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Résumé

Cette thése présente deux nouvelles architectures de commande pour les interactions physiques
humain-robot (pHRIs). Ces architectures sont spécifiquement développées dans une vision
d’implantation en industrie pour les manipulations d’assemblage. En effet, deux types de
robots collaboratifs adaptés & différentes contraintes de l'industrie et ayant des interfaces
d’interactions physiques différentes sont étudiés en utilisant chacun leur propre architecture

de commande.

Le premier robot collaboratif développé est un manipulateur entiérement actionné permettant
des pHRIs dans son espace libre, c.-a-d., des interactions unilatérales, et des pHRIs lorsque
ses mouvements sont contraints par un environnement quelconque, c.-a-d., des interactions
bilatérales. Les interactions de I’humain peuvent s’effectuer sur n’importe quelles parties du
robot grace aux capteurs de couples dans les articulations. Cependant, si une amplification
des forces de '’humain sur ’environnement est désirée, alors il est nécessaire d’utiliser le cap-
teur d’efforts supplémentaire attaché au robot. Ceci permet & la commande, en combinant
les lectures du capteur d’efforts & 'effecteur, d’utiliser le ratio des forces appliquées indépen-
damment par l'opérateur et par 'environnement afin de générer 'amplification désirée. Cette
loi de commande est basée sur I'admittance variable qui a déja démontré ses bénéfices pour
les interactions unilatérales. Ici, I’admittance variable est adaptée aux interactions bilatérales
afin d’obtenir un seul algorithme de commande pour tous les états. Une loi de transition
continue peut alors étre définie afin d’atteindre les performances optimales pour chaque mode

d’interaction qui, en fait, nécessitent chacun des valeurs de paramétres spécifiques.

Le cheminement et les résultats pour arriver & cette premiére architecture de commande sont
présentés en trois étapes. Premiérement, la loi de commande est implémentée sur un prototype
a un degré de liberté (ddl) afin de tester le potentiel d’amplification et de transition, ainsi que
la stabilité de l'interaction. Deuxiémement, un algorithme d’optimisation du régulateur pour
les interactions bilatérales avec un robot & plusieurs ddls est développé. Cet algorithme vérifie
la stabilité robuste du systéme en utilisant ’approche des valeurs singuliéres structurées (u-
analysis), pour ensuite faire une optimisation des régulateurs stables en fonction d’une variable
lite a la configuration du manipulateur. Ceci permet d’obtenir une loi de commande variable

qui rend le systéme stable de fagon robuste en atteignant des performances optimales peu
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importe la configuration des articulations du robot. La loi de commande trouvée utilise un
séquencement de gain pour les paramétres du régulateur par admittance durant les interactions
bilatérales. La stabilité et la performance du systéme sont validées avec des tests d’impact sur
différents environnements. Finalement, la loi de commande en admittance variable optimale
est implémentée et validée sur un robot manipulateur a plusieurs ddls (Kuka LWR 4) a l’aide

de suivis de trajectoire pour des interactions unilatérales et bilatérales.

Le deuxiéme robot collaboratif développé est un manipulateur partiellement actif et partiel-
lement passif. L’architecture mécanique du robot est appelée macro-mini. Tous les degrés de
liberté actionnés faisant partie du macro manipulateur sont doublés par les articulations pas-
sives du mini manipulateur. Le robot est alors sous-actionné. L’opérateur humain interagit
uniquement avec le mini manipulateur, et donc, avec les articulations passives ce qui élimine
tous délais dans la dynamique d’interaction. Ce robot collaboratif permet de définir une loi
de commande qui génére une trés faible impédance lors des interactions de 'opérateur, et
ce, méme pour des charges utiles élevées. Malgré que des amplifications de force ne peuvent
étre produites, les interactions bilatérales ont une stabilité assurée peu importe la situation.
Aussi, les modes coopératif et autonome du robot utilisent les mémes valeurs de paramétres
de commande ce qui permet une transition imperceptible d’'un a l'autre. La nouvelle loi de
commande est comparée sur plusieurs aspects avec la commande en admittance variable précé-
demment développée. Les résultats démontrent que cette nouvelle loi de commande combinée
a architecture active-passive du macro-mini manipulateur, appelé uMan, permet des interac-
tions intuitives et sécuritaires bien supérieures a ce qu’un systéme entiérement actionné peut
générer. De plus, pour 'assistance autonome, une détection de collision avancée et une pla-
nification de trajectoire adaptée & ’architecture du robot sont développées. Des validations
expérimentales sont présentées afin d’évaluer la facilité a produire des manipulations fines, de

