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Résumé : Cette thése s’adresse a la problématique
de controle/commande et d'observation des
exosquelettes du membre supérieur  pour
I’assistance a la mobilit¢é des personnes qui
souffrent d'un déficit moteur, caractérisé par une
perte totale ou partielle des capacités motrices. Le
robot utilisé pour les validations est congu par
RB3D dans le but des travaux de recherches sur les
lois de commandes pour la rééducation du membre
supérieur au sien du Laboratoire LISSI (Laboratoire
Images, Signaux et Systemes Intelligents) de
I’UPEC, appelé ULEL (Upper Limb Exoskeleton of
LISSI).

Deux approches de commande d'exosquelettes pour
la rééducation fonctionnelle du membre supérieur
ont été proposées. La premiére commande est
congue sur la base d’un estimateur en-ligne des
parameétres dynamiques. Cette méthode d'adaptation
permet d'améliorer les performances de contrdle de
ce systtme, et de compenser les erreurs
paramétriques dues au couplage de 1'exosquelette
avec le membre humain.

La deuxiéme contribution consiste en une stratégie
de commande robuste basée sur les modes glissants.
Cette stratégie non-linéaire, garantie la convergence
des erreurs de poursuite vers zéro en temps fini
lorsque le régime de glissement est atteint. Ce type
de commande est connu par sa robustesse vis-a-vis
les variations paramétriques et les perturbations
externes. L'efficacité de la méthode proposée est
démontrée expérimentalement pour le mode de
rééducation passif.

Dans la derniére partie de la thése, un observateur
en mode glissant d'ordre supérieur est proposé pour
estimer les couples d'interactions homme-
exosquelette. L'observateur proposé est capable
d'estimer les efforts au niveau de l'interface
d'interaction entre I'exosquelette et le membre
humain, en utilisant les mesures de position et
l'entrée de commande. Les résultats obtenus
montrent 1’efficacité des solutions proposées sur
I’exosquelette ULEL.

Title : Control and observation of exoskeletons for upper limb functional rehabilitation

Keywords : Exoskeleton, Functional rehabilitation, Robust control, Observation

Abstract: This thesis addresses the problem of
control of an upper limb exoskeleton for mobility
assistance of people who suffer from a motor
deficit, characterized by a total or partial loss of
motor skills. The robot used is designed by RB3D
for the purpose of research work on the control laws
for the rchabilitation of the upper limb at LISSI
Laboratory (Laboratory Images, Signals and
Intelligent Systems) of the UPEC university; this

exoskeleton is called ULEL (Upper Limb
Exoskeleton of LISSI).
Two approaches to control exoskeletons for

functional rehabilitation of the upper limb have
been proposed. The first control is based on an
online estimator of dynamic parameters. This
adaptation method makes it possible to improve the
control performance of this system, and to
compensate for parametric errors due to coupling
the exoskeleton with the human limb.

The second contribution consists of a robust control
strategy based on sliding modes. This nonlinear
strategy guarantees the convergence of tracking
errors to zero in finite time when the sliding mode is
reached. This type of control is known by its
robustness with respect to parametric variations and
external disturbances. The effectiveness of the
proposed method is experimentally demonstrated
for the passive rehabilitation mode.

Finally, in the last part of this thesis, a higher order
sliding mode observer is proposed to estimate
interactions torques of the human-exoskeleton
system. The proposed observer is able to estimate
the forces at the interaction interface between the
exoskeleton and the human limb, using the position
measurements and the control input. The obtained
results show the effectiveness of the proposed
solutions using the exoskeleton ULEL.
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Abstract

Robots have been identified as a possible way to improve and automate patient’s
access to rehabilitation therapy, and also to provide new tools for therapists. Several
researchers have already proposed the use of robots for the delivery of this type of
physiotherapy. The first large-scale study on the acceptance of robotics in occupational
therapy for both patients and therapists was conducted using a simple therapy robot.
This study indicates a wide acceptance of the two groups, with many valuable sugges-
tions for improvement. The benefits of robot-assisted therapy include the availability
of the robot to successively repeat movements without complaint, as well as the ability

to record these movements.

Recently, research in robotics rehabilitation has focused on exoskeletons. These de-
vices have a structure that resembles the human limb, having joint axes that correspond
to those of the limb. Exoskeletons are designed to work side-by-side with the limb, and
thus can be attached to the limb in multiple locations, allowing the exoskeleton to fully
determine the limb posture and the torques applied to each joint separately. In ad-
dition, it allows to expand the workspace, allowing a greater variety of movements in

rehabilitation exercises.

My PhD work addresses the problem of control of an upper limb exoskeleton for
mobility assistance of people who suffer from motor deficit, characterized by a total or
partial loss of motor skills. The robot used is designed by RB3D for the purpose of
research work on the control laws for the rehabilitation of the upper limb at LISSI Lab-
oratory (Laboratory Images, Signals and Intelligent Systems) of the UPEC university,
this exoskeleton is called ULEL (Upper Limb Exoskeleton of LISSI).

The first proposed control law is based on an online estimator of dynamic parameters.
This adaptation method makes it possible to improve the control performance, and to

compensate for parametric errors due to coupling the exoskeleton with the human limb.




The second contribution is a robust control strategy based on sliding mode technique.
It guarantees the convergence of the tracking errors to zero in finite time when the
sliding mode is reached. This type of control is known by its robustness with respect to
parametric uncertainties and external disturbances. The effectiveness of the proposed

method is experimentally demonstrated for the passive rehabilitation mode.

Finally, in the last part of my thesis, a higher order sliding mode observer is proposed
to estimate interaction torques of the human-exoskeleton system. The proposed observer
is able to estimate the forces at the interaction interface between the exoskeleton and
the human limb, using the position measurements and the control input. The simulation
results obtained show the effectiveness of the proposed solutions using the exoskeleton
ULEL.
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Résumé

Les robots ont été identifiés comme un moyen possible pour améliorer et automa-
tiser I'acces des patients a la thérapie de rééducation, et fournir de nouveaux outils
pour les thérapeutes. Plusieurs études ont déja proposé I'utilisation des robots pour la
prestation de ce type de physiothérapie. La premiere étude de grande envergure sur
I’acceptation de la robotique en ergothérapie, aussi bien pour les patients que pour les
thérapeutes, a été réalisée a ’aide d’un simple robot manipulateur. Cette étude signale
une large acceptation des deux groupes, avec un grand nombre de précieuses sugges-
tions d’amélioration. Les avantages de la thérapie assistée par les robots comprennent
la disponibilité du robot pour répéter successivement les mouvements sans plainte, ainsi

que la possibilité de les enregistrer.

Depuis, la recherche en robotique de rééducation s’est orientée vers les exosquelettes.
Ces dispositifs ont une structure qui ressemble au membre humain, ayant des axes
d’articulations qui correspondent a ceux du membre. Les exosquelettes sont congus pour
fonctionner cote a cote avec le membre, et donc peuvent étre attachés a ce dernier en
plusieurs endroits, pour permettre a I’exosquelette de déterminer pleinement la posture
du membre et les couples appliqués a chaque articulation séparément. Leur utilisation
d’élargir I’espace de travail, ce qui permet une plus grande variété de mouvements dans

les exercices de rééducation.

Mes travaux de these s’adressent a la problématique de controle/commande et
d’observation d’un exosquelette du membre supérieur pour l'assistance a la mobilité
des personnes qui souffrent d’'un déficit moteur, caractérisé par une perte totale ou par-
tielle des capacités motrices. Le robot utilisé est concu et réalisé par RB3D pour les
applications de rééducation du membre supérieur au sien du Laboratoire LISSI (Lab-
oratoire Images, Signaux et Systemes Intelligents) de 'UPEC, appelé ULEL (Upper
Limb Exoskeleton of LISSI).

L’une des contribution de ma these est la conception d’une loi de commande
d’exosquelettes pour la rééducation fonctionnelle des membres supérieurs, basée sur

un estimateur en-ligne des parametres dynamiques. Cette méthode d’adaptation per-
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met d’améliorer les performances de contrdole du systéme, et de compenser les erreurs

paramétriques dues au couplage de 1'exosquelette avec le membre humain.

Une stratégie de commande robuste basée sur les modes glissants est également pro-
posée, elle garantie la convergence des erreurs de poursuite vers zéro en temps fini lorsque
le régime de glissement est atteint. Ce type de commande est connu par sa robustesse
vis-a-vis des variations paramétriques et des perturbations externes. L’efficacité de la

méthode proposée est démontrée expérimentalement pour le mode de rééducation passif.

Finalement, dans la derniere partie de ma these, un observateur par mode glis-
sant d’ordre supérieur est proposé pour estimer les couples d’interactions homme-
exosquelette. Cet observateur est capable d’estimer les efforts au niveau de l'interface
d’interaction entre I’exosquelette et le membre humain, en utilisant les mesures de posi-
tion et les entrées de commande. La validation de la méthode est réalisé en simulation
et les résultats obtenus montrent l'efficacité des solutions proposées sur ’exosquelette
ULEL.
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Introduction

Robots are mechatronic devices designed to automatically perform tasks that imi-
tate or reproduce human actions in a specific area, that’s why they have been strongly
associated with human beings. Indeed, The first robots have been distended for indus-
trial purposes in the early 1970s. Despite their high cost they are meant to replace or
help human operator in repetitive, challenging or dangerous tasks. Today, the evolution
of electronics and computing allows to develop robots more precise, faster and with
a better autonomy, enabling greater data exchange as in the example of teleoperation
robotics. Furthermore, the arrival of wearable robots leads to investigate aspects of

physical interaction.

In general one can distinguish two types of wearable robots, prostheses and exoskele-
tons. Unlike prostheses which aim to replace the lost member, exoskeletons are designed
to operate side by side with the human limb. They have joint axes corresponding to
those of the wearer’s limb, imitating its structure. Exoskeletons have several application
fields including the increase of power for military and rescue applications, diagnostic and
technical assistance for the disabled or elderly people, and physical therapy which allows
motor rehabilitation, in which fits the work of this thesis, and more precisely with upper

limb exoskeletons.

The main treatment of disabilities after stroke is rehabilitation therapy which allows
the patient to recover his voluntary movements and relearn performing activities of daily
living [1]. Stroke is the leading cause of serious and long-term disability [2]. Depending
on the location of the lesion and its importance, stroke can result in partial or total
paralysis [3]. As the number of disabled patients is growing, providing appropriate

treatment can become increasingly difficult and very costly.

The use of exoskeletons makes it possible to meet this growing demand and can
improve the well-being of this kind of patients. Having a similar kinematics to the
human limb, exoskeletons can provide a permanent and intensive rehabilitation for long
time periods [4], with reduced costs. Furthermore, exoskeletons can provide some data

and measurements that could be used to evaluate the patient’s recovery. In recent




Introduction

years many upper limb exoskeletons for rehabilitation have been developed. The list
of examples of existing devices is long but we can cite: the Armeo products (Hocoma,
Switzerland), including the 7 DoF ArmeoPower active exoskeleton, which is based on
the ARMin III exoskeleton [5], the 4 axes exoskeleton ABLE (CEA-LIST Interactive
Robotics Unit) [6], the 7 DoF exoskeleton CADEN-7 (University of Washington, Seattle)
[7], the lightweight 5 DoF pneumatic exoskeleton RUPERT (Arizona State University)
8], and the 7 DoF exoskeleton ETS-MARSE [9], etc.

In this context, the work presented in this dissertation consists of several parts:
modeling and parametric identification of the exoskeleton, control of the exoskeleton
in the case of passive rehabilitation (without efforts applied by the patient) and then
an estimation of the interaction between the robot and the patient in order to prepare
the ground for a force control or an impedance control. The proposed solutions for the
parts mentioned above are detailed in the rest of this manuscript, which is organized

into five chapters (in addition to an introduction and a conclusion).

The first chapter gives an overview of robotic systems for the rehabilitation of pa-
tients with upper limb motor impairment. First, some elements of the upper limb
anatomy and its kinematics are introduced. Then, methods of upper limb rehabilita-
tion as well as existing rehabilitation robots are presented. Finally, an overview of the

existing control strategies for upper limb rehabilitation is given.

The second chapter presents the geometric, kinematic and dynamic modeling of the
exoskeleton ULEL which is the experimental platform used in this thesis. In addition,
a multi-body dynamic model based on a complete CAD model is developed using the
SimMechanics library of MatLab software. Dynamic parameter identification is carried
out to identify the dynamic parameters of ULEL. This step is mandatory in order to
obtain an accurate dynamic model, which will be used in simulations and control system

design.

The third chapter presents an adaptive control strategy based on an online dynamic
parameter estimator. Its goal is to improve the control performance of this system which
plays a vital role in assisting patients with shoulder, elbow and wrist movements. In
general, the dynamic parameters of the human limb are unknown and differ from one
person to another, which degrades the performance of the exoskeleton-human control
system. For this reason, the proposed control scheme contains an additional loop based
on an effective online dynamic parameters estimator. The latter acts on the adaptation
of the controller parameters to ensure the performance of the system in the presence
of parametric uncertainties and disturbances. The physical model of the exoskeleton

ULEL, interacting with a 7 degrees of freedom upper limb model is used to illustrate
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the effectiveness of the proposed approach, and an example of passive rehabilitation
movements (which aims to maneuver the exoskeleton that drives the passive upper limb
to follow the predefined desired trajectories) is performed using multi-body dynamic

simulation.

Chapter 4 provides an original adaptive sliding mode control approach for upper limb
rehabilitation using exoskeletons. In this case, a non-linear sliding surface is proposed
to ensure the convergence of tracking errors to zero in finite time when the sliding mode
is reached. This type of control is known to be robust against parametric variations
and external disturbances. Experimental results show the effectiveness of the proposed

method for the passive rehabilitation mode.

The last chapter presents a third-order like sliding mode observer to estimate human-
exoskeleton interaction torques. The proposed observer is able to estimate torques
caused by the interaction of the exoskeleton with the human limb, using only joint po-
sition measurements and the control input. The proposed approach has been tested
in simulation using the exoskeleton ULEL muti-body model, and has shown its effec-
tiveness. The great interest of the interaction torques estimation is its application for
the phase of active rehabilitation mode, which is a very important step to develop an

exoskeleton able to perform upper limb rehabilitation effectively.

The manuscript is closed with a general conclusion and perspectives for future work.
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Introduction

1.1 Introduction

Cerebral Vascular Accident (CVA) or stroke is the most common cause of disability,
it is characterized by the sudden interruption of blood supply to the brain, resulting in
oxygen deprivation. Depending on the location of the lesion and its importance, stroke
can result in partial or total paralysis [3]. Tt is the third cause of death and the leading
cause of disability in France [10]. Over 138 600 hospitalizations were registered with
disabling stroke in 2009 [11]. The main treatment of these disabilities is rehabilitation,
which allows the patient to recovery his voluntary movements and relearn performing

activities of daily living [1].

Rehabilitation aims primarily to optimize the recovery of motor function deficits, in
order to reduce the impact of brain damage on this function and to develop compen-
sation strategies to ensure the replacement of injured functions. It aims to enable the
patient to regain physical and social activities and a more independent lifestyle. Motor

rehabilitation can be prescribed for:

» Prevention or treatment of pathologies related to stroke;
« Reduction of motor deficits and the normalization of muscle tone (spasticity);

« Correction of standing and balance pathologies, involving the head, trunk and

lower limbs;
o Correction of walk that involves the whole body;
» Recovering upper limb mobility and grasping function;

e Regaining independence in the functions of everyday life.

Rehabilitation can continue in most cases the whole life of stroke patients, and can
become very costly. In France, the total health care of stroke patients was about €5.3
billion in 2007 [12], including costs associated with lost productivity and disability. In
addition, nursing care costs were estimated at €2.4 billion [12]. The use of robotic
technologies can improve the care strategies, and reduces significantly the disabling

stroke costs.

Robots have been identified as a possible way to improve and automate patient
access to rehabilitation therapy, and also to provide new tools for therapists. Several
researchers have already proposed the use of robots for this type of physiotherapy [13].

