191529 0.0000688 0.001% 1.247e-5 

Trajectory fitting

Because of space limitations, curve fitting results of only two of the seven cases are presented to validate the driving behaviour model. The presented curves include a comparison between the model and generated data, the observed instantaneous errors 4.4 compared to Table 4.2. Besides, some negative parameters value were obtained in the identification.

Conclusion

This chapter intended to formulate a driver model that represents the driving behaviour of a wheelchair user in a local environment. A simple driving behaviour model that is linear in parameters is therefore presented. The model assumes explicit knowledge of the driver's subsequent intentions in order to generate the necessary adaptation signals required to adapt the wheelchair to the driver's driving 

Simulation with induced disability

In order to simulate signals with steering disability, a steering handicap is modelled and superimposed on the normal drivers' signals. The steering handicap model formulated the signal of a wheelchair driver with wrist extension problems. In particular, a driver with limited capability of pointing the joystick towards the right-side direction (negative directional changes) and making small variations in the translational speed is considered. The positive directional variations as well as considerably bigger signals deviate from the original able driver's signal, the presented results of the human-in-the-loop controller depict a forward progress towards the intended driver assistance and steering ease enhancement. Besides, the speed-errors in sub-plots C and D of Figure 5.8, produced by the controller with human-in-the-loop, are normally distributed with a smaller magnitude compared to the speed-errors of the disabled signal. Accordingly, the resulting speeds and trajectories of the human-in-the-loop controller relative to the speeds and trajectories with actual steering disabilities could be much better.