démontrer la sécurité du systéme et d’établir la viabilité du concept en industrie.
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Abstract

This thesis presents two novel control architectures for physical human-robot interactions
(pHRIs) which are specifically designed for the assembly industry. Indeed, two types of pHRI
manipulators, each adapted to different industrial constraints and with different physical in-

teraction interfaces, are studied each with their own control architecture.

The first pHRI manipulator designed is fully actuated and allows pHRIs in its free space, i.e.,
unilateral interactions, as well as pHRIs when its motion is constrained by the environment,
i.e., bilateral interactions. The human force input can be applied on any of the manipulator’s
links because of the torque sensors in the robot joints. However, if a human force amplification
is desired on the environment, then it is required to use the additional force sensor appended
to the robot. Using this approach, combined with the signal of the force sensor at the end-
effector, it is then possible to use the ratio between the human and environment forces in
order to generate the desired amplification. This control law is based on the concept of
variable admittance control which has already demonstrated its great benefits for unilateral
interactions. Here, this concept is extended to bilateral interactions in order to obtain a
single control algorithm for both states. A continuous transition can thus be implemented
between both interaction modes which require different parameter values in order to achieve

their optimal performance.

The workflow and results to achieve this first control architecture are presented in three steps.
Firstly, the control law is implemented on a single-degree-of-freedom (dof) prototype in order
to test the amplification and transition potential, as well as the stability of the interaction.
Secondly, a control optimisation algorithm is developed for bilateral interactions with a multi-
dof robot. This algorithm assesses the system’s robust stability using the structured singular
value approach (u-analysis), to afterwards, optimize the stable controllers in relation to a
manipulator’s configuration-dependent variable. This approach leads to a variable control
law yielding a robustly stable system that can reach optimal performances for any robot
configuration. In fact, the admittance regulator parameters follow a gain scheduling paradigm
for bilateral interactions. The stability and performance of the system are assessed using
impact tests on different environments. Finally, the optimal variable admittance control law

is implemented and validated on a multi-dof robot (Kuka LWR 4) using different trajectory



tracking tasks for unilateral and bilateral interactions.

The second pHRI manipulator designed is partially active and partially passive. The robot’s
mechanical architecture is known as a macro-mini. All actuated dofs — which are part of the
macro manipulator — are doubled with passive joints — which are part of the mini manip-
ulator. This robot is therefore underactuated. The human operator interacts solely with the
mini manipulator and, thereby, solely with the passive joints which leads to an interaction
dynamics free of any delay. It is possible with this pHRI manipulator to define a control law
that yields an extremely low interaction impedance, even for heavy payloads. Despite the fact
that force amplification is impractical with this kind of mechanism, bilateral interactions are
stable for all sorts of contact. Moreover, the robot’s cooperative and autonomous modes use
similar control parameter values which enables an imperceptible transition from one mode to
the other. The new control law is compared on different aspects with the previously-defined
variable admittance control law. Results show that this new control law combined with the
active-passive macro-mini manipulator, also known as uMan, leads to intuitive and safe inter-
actions that are considerably superior to any interaction using a fully actuated manipulator.
Furthermore, for the autonomous mode, an advanced collision detection and a specifically-
adapted trajectory planning are developed. Experimental validations are presented in order
to assess the ease of fine manipulation, to demonstrate the system’s safety, and to establish

the viability of the concept for the industry.
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Avant-propos