The first large-scale study on the acceptance of robotics in occupational therapy for
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both patients and therapists was carried out by Dijkers and his colleagues, using a
simple therapy robot [14]. This study indicates a wide acceptance of both groups, with
many valuable suggestions for improvements. The benefits of robotic therapy include
the availability of the robot to successively repeat the movements without complaint

and the ability to record these movements.

This chapter aims to provide an overview of rehabilitation robotic systems of pa-
tients with motor impairment, and is particularly focused on robots for upper limb
rehabilitation. First, some elements of the upper limb anatomy and its kinematics are
introduced. Then methods of upper limb rehabilitation as well as existing rehabilitation
robots are presented. Finely, an overview of the existing control strategies for upper

limb rehabilitation is given.

1.2 Elements of the upper limb anatomy

The upper limb (or arm in the common language) is the member connected to the
trunk through the shoulder. The upper limb consists of three segments: the arm, the
forearm and the hand. The arm is connected to the forearm with the elbow, and the

wrist connects the forearm to the hand (see Fig.1.1).
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Figure 1.1: Anatomy of the upper limb




Kinematics of the upper limb

1.2.1 The shoulder

The shoulder is the most mobile of all the joints of the human body. This articulation
is composed of three bones: the Clavicle, the Scapula (Omoplate), and the Humerus
(Fig.1.1). The shoulder is not a simple articulation but a set of two functional groups
which permits three Degrees of Freedom (DoF'), allowing flexion / extension, adduction

/ abduction, and axial rotations of the upper limb [15].

1.2.2 The elbow

The elbow is the intermediate articulation of the upper limb constituting the me-
chanical connection between the arm and the forearm. Three bones participate in this
articulation: the Humerus, the Radius, and the ulna (Fig.1.1). This joint complex Has
two distinct functions: flexion / extension and pronation / supination. Therefore, we
can consider that the elbow allows two DoF, one pivot joint for flexion / extension of

the forearm and another one for the pronation / supination [15].

1.2.3 The wrist

The wrist is the distal articulation of the upper limb, allowing the hand, which is the
effector segment, to perform the optimal position for grasping. The wrist complex has
essentially two DoF allowing ulnar / radial deviation, and flexion / extension movements
of the hand [15] (Fig.1.1).

1.3 Kinematics of the upper limb

The upper limb has a total of nine DoF without counting the fingers joints [16]. The
shoulder can be considered as a ball joint allowing three rotations, these movements are
commonly known as flexion / extension (Fig. 1.2a), abduction / adduction (Fig. 1.2b),
and Internal rotation / external rotation (Fig. 1.2c). Furthermore, the sternoclavic-
ular joint has two DoF allowing movements of elevation / depression, and retraction/
protraction which moves the center of rotation of the shoulder ball joint (Fig. 1.2d).
Thus, the shoulder has a total of five DoF [17]. The elbow has two DoF, the flexion
/ extension (Fig. 1.2e), and the pronation / supination (Fig. 1.2f). Finally, the wrist
joint has two DoF, flexion / extension (Fig. 1.2g) and ulnar deviation / radial deviation
(Fig. 1.2h) [18].
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Figure 1.2: The upper limb movements, adapted from [19]

1.4 Upper limb disabilities and Conventional rehabilitation

techniques

Motor deficit of the right or left upper limb is characterized by a total or partial loss of
the voluntary movements capacities. It is most often due to a CVA, affecting one or both
of the hemispheres of the brain. Stroke is the first factor of acquired physical handicaps
in developed countries [12]. About half of stroke patients, remained with motor deficit
of the upper limb after the accident. This deficiency is of very variable importance: from
slight motor troubles to almost complete paralysis. In addition, spontaneous recovery,
which occurs in the acute phase (up to one month after the accident) is also variable
from one patient to another, some recover their full capacity after a few days, when

others will have almost no spontaneous recovery.

Most of the non-spontaneous recovery of patients is now due to physical therapy. In
particular, it consists of physiotherapy sessions aiming to mobilize the affected mem-
ber to allow the recovery of voluntary movements inducing the reconstruction of the
sensory-motor loop. In the early stages of rehabilitation therapists will promote passive
mobilizations of the limb because the subject has little or no voluntary control ability.
In a second phase, they tend to favor movements, at least partially active. At this

stage the subject is able to produce a movement, either incorrect or incomplete (or

9



Upper limb disabilities and Conventional rehabilitation techniques

even both), and the therapist will seek to improve the performance of the patient by
assisting and correcting his movements. Also, external stimulations like encouragement,
visual feedback and games are introduced. Finally, from this period, exercises called
Activities of Daily Living (ADL) are also proposed, which participate in the motivation

and involvement of the patient in the process of rehabilitation.

Rehabilitation aiming to restore motor impairment is a major public health issue.

Thus, several rehabilitation methods have been proposed. The main ones are [20]:

« The Motor Learning Approach suggested by Carr and Shepherd [21], consists
of learning the same tasks as those normally performed by healthy people, the
therapist analyzes for each movement the difficulties of execution and assists the

subject to perform the task.

» The Bobath method [22] is the most widely used in the Western world, initially
based on the inhibition of spasticity and the facilitation of motor activities, to
improve the quality of performing tasks and especially the coordination between

the different joints during movements.

o The Perfetti method [23], is based on the stimulation of proprioception which
can facilitate motor recovery, in order to obtain selective motor skills by exercises

based on specific tasks.

« Cotton and Kinsman [24] present the Conductive Education technique developed
by Pete at the Motor Disabled and Conductor’s College in Budapest, Hungary.
This method focuses on treatment of the affected side to facilitate normal volun-
tary movement, breaking up abnormal motor patterns, and reducing spasticity. It
also pays attention to sensory feedback and the importance of perception in the

initiation and control of movement.

« The approach of Rood [25]]26], is focused on the interaction of somatic, automatic

and psychic factors and their participation in the motor behavior.

« The Proprioceptive Neuromuscular Facilitation (PNF) method proposed by Kabat
[27][28] is generally used in the athletic and clinical environments to enhance
active and passive range of motion in order to optimize motor performance and

rehabilitation [29)].

In addition to rehabilitation techniques mentioned above, advances in the field of neu-
roscience are helping to better understand the mechanisms of brain plasticity that offer
the possibility of recovery, several innovative and promising approaches have been de-

veloped, such as:

10
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o Mirror therapy: observing the reflection of a movement performed by the healthy
limb can improve the recovery of the affected limb behind the mirror [30] (Fig.1.3).
This method consists in observing and moving the reflection of the hand of the
healthy limb which gives the illusion of displacement of the injured hand located

behind the mirror.

Figure 1.3: Mirror therapy [31]

» Functional Electrical Stimulation (FES): It consists of the continuous application
of an electrical current to the skin, at a precise point facing a nerve or a muscle,
to obtain contractions (Fig.1.4), which led to improvements in muscle strength,
cardiovascular function and walking, which persists even after stopping the FES

therapy [32].

Figure 1.4: Functional Electrical Stimulation [33]

1.5 Effectiveness of rehabilitation techniques

Even if the current state of knowledge does not allow concluding on the interest of

the different approaches of therapies, nor that one treatment is more effective than any
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other [34][35][36][37], there are a number of factors that contribute significantly to the
improvement and acceleration of motor recovery. First of all it is recommended to start
rehabilitation as soon as possible [3]. In addition, intense, active, and repetitive therapy
promotes faster and better recovery [38][39][40][41]. Also the involvement of the patient
and the respect of his intentions during exercises are paramount [35]. As the number of
disabled patients is growing, providing appropriate treatment can become increasingly

difficult given its long term and intensive nature.

Robotic systems have the capacity to meet this increasing demand. They can provide
a permanent and intensive rehabilitation for a long time periods [4]. With the use of
such robotic systems, patients may receive treatment at home and without the therapist
assistance, allowing highly repetitive movement training and considerably reduced costs.
Besides, they can precisely provide measurements and quantitative data to evaluate the
patient’s recovery. In addition, the use of specially designed virtual games can provide
more entertaining therapy and encourage patients to put more effort into the exercises.
These systems are classically distinguished into two categories: end-effector robots (Fig.
1.5a) that interact with the user at a single point (usually the hand), and exoskeletons
(Fig. 1.5b) that exploit several contact points distributed along the limb. The next

section reviews the existing upper limb rehabilitation robots.

(2) Portable

h‘:

(a) (b)
Figure 1.5: Upper limb rehabilitation robots: (a) End-effector robots, (b) Exoskeletons

1.6 End-effector robots for upper limb rehabilitation

Early research on upper limb rehabilitation robots was based on manipulator robots
(also known as end-effector robots). In general, only one physical contact point is used
between the extremity of the patient’s limb and the end-effector of the robot. The

articulations of these robots do not Match with those of the human limb. Examples of

12
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existing end-effector robots intended for rehabilitation of the upper limb are presented

below:

o InMotion: this robot (subsequently known as MIT-Manus) was developed by
Krebs and Hogan [42] at the Massachusetts Institute of Technology (MIT) in
the early 1990s. It has 2 DoF, allowing hand displacement in a horizontal plane
that causes movements of shoulder and elbow joints (Fig.1.6). It is the most clin-
ically tested rehabilitation robot [43]. Several clinical studies have been carried
out with this robot on a large number of patients [44, 45, 46], these tests show
that the improvement in motor abilities is greater for patients receiving robotic
therapy than for those in the control group. But as these patients receive robotic
therapy in addition to conventional therapy, this does not necessarily demonstrate
the superiority of the robotic therapy over the conventional one, but at least the

robotic solution offers the possibility of more intensive and efficient therapy.

Figure 1.6: InMotion (or MIT-Manus) [46]

o Assisted Rehabilitation and Measurement-guide: the ARM-guide robot developed
by the Chicago Institutes of Rehabilitation and the university of California. It
consists of a handle mounted on an actuated linear slide which is itself attached
to a system allowing two passive rotations and equipped with electromagnetic
brakes. This mechanism allows the orientation of the actuated slide in the three
space axes (Fig.1.7). This system is able to assist the patient in an active or
constrained way, and it is possible to measure the displacements and the efforts

generated by the patient [47, 48].

13
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Figure 1.7: Assisted Rehabilitation and Measurement-guide (ARM-guide) [47]

o Mirror-image movement enabler (Mime): this robot was developed at Stanford
University, from the industrial robot Pumab62. The particularity of this robot is
the ability to study Methods of mirror therapies. The Mime’s end-effector is fixed
to a splint in which the patient places his forearm [49, 50], allowing it to perform
large amplitude movements in a 3D space. In addition to the conventional modes,
the Mime robot allows a "Mirror" rehabilitation mode, using a second passive
device to measure the position and orientation of the healthy limb while the robot
assisted the affected limb by guiding the latter along a trajectory symmetrical to
that achieved by the healthy limb (Fig.1.8).

Figure 1.8: Mirror image movement enabler (Mime) [51]

o The GENTLE/s is based on neuro-physical rehabilitation approach aiming to
develop haptics and Virtual Reality (VR) technologies to provide challenging and

motivating therapies to upper limb impaired stroke patients. This system, aims

14
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to increase the sensory input, relearning stimulation in the brain, and improve
independence and coordination during movements [52, 53, 54, 55]. Fig. 1.9 show
the GENTLE/s system.

Figure 1.9: The GENTLE/s system [55]

This type of robots is simple, easier to manufacture, and can be easily adjusted
to fit different arm lengths of patients. However, determining the posture of the arm
is relatively difficult with only one contact point, especially if the contact interface is
on the patient’s hand. Also, the control of all joint torques of the limb is impossible.
As a result, the generation of an isolated movement of a single joint of the limb is
difficult since movement of the effector causes a combination of movements at the wrist,
elbow and shoulder joints. Moreover, the range of motion of these robots tends to be
limited, therefore only a limited set of rehabilitation exercises can be produced. In the
following section, exoskeletons for upper limb rehabilitation are presented and examples

of existing systems are thus described.

1.7 Exoskeletons for upper limb rehabilitation

Recently, research in rehabilitation robotics has been oriented towards exoskeletons.
These robotic devices have a structure which resembles the human limb, with a joint
axes matching the articulations of the limb. Exoskeletons are designed to function side
by side with the limb, thus, they can be attached to the limb in more then one location.
Several contact points allows the exoskeleton to fully determine the posture of the limb
and apply torques to each joint separately, but this may make adaptation to different
arm lengths and morphologies more difficult. Furthermore, exoskeletons have the abil-

ity to target specific muscles during exercises by generating a calculated combination
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of efforts at certain joints. In addition, a greater amplitude of movements can be re-
alized compared to end-effector robots, which allows a greater variety of movements in

rehabilitation exercises.

In the 1960s, Ralph Mosher, an American engineer working for General Electric,
developed an exoskeleton called Hardiman (Fig.1.10). This was the first serious attempt
to manufacture a motorized exoskeleton. The mechanical combination is composed of
arms and legs. Despite the great hopes that General Electric had for Hardiman, the
machine weighed in three-quarters of a ton, and any attempts to make it work properly

ended in failure. Only one of its arms was finally used in the 1970s [56].

Figure 1.10: The Hardiman exoskeleton prototype of General Electric [57]

Numerous exoskeletons intended for rehabilitation have been developed in recent

years, many of which are described in the rest of this section.

o ARMin: the first version of this robot (ARMin I) was presented in 2005 [58]. The
ARMinlII version as shown in Fig.1.11, has 6 active DoF', three for the shoulder,
one for the elbow, and two for the wrist, which provides an important workspace.
In addition it has a passive 3 DoF adjustment system to match the robot’s ball
joint with the subject’s shoulder. Also the lengths of the robot segments are
adjustable to fit with the different user’s morphologies [59][5]. The system is
equipped with an haptic feedback interface and an audiovisual interface to il-
lustrate tasks and movements to the patient. This can increase motivation and

involvement of the patient during exercises, and therefore the progress of therapy

[60).
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Figure 1.11: The Armeo power system, commercial version of ARMinIII [61]

o Cable Actuated Dexterous Ezoskeleton for Neurorehabilitation (CADEN-7): de-
veloped at the University of Washington. The device has 7 active DoF [62], which
4 of them are positioned on the fixed base (Fig.1.12). In addition to EMG signals,
the exoskeleton is equipped with several force sensors to enable the use of force

control [7].

Figure 1.12: The CADEN-7 exoskeleton of the University of Washington [7]

o Maryland Georgetown Army (MGA): collaboration between Georgetown Univer-
sity and the University of Maryland has resulted in the development of a 5 DoF,
exoskeleton for upper limb rehabilitation, that takes into consideration the com-
plex movements of shoulder scapula [63]. This exoskeleton (Fig.1.13) is electrically
powered, allowing a light and powerful design. Each joint of MGA is actuated by
a brushless DC motor, while encoders and force sensors are mounted on the shoul-
der, elbow and wrist joints. The transmission train is able to exert a torque up to

92 Nm on the shoulder [64, 65].
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Figure 1.13: The MGA exoskeleton [65]

o Light FErxoskeleton (L-Ezos): is a force feedback exoskeleton for the right arm
(Fig.1.14). It can provide either active orientation or active arm weight compen-
sation during the exercise [66]. L-Exos has 5 DoF, which 4 of them are active
and used to actuate the abduction / adduction, flexion / extension, and inner /
outer shoulder movements, as well as the elbow flexion / extension joint, and one

passive joint corresponding to the pronation / supination of the wrist [4].

Figure 1.14: The L-Exos force feedback exoskeleton [4]

» Robot assisted UPper Eztremity Repetitive Therapy (RUPERT): (shown in Fig.
1.15) is a 5-DOF upper limb pneumatic exoskeleton. The device is equipped with

artificial pneumatic Muscles Actuators (pMA) at the shoulder, elbow and wrist
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joints. Aiming to get more effective functional recovery, RUPERT is designed to
assist repetitive therapy tasks of daily living activities. Because of its low-cost,

lightweight, and ease to wear this device is very portable [8].

Figure 1.15: RUPERT IV [§]

o Pneumatic Upper Body Rehabilitation Ezxoskeleton: (shown in Fig. 1.16) is a 7-
DOF upper body rehabilitation exoskeleton developed by Tsagarakis and Caldwell
[67], using pneumatic muscle actuators. The use of pneumatic muscles allows an
excellent power to weight ratio, therefore this exoskeleton weighs less than 2Kg. In
addition, this type of actuator provides excellent power to weight ratio, Inherent
safety, natural compliance, ease of fabrication and low cost. This type of actuator
has a displacement limit which provides safety to the user. The 7-DOF allows the

exoskeleton to fit with the human arm joints from the shoulder to the wrist.

Figure 1.16: Pneumatic Upper Body Rehabilitation Exoskeleton [67]
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o ArmAssist: (shown in Fig. 1.17) is a portable robotic device dedicated for tele-
rehabilitation. The device can be used at home. It is composed of a mobile base
connected to the user arm with a forearm orthesis allowing to record movements
of the shoulder and elbow joints. Arm movements are animated in a video game
to provide an interesting and entertaining rehabilitation experience, and helps to
motivate patients. The quantitative data recorded from the games allows the ther-
apist to evaluate and monitor the patient’s performance on-line. The ArmAssist
is equipped with two types of low-cost sensors, a 2-axis position and 1-axis force
sensor. A tele-rehabilitation software is included with this device allowing commu-
nication between the patient and the therapist, which enables patient’s training
at home when the doctor can ensure that rehabilitation exercises are performed
correctly. The ArmAssist is low cost, compact and weighs less than 4 kg which
make it highly portable and affordable [68].

Figure 1.17: ArmAssist Exoskeleton [69]

e MyoPro Orthosis: (shown in Fig. 1.18) is a commercially available exoskeleton
for elbow, wrist and hand active assistance. The device is driven by the user’s
electromyographic (EMG) signal, through patented software on-board. The device
has EMG sensors placed on the limb’s skin enabling detection of even a very faint
muscle signal. The filtered EMG signal activates the correspondent motor to assist
in completing the desired movement. MyoPro Orthosis has a range of motion from
3 to 130 degrees and weighs approximately 1.8 g and can deliver a torque of 7 Nm
at the elbow and 1 to 2.7 Nm for the fingers [70].
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Figure 1.18: MyoPro Orthosis [70]

o BONES: (shown in Fig. 1.19) is an upper limb exoskeleton that uses a paral-
lel mechanism with mechanically grounded actuators to achieve 3 DOF shoulder
movement [71]. The elbow is actuated by two pneumatic cylinders driving two
rods that can also slide passively. The Range Of Motion (ROM) is close to the
human one, except for the elbow joint, which have a limited flexion to prevent col-
lusion with the subject’s torso. The segments of the exoskeleton have adjustable
lengths in order to accommodate a wide range of subjects. BONES targets pa-
tients with severe to moderate arm impairment. The total weight of the robot,

including the mechanically grounded actuators is 18.5kg [72].

Figure 1.19: BONES Exoskeleton [72]

» Motion Assistive Robotic-exoskeleton for Superior Extremity (MARSE-7): (shown
on Fig. 1.20) is a 7TDOF robotic exoskeleton designed to provide movement as-
sistance for daily upper-limb motion. MARSE-7 is developed to mimic the hu-
man upper limb biomechanics. The entire device is made of aluminum allowing
a structure with relatively light weight with reasonable strength characteristics.

This exoskeleton is intended to be worn on the lateral side of the upper limb in
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order to provide shoulder, elbow and wrist joint movements. Sliding mode control
strategy combined with exponential reaching law was proposed and implimented

for the trajectory tracking [73].
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Figure 1.20: MARSE-7 upper limb exoskeleton [73]

o Therapy Wilmington Robotic Exoskeleton: (shown on left of Fig. 1.21) more com-
monly known as T- WREX, is a passive 5 DOF upper limb exoskeleton designed
to provide assistance against gravity to individuals with significant arm weakness
in their rehabilitation training. It provides a large 3D workspace, enabling large
range of motion. This exoskeleton can achieve gravity compensation by mains of
elastic bands. Joints are equipped with position sensors, and a custom grip sensor
was designed to detect patient’s hand grasp allowing the use of computer games
during exercises. These games included activities of daily living, such as cooking,
shopping, bathing, and cleaning [74]. The rehabilitative robot arm T-WREX has

an active pneumatic version called Pneu-WREX shown on the right of Fig. 1.21.

Figure 1.21: T-WREX (left) and Pneu-WREX (right) [75]
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1.8 State of the art of existing control laws for rehabilitation

upper limb exoskeletons

Effective upper limb rehabilitation using robotic exoskeletons needs development of
control strategies able to handle the interaction with the human limb. Several control
methods include position and impedance control are proposed [76, 77, 78, 65, 79]. Fur-
thermore, it can be seen that a greater number of control strategies has been developed
for end-effector robots than for exoskeletons, and therefore operating in the operational
space of the arm. Somme of these commands were adapted to exoskeleton systems, but
capabilities of such multi-contact systems to interact and control the interaction at the
joint level are not fully exploited, because theses strategies still work in the operational
space [43]. Indeed, the existing rehabilitation therapies can be classified into three dif-
ferent modes: assistive, corrective and resistive, that underlie the development of the

various control strategies of exoskeletons intended to upper limb rehabilitation.

o Assistive rehabilitation: seek to help the patient to perform movements that he is

unable to do alone. We can distinguish the following subcategories of this mode:

— Passive: in this mode, the subject remains completely passive during move-
ment while the robot drive the patient’s limb during rehabilitation exercises.
The system generally operates in simple position control. This mode of op-

eration is interesting in the first phase of the rehabilitation process.

— Assistance-as-needed: in this case, the patient is the one who initiates the
movement, and the robot is there only to assist, guide, and complete this
movement. This mode of therapy is adapted in rehabilitation phases where

the patient has partially recovered his ability to move.

— Active: this mode of control is not really intended for the rehabilitation
but is very often used to carry out diagnostic and evaluation of movements
performed by healthy or injured subjects. Generally speaking, there will be a
tendency to favor control strategies that only provide the minimum assistance

necessary for the subject.

o Corrective rehabilitation: in this mode, the subject realizes the movement, and
the robot aims to correct it or force it to perform the gesture with a particular
articular configuration, or only using certain joints or muscle groups. This mode,
can come in a second phase of rehabilitation, in order to improve the way the

patient performs a task.
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» Resistive rehabilitation: aims to make the task more difficult to accomplish. In
this case, the robot applies forces which are opposite to the desired movement, in

order to encourage the patient to exercise more effort during movements.

1.8.1 Assistive control strategies

A control strategy in which robot provides the physical assistance to help the pa-
tient in accomplishing a desired movement. This strategy makes it safer and easier to
accomplish tasks, allowing possibility of more intensive and repetitive therapy. In gen-
eral, at early stages of the rehabilitation therapy, passive techniques are prescribed to
patients, because they can not perform the exercises themselves. Passive technique is
the simplest way to control an exoskeleton, the device aims to track a desired trajectory
using position feedback with high tunning gains. However, high gains can compromise
patient safety, so they need to be tuned carefully, to allow an acceptable level of com-
pliance, which can provide a way to minimize undesired interaction torques [80]. This
compliance can also be achieved by using pneumatic Muscle Actuators (pMA) as in
[67], or by means of elastic straps which also, can dynamically compensate for some

misalignment between human limb axis and those of exoskeleton.

In [8], an adaptive controller combining a PID-based feedback controller and an Iter-
ative learning Controller (ILC-based controller) is proposed for the 5 DOF exoskeleton
RUPERT. Experiments with two healthy subjects were carried on to show the ability
of the proposed controller to adapt to different subject and different tasks. PID control
strategy is used in [81], for a 7 DOF upper limb exoskeleton. This method allows the
calculation of the PID parameters directly without exact model of the plant, when semi-
global asymptotic stability is achieved. The robotic systems driven by linear controllers
like PD or PID techniques are limited, unless gravity and friction compensations are ap-
plied, which requires an accurate model of the system’s dynamic [4]. Many researchers
have introduced gravity and friction compensation controllers [5, 65, 76, 82, 83]. To
improve performances of rehabilitation robots, researchers tend to implement more and
more advanced controllers. Rahman et al. in [84], proposed trajectory tracking using
nonlinear computed torque control, and also a nonlinear sliding mode control imple-
mented on MARES-7 exoskeleton in [73].

Passive control mode dose not involve the patient intentions, which remains inactive
during movements without delivering any efforts. Therefore, effectiveness of passive
rehabilitation remains limited to the acute stages of the rehabilitation therapy, when
the patient is completely unable to move his limb. As soon as the patient starts to

recover his motor capacity, the exoskeleton must let the user participate in completing
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the movement [85]. Recently, assistive forces impact on motor learning rehabilitation
has been the object of several recherches [47, 86]. Robot assistance during rehabilitation
movements, makes patients incorporate these forces in their motor scheme, then they
tend to minimize efforts in performing the desired task, which can degrade the recovery
[87]. To avoid this problem it is recommended that robotic assistance remains as much
as possible at a minimal amount [88], which is also known as: assistance-as-needed [89].

This assistance mode was adopted in several control strategies [89, 90, 91, 92].

In [90], a controller uses a standard model-based, adaptive control approach in order
to learn the patient’s abilities and assist in completing movements while remaining
compliant is proposed. Assistance-as-needed is achieved by using force reducing term
in the adaptive control law, allowing to minimize the force applied by the robot when
errors in are small. Experiments were carried out using the Pneu-WREX exoskeleton to
evaluate the performance of the proposed controller with stroke patients. Experiments
show that including assist-as-needed technique to the controller increases participation

from the motor system.

Another approach presented in [91], proposes an assist-as-needed protocol, consisting
in a minimum robot assistance which is continuously adjusted during movement. To
stimulate proprioceptive functions, trials were alternated with and without vision. Nine
chronic stroke patients participated in the study, which consisted of a total of ten 1-hour
exercise sessions. Testes show that, subjects exhibited an increased amount of voluntary
control. Moreover, training without vision appeared to be beneficial for patients with
abnormal proprioception. Alternating trials between vision and no-vision blocks can

improve the proprioception ability as well as its integration it with vision.

In [92], haptic robot Braccio di Ferro is used with a tracking task. The proposed

controller is based on three modules:

o Force field generator which combines a non linear attractive field and a viscous
field;

o Performance evaluation module;

« Adaptive controller.

The force field’s gain is progressively decreased and the controller remembers the min-
imum gain achieved in a session and propagates it to the next one. Initialization of
the assistance gains is chosen according to a minimal assistance strategy. Ten chronic

hemiplegic patients participated in the trials. Preliminary results show robustness of the
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proposed controller, which provides a significant improvement in performance indicators

as well as a recalibration of the visual and proprioceptive abilities.

There is also a particular control mode implemented on bi-manual systems. The
idea is to drive movements of the injured limb connected to a slave robot, with the
movements of the healthy limb acting on a master system. The most accomplished
systems using this technique to date are the MIME [49] and Bi-manu Track [93].

1.8.2 Corrective control strategies

Corrective control can be performed by applying forces along the orthogonal direc-
tion of the desired movement, which aims to correct the way the task is accomplished.
This correction can be achieved by Tunneling, which consists in adding virtual channels
for the exoskeleton position (which can be applied in the operational space or in the
articular space), in which the subject moves. when he starts to move away from the

channels, the controller apply a corrective force field to get him back into the channel.

In [94], control strategies to enhance transparency and to constrain movement with
virtual tunnels are presented. ARMin and Lokomat rehabilitation exoskeletons for
upper and lower extremities, respectively are used. The proposed controller aims to
improve transparency in free movements inside an allowed spatial region, and which
impose movement constraints to confine the user to this allowed region. Experimental
results show that, both transparent control with imposed motion constraints can be

realized effectively.

Stroke patients often show pathologic muscle co-activation [95], and a loss of joint
coordination [96]. Theses abnormal movement coordinations are known in clinical re-
habilitation as pathological synergies. Another way to achieve corrective mode is to
introduce correction on the joints pathological synergies. In [97], a controller aiming
to reproduce the physical therapist corrections was developed. No desired trajectory is
imposed on the patient’s hand, only the coordination law is acting during movements.
Principal Component Analysis (PCA) is used to describe joint velocities synergies, in
order to characterize the patient’s movements, with or without the assistance, and to
program the exoskeleton during trials. Experimental results demonstrate that the pro-

gramed joint coordinations was enforced, without significantly modifying the trajectory
of the hand.

The Arm Coordination Training 3-D (ACT 3D) robotic system (shown on Fig. 1.22),
based on modified HapticMASTER, robot (developed by FCS Control Systems, The

Netherlands), is used to provide additional insight into the dynamic expression of the
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upper limb synergies. The device can measure joint torques during motion and provide
levels of partial assistance to the arm. Protocol and clinical applications are discussed

in [98].

Figure 1.22: Arm Coordination Training 3-D (ACT 3D) robotic system [99]

1.8.3 Resistive control strategies

The role of exoskeleton is not to replace the human limbs but only to assist them.
Users are still required to keep physical activities like walking, shopping and doing
other daily tasks. The misuse of robots to assist activities of daily living can cause
muscle degeneration, especially for long term users. In order to handle this problem,
the exoskeleton should provide a resistant mode exercises to improve muscles strength.
Resistive force field was proposed by Shadmehr and Mussa-Ivaldi in [100], to study how
the motor control system adapts to a change in the dynamics of a well-rehearsed task.
A 2 DOF planar manipulator was used and arm movements were made by the subject
while grasping the handle of the manipulator. The location of the handle as well as

reaching movement targets were displayed on a monitor placed in front of the subject.
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In [101], a 2 DOF end-effector robot is used to study the effects of a disturbance
force orthogonal to the speed, applied to patient’s hand. Error augmentation can also
be virtual, by using a visual return depending on the performance of the subject when
obscuring the direct visual return. Wei et al. in [102], developed a real-time controller
for a 2 DOF robotic system using xPC Target. This system was used to investigate how
different methods of performance error feedback, can lead to faster and more complete
motor learning. Early results suggest that error augmentation can facilitate neurore-
habilitation strategies in brain injuries such as stroke. The above mentioned control
strategies were applied to end-effector robots, and to our knowledge, there are no resis-
tive controllers developed for exoskeletons. However, this control techniques could be

adapted to be used with exoskeletons.

1.9 Conclusion

Rehabilitation is the most important treatment for patients with motor impairment.
It has undergone several developments, from the traditional rehabilitation through the
use of end-effector systems to multi-contact exoskeletons. In the future, rehabilitation
robots are expected to play an important role in physical therapy, as they provide
consistent and maintainable therapy when reducing significantly the costs. In addition
the use of virtual reality games increase motivation and implication of patients during
rehabilitation exercises, which can improve significantly their recovery. As we see robotic
technologies become more efficient, we should see more wearable technologies such as

exoskeletons appearing.

Many robotic systems dedicated to upper limb rehabilitation have been developed
to date. These robotic devices are of very varied design and conception, attempting
to manage safety needs and ability of fine interaction with the user. The clinical tests
carried out with end-effector robots allowed to show the effectiveness and advantages of
robotic rehabilitation [103][49][104][105][50][106]. Despite of their simplicity and ease of
use, end-effector rehabilitation systems show some limits in their interaction capabilities
with the affected limb, due to the fact that they interact with the limb in one location
(the hand in general), and also their limited work space. Therefore, recent recherches
are tending to focuses on the development of exoskeletons, which have the ability to
target specific articulations (or segments) of the limb separately during rehabilitation,
as they interact with the subject member at several contact points, which seems very

interesting in this type of therapy.
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Indeed, we can distinguish two major complexities of upper limb exoskeletons, lim-
iting their abilities. One is the important weight of theses devices, because if we cannot
transfer the weight of the exoskeleton to the ground, then the weight must be borne by
the wearer, which cannot be allowed for disabled people. The other one is the complex-
ity of the upper limb which has 9 DOF, without counting the fingers joints. Therefore,
design of actuators and control strategies is very challenging to replicate all the arm
movements and rang of motion with a compact and light weight system. The reha-
bilitation devices presented in this chapter are only some of the available systems, to
provide an overview of recent developments in the field. The interaction capabilities of
exoskeletons mentioned above motivated our choice of using the exoskeleton ULEL in

the framework of this thesis, which will be presented in the next chapter.
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Chapter 2

Exoskeleton modelization and

parameter identification
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2.1 Introduction

The system considered in this study is the exoskeleton ULEL! (Fig.2.1), which is
specially designed by RB3D? company for LISSI® Laboratory of University Paris-Est

Upper Limb Exoskeleton of LISSI
2www.rb3d.com
3Laboratoire Images, Signaux et Systémes Intelligents
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Créteil in France. ULEL is designed with 3 active DoF, to be worn on the lateral side
of the upper limb, allowing it to provide effective rehabilitation for the shoulder (flexion
/ extension), elbow (flexion / extension) and wrist (flexion / extension) movements.