La thése présentée ici est sous la forme d’une thése par articles. Il est donc nécessaire de donner
le statut des articles en date de la soumission de la thése ainsi que ma contribution & chacun
d’eux. Il est important de noter que certains articles ont aussi été modifiés afin de diminuer
les répétitions ou afin de donner plus de détail sur les travaux de recherche. Pour une lecture
plus efficace, les informations relatives & chaque chapitre, c.-a-d., chaque article, sont données

en points de forme.

e Chapitre 1 :

Titre : Robotic Force Amplification with Free Space Motion Capability

Type d’article : Article de conférence, ICRA 2014.

Statut : Publié, 29 septembre 2014.

Contribution : Auteur principal. Ecriture, conception et expérimentation faites par I'auteur
principal.

Coauteurs : Prof. Clément Gosselin a supervisé activement la réalisation et la finalité de cet
article.

Modifications : Quelques références d’article ont été ajoutées dans I'introduction.

e Chapitre 2 :

Titre : Performance Optimization of a Multi-DOF Bilateral Robot Force Amplification using
Complementary Stability

Type d’article : Article de conférence, MSC 2015.

Statut : Publié, 05 novembre 2015.

Contribution : Auteur principal. Ecriture, conception et expérimentation faites par 'auteur
principal.

Coauteurs : Prof. Clément Gosselin a supervisé activement la réalisation et la finalité de cet
article.

Modifications : Plusieurs ajouts ont été faits dans la thése afin de permettre une compré-
hension plus approfondie de I'algorithme proposé dans 'article de conférence. Les ajouts sont

les suivants,

— une section présentant la structure générale du processus d’optimisation
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— une structure de régulateur additionnelle & titre comparatif lors de 'optimisation (régu-

lateur lead-lag)
— un environnement additionnel pour les tests d’impact (ressort)
— un exemple d’effet potentiel d’adhésion lors du passage bilatéral & unilatéral
— les développements mathématiques détaillés pour 'évaluation du systéme contrélé

— quelques considérations importantes pour 'utilisation d’une analyse de stabilité robuste.

e Chapitre 3 :

Titre : Variable Admittance for pHRI : from Intuitive Unilateral Interaction to Optimal Bi-
lateral Force Amplification

Type d’article : Article de journal, Robotics and Computer-Integrated Manufacturing.
Statut : Soumis, 17 octobre 2016.

Contribution : Auteur principal. Ecriture, conception et expérimentation faites par 'auteur
principal.

Coauteurs : Prof. Clément Gosselin a supervisé activement la réalisation et la finalité de cet
article.

Modifications : Afin de ne pas répéter la revue de littérature de article du Chapitre 1 qui

était semblable, ’introduction a été réduite.

e Chapitre 4 :

Titre : uMan : A Low-Impedance Manipulator for Human-Robot Cooperation Based on Un-
deractuated Redundancy

Type d’article : Article de journal, IEEE-ASME Transactions on Mechatronics.

Statut : Publié, 16 janvier 2017.

Contribution : Auteur principal. Ecriture (en majeure partie) et expérimentation faites par
I'auteur principal.

Coauteurs : La conception des articulations horizontales du mini manipulateur ainsi qu’une
partie de la section expliquant ce mécanisme ont été faites par Thierry Laliberté (mécanisme
de Chebyshev modifi¢). La conception de l'articulation verticale du mini manipulateur ainsi
qu’une partie de la section expliquant ce mécanisme ont été faites par Simon Foucault (mé-
canisme de Sarrus modifi¢). Muhammad Abdallah de chez General Motors et Prof. Clément
Gosselin ont supervisé activement la réalisation et la finalité de cet article, ainsi que tout le
processus de conception.