These characteristics are detailed in Section 2.2.

Figure 2.1: The exoskeleton ULEL

One of the first steps in our work was to set up conventional models, such as ge-
ometric, kinematic and dynamic models. In addition, a dynamic multi-body model
based on a complete CAD model of ULEL is developed using the SimMechanics li-
brary of Simulink-MatLab software. The main elements of this work and the results are

presented in section 2.3.

Whether for dynamic control that uses the inverse dynamic model or for the dynamic
simulations that uses the direct dynamic model, it is necessary to have a good knowledge
of the dynamic parameters numerical values. In this chapter, we show how to exploit
the linearity of the dynamic model with respect to these parameters in order to identify
them. The principle is then to seek the solution of an over-determined linear system in

the sense of least squares. It is assumed that the geometric parameters are known.

2.2 Mechanical design of ULEL

ULEL has 3 active revolute joints allowing the movements of flexion/extension for
the shoulder, elbow and wrist joints. Besides, it is connected to a frame base with a
passive ball joint which can be blocked or released by means of an adjustable friction

system. The mechanical architecture of ULEL is illustrated in Fig.2.2
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Passive ball joint

Shoulder joint

Elbow joint

Wrist joint

Wrist Handle

Frame base

Figure 2.2: Mechanical architecture of ULEL

Indeed ULEL is made up of four modules. The frame module (base) has a height
adjustable stand with a hydraulic system, thereby matching the shoulder axis of the
exoskeleton with that of the subject. The carrier of the frame module is movable using
wheels, which one of them has a brake. This system allows operating without the
exoskeleton lifted by the subject. The shoulder module contains a revolute joint with
an on-board actuator and it is connected with the frame by a passive adjustable ball
joint. The arm module mounted on the shoulder embeds the actuator corresponding to
the elbow joint. Finally, the wrist is powered by the on-board actuator on the forearm
module. The actuation and transmission system of ULEL is based on an embedded
Screw and Cable System [107]. Each joint is provided with a DC Brushes motor and an
encoder to measure the angle of rotation. ULEL is supposed to be in direct interaction
with the user, that’s why safety is very important. Thus a power-off applied brake and
limit switches are added to each active joint. Some specifications of the three ULEL

active axis are summarized in Table.2.1.

The actuation and transmission system of ULEL is based on an embedded Screw and
Cable System (SCS) [108]. The joint is driven by a standard push-pull cable while the
cable is driven on one side by a ball-screw locked in rotation, which translate directly
in its nut without any linear guiding as shown in Fig.2.3. This system enables high
operational torques thanks to high reduction ratios. Besides, it allows high reversibility
and backdrivability. The alignment of the motor shaft with the cable provides a compact

size of the structure which means low inertia.
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Table 2.1: Mechanical characteristics of ULEL

Joint ‘ Shoulder ‘ Elbow ‘ Wrist ‘
Movements Flexion /Extension
Motors DC Brushes \ DC Brushes
Transmission Screw and Cable System (SCS)
Amplitude (deg) 90 120 80
Transmission Ratios 251.3 167.6 47.1
Nominal speed (rpm) 18.39 41.93 149
Joint nominal torque (Nm) 85.08 23.9 6.72
Motors power (W) 200 150 150

Cable sleeve

Driving pulley

Cable loop

Limit switch

Transmission by,
belt and pulleys

Rotating nut

DC Motor + Power-
off brake+ Encoder

Anti-rotation

m system

|lf_—— Ball-screw

= Conducted pulley

Figure 2.3: Embedded shoulder actuator

2.3 Modeling

required for control and simulations.

axis is perpendicular to the frontal plane (Fig.2.4).

Modeling has an important role in the characterization of the used device and in
the design process of eventual controllers. Models are used to carry out simulations
in order to test the behavior of the system and to study and validate control schemes

safely. Also, they are used to identify the kinematic and dynamic parameters that are

The exoskeleton ULEL is modeled using a modified Denavit-Hartenberg (DH) no-
tation [109]. The orientation of the axes is defined by considering the measured joint

position zero, for which the arm and forearm hang vertically downwards and the wrist
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Shoulder module

i

feay - f

Figure 2.4: CAD model of the exoskeleton ULEL (with the permission of RB3D)

The kinematic diagram of the exoskeleton ULEL is shown Fig.2.5, where
Ri(O;, i, yi, z;) is the frame attached to the link ¢ and ¢; is the joint angle such that:

q:[éh 42 %}T-

Figure 2.5: Kinematic diagram of ULEL

The possible range of motion of ULEL joints, with the limit switches, is listed in
Table. 2.2

’ Joint \ Corresponding articulation \ Range of motion (deg) ‘
¢1 | Flexion/extension of the shoulder 0—90
Q2 Flexion/extension of the elbow 10 — 110
a3 Flexion/extension of the wrist —40 — +40

Table 2.2: Range of motion of ULEL
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2.3.1 Geometric model

The Direct Geometric Model (DGM) allows to express position and orientation of
the end-effector (the wrist handle in our case) as a function of the joint positions.
In accordance with the DH notation [110], the general transformation matrix defining

frame R; relative to frame R; i is given as

cos(6;) —sin(6;) 0 d;
i cos(a;) sin(6;)  cos(a;) cos(0;)  —sin(ay)  —risin(qy) 2.1)
b sin(oy) sin(6;)  sin(a;) cos(6;) cos(ay) ;i cos(ay) .
0 0 0 1
where:

e «; is the angle between z;_; and z; about z;_q;

e d; is the distance between z;_; and z; along x;_1;

o 0; is the angle between z;_; and x; about z;;

e 7; is the distance between x;_; and x; along z;.

The DH parameters (according to the plans provided by the RB3D) are given in Ta-
ble.2.3.

Table 2.3: Modified Denavit-Hartenberg parameters.

i ai [di]6i]n]
1] 0 0|lqg| O
2 0 ll 2 0
3| =31 lk|g|m
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We can use (2.1) to compute the successive transformation matrices °Ty, T, and

2T3:

o, =S, 0 0]
S C 0 0
o7, = 1 1
0 1 0
L 0 1 -
o, —-S;, 0 1 |
S C 0 0
17, = 2 2
0 1
I 0 0
Cg —Sg 0 l2
2T3 _ 0 0 1 T3
—Ss  —=C3; 0 0
0 0 0 1

where C; = cos (¢;) and S; = sin (g;).

The multiplication of these matrices and after simplification gives the above trans-

formation matrix

Ci2Cs —C12535 =512 1Oy + 15019 — 13512

S1203 —51253 Cha 1151 + 12512 + 13C12
—Ss —Cj5 0 0
0 0 0 1

07‘73 —

where Cj; = cos (¢; + ¢;) and Sy; = sin (q; + ¢;).

It is well known in robotics [109] that for any arbitrary point P located at the
Cartesian coordinates (‘P,,‘P,,"P,) with respect to the frame R;, the computation of
the Cartesian coordinates (?P,,? P,,7 P,) of P with respect to an other frame R; can be

obtained by

p=JT'P (2.3)
where
‘P, iP,
, ‘P, : P,
p=| Y|, ,ip=| " (2.4)
‘P, P,
1 1

are the homogeneous coordinates of P with respect to R; and R, respectively.
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Let (*P,,?P,,?P,) be the Cartesian coordinates of one terminal fixed point in the
frame R3 of ULEL. The absolute Cartesian coordinates of this position in the frame Ry

can be given by

Opx 3Px
op, 5P,
Y =0T Y (2.5)
OPz 3Pz
1 1

Using (2.2) and (2.5) it yields

0P, = 3P,C12C5 — *PyC15S5 — *P.S15 + 11 Cy 4 1,C12 — 13512
0P, =3P,S15C5 — 3P, S1353 + *P.C13 + 1151 + 15512 + r3C12 (2.6)
Op, = —3P,85 —3P,Cs

Having calculated the DGM of ULEL, in the next section we perform the computing

the kinematic model.

2.3.2 Kinematic model

By considering the point (*P,,3P,,P,) as the terminal point of ULEL, the DGM is:

OPx
X=|°P

Yy

OPz
where “P,, °P, and °P, are given in (2.6).

The Direct Kinematic Model of ULEL gives the velocity of the end-effector X in
terms of the joint velocities ¢ and it can be written as: X = J(q)g, where J(q) € R3*3
denotes the Jacobian matrix. The Jacobian matrix is obtained by differentiating the
DGM expressions with respect to the joint positions such that:

0X;

= 2.7
i= 9 27)

where J; ; is the element (i, j) of the Jacobian matrix J, then we get
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Ji1 = —13035812 —14,C12 — 13512 — ;51 — r3C12

Jia = 1303512 — 14,012 — 15512 — r3C12

Ji3 = —1353C12

Jo1 = 1303C12 — 14512 4+ 15C12 +1;C1 — 13512

Joo = 1303C12 — 14812 + 12C12 — 3512 (2.8)
Joz = —I353512

Js1 = 0

Jsa = 0

Jzz = —I303

Computing kinematic model of ULEL using the basic Jacobian matrix allows us
to compute the linear and angular velocities of the end-effector in terms of the joint
velocities. The necessary tool to obtain the dynamic behavior of our exoskeleton is the

dynamic model, which is the topic of the next section.

2.3.3 Dynamic model
The two models used to represent the dynamics of serial robots are:

e The Direct Dynamic Model (DDM): describes the joint accelerations as function

of the joint positions, velocities and torques. It can be represented as:
G=9(a,q:7) (2.9)

o The Inverse Dynamic Model (IDM): (often called the dynamic model) provides
the joint torques and forces as function of the joint positions, velocities and accel-

erations. It can be written as:

7= fa.4.9) (2.10)

where, 7 is the vector of joint torques; and ¢, ¢, § are the joint positions, velocities
and accelerations respectively. In general, this model is the most used in the world
of robotics. In this chapter we will only detail the calculation of the IDM because

we will use it in the framework of this thesis.

Several methods have been proposed to compute the dynamic model [111][112]. We have

chosen to use the Lagrange formulation because it is a simple and efficient approach,
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besides, the equations used have a physical meaning. Also, this model is linear with
respect to inertial parameters and thereafter it will be used for the identification of these

parameters.

The Lagrange formulation describes the dynamics of the system as a function of
kinetic and potential energy of the system. The Lagrange equations of the exoskeleton

ULEL can be written in the form:

~doL 9L

ci=1,...,3 (2.11)

Ti
with

e 7; is the generalized torque in the joint ¢

o« [ = F—U is Lagrangian system with E is the kinetic energy and U is the potential

energy.
The kinetic energy of the system can be written in the following form:
E=1i M) (2.12)

with M (q) € R3*3 is the symmetric and positive definite inertia matrix of the system

By developing the equation of kinetic energy, we obtain
E = [l L+ ma VWV 2 MST (Vi A )| (2.13)

)
1

DO | —

)

where all the elements of (2.13) are expressed in the same frame R;, and we note:

e V; € R? and ‘w; € R? are the linear and angular velocity of O; expressed in the

frame R; defined as

Vi =" M (i_l‘/iq + 7w A FlP¢> (2.14)

i _1

wi =" M1 "lwig +ditap ="wi + Gt (2.15)

o I, € R®*3 is the inertia matrix of link ¢ expressed in O; with respect to frame R;,
XX, XY, XZ
with I, = | XY, YY, YZ
XZ;, YZ, ZZ;
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 ‘aq; € R? is the unit vector along the z; axis in the frame R;

« 71P ¢ R3 is the position vector between O;_; and O; expressed in the frame R;_;
e m,; € R is the mass of link i

e (; denotes the center of mass of link 7

e S; € R? is the center of mass coordinates of link i. It is equal to O,;G;

e MS; € R? is first moments of link ¢ with respect to frame R;, equal to m; S;. The

components of ‘M S; are denoted by [MX; MY; M Z;]*

Equation (2.11) can be written in the following form [109]
M(q)i+Cla, g+ Glg) =7 (2.16)

where ¢ € R?, ¢ € R? and ¢ € R3 are the joints positions, velocities and accelerations
respectively, M(q) € R3*3 is the inertia matrix, C'(q, ¢) € R**3 is the Coriolis/centrifugal

matrix, G(q) € R? is the gravity vector and 7 € R? is the generalized torques vector.

To calculate the elements of the matrices M, C' and G, we must first calculate the

kinetic (F) and potential (U) energies of the system. Then, we proceed as follows:

Calculation of the elements of the matrix M

<2
o M, is equal to the coefficient of %" in the expression of the kinetic energy

o M;;, for i # j , is equal to the coefficient of ¢;q;

To calculate the elements of the matrix M, we need to compute ‘w; and *V; using (2.14)
and (2.15).

Since the base of the ULEL is fixed, the previous equations are initialized by °V = 0

and %wy =0

Calculation of the angular velocities
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0
=10 ]
K
0
209 = 0
1@
[ —sin(gs)(d1 + 6o)
Swy = | —cos(gs) (g1 + o)
I ds

Calculation of the linear velocities

o]
O% — 0

L 0 -

0]
1‘/1 — 0

L 0 -

[ sin(g2)@nly
Vo= | cos(q2)dily

I 0

cos(qs) (sin(g2)dils — (¢1 + ¢2) 13)
Wi = | —sin(qs) (sin(g)dils — (41 + ¢2) 73)
cos(q2)qily + (G + 42) lo

Calculation of the elements of the matrix C

The C;; elements of C, are calculated using the Christoffell symbols c;;, such as
[109]:

3
Cy = > Cijk Gk
i=1 (2.17)
Cigk = 2 [ o 0q; dg;
Calculation of the potential energy and elements of the vector G
The potential energy can be obtained according to:
3
U=>_U, (2.18)
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with U; = =% (m; °P; + °M; M S;) , where g is the gravitational acceleration vector.

Then the elements of G are computed in the following way:

B oU
B 0g;

Gi (2.19)

Considering the friction in the dynamic model

Regarding friction, many models exist [113][114][115]. The friction torque D(¢) € R

is usually modeled at non zero velocity as [109]:

D(q) = Fesign(q) + Fuq (2.20)

where F, = diag(F,,...,F.,) € R and F, = diag(Fy,...,F,) € R™™ (for
i=1,...,3) are the diagonal matrices of the Coulomb and viscous friction coefficients

respectively.

Then, the dynamic model in (2.16) can be written as

M(q)i+C(q,4)q¢+G(q) + D(q) =T (2.21)

2.4 Dynamic multi-body modeling

Simulations were carried out using a multi-body dynamic model of ULEL interacting
with an articulated arm model. The mass and inertial characteristics of a typical adult’s
upper limb are used in the arm model (given in [116, 117]). Dynamic multi-body mod-
eling is a safe way to test control schemes for exoskeletons because it allows simulation
of both, human limb and dynamics of the exoskeleton [118]. Therefore, it can provide
real-time evaluation of the interaction efforts, then in case of dangerous torque levels

applied on the arm model, no human would get harmed.