Modifications : L’article initial a da étre raccourci afin d’étre conforme aux exigences du

journal. Pour ce qui est de la thése, toutes les sections et images ont été gardées. Ceci inclut
— une image montrant 'effet du parameétre non linéaire Ky fyr

— une section présentant I'algorithme de planification de trajectoire

XX



— une section présentant une tache de manipulation supplémentaire, c.-a-d., une simulation

d’insertion de batteries dans une voiture
— une section expliquant les vidéos complémentaires.

D’autres éléments ont aussi été insérés afin de bien présenter 'intégralité du projet de re-

cherche.

— une image montrant la machine d’état (State Machine, SM) utilisée pour les téches

d’assemblage
— une image montrant 'interface graphique utilisée avec le uMan

— une description des résultats des tests de réduction de I'impédance ressentie & effecteur
avec le premier prototype. Les éléments de cette section, ajoutée en annexe de ce chapitre,

viennent de Labrecque et al. [2016].
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Introduction

Contexte et problématique générale

L’assemblage représente une portion significative dans la fabrication de produits complexes
comme les automobiles. Etant donné la dextérité et ’adaptabilité requises pour les taches d’as-
semblage, celles-ci sont le plus souvent effectuées par des opérateurs humains. Cela implique
la. manipulation de plusieurs piéces de taille et de poids importants engendrant des postures
non-ergonomiques. Pour palier & ces contraintes, supporter les charges importantes et assurer
une certaine normalisation des forces d’assemblage requises, des dispositifs d’assistance passifs

sont utilisés depuis des décennies dans 'industrie.
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FiGUuRrE 0.1 — Exemple de tache non-ergonomique en assemblage automobile

Depuis quelques temps, des dispositifs d’assistance actifs commencent & faire leur apparition
en industrie [Akella et al., 1999, Colgate et al., 2003, Lecours et al., 2012|. En plus de suppor-
ter le poids des piéces & manipuler, ces nouveaux dispositifs fournissent aux opérateurs une
assistance mécanique pour le déplacement et la manipulation des charges. Egalement, certains
de ces dispositifs proposent un mode de déplacement autonome, par exemple, pour amener et

présenter des piéces & 'opérateur.

Cependant, ces modes autonomes sont, en réalité, inutilisables dans ’espace de travail de 'opé-



rateur, car les risques de collisions dommageables sont trop élevés. Les dispositifs d’assistance
actifs demeurent donc confinés essentiellement & deux taches spécifiques, & savoir, supporter
le poids d'une charge et assister un opérateur pour la déplacer. L’opérateur reste alors encore

seul & réaliser toutes les taches d’assemblage.

Malheureusement, les opérations d’assemblage ont tendance & introduire des contraintes er-
gonomiques qui exposent les travailleurs a des situations posant des risques pour leur santé
et leur sécurité. Il est donc fort désirable de développer des solutions impliquant directement
la robotique dans les taches complexes d’assemblage. Ce désir a donc mené a 1’élaboration
d’un projet qui a pour but de développer une assistance robotique sécuritaire et fiable ca-
pable d’interagir directement avec des opérateurs. Plus spécifiquement, cette recherche vise
& concevoir et fabriquer un manipulateur redondant qui devra avoir les capacités physiques
(amplitude de mouvements et forces) comparables & celles d’'un humain. 11 devra aussi avoir
une adaptabilité et une répétabilité lui permettant d’étre utilisé pour une multitude de taches.
Le manipulateur devra pouvoir participer a toutes les étapes des différents procédés tel que la
collecte des piéces, ’approche des piéces au montage avec ou sans 1’aide directe de 'opérateur
et l'insertion des piéces avec I'opérateur. Cette coopération entre I'opérateur et le robot lors
des assemblages amenera une nouvelle normalisation des procédés, autant au niveau du temps

d’opération (efficacité) qu’au niveau de la qualité du montage.

Problématique spécifique a la commande

La commande pour les robots sur les chaines de production industrielle est bien connue et ce
depuis plusieurs dizaines d’années. En effet, les techniques de commande ont été peaufinées
au fil des ans afin d’effectuer des taches tel que les positionnements cartésien et articulaire,
la planification et le suivi de trajectoire, la prise d’objets et l'application de forces constantes
a Deffecteur. Cependant, la problématique générale du projet de recherche fait intervenir plu-
sieurs aspects novateurs de la commande en robotique industrielle di & 'interaction physique

de 'humain.