The dynamic physical model is constructed from a complete CAD model and ex-

ported to Simulink-Matlab environment using the SimMechanics library as shown in
Fig. 2.6.
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CAD model
Supports
SimLink Plug-in

SimMechanics

Export CAD model using
SimMechanics Link

XML file | p—y
STEP files

Import the XML file |
with smimport ()

Graphic
interface

Figure 2.6: Creating the physical model using the SimMechanics library

Fig. 2.7 shows the arm model which has 7 DoF (three for the shoulder, two for the
elbow and two for the wrist). This model is assembled to the exoskeleton model and

used in simulations.

t.rotation

adduction
flexion
abduction

extension

Figure 2.7: Multi-body model of the arm at the initial position

After having established the dynamic model equations, and build a multi-body dy-
namic model of our exoskeleton, it was necessary to determine the dynamic parameters
of this model, which are typically unknown. Three main methods can be used to esti-

mate the inertial parameters:

o Physical experiments : needs to disassemble the robot, then identify the deferent

parameters (mass, coordinates of the center-of-mass, diagonal elements of the
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inertia tensor, ...) by performing physical experiment on each single link. This

method is very tedious and needs to be realized before assembling the robot.

o Using CAD models: in general, CAD softwares provide tools to calculate the
inertia parameters from 3D models. This method gives a good approximation of
the dynamic model, but it still prone to errors due to the complicated geometry
of the links, and that certain parts such as bearings, bolts, and electrical parts are

generally neglected.

o Identification: which is an approach based on the analysis of the "input/output’
behavior of the robot under exiting trajectories, by minimizing the error between
a function of the measured robot variables and its mathematical model. This
method is the one used in this work, given its good precision of the identified

values and ease of experimentation.

First, we need to calculate a linear form of the IDM with respect to these parameters,
to be able to identify them. Calculation of the linear dynamic model is presented in the

next section.

2.5 Calculation of the base dynamic parameters

The dynamic model can be written in a linear form in a set of standard dynamic
parameters [119]. The base inertial parameters are the minimum set of parameters
that are needed to compute the dynamic model. They are obtained from the standard
inertial parameters, by eliminating the parameters that have no effect on the dynamic

model, and grouping linearly some others [120].

Considering our exoskeleton ULEL which has 3 DOF, the standard dynamic param-

eters of link 7 (for ¢ = 1,...,3) are: the elements of the inertia matrix

XX, XY, X7
L=| XY, YY, YZ |,
XZ YZ 2Z

T
first moments MS, = | MX,;, MY; MZ } , the mass of the link m;, and the
Coulomb and viscous friction parameters F,; and F,; . We combine these standard

parameters in the vector xsq, so the dynamic model (2.21). can be written as :

T = WSd( q, Q7 q )XSd (222)
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where Wy is the regressor matrix and y. = [x.7, x27, X307, Xy =

[XXMX}/@; XZZ7 Y}/Zu YZZ7 ZZl7 MXZ? M}/:LJ MZ@; mi7Fci7 Fvi]T7 for i = 17 cee 73'

From theses standard parameters, calculation of the base inertial parameters was
done using the method presented in [120], so the reduced dynamic model can be written

as:

where W(q, q,§) is the observation matrix, and x is the vector of the base inertial

parameters with:

x= [B(my+m3)+ ZZ1,11(my +m3) ++MX;,
MYy, ZZy +YYs+ 2 MZzrs + (13 + r3)ms,
lomg + M Xy, mars + MYy + MZs, X X3 —YY3,
XY3, XZ3,Y Z3Z Z3, M X3, MYs3, Fy, Foy, Fos, Foy, g, Fus]”

(2.24)

This linear dynamic model is used in order to identify the base inertial parameters.

In the next section, experimental setup of parameter identification is presented.

2.6 Experimental dynamic parameter identification of ULEL

The exoskeleton ULEL used in this thesis, is a new prototype, and it has never been
used before, so its dynamic parameters that we have mentioned earlier in (2.24), are
unknown. It was then, essential to carry out the identification of theses parameters that
will be needed to establish the models. A complete CAD model of ULEL was given under
a confidentiality contract by the robot manufacturer. Despite the inaccuracy that CAD
models can provide in general, we assume that the values of the parameters provided
by Solidworks including the masses, geometric proprieties, and Cartesian coordinates of
the centers of gravity, are satisfactory as a first approximation to be used in the initial

condition of the identification algorithm.

The identification was carried out using a simple and fast method, by performing

the following steps:

2.6.1 Identification of Coulomb and viscous friction parameters

Identification of the Coulomb (F;), and viscous (F,;), friction parameters (see equa-

tion 2.20), is performed separately. The excitation movements that allow to identify
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these parameters, are the axis-by-axis movements in speed increments. It consists of
actuating each axis separately, with constant velocity ramps, which allows to eliminate
the inertial terms from the dynamic model. In addition, the axis of the corresponding
articulation is oriented in a vertical configuration with respect to the ground to eliminate

the gravity effects as shown in Fig. 2.8.

Position for Axis1 and Axis2 Position for Axis3

Figure 2.8: ULEL positions to eliminate the gravity effect

When only axis ¢ is moving with a constant velocities (¢; = cte, ¢;; = 0 and §; = 0),
for : = 1,...,3, one can neglect the effects of inertia and quadratic terms of velocity
(M(q)§+C(q,q)¢ = 0). Furthermore, the rotation axis of this articulation is parallel to
the gravity vector (G(q) = 0), then the dynamic model presented in (2.16) is reduced

to the following equation:

Fmszgn(qz) + Fm% = T; ,fOI‘ 1= 1, Ce ,3, (225)

The identification is done by driving each joint separately under PD position feed-
back control to track constant velocity, guaranteeing low constant velocity ramps, and
without any external force. During the motion of each joint, applied control currents
(convertible to joint torques), as well as joint positions are recorded (see Figs. 2.9, 2.10
and 2.11)., which represents the friction torque computed via equation (2.25). To ensure
consideration of only constant velocity movements, all data corresponding to the initial
and final part of movement in each ramp were excluded. The average applied torque

during each constant velocity ramp is considered as the joint friction torque.
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Figure 2.9: Applied position, velocity and torque for joint 1
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Figure 2.10: Applied position, velocity and torque for joint 2
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1 i - - = Actual ——Desired

Position (rad)

Velocity (rad/s)

Torque (Nm)

0 20 40 60 80 100 120
Time (s)

Figure 2.11: Applied position, velocity and torque for joint 3

The the position of ULEL and the choice of these exciting trajectories makes it
possible to eliminate a large number of dynamic parameters and to keep only the friction
parameters given in (2.25) to identify. To solve the system, we use the least squares

technique of the following over-determined linear systems:

Fesign(gin) + Foingn - = Tl
for 1=1,...,3 (2.26)
FczmSZgn(%m) + Fvimdz‘m = Tim
where m is the number of the performed constant velocity ramps.

The resolution of this system was performed using lsqcurvefit Matlab function, which
allows to solve curve-fitting (data-fitting) problems in the least squares sense. The
identified values of the Coulomb F. and viscous F, friction parameters of ULEL are

presented in Table. 2.4.

| Joint | F, (Nms/rad) | F, (Nm) |

1 3.1085 7.9407
2 1.8133 4.1268
3 0.3281 0.5887

Table 2.4: Identified values of the friction parameters F,. and F;,
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Figs. 2.12, 2.13 and 2.14, present the friction characteristic with respect to velocity
for each joint. It can be seen that most of the friction is due to Coulomb (dry) friction
and the effect of velocity on friction torques is much smaller. We can also note that the
contribution of friction to the total dynamic model is significant, and this is due to the

use of Screw and Cable System in the transmission mechanism at every joint.

Friction characteristic for joint 1
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Figure 2.12: Friction characteristic for joint 1

Friction characteristic for joint 2
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Figure 2.13: Friction characteristic for joint 2
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Friction characteristic for joint 3
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Figure 2.14: Friction characteristic for joint 3

2.6.2 Identification of inertial parameters

After having identified the friction parameters, the identification of the model inertial
parameters is done by resolving the over sampled dynamic model using Isqcurvefit Mat-
lab function, when tracking reference trajectories under PD control simultaneously for
all joints. Experiments are considered without external forces. Estimated parameters
with SolidWorks were used as initial values during identification, to obtain physically

reasonable values for these parameters. Parameter ranges of variation were considered

as follows:

o Mass of the links range £0.5 of their initial values.
o Moments of inertia parameters range from 0 to 2 of their initial values.

o Center of mass and mass products of inertia parameters to change in the range

+2 of their initial values.

The results of this identification method applied to our exoskeleton ULEL are given in

Fig. 2.15, by comparing applied torques in red, with reconstructed torques using the

identified parameters in blue.
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Figure 2.15: Identification results, applied torque and reconstructed torque

2.7 Conclusion

This chapter has presented the exoskeleton ULEL and its mechanical characteristics.
Kinematic and dynamic models are calculated using modified DH notation. Then,
identification is carried out in order to determine the model dynamic parameters, this
step is very important to obtain a dynamic model close to the real model. The dynamic
model will be used in simulations and during the control system design in the rest of
this theses. To improve our exoskeleton design and performances, a major challenge
is to develop control laws dedicated to the exoskeleton systems and making full use of

their possibilities.

In Chapter 3, we present an adaptive controller, allowing to track desired trajecto-
ries in order to perform passive rehabilitation movements. The proposed approach is
based on an on-line dynamic parameter estimator, allowing to compensate not only the

unknown human limb dynamics, but also model uncertainties, and disturbances.
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Chapter 3

Passive rehabilitation adaptive

control based on on-line least square

parameter estimation
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3.1 Introduction

Passive rehabilitation of arm movements is the first stage of physiotherapy exercises

given to patients after stroke to recover there motor abilities. Thus this passive ther-

apy is of paramount importance [121]. Indeed, during the acute phase, rehabilitation

involves postural exercises and passive mobilization of the arm while patients are un-

able to move voluntarily their limbs to achieve their complete range of motion [122].

Therefore, it may be interesting to address this problematic in robotic rehabilitation.
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Introduction

The control problem of exoskeletons in order to move the patient’s limb through a de-
sired trajectory is widely discussed in the literature. A review on upper-limb exoskeleton
control strategies for rehabilitation can be found in [123]. Several control schemes have
been proposed, such as the conventional PID control method [81][124], Sliding Mode
Control [125][73], neuro-fuzzy control based on the EMG signals [126][127]. In general,
the dynamic parameters of the human arm are unknown, and they vary significantly
because of the variation in morphologies from one person to another. Therefore, conven-
tional linear control approaches have their limitations while dealing with an upper-limb
exoskeleton. Adaptive control strategies can handle the model nonlinearities and uncer-
tainties, when guaranteeing high dynamic tracking performance [128][129]. However, in
addition to hardware equipment, such as power-off applied brakes and limit switches,
an adaptive controller can improve the patient’s safety in presence of large parameter
variance and uncertainties when getting high tracking accuracy with the rehabilitation

robot.

As a contribution to exoskeletons control issue, in this chapter a nonlinear control
strategy for the passive rehabilitation therapy using the upper limb exoskeleton ULEL
is presented. Taking into account the above observations, the proposed adaptive control
based on an on-line dynamic parameter estimation approach is able to drive the upper
limb exoskeleton attached to the human arm with undetermined human arm dynamics.
An efficient on-line dynamic parameter estimator is used to estimate the dynamics of
the exoskeleton-human system which yielding that the tracking error converge to a small
neighborhood of the origin, and also improves the input control torque signal. The the
proposed control scheme can be used for users with different sizes and morphologies,
with no prior adaptation. Therefore it does not require prior knowledge of the human

limb dynamics.

This chapter presents an adaptive control strategy for an upper-limb exoskeleton
based on an on-line dynamic parameter estimator. The objective is to improve the
control performance of this system that plays a critical role in assisting patients for
shoulder, elbow and wrist joint movements. In general, the dynamic parameters of
the human limb are unknown and differ from a person to another, which degrade the
performances of the exoskeleton-human control system. For this reason, the proposed
control scheme contains a supplementary loop based on a new efficient on-line estimator
of the dynamic parameters. The latter is acting upon the parameter adaptation of
the controller to ensure the performances of the system in the presence of parameter

uncertainties and perturbations.

The proposed control scheme can be used for users with different sizes and mor-
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phologies, with no prior adaptation. Therefore it does not require prior knowledge of
the human limb dynamics. In addition, it allows better trajectory tracking with im-
proved control input. . The physical model of the exoskeleton ULEL, interacting with a
7 Degree of Freedom (DoF) upper limb model is used to illustrate the effectiveness of the
proposed approach, an example of passive rehabilitation movements is performed using
multi-body dynamic simulation, which aims to maneuver the exoskeleton that drive the

upper limb to track desired trajectories in the case of the passive arm movements.

3.2 Dynamic model

In chapter 2, the dynamic model of ULEL was presented in (2.21), and its dynamic
parameters are identified. When the exoskeleton is attached to the user’s limb, the
dynamic parameters of the system will change. To overcome this parameter variation,
an adaptive strategy is proposed to compensate the model uncertainties. In addition,
an on-line dynamic parameter estimator is introduced to improve the performances of

the proposed controller.

Indeed, the dynamic model is linear with respect to the dynamic parameters, which

can be written as

where W(q,q,qd) € R3' is the regressor matrix and y € R is the vector of base

inertial parameters given as

X = [B(my+m3)+ ZZ1,11(my +m3) ++MX;,
MYy, Z 75+ YY3+2MZyrs + (I3 + ri)ms,
lyms + M X, mars + MYy + MZ5, X X3 — VY3,
XY3, X735, Y Z3Z Zs, MX5, MYs, Foy, Fop, Fu3, Fo, Foa, Fus]”

(3.2)

This model will be used in the estimator and the controller syntheses. In the rest of

this chapter the regressor matrix will be noted as W to simplify the notation.

3.3 Design of an on-line estimator to identify the dynamic

parameters

Various dynamic identification schemes have been proposed in the literature
[130][120][131][132][133]. Dynamic identification methods can be classified as on-line

identification and off-line identification methods. In the off-line technique, all the data
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is collected previously to be analyzed and no computation time limits are required.
On the other hand, the on-line method allows parameter identification during robot
exploitation which gives the possibility of real-time parameter updates. In order to
identify the dynamic parameters of ULEL, we propose an efficient on-line estimator.
The proposed on-line identification method is validated with simulation and experimen-
tal results and a comparison with the conventional Least-Squares (LS) off-line method

is carried out.

3.3.1 The on-line estimator synthesis
The following assumptions are needed for the estimator synthesis:
e The vector 7 is measurable.

« IV satisfies the persistent excitation condition [134].

e X is a constant vector.

The proposed estimator used to compute the base inertial parameters can be written as

I =wWg+2T-T1)
Y=KWIT -T)+KWT(r—=Wg) . (3.3)
K =—2KW'W K +aK

with:

I' = [ 7dt € R? is the integral of the torque vector 7.

¢ € R and T’ € R3 are respectively the estimates of the vectors x and T.

o K € R¥ 1 js a bounded symmetric positive definite matrix.

e « > () is a positive gain.

By defining the vector estimation error as I' = I' — I’ and the vector parameters error
as Y = X — X, then their dynamics are given as

Wy —oT
X2 (3.4)

¥ =—-KWTT — KWTWy

-
I
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Let’s choose the following Lyapunov-like function
V=TT +y'K 'y, (3.5)
differentiating (3.5) with respect to time, yields

Vo= 2l7T + 29" K + YT 4 (K Yy . (3.6)

Using (3.4), the third equation of (3.3) and 4 (K1) = —K 'K K, equation (3.6)

becomes

V=—al'T —ay" K'Y, (3.7)

V(t) = V(0) e (3.9)

This result shows that V is decreasing exponentially to zero and since W satisfies

the persistent excitation condition so the errors I and ¥ tend exponentially to zero.

3.4 Adaptive controller design

Since there exits a difficulty in obtaining the reliable exoskeleton-human dynamic
model, owing to the unknown parameters and uncertainties, in this section, we present
an adaptive control based on the proposed on-line estimator of the exoskeleton to track

desired trajectories.