En effet, afin d’implanter un manipulateur redondant interagissant dans ’espace de travail
d’un humain, la sécurité, la robustesse, I’adaptabilité et le controéle intuitif doivent étre vus
sous un nouvel angle. Le c6té coopératif entre humains et robots émerge tranquillement dans
I'industrie et n’en est donc encore qu’a ses débuts, surtout pour ce qui a trait au rendement. La
commande par contact direct ou par contact avec I’objet manipulé est un des aspects prédomi-
nants des recherches contemporaines en robotique coopérative, mais les différentes interactions
potentielles (unilatérales et bilatérales) apportent des changements de dynamique drastiques
qui n’ont pas encore été résolus eflicacement. Il est donc important, dans le contexte industriel
actuel, de développer un algorithme de commande en lien avec les forces d’interaction (envi-

ronnement, robot, opérateur) et avec le positionnement fin de la piéce manipulée.



Objectifs de recherche

Deux objectifs principaux reliés a la commande sont posés initialement pour la réalisation de

ce projet de recherche. Ces objectifs sont divisés en sous-objectifs de la facon suivante :

1. Développer des algorithmes de commande afin de permettre au robot d’interagir simul-
tanément avec 'opérateur humain et I’environnement, et ce, afin d’effectuer des taches

d’assemblage réelles :

e Comparer de facons quantitative et qualitative les performances de plusieurs algo-

rithmes de commande.

e Définir la commande adéquate pour un manipulateur a sept degrés de liberté a

I'aide des résultats de performance.

2. Développer une interface sensible et des techniques de programmation intuitives qui

permettront aux utilisateurs une interaction et une collaboration aisées et versatiles :

e Comparer de fagons quantitative et qualitative les performances dues aux empla-

cements, aux nombres et aux types de capteurs utilisés.
e Définir linterface sensible adéquate a I’aide des résultats de performance.

e Développer une technique de programmation par contact direct (guidage et appren-

tissage par I'opérateur).

Méthodologie et plan de la thése

Afin d’atteindre les objectifs de recherche, il est nécessaire d’élaborer une méthodologie cou-
vrant la conception, le développement et 'expérimentation. Les chapitres de la thése suivent
en grande partie la méthodologie posée initialement. Evidemment, et heureusement, les résul-
tats de chaque étape ont permis d’orienter la recherche pour en arriver au robot collaboratif
idéal pour le contexte industriel désiré. Ici, le contexte général de départ était une manipula-
tion d’assemblage demandant des contacts soutenus entre les piéces & assembler et des actions

d’insertion. Cela inclut donc

e des interactions physiques entre I’humain et le robot dans ’espace libre afin de déplacer

les piéces (interactions unilatérales),

e des interactions conjointes de 'humain et du robot sur un environnement stationnaire
afin d’appliquer des forces d’insertion ou de serrage (mouvements contraints, interactions

bilatérales),

e des contacts avec des environnements rigides,



e des manipulations fines et précises et

e une amplification de force ou un blocage des articulations afin de réduire les efforts

soutenus par 'opérateur.

Ainsi, suivant les objectifs et les éléments du contexte général, la méthodologie peut étre

définie de facon systématique.

Tout d’abord, il est nécessaire de concevoir un prototype d’interaction physique humain-robot
(pHRI) & un degré de liberté (ddl) afin de tester différents algorithmes de commande permet-
tant des interactions unilatérales et bilatérales (amplification de force), tel que, la commande
en force, en admittance ou en impédance. Cette étape est couverte par ’article de conférence

présenté au Chapitre 1.