Let’s define the regressor matrix W,.(q, 4, G, ¢.) € R**!9 as follows:
Wi (g, 4 4, Gr)x = M(q)dr + C(g,4)4- + G(q) + D(g), (3.10)
with ¢, is a command vector defined such that

47" ZQd_)\e
QT :q'd_)\e
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where e = ¢ — q4, € = ¢ — (q are the error vector and its derivative respectively, ¢z € R?

is used to denote the desired trajectory, A € R is a positive gain.

The proposed adaptive control law can be written as follows:

T =WiXe — Kys

;\a = _KaW?S + Ka A'L' - Aa

>§ Y(Xi — Xa) | (3.11)
Xi = KiWT(T - W)%z)

where K, € R**3 is a diagonal positive matrix, v € R is a positive gain, ¥, € R and
Y € R are respectively the adaptation and identification parameter estimates of
K, € RY¥Y*1 is a constant symmetric positive definite matrix, K; € R9*1? is a variable

symmetric positive definite matrix, and:

s=¢é+ e (3.12)
By defining the errors as
Yo TXT X (3.13)
Xi =X~ Xi

and by using (2.21), (3.1), (3.10), (3.11) and (3.12), we can write

M(q)s+C(q,q)s = —Kys —WyXa
>L(a = KaWrTS - Ka’Y()NCa - >~(z) . (3'14)
Xi = -K;WTWx;

Let the Lyapunov-like function be

1 1 1
V= 5STMS + 5;231(;15@ + ifaTK{lfa- (3.15)

Differentiating (3.15) with respect to time yields

@
2
by choosing the vector X as follows: X = [Xq, ¥i]7, we get V = —s"K,s — XT H X,

V= —sTKys — YX2 Xa +YXEX — = X7 K7,
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with

H— Y119 —%[19
_%[19 %Kfl ’

where Iy € R19%1 is the identity matrix. So we just need to find the condition on K,
~v and « for that H > 0.

3.5 Simulation results

For the evaluation of the proposed control scheme, a multi-body system simulation of
the exoskeleton ULEL interacting with the articulated arm model is used. The multi-
body modeling allows simulation of both, the human limb and the dynamics of the
exoskeleton, which can achieve performance very close to the real system. Therefore,
it can provides a safe way to test new control schemes for exoskeletons along with
evaluation of the interaction efforts. First, the proposed on-line identification method

is tested and thereafter an example of passive rehabilitation movement is performed.

3.5.1 Parameter estimates

According to (3.1), the dynamic model is linear in the vector x of the
base dynamic parameters defined in (3.2). The nominal dynamic parame-
ters Xnom Of ULEL, used in the simulations (all in SI Units) are extracted
from a complete CAD model given by RB3D and the identified friction co-
efficients, where xnom = [ 0.8422,3.0454,—0.0497,0.2437,0.7373, —0.6872, —0.0023,

—0.0035,0,0,0.0026,0.0313,0,3.1,1.81,0.33,7.94,4.12,0.33]7 . The initial value of x used
in the simulations is zero. The simulation is carried out with a random trajectory to
excite the parameters in order to test the generality of this method. The estimation
results are given in Fig. 3.1 with white noise of Signal to Noise Ratio (SNR) of 40dB in
the joints positions. In the beginning the estimation is pointless because the observation
matrix is ill-conditioned. When sampling data are enough the parameter estimation re-
sult is robust and converges to the correct parameters while estimation errors converge

to zero.

The proposed identification method is efficient and gives good estimation of the
model parameters even with noisy data. The actual torques (dotted blue line), the
estimated torques with the identified model (solid red line) and their corresponding

errors (solid black line) are shown in Fig. 3.2.
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Figure 3.1: Dynamic parameter estimation with white noise of SNR=40dB in the
joints positions.
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Figure 3.2: Actual torques, estimated torques and estimation errors with white noise
of SNR=40dB.

This method gives a small relative norm error, ||[7—Wx||/||7]| < 0.2% at convergence,
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which shows a good accuracy for the identified values compared with the conventional
linear off-line Least-Squares (LS) technique [109], which gives a relative norm error of
l7 = Wxewsll/II7]l < 1.2% using the same simulation conditions. Results show that, the
proposed on-line identification method is as effective as the off-line LS method and the

parameters estimation gives a better accuracy.

3.5.2 Adaptive controller

Simulations were carried out to move the exoskeleton attached to the articulated arm
model presented in section 2.4, along pre-programmed trajectories to achieve passive
arm movements. In this case the efforts applied by the arm on the exoskeleton are

considered as an external perturbation.

The passive exercise chosen in our example consists in performing passive flexion /
extension movements, first for the shoulder, then for the elbow and finally for the wrist.
Simulation starts with the initial state of the system ¢(0) =[ 0 0 0 |7 and the initial
gain parameters K, = 0.5 - I1g, K;(0) =20 [14, K, =10 I3A =10, « =2, 7y =20. A

white noise component of SN R = 40dB is considered in the joints positions.

Results in Fig. 3.3 show that the desired trajectories (dotted blue line) nearly over-
lapped with the actual ones (solid red line). The tracking errors (i.e., deviation between
desired and actual trajectories) have the maximal values £0.0098 rad, £0.0076 rad and
+0.0009 rad for the shoulder, elbow and wrist joints respectively. For the intended
application, high positioning accuracy has no practical meaning and this accuracy is
sufficient. Also the input control torques are relatively smooth without any abrupt vari-
ations. From these results, even if we have no knowledge of dynamic parameters of the
exoskeleton and the disturbances from the interaction with the arm model, we can still

obtain a good performance by the proposed control scheme.

We also conducted a comparison simulation using conventional adaptive control
without the parameters estimation (v = 0) in the same conditions. The control results
are shown in Fig. 3.4. It is seen that the performance of the adaptive control without
the proposed estimator is worst, with higher and oscillating control inputs and larger

tracking errors.
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Figure 3.3: Simulation results of the adaptive control with the proposed estimator
using white noise of SNR=40dB.
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Figure 3.4: Simulation results of the adaptive control without the proposed estimator

using white noise of SNR=40dB.

The results in terms of relative tracking errors and the maximal absolute value of

the control torques are listed in Table 3.1. As seen from this performance indices,
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the proposed control performs better, in comparison with the conventional adaptive
control without parameter estimation. The relative tracking errors and the control
inputs of the proposed controller are significantly reduced by the proposed controller.
It is obvious through these results, that the proposed control law can lead to better

control performance.

Table 3.1: Performance indices of the adaptive control with and without parameter
estimation

Adaptive control without | Adaptive control with
the proposed estimator | the proposed estimator
Ta—aall/Tal |_mazlr] | Tla—ad/Nlal |_mazl7]
Joint 1 4.20% 79.67 Nm 0.79% 50.69 Nm
Joint 2 1.20% 32.34 Nm 0.24% 21.98 Nm
Joint 3 1.48% 4.89 Nm 0.05% 4.52 Nm

3.6 Conclusion

In this chapter, an efficient on-line estimator suitable for identification of dynamic
parameters is introduced. Then, an adaptive control based on the proposed on-line
dynamic parameter estimator is presented for an upper limb exoskeleton to provide
passive assistance, in the presence of parametric uncertainties, and disturbances. The
proposed adaptive control can perform stable tracking of pre-programmed trajectories
without requiring exact knowledge of the dynamic parameters. The performance of the
controller is demonstrated through simulations using a multi-body dynamic model of
ULEL assembled to a 7 DOF upper limb model. Also, a comparison with the conven-
tional adaptive control has been conducted. The results show the effectiveness of the
proposed control, guaranteeing the performance of an effective passive rehabilitation
using the exoskeleton. This results are promising and encourage to continue the devel-
opment which aims to improve our robotic prototype for the rehabilitation of the upper
limb.
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Chapter 4

Passive rehabilitation adaptive
control using integral terminal

sliding mode technique
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4.1 Introduction

In the recent years, the interest in exoskeleton has increased in many application
fields. Especially, medical applications paid increasing attention to exoskeletons to
obtain more efficient rehabilitation therapies [51, 45, 135, 136, 137, 138], and to provide
suitable health care to disabled patients and elderly people not only in hospitals but

also in their own homes. The problem is that, such robotic systems are very complex
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and hard to model owing to their direct interaction with the user’s limb. Even if the
dynamics of the exoskeleton is known, that of the human limb is typically unknown
and greatly variable form a person to another. Therefore, the use of exoskeleton in
interaction with a human subject, depends on the quality of the associated controller,

in order to obtain satisfactory performances.

Several control strategies for exoskeletons have been proposed in the literature, for
example: Adaptive control [139, 140], EMG-based control [141, 142], Admittance control
[143], Fuzzy and backstepping control [144, 145], Impedance control and reinforcement
learning [146] and Coordination control [147]. A recent review on control strategies for

upper limb exoskeletons can be found in [123].

Among the existing robust control schemes, this work focuses on Sliding Mode Con-
trol (SMC) which is a powerful approach to control robotic systems with uncertain
dynamics and bounded disturbances [148, 149, 150]. This nonlinear control strategy
works by dragging the non-linear path to a predetermined hyperplane so-called slid-
ing surface, then the system stays confined to the sliding surface while sliding along
to the origin [151]. In general, conventional SMC uses linear sliding surface which can
only achieve asymptotic stability of the system during the sliding mode phase [152].
Thereafter, more advanced techniques such as Terminal SMC (TSMC) were proposed
[153, 154] which can guarantee finite time convergence of the tracking error to zero.
The Fast Terminal Sliding Mode (FTSM) surface has been introduced to further reduce
the finite-settling-time [155, 156]. However, TSMC and FTSM suffer from singular-
ity problems due to the use of fractional power in sliding surface design. Therefore,
a Nonsingular TSMC (NTSMC) have been proposed in [157, 158, 159], to overcome
the singularity problem. In [160] an Integral TSMC (ITSMC) is proposed to eliminate

singularities and lead to less chattering effect compared to the conventional SMC [161].

This chapter proposes an Adaptive ITSMC (AITSMC) for upper limb exoskeletons
in order to perform passive rehabilitation. First, the dynamic modeling of the consid-
ered exoskeleton is introduced as well as properties and assumptions. Then, an integral
terminal sliding mode surface is used to guarantee tracking errors converge to zero in
finite time when the sliding surface is reached. The proposed ITSMC is thus designed
to guarantee the reaching of the sliding mode, as well as the good tracking performance
in finite time. With this control scheme, the singularity problem is removed without
adding any constraints. Furthermore, the lack of knowledge of the system uncertainty
bounds leads to set them to very high values which may result in intense control torques.
To address this problem an adaptive approach is proposed to adaptively tune the un-

certainty bounds while guaranteeing finite time convergence. Finally, to validate the
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proposed control scheme, experiments were carried out with a healthy subject using a 3
Degrees of Freedom (DoF) upper limb exoskeleton called ULEL! to perform trajectories

that correspond to passive arm movements.

The rest of the chapter is set as follows. Section 4.2 expresses the dynamic modeling
and model properties and assumptions. In Section 4.3 controller design is presented.
Section 4.4 introduces an adaptation method to tune the controller gains. Section
4.5 shows the implementation of the proposed approach for the upper limb exoskeleton
ULEL and experimental results in performing passive movements with healthy subjects.

Conclusion is presented in Section 5.7.

4.2 Dynamic modeling

The dynamic behavior of robotic systems can be expressed by the well known rigid
body’s dynamic equation
M(q)G + H(q,q) = 7(t), (4.1)

with
H(q,q) = C(q,4)q + G(q) + D(q), (4.2)

where ¢ € R”, ¢ € R” and § € R" are respectively the joint positions, velocities and
accelerations; M(q) € R™™ is the inertia matrix; C(q,¢) € R"*" is the Coriolis/cen-
trifugal matrix; G(q) € R™ is the gravity vector; D(¢) € R™ is the dissipation term;
7(t) € R™ is the applied torque vector.

In the case of human-exoskeleton system, the dynamic model (4.1) can be used with
some known parts and unknown parts. The terms M (q), H(q, ¢) and 7(t) can be written
in the form

T(t) = 7n(t) +7alt)
M(qg) = Mn(q) + Ma(q) ) (4.3)

where 7n(t), My(q) and Hy(q,¢) are known nominal parts and 7a(t), Ma(gq) and
Ha(q, ¢) are unknown parts. The term 7y (t) represents the actuated torque generated
by the exoskeleton’s motors and 74 (t) includes the all torques applied by the human

arm on the exoskeleton and other external disturbances.

Using (4.3), the dynamic equation (4.1) can be written in the following form :

Mn(q)G+ Hn(q,q) = Tn(t) + A1), (4.4)
L Upper Limb Exoskeleton of LISSI
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where A(?) is the system uncertainty defined as

A(t) = 7a(t) — Ma(q)g — Halq, q), (4.5)

which is related to the position, velocity and acceleration signals.

Remark 4.1. Only the position and velocity are measurable in our application setup
using an exoskeleton. Therefore, the use of acceleration term in (4.5) is the key problem

for controller designing. This issue will be addressed in the following of the chapter.

4.2.1 Model properties and assumptions

In the case of robotic systems with only pivot joints (revolute joints), the following

properties are obviously verified for any g € R".

Fact 4.1. The inertia terms M(q) and My(q) are symmetric positive definite matrices.

Moreover, these matrices are bounded [162]

, (4.6)

where m, m, my and My are positive constants such that 0 < m <m and 0 < my <

my. Therefore, it is straightforward that M~ (q) and My*(q) are also positives and

bounded as
m <M q) <m™'I
(4.7)
my T < My'(q) < my'l
Fact 4.2. Using the euclidean norm, it can be written that [163]
1C(a, @)l < <lldll; (4.8)

where € is a non-negative constant.

As the exoskeleton interacts with the human arm, it is considered that the term

A(t) is unknown. Only the following assumptions are adopted.

Assumption 1. The gravity vector G(q) is bounded such as ||G(q)|| < g,+3sllql|, where

g, and g, are non-negative constants.

Assumption 2. The dissipation vector D(q) is bounded such as ||D(§)| < di + dal|q]|,

where dy and dy are non-negative constants.
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Assumption 3. The torque vector Ta(t) is bounded such as ||Ta(t)|| < Ta, where T is

a non-negative constant.

Considering Property 4.2, and Assumptions 1, 2 and 3, then H(q, ¢) in (5.2) can be

upper-bounded as follows:

1H(q, )l < g1 + di + Gollgll + dalldll + <. (4.9)
Assume that Hy(q,q) and Ha(g, ¢) are upper-bounded as follows

175 (g, DI < Pt + hvallgll + Bvsllgll + Pvall ]2

B B B B (4.10)
1Ha(g: DIl < har + hazllgll + hasllgl + haalldl®
where hyi, ..., hya and hai, ..., has are non-negative constants.
Using (4.4), the acceleration ¢ can be written as
G=My'(q) [rn(t) + A(t) — Hy(g,9)], (4.11)
then the dynamic model (4.1) can be written as
G = [f(g,9) + e(q)u(t) + £(1), (4.12)

where u(t) = 7n(t) represents the control input torque, and the functions f(q, ¢), ¢(q)
and £(t) are given by

fla.q) = —My'(9)Hn(q,q)
elq) = My'(q) : (4.13)
) = My'(9)A)

In what follows, to simplify the writing of the equations, the notational dependency
will be omitted on u, f, ¢, &, A, My, Ma, Hy, Ha, Ty and 7a.

4.2.2 The bounded property of uncertainties

Considering the model properties and assumptions presented above, the following

property is demonstrated in appendix A:
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where 7 is an arbitrary positive constant and ¢(q,q,t) is a scalar positive function
defined as

¢(q,4,t) = 01 + dallq|| + s]ldll + dalldlI* + 052(g, g, t) +n, (4.15)
with d1,---,05 are non-negative constants and €(q,q,t) is a positive scalar function
such that

[ull < g, q,1). (4.16)

4.3 ITSMC design

For the class of nonlinear systems (4.12) with parameter uncertainties and exter-
nal disturbances, this work aims to design a robust control using ITSMC in order to
guarantee the reaching of the sliding mode as well as the tracking control in a finite

time.

Consider the desired trajectory gq(t) € R™ which is bounded and twice differentiable
with respect to time, and its first and second derivatives are also bounded. Let us define
the tracking error vector and its derivative respectively as e = q; — ¢, € = ¢4 — ¢. Then,

the error dynamics using model (4.12) can be written as
E=do—f—pu—=¢ (4.17)

Before presenting the main results of this section, the following assumption and

lemma are given:

Assumption 4. The desired position qq, velocity qq and acceleration Gy trajectories are
bounded.

Lemma 4.1. The origin of the following system is a globally finite-time-stable equilib-
TIUMm
T1 =2
e . (4.18)
to = —kosgn(xza)|xe|? — k1sgn(xy)|xq|2

where k1, ko and ~y are positive constants, chosen such that the polynomial r*+kyr+k;

ts Hurwitz, and 0 < v < 1.

The proof of Lemma 4.1 can be found in Proposition 8.1 of [164].

The following theorem points out the ITSMC defined to guarantee the tracking

control in finite time.
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Theorem 4.1. Consider the system (4.12) under Properties 4.1 and 4.2, and Assump-
tions 1, 2 and 3. By defining the ITSM surface function as*

t q q
s=é+ / (aeb + Bem=a)dt, (4.19)
0

where p and q are the positive odd integers suchp > q >0 and o = diag(aq,--- , ) €
R™™ and 8 = diag(1, -+, fn) € R™™™ are positive diagonal matrices chosen such that
the polynomials r* + a;r + ; for i = 1,-+- ,n are Hurwitz, then the origin (e,é) is

globally finite-time-stable under the tracking control law

u=¢" éjd+aé§+ﬁe2pq—q—f+As+¢“SH , (4.20)
s
where A = diag(My, -+, A\,) € R™™ is chosen as a positive diagonal matriz.

The detailed proof of Theorem 4.1 is presented in appendix B.

Remark 4.2. The function Q(q, ¢, t) introduced in (4.16) represents the upper bound of
the control input u. The proposed control law given by (4.20) depends on a combination
of the following terms: ¢~ = My, f = —My"Hy, da, ér, e%-i, s and ¢. Recall that
the acceleration ¢, is assumed to be bounded in Assumption 4, the terms My and My*
are bounded according to Property 4.1, and the function Hy is bounded according to
(4.10). Obviously, the variables é¢7, e 7 and s can be bounded by using ||¢7 ||, || ||
and ||s|| respectively. Finally, ¢ represents the factor of the discontinuous term of the

proposed sliding-mode-controller that has to be bounded in practice. Summing up all

the latest findings, the norms ||q|, ||gll, 4|2, llé? ||, |le= | and |s|| can be used to

design the function Q(q, g, 1).

Considering the approach given in Remark 4.2, the function (g, ¢,t) can be chosen

as
g, 4,t) = wi +wallgll + wallgll + wallgll? (4.21)
.4 _9q9 I .
+uws|ler || + welle =[] + wr|s]]
where wq, - -+ , w7 are positive constants.
From (4.15) and (4.21) it yields
¢ =yl A, (4.22)
2The I fractional power of vector z € R" is Th = [aclg, ,mz]T
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where
1

1+ gl
1+ gl
v=| 1+[d* |,
L+ |l ||
1+ [lex= |
1+ |s]

and

01— Yiea 0 — (w1 + i wi) +1
d9 + O5wo
03 + d5ws
A= 04 + 05wy
O5ws

d5We

dswr

Remark 4.3. Since n is an arbitrary positive constant introduced by (4.14) and (4.15),
then it shall satisfy the following condition:

4 7

i=2 =2

The controller proposed in this section ensures the reaching of the sliding mode as
well as the tracking control in finite time. However, the lack of knowledge of the upper
bounds (elements of vector A) leads to set them to very high values, which can result in
an intensive control torques. To handle this problem, an adaptive ITSMC is proposed

in the next section.

4.4 Adaptive ITSMC design

The I'TSMC proposed in the previous section can guarantee the system stability and
robustness. However, if the control input (4.20) is used in practice, the elements of the
vector A that define the upper bounds of fa, are often not easy to find. In this section,
an adaptive law which aims to tune the controller gains without knowledge of the upper
bounds of the system uncertainties is proposed. For this, the following modified control
law based on the sliding surface function (4.19), which integrates the adjustable gain

A(t) is proposed as
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S

u= |G+ aer + BeFa —f+)\s+1/szl||s|| , (4.24)

with the adaptation law given as
A = Dby (s), (4.25)
where T' = diag(T'y, -+ ,T';) € R™7 is chosen as positive diagonal matrix and x(s) is a

scalar function defined as

e AC RV A T a0
0 if sl =0

with p > 0 is a positive constant.

Lemma 4.2. Given the system (4.12) with the ITSM surface (4.19) controlled by (4.24)
and the adaptation law (4.25) and (4.26), the estimation A(t) has an upper-bound,

it means, there erists a positive constant vector A* = [A}, .., A3]T € R" such that

A

Ai(t) < Af and A; < AY forie{l,...7}, Vt > 0.

The proof of Lemma 4.2 can be found in appendix C.

The following theorem point out the AITSMC defined to guarantee the tracking

control in a finite time.

Theorem 4.2. Consider (4.10) and the system (4.12) under Properties 4.1 and the
sliding-surface (4.19), the origin (é,e) = (0,0) is globally finite-time-stable equilibrium
under the control (4.24) and the adaptation law defined by (4.25) and (4.26).

The detailed proof of Theorem 4.2 is presented in appendix D.

4.5 Experimental validation

The system considered in this study is the exoskeleton ULEL which is presented in
Chapter 2.

4.5.1 Experimental setup

Experiments were carried out to provide passive mode rehabilitation using the ex-

oskeleton ULEL. The device first has been tested alone without user, then with two
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healthy subjects (Subject A: 31 years old measuring 1.71m, weighing 74kg; and Subject
B: 43 years old measuring 1.69m, weighing 70kg). The purpose of the test is to ensure
the good performance of the proposed system in order to help therapists apply for their

rehabilitation program in good conditions.

ULEL is supposed to be in direct interaction with the user, that is why safety is very
important. A power-off applied brake and limit switches to constrain ranges of motion
are added to each active joint. Also, an emergency stop system can be easily activated.

Since ULEL is fixed on a rigid base, wearing it will not impose any load on the subject.

Maxon controller cards are used to regulate motor currents. The controller is pro-
grammed on a PC equipped with a dSpace DS1103 PPC real-time controller card, using
Matlab/Simulink and dSpace Control Desk software with a sampling time of 1ms. In-
cremental encoders are used to measure the angular positions. During movements, the
subjects remain relaxed without applying any effort while their right upper limb is

attached to ULEL using straps. The experimental setup is depicted in Fig. 4.1.

Healthy subject

Attachment straps

Power supply

Maxon controller

.o
v,

—~ e

ULEL moving
part

Figure 4.1: Experimental setup of ULEL.

-A
dSpace DS1103

Emergenc
1/0 Control Desk oency

stop

The trajectories used in this work correspond to passive flexion/extension movements
for shoulder, elbow and wrist joints used in passive rehabilitation exercises. The initial
values of the system are selected as ¢(0) = [0,%,0]", ¢(0) = [0,0,0]". The parameters
of the sliding surface function (4.19) are p = 7, ¢ = 9, and the diagonal gain matrices
are a = 31, B = I. For the control law, the gain matrix is A\ = 10 diag([0.1, 0.3, 3]).
The initial value of the adaptation term A is equal to zero and the adaptation gain is

[=1021.

Indeed, actuators have delays and other imperfections, which can lead to chattering

and excitation of non-modeled dynamics when sliding mode control is applied. That
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is why a boundary layer technique is used to avoid chattering excitation of the control
signal input. Therefore, the following functions os(s) and ys(s) are introduced instead

of ”z—” and x(s) respectively in the control law, such as

I R C A .
S8 if sl <o

sl +u if sl >0
Xs(s) = , (4.28)
0 dif fsll<9d
where 6 = 0.2 and u = 0.1.

Let the desired trajectories be defined as

qa1(t) = 5 sin(0.5t — 7)
qaz2(t)
qa3(t) = {5 5in(0.9t — 7)

_|_
I sin(0.7t +T) + (4.29)

The fact that ULEL is actuated by electrical DC motors, allow us to neglect the
current dynamics of the motors which are very fast compared to the dynamics of the

mechanical system. Then it can be assumed that:

T (4.30)

where u; is the control current of motor 7 , K. and N; are the torque constant and the

transmission Ratio of motor i (given in Table 2.1) respectively.

4.5.2 Experimental results

Figs. 4.2, 4.3 and 4.4 show the position tracking of each joint, as well as the tracking
errors for the trials: with no subject attached to the exoskeleton, with subject A and with
subject B respectively. Good tracking performance is obtained in the three cases, and
errors converge to zero in less than 10s, which shows the robustness and the advantages
of the proposed finite time convergent controller. Moreover, the effects of the system

uncertainties are eliminated after convergence.
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Figure 4.2: Actual positions, desired positions and position errors, trial without user
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Figure 4.3: Actual positions, desired positions and position errors, trial with

Subject A
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Figure 4.4: Actual positions, desired positions and position errors, trial with
Subject B

Figs. 4.5, 4.6 and 4.7 present the control inputs for the trials: with no subject
attached to the exoskeleton, with subject A and with subject B respectively. It is seen
that the amplitudes of the control torques are convenient and realizable in practice.

Also the boundary layer technique in (4.27) and (4.28), allows to avoid chattering.

Figs. 4.8, 4.9 and 4.10 show the estimated parameters A;, for i = {1,...,7}, for the
trials: with no subject attached to the exoskeleton, with subject A and with subject B
respectively. It is seen that the system uncertainty bounds are adaptively estimated even
with different subjects, then prior knowledge of the upper bounds on the uncertainties

is not required.
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The results in terms of Relative-Tracking-Errors (RTE) and the Maximal-Control-
Value (MCV) in the stabilization phase (between ¢ = 10s and t = 50s) are listed in Table
4.1. As seen from this performance indices, the proposed control is able to compensate
for perturbations caused by the interaction with users of different morphologies without
any prior settings. The RTE and MCV slightly increase when users are attached to the
exoskeleton. Through the obtained results, it can be stated that the proposed control
law can be effectively implemented for rehabilitation purposes and the control torques

are convenient and realizable in practice.

Table 4.1: Performance indices of the proposed AITSMC for the carried
out trials: RTE; is the Relative-Tracking-Errors of the i joint calculated by
\/Eff:l e%(tk)/\/zjkvzl q?(t) where t; being the k' sample time and N is the total num-
ber of samples; MCV; is the Maximum-Control-Value of the i** joint calculated by the
maximum of the values |u;(t1)|, ..., |u;(tn)].

| Experiment [ Joint | RTE; (%) | MCV; (Nm) |

i=1 0.72 26.66
without subject | i = 2 1.25 9.76
1=3 4.64 1.17
=1 0.84 32.47
with subject A | i =2 1.48 9.94
1=3 5.59 1.21
i=1 0.76 33.79
with subject B | i = 2 1.36 11
1=3 5.87 1.25

4.6 Conclusion

This chapter proposes an effective AITSMC approach which can be applied for the
robust control of upper limb exoskeletons to perform passive rehabilitation movements.
It is shown that the proposed method gives good tracking performance with finite time
convergence and without any prior knowledge of the system uncertainty bounds. Ex-
periments using the exoskeleton ULEL alone and with tow healthy users demonstrate
the effectiveness of the proposed strategy and its satisfactory performance. It can be
concluded that the proposed algorithm may be effectively used with subjects having
different morphologies without any prior adaptation. Therefore, the proposed method
can be effectively implemented in practice. For future work, active rehabilitation with

exoskeletons will be investigated.
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5.1 Introduction

Exoskeletons compared to other robotic devices are in direct interaction with the
user, this is why the precise identification of human-robot interaction is essential for such
applications in terms of user safety and also in control design. Besides, interaction efforts
can provide quantitative data for patient’s motor function recovery allowing adequate

adaptation of the therapy protocols.

An obvious way to determine the interactions efforts is to use force sensors at the
contact interfaces [165]. Despite the effectiveness of this method it suffers from several

drawbacks namely the high cost of these devices and their complexity, also these sensors
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add an additional weight to the structure and can bother the user during movements. In
addition the presence of noise can degrade the quality of the measurements and precise
calibration problems appear when using these sensors. The estimation of interaction

efforts can solve the problems associated to the use of sensor measurements.

Several methods for interaction efforts estimation have been proposed. In [166]
only the control signal (motor currents) is used to implement an impedance-based force
controller for a wrist exoskeleton. Also the full dynamic model can be used to estimate
the interactions [167][168][169][170]. More recently, the problem of interaction force

estimation in exoskeletons was addressed in [171].

In [172], author described the higher-order sliding mode, which makes use of the
inverse plant model to estimate the resultant disturbance acting on the system. Distur-
bance observers can improve robustness and tracking accuracy of industrial manipula-
tors []. They are also used in haptics and power assistance control [173]. We believe that
they can be used in exoskeleton systems to estimate interaction force variations if the

other disturbances caused by robot dynamics and friction are accurately compensated.

In this chapter, a third-order-like sliding mode observer is proposed to estimate the
human-exoskeleton interaction torques. The proposed observer is to estimate bounded
torques caused by the interaction of the exoskeleton with the human limb, when only
the position measurements are available with knowledge of the control input. To do so,
a third-order-like sliding mode technique is used. The stability of the proposed approach

is demonstrated and finite time convergence is obtained.

The rest of this chapter is structured as follows. The next Section describes the
modeling of the exoskeleton. In Section 5.3 the state representation of the system is de-
fined, and the augmented state space is presented as well as properties and assumptions
needed for the observer syntheses. The proposed observer design is presented in Section
5.4. Section 5.6 shows the simulation results using our exoskeleton ULEL, to validate
the efficiency of the proposed observer and finally this chapter ends with a conclusion

in Section 5.7.

5.2 Dynamic model

The dynamic behavior of the human-exoskeleton system can be expressed by

M(q)j+ H(q,q) = 7 + Te (5.1)
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with

H(q,q) = C(a.4)q + G(q) + D(q) (5.2)
where ¢ € R", ¢ € R” and ¢ € R" are respectively the joint positions, velocities and
accelerations, M(q) € R™" is the inertia matrix, C'(q,¢) € R™*" is the Coriolis/cen-
trifugal matrix, G(q) € R™ is the gravity vector, D(¢) € R™ is the dissipation term,

7, € R™ is the torque vector applied by the human, and 7, € R" is the torque vector

applied by the exoskeleton.

5.3 The augmented state space
Let x1 = q, x5 = ¢ and u = 7. then we can write

= (5.3)
Ty = f(x1, 2, u) + g(x1)T)

where f(z1,@3,u) = M1 (q)[r. — H(q,d)] € R" and g(z;) = M~}(q) € R™*",

Property: The function g(z;) is invertible and differentiable.

Assumption: The vectors z; and u are measurable.

Assumption: The function f(xy, 22, ) is known and differentiable.

Assumption: The human torque 7, is differentiable.