Par la suite, il est désiré d’optimiser la performance de la commande pour les interactions
bilatérales, et ce, pour un robot manipulateur & plusieurs degrés de liberté. Les interactions
unilatérales ne nécessitent pas une optimisation du méme genre, car le haut niveau de per-
formance a déja été établi pour le type de commande choisi au final, et car le sentiment de
confort d’interactions est subjectif & chaque individu. Cette étape est couverte par 'article de

conférence allongé présenté au Chapitre 2.

Puis, il faut adapter et tester la solution optimale précédemment trouvée a un robot mani-
pulateur a sept ddls (Kuka LWR 4) afin d’obtenir une architecture de commande couvrant
tous les aspects reliés au contexte d’assemblage. L’article de journal du Chapitre 3 présente

les démarches et résultats de cette étape.

Ensuite, différents types d’interaction (ex : emplacements et types de capteurs, types de com-
mande, insertions, pick-and-place, suivis de trajectoire) doivent étre testés avec 'architecture
du robot concu en paralléle par d’autres membres du projet de recherche et qui cible des taches
d’assemblage spécifiques. Durant cette étape, il est aussi nécessaire de comparer I’architecture
de commande élaborée précédemment avec des commandes typiques relatives & ’architecture
particuliére du robot final. Pour la thése, seul les comparatifs entre la commande développée

initialement et la commande finale (partielle et compléte) sont présentés au Chapitre 4.

Par aprés, il est essentiel de définir la loi de commande la mieux adaptée pour le type d’archi-
tecture du robot collaboratif final incluant des modes coopératif et autonome, des techniques
de programmation conviviales et une détection de collision. Cette étape est couverte par I’ar-

ticle de journal allongé du Chapitre 4.

Finalement, le robot collaboratif proposé et sa commande doivent étre validés avec des expé-
rimentations standards et avec des simulations de taches d’assemblage réelles définies en cours

de projet. Cette étape est aussi couverte par ’article de journal allongé du Chapitre 4.



Chapitre 1

Robotic Force Amplification with Free
Space Motion Capability

Résumé

Une architecture de commande basée sur I’admittance variable est proposée pour une
amplification de force en coopération humain-robot. Cette commande est efficace pour les
interactions physiques autant dans ’espace libre que lorsque les mouvements du manipu-
lateur sont contraints. Ceci est possible grace & une transition active entre les deux modes.
La loi de commande variable permet aussi d’annuler les oscillations & hautes fréquences qui
peuvent apparaitre lors de contacts avec des surfaces rigides. Une analyse mathématique
de Varchitecture de commande est présentée et une validation expérimental préliminaire

pour un banc d’essai & 1 degré de liberté est effectuée.

1.1 Introduction

In recent years, human-robot interaction (HRI) has attracted a great deal of attention in the
robotics community, mainly because of the significant potential benefits of an active collabora-
tion between humans and robots (Haddadin et al. [2011], Tsarouchi et al. [2016]). The help of
a robotic assistant is indeed highly desirable for precision tasks, heavy load manipulation, re-
habilitation and many other tasks. Moreover, the quality and the accessibility of the different
interactive sensors allow researchers to develop more effective and intuitive interfaces. The
most direct interaction between humans and robots is through physical contact ([De Santis
et al., 2008]). In such a situation, the communication is therefore mainly accomplished via the

interaction forces.

In industry, this approach has been applied to the assisted manipulation of heavy loads (Akella
et al. [1999]). Moreover, some of the assistive devices recently developed can actively interpret
the operator’s intention to move the payload and make use of static balancing to reduce the
required power (Lecours et al. [2012], Mortl et al. [2012]). This kind of physical human-robot



interaction (pHRI) is also used in exoskeletons, sometimes called body extenders. In this
context, the actions are completely commanded by the human operator inside the robotic suit
(Kazerooni [1990], Montagner et al. [2007]). A typical solution for unilateral pHRI is to make
use of an admittance regulator (Lecours et al. [2012], Ficuciello et al. [2014]). However, if a
contact with the environment is required, the dynamics of the system changes and becomes
more complex (Eppinger and Seering [1987]). Furthermore, in order to obtain a real assistance
from the robot, the force applied by the operator should be augmented at the end-effector. It
is therefore desirable to implement a controller that can take into account both free space and
constrained situations. An early solution to this problem was formulated in Kosuge et al. [1993]
using the concept of Virtual Tool Dynamics. More recently, Lamy et al. [2010] presented a

force amplification controller for industrial applications, but emphasized the constrained case.