Let define the augmented state variable x3 € R™ as
r3 2 f(xy, 19,u) + g(z1)m (5.4)
Using (5.3) and the derivative of (5.4) gives the following augmented state space:
1 = X9
Tog = I3 (5-5)

&3 = f(x1,22,u) + g(21) 7w + g(21) T2
5.4 Observer design

This section describes the design of an observer-based approach to estimate the

interaction torque acting on a controlled rigid body from measurements of its articular
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positions and knowledge of the control torques. The proposed observer has the following

structure:

By =G94 2
Ty = flxy, &g,u) + g(1) Th + 22 (5.6)
= g (1) 23

where 1, T and 7, are the estimations of x1, x5 and 7, respectively and z;, 1 = 1,2,3

are the correction terms given by

A

2 = Ky &1(xy — &) Sign(zy — 1)
Z9 = K2 (152(1)1 — IIA’}Q) SZgTL(’Ul — .@2) (57)
z3 = K3 Sign(vy — f(x1,22,u) — g(1) )

where v, = &1, vy = 9, the gains K; € R™" for ¢ = 1,2,3 are diagonal positive

matrices, the function @,(.), @2(.) and Sign(.) are defined as follows:

®y(x) = diagl|x1l5, ..., |xal?] € R"
By(x) = diagl|x1]2, ..., |xa]2] € RP" (5.8)
Sign(x) = [sign(x1), ..., sing(x,) |7 € R"

for any x = [x1,...,Xn)T € R™ and sign(.) is the standard signum function such that

1 if >0
sign(x:) = 0 if xi=0 (5.9)
-1 Zf Xz<0
fori=1,...,n.
5.5 Proof

Let us define the estimation Z3 as follows:

T3 & f(21, 2o,u) + g(z1) 7 (5.10)
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Then, its derivative is
&3 = fr1, B2,u) + g(a1) # + g(21) 7 (5.11)
From (5.6), (5.7), (5.10) and (5.11) it yields

571 = jQ + Ky @1(1’1 — 12‘1) Szgn(xl — .’2‘1)
Ty = &5 + Ky By(v) — &) Sign(vy — &) (5.12)

T3 = f(21,22,u) + g(z1) 7 + K3 Sign(vs — &3)

By defining the error vectors as &; = x; — ; for ¢ = 1,2, 3 then their dynamics are

given as
i’l = fg — K1 @1(%1 — .f'l) Szgn(xl — 5%1)
Ty = &g — Ky Dy(v1 — &) Sign(v, — &) (5.13)
Ty = £(t) — K3 Sign(vy — 23)
where . ‘
f(t) - f'(xth)u)_Af(xlai'Qau? (514)
+g(x1) (Th — 1) + g(21) T
o Assumption: The vector £(t) is bounded
15301 (5.15)

where ¢ is some known positive scalar.

The finite-time convergence of the observer errors Z;, 5 and 3 can be demonstrated

by taking
K,=3-1- §1/3
Ky=15-1-£2 (5.16)
Ky=11-1-¢

and by rewriting (5.13) in the following form of differential inclusion

A

K3 ~ A 12 .
T, = To, — Ky, |1, — 1,|3sign(x1, — 21,)

Zi‘z. = ‘%31‘ — K2i|vli - :%Qi|%sign(vli - IIAZ'Qz) (517)

K3

503,- € [—f, +€] — K3, sign(vq, — 23,)
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for i = 1,...,n with the under index i refer the i** scale element of the corresponding

vector or diagonal matrix.

This inclusion is understood in Filippov sense [174]. The proof of finite-time conver-
gence of #1, To and Z3 to zeros follows from Lemma 8 in [172]. Therefore, it comes from
equations (5.4) and (5.10) that the estimation 7, converge also in the same finite-time

to 7.

5.6 Simulation results

Simulations were carried out using The multi-body dynamic model of ULEL pre-
sented in chapter 2, to move the exoskeleton attached to the articulated arm along

desired trajectories. External torques applied to the three exoskeleton joints are consid-

5th

ered from the second. In this example, the initial values of the system are selected

as q(0) = [0,0,0]%, (0) = [0,0,0]. The fourth-order Runge-Kutta method with a
sampling time of 1ms is used to solve the nonlinear differential equation numerically.
The observer gain matrices are chosen with ¢ = 100. The external torques applied from

the 5" second are chosen as follows:

Text1(t) = 3 sin(t — 5)
Text2(t) = 2 sin(t — 5) for t>5 (5.18)

Text3(t) = 0.1 sin(t — 5)
Let the applied control torques be defined as

71(t) = 3 sin(t)
To(t) = 2sin(t + ) (5.19)

T3(t) = sin(t)

A white noise component of Signal to Noise Ratio (SNR) equal to 40dB is consid-
ered in the joints positions and velocities. In addition to the proposed estimator, an
Extended Kalman Filter (EKF) was implemented to estimate the state and applied
external torques of the system. The use of the proposed estimator and EKF estimator,
with the same simulation conditions and the chosen parameters and gains as described

previously leads to the following results.
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Figs. 5.1 and 5.2, show the estimates of joint positions and velocities respectively,
using the proposed observer (in blue dotted line), and the EKF method (in red dotted
line). The actual positions and velocities are presented in green solid line. We can see
that the proposed observer as well as the EKF method give a good estimation of the
system state, however the estimate with the proposed observer is better filtered and
smoother than that with the EKF observe with the proposed observer, especially on
velocity signals. State estimation errors converge to zero after a very brief transition as
shown in Fig. 5.3, here also we can see that our observer is more robust against noise
than the EKF method especially on velocity signals. Furthermore, the effects of the
system uncertainties are eliminated. Fig. 5.4 shows the external torques estimates for
each joint using the proposed observer and the EKF observer. It can be seen that the
torque estimated with the proposed observer and the actual torque overlaps and the
torque estimation is accurate, on the other hand the torque estimated with the EKF
method is poor and doesn’t match with the real torque. In order to better compare
the real torque and estimated one, the interaction torque estimation errors are shown
in Fig. 5.5 which shows that the estimation errors converge to zero using the proposed

observer unlike the estimation using the EKF observer.
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5.7 Conclusion

In this chapter a third-order-like sliding mode observer for state and human-
exoskeleton interaction torque estimation is presented. The proposed observer enables
the finite time convergence of the non-output states which cannot be achieved by conven-
tional sliding mode observers. The proof and stability analysis of the observer was also
introduced. Simulation using the multi-body model of the exoskeleton ULEL verifies
the effectiveness of the proposed observer. Furthermore, an estimator using Extended
Kalman Filter (EKF) is implemented with the same simulation conditions, and com-
parison is conducted in order to evaluate the performance of the proposed estimator.
Simulation results show the superiority of the proposed observer over the EKF method
in terms of estimation accuracy and robustness against noise, besides, the gains tuning

of the proposed observer is easier compared to the tuning of the EKF parameters.
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In this chapter we present a general conclusion by summarizing our contributions
and describing some perspectives for future works, as well as publications produced

during this theses.

Summary of contributions

In this thesis, we try to respond to issues related to exoskeletons use for upper
limb rehabilitation and mobility assistance of people who suffer from motor deficit,
characterized by a total or partial loss of motor skills. After having made a state of
the art on rehabilitation robotics and the presentation of recent research in this field
in the first Chapter, we have decided that our contributions in this topic should be the
investigation of control strategies to perform upper limb rehabilitation using exoskeleton

systems.

The robot used is a 3 DoF exoskeleton called ULEL desined by RB3D (presented in
Chapter 2). Since ULEL is a new prototype and was never been used before, we stared by
instrumenting our robotic system and installing all the equipment and sensors required
to use the exoskeleton. Furthermore, all modeling and parameter identification is made
as detailed in Chapter 2. In particular, I was interested in the design of exoskeleton
control laws for functional rehabilitation of the upper limb. There are especially three

majors contributions presented in this dissertation.

The first one consists of an adaptive control strategy based on an online estima-
tor of dynamic parameters (presented in Chapter 3). This adaptation method makes
it possible to improve the control performance of this system, and to compensate for
parametric errors due to coupling the exoskeleton with the human limb. The proposed
control allow to perform stable tracking of desired trajectories without requiring ex-
act knowledge of the dynamic parameters. The obtained results were validated and
compared to adaptive control without parameter estimation by simulations using the

muti-body dynamic model of ULEL.
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The second contribution is presented in Chapter 4, which consists of a robust con-
trol strategy based on integral terminal sliding mode technique. This nonlinear strategy
guarantees the convergence of tracking errors to zero in finite time when the sliding mode
is reached. This type of control is known by its robustness with respect to parametric
variations and external disturbances. The effectiveness of the proposed method is ex-
perimentally demonstrated using the exoskeleton ULEL for the passive rehabilitation
mode with healthy subjects. The obtained results show that the proposed algorithm
may be effectively used with subjects having different morphologies without any prior

adaptation. Therefore, the proposed method can be effectively implemented in practice.

Finally, in Chapter 5, a higher order sliding mode observer is proposed to estimate
interaction torques of the human-exoskeleton system. The proposed observer is able to
estimate the forces at the interaction interface between the exoskeleton and the human
limb, using position measurements and control input signals. The proposed strategy
is validated with simulations using the exoskeleton ULEL muti-body model, and a
comparison with Extended Kalman Filter observer is performed. The obtained results

show the effectiveness of the proposed solution.

Future work

In order to continue the development of this work many perspectives can be for-
mulated to develop robotic prototype intended to upper limb rehabilitation, that we

propose as follows:

o The advances so far (modeling and identification of the exoskeleton ULEL, differ-
ent control strategies for passive rehabilitation mode, human-machine interaction
estimation, between others) had been developed and tested with on multi-body
dynamic simulations and experimentally with healthy subjects. An important
next step is to consider force sensors to evaluate the human-machine interaction
and validate the proposed third-order-like sliding mode observer experimentally.
Solving the interaction estimation problem, will give the possibility to develop

impedance and admittance controllers

o The next step is to develop control shames for active mode rehabilitation. Also,
the use of electromyographic signals (EMG) and/or electroencephalogram (EEG)
is a promising objective. These physiological signals can be combined with force
sensor measurements or force estimations in order to provide a more detailed
prediction of the subject’s intention. Also, can be used alone if we can’t get the

interaction force information to determine the intended movement.
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o Another important step in order to achieve full usability of the rehabilitation
strategies is the development of scenarios and protocols for the different rehabili-
tation modes, then implement them in our robotic system. For this, collaboration

with neuroscientists and physiotherapists is expected.

o The validation of our rehabilitation system with disabled patients in a clinical
environment is an important work to validate the effectiveness of our robotic

system. To proceed with this step a deep safety review is mandatory.

e The development of a virtual reality environment of the human-machine interface
is also an important area, who can enhance the project by adding audio-visual

feedback to rehabilitation process.
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Appendix A

The bounded property of

uncertainties

It has been noted previously in Remark 4.1 that the uncertainties A(t) depends
on the unknown acceleration term ¢§. In this section, a similar methodology to that

proposed in [153] is used to solve this problem.
By replacing (4.11) in (4.5), it yields

€ = My'[ra— MaMy' (u+ A~ Hy)— Hal. (A.1)

After some simple rearrangements it comes

(I+My'Ma) € = My'lra — MaMy'u

1 (A2)
—|—MAM]§ Hy — HA]

Since (I + Mﬁl]\/[A) = My' (My + Ma) = My'M then it can be written that

£ = MY 1a — MaAMy'u+ MAMy Hy — Hyp)
MY 1a — HA) + M"MAMy (Hy — u).

So the uncertainties £ can be upper-bounded as follows:

Il < 1M lrall + (1ALl

Al (A.3)
| M MAM G [[(ull + [[Hn|)-
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Considering Property 4.1, Assumption 3 it yields

M < ax

(A.4)
M~ MAMRY| < as

where a; and ay are non-negative constants. Then, using (4.10), (A.4) and Assumption
3, in (A.3) it comes
€] < (aﬁA + arashy + aﬁm)
+ (a1@2EN2 + alﬁA2> lql
+ (G1G2EV3 + G1EA3) 4l (A.5)
+ (Chazﬁm + G1EA4) 4112

+ayaz|lull,

which can be written in a simpler form as

€] < 01+ Oallgll + dslgll + dalldll* + 05 |ul], (A.6)

where 01, -+, J5 are non-negative constants with

01 > a1Ta + araghyy + athay
5o > ajashye + ajhag
03 > ajashyz + ajhag

0y > arashyy + ajhag

05 > ajas

It is clear from (A.6) that the upper bounds of the system uncertainties £ depends
on the control input u. Assuming that u does not contain the acceleration term ¢, then
the upper bounds of ¢ will depend only on the position and velocity measurements.

Then, there exists a positive scalar function €2(q, ¢, t) such that

[ull < g, q,1). (A.7)

By replacing (A.7) in (A.6) the following inequality is obtained:

lgll < 01+ d2llall + dsllgll + dalldll* + 05, ¢, 1). (A.8)
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Then, it is obvious to write

¢(q,4,t) = [I€l = n, (A.9)

where 7 is an arbitrary positive constant and ¢(q,¢,t) is a scalar positive function
defined as
6(q,q,t) = 0u + Sallall + dslldll + dalldll* + 62(a, ¢, t) + 1. (A.10)
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Appendix B

Proof of Theorem 4.1

Lets choose the following Lyapunov function V' = %STS. Differentiating V' with

respect to time gives V = sTs. Using sliding manifold function (4.19), it yields

§ =&+ aér + Bea. (B.1)

Then, the time derivative of V is V = s7 {é +aér + ﬁeﬁ} and by using (4.17) it
can be obtained that V = s7 [éjd +aér + 56#—4 —f—pu-— 5}. Finally, by considering
the control law (4.20) for ||s|| # 0 it comes

Vo= —s"hs —sTe—sTore (B.2)

Then it can be written that

Vo< islliel = gllsll- (B.3)

By using (A.9), the time derivative of V' is upper bounded as
V< (¢ = €DlIsll < =nllsll, (B.4)

where 7 > 0 according to (A.9).

It can be seen that the time derivative of V' is decreasing and moreover satisfies

V< —nv?2 V. Then consequently s reaches zero in finite time and the reaching time is
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Appendix B: Proof of Theorem 4.1

lower than ¢ = % V(O)% . Therefore, the sliding mode s = 0 appears after the reaching

time and consequently § = 0 which allows to write the error dynamic (B.1) as follows:

&+ aér + Bema = 0. (B.5)

Then according to Lemma 4.1, (B.5) is globally finite-time-stable to the equilibrium
point (é,e) = (0,0).
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Appendix C
Proof of Lemma 4.2

Considering the adaptation law (4.25) and (4.26) for ||s|| # 0, follows that A(t) is

strictly increasing.

In addition

Ai(t) > ul’, forie{l,.. 7},

where I' = min(I'y, ..., T'7).

Therefore, there exists a time

1
13 <7Aoo>
V< - gl

such that A;(t) > A; fori € {1,...,7}, V¥t > t,.

From t = tq, the vector fl(t) is large enough to ensure the finite time convergence of

s(t) according to Theorem 4.1. It yields that the convergence of s(t) to zero is achieved

V2

2
ty <t + TV(tl) )

in the finite time

=

Using (4.25) and (4.26) gives

A

Aty =0 , Yt >ty

It means that fl(t) admits a bounded constant vector A* such that

Alt) = A* | Vit >t
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Appendix C: Proof of Lemma 4.2

Finally, it can be agreed that A;(t) < A* and A; < A* for i € {1,...,7}, Vt > 0.
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Appendix D

Proof of Theorem 4.2

Let define the adaptation error A = A* — A and the Lyapunov function

W=1sTs+ 1ATT 1A (D.1)

2

By using (4.19), the time derivative of W yields
W =" [¢+aér + pema] — AT 4, (D.2)

then using error dynamics (4.17) and adaptation law (4.25) and (4.26) for ||s|| # 0, the

time derivative of W is computed as

W= (g act 4 et — [ — pun)
—AT(|Is|| + )
= —s"as — sTE— YT A|s| = AT|s|| — ATy (D-3)
= —sths —sTE— T Als| +¢TA|s|| — 2/’TAHSH
—ATY 5|l + ATy ||| — ATy

It has been shown in Lemma 4.2 there always exists a positive vector A* in such a
way that V¢t > 0, A; > 0 and A > A, for i € {1,...,7}. It yields, " (A* — A) and T A

are always positives and then the time derivative of W can be upper bounded

W< =s"s+elllsl = v Alls| - AT, (D.4)
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Appendix D: Proof of Theorem 4.2

Since — ATy < —||A||; < —||A|| and by using (B.4), then
W< @A el - ullAl

<
= ! (D.5)
< =nlsll = ullAll.

It can be seen that the time derivative of W satisfies W < —xW?2 where k =
min(nyv/2, p/2C) with T = min (T4, ...,I';) as mentioned previously. Then consequently,
W reaches zero in finite time and the reaching time is lower than ¢t = %W(O)% Therefore,
both s and A reach zero in finite time. Finally, the error dynamic (B.5) is globally finite-

time-stable to the equilibrium point (é,e) = (0,0) according to Lemma 4.1.
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