Currently, the most common application of pHRI is for assistive surgical systems. The inter-
action can take place through telerobotics (Pitakwatchara et al. [2006]) with a force feedback
to a haptic device manipulated by the operator, or through direct contact with the surgical
robot (Roy and Whitcomb [2002], Cagneau et al. [2008], Yen and Hung [2013|). An interesting
approach is presented in Pitakwatchara et al. [2006] where the master PI controller switches
to a simple P controller when the force sensed between the slave and the environment exceeds
a certain threshold in order to keep the system stable. Similarly, Yen and Hung [2013] uses
adaptive fuzzy logic for the inner position control loop to handle the varying resistive forces of
the parallel robot mechanism. The major differences between the medical and the industrial
fields are the range of the working space and the force enhancement sensed on the operator
side. Indeed, the displacement and the force applied by the surgeon are decreased at the tool
for more precision whereas force amplification and large workspaces are required in indus-
trial applications. These differences lead to quite similar control architectures but to different
physical issues to be addressed. For instance, if the operator force input is amplified at the
end-effector, there is a higher risk of exciting the system into an unstable mode, especially
when a high velocity contact occurs with a rigid surface. Industrial cooperation robots must
deal with larger workspaces, higher velocities and larger forces, but they still need precision

for complex tasks.

In this chapter, an effective force amplification controller based on the admittance model
presented in Lecours et al. [2012] is proposed for pHRI industrial applications. The first section
of the chapter describes the proposed control architecture. The second section investigates the
impact of the different parameters on the dynamics of the system, briefly recalls the free space
motion control law (Lecours et al. [2012]), and presents a continuous control law used for mode
transition. The third section presents a discontinuous control law that allows the system to
cancel undesirable behaviours. The last section provides an experimental demonstration of the
controller’s effectiveness. Here, the term free space motion refers to the mode in which the

robot end-effector is able to move in its free space with the help of a physical interaction, also



known as, unilateral interaction. By contrast, in the constrained mode, the human interaction
helps the robot end-effector to rest against a rigid environment and apply a force, also known

as, bilateral interaction.

1.2 Control architecture

Cooperative force amplification implies a direct contact between the robot and the human
operator, and thus force sensors are required to measure the operator input and the environ-
ment output. For simplification purposes, the analysis and the experiments presented in this
chapter are developed for a one-degree-of-freedom (dof) robot. Therefore, the system includes
only two force sensors, one for the input and one for the output. However, the proposed ap-
proach is easily extended to a multi-dof robot using the Jacobian matrix. If the robot is in
contact with its environment and no motion is possible, it is easy to implement a direct force
control with a certain amplification factor included in the loop (Cagneau et al. [2008|). Howe-
ver, when the system is not constrained by its environment and is required to move freely in
its working space, the direct force control becomes inefficient for a precise positioning or for
velocity control. Force control alone is thus not an adequate option for a system that must
be able to operate in both constrained and free spaces. A possible approach to address the
latter issue is admittance control, which allows the transformation of a force into a motion,
namely position or velocity (Lecours et al. [2012], Lamy et al. [2010], Yen and Hung [2013]).
The admittance is derived from the impedance that captures the relationship between motion
and force. These two terms have been loosely used in the literature in the past years, but for
the purposes of this thesis impedance represents the transformation of a motion into a force

while admittance represents the opposite, as stated previously.
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F1GURE 1.1 — Architecture of the enhanced admittance controller for a pHRI force amplifica-
tion.

Fig. 1.1 presents the architecture proposed for the cooperative force controller. Variables f,,
Y,, ,, and (8, represent respectively the force applied by the operator, the operator admittance
relationship, the resulting operator velocity, and the operator amplification factor while f., Ye,
Ze, and (3. are defined similarly for the environment. Variables x,..f, x, and €, are the desired
position, the actual position, and the error between these two positions while 7 is the torque
command to the robot. The controller includes two loops, namely, an inner loop for the precise

positioning and an outer loop for the transformation of the different forces interacting with



the robot into desired motions. The components of the controller are explained in more detail

in the following subsections.

1.2.1 Inner position control loop

The first basic principle when using admittance control is to include an inner motion control.
This controller, represented by C in Fig. 1.1, is used to follow a desired velocity or position. In
the context of force amplification, a position control is more intuitive considering the strong
relationship between a displacement and a force acting on an object having a certain stiffness
(Hooke’s law). Furthermore, the possibility to use the same controller for autonomous free
space motion is an advantage. Due to the position control, an integral term appears in the
closed loop which introduces an additional pole in the system dynamics. Implementing a PID
regulator would thereby potentially compromise the stability of the system with a second
additional integral, it is therefore wise to choose a PD regulator for the inner controller.
Indeed, the derivative action introduces a zero that provides phase lead, and thus tends to

stabilize the closed-loop system. The PD control law is written as
T:kp(xTef _x)'i_kd(:tref_i') (11)

where k, and kg are respectively the proportional and the derivative gains.

1.2.2 Quter force control loop

The second basic component of an admittance control architecture is the transformation of

the input force into a motion command. Typically, the relationship is of the form
f=m(E—3) +c(@— o) + k(x — ) (1.2)

where f is the external force, m, ¢, and k are respectively the virtual inertia, damping and
stiffness, #, 2, and z are the acceleration, the velocity, and the position, and finally, Z¢, &, and
x; represent the desired trajectory to be followed. Since the input is coming from a physical
interaction, the latter three variables should be set to zero. The virtual stiffness, k, should also

be equal to zero in order to obtain a free motion. The relationship is then rewritten as follows
f=mi+ ci. (1.3)

It is then easy to solve the above equation for the velocity in the Laplace domain, yielding

=

X(s) = — 1 F(s) = —°F(s) = Y(s)F(s) (1.4)

ms—+c Ts+1

where X (s) and F(s) are respectively the Laplace transforms of & and f, Y (s) is the admit-

tance, and s is the Laplace variable.



Since there is a force amplification situation, a feedback from the sensed environment force
is necessary. Therefore, an admittance regulator is used for each sensed force, namely, the
operator force and the environment force. The outer force control law is then based on the

following relationships

Lref = /(505&0 — Beie)dt, (L.5)
fo = MoTo + Colo (16)
fe = Mele + Coe. (L.7)

Equations (1.6) and (1.7) can be rewritten as

fo - moi'o

po= 22 070 1.8

To co y ( )

5, = JeTmete (1.9)
Ce

Moreover, when x,¢ reaches a steady state, the expression inside the integral of (1.5) is then

equal to zero, i.e.,

By — Beie = 0. (1.10)

Substituting (1.8) and (1.9) into (1.10), assuming very small (negligible) virtual inertia, and

assuming both virtual damping coefficients to be equal to ¢, = ¢, = ¢ then leads to

Bofo = Bele

=0 1.11
- (1.11)
which finally yields
Po
fe= 5.0 Bfo- (1.12)

Hence, a force amplification factor £ is obtained based on the amplification factors 5, and S,

that are respectively applied to the operator and the environment admittances.

1.3 Controller parameters

1.3.1 Stability limits

Stability is of paramount importance in pHRI. Assessing stability is a difficult problem that
generally requires more than simple simulations, mainly because of the difficulty to accurately
model human input. Also, a limit cycle, characterized by a constant oscillation around a steady
state, is also an unwanted situation that is more difficult to predict than clear divergence.
Limit cycles produce vibrations and are mostly encountered in the constrained mode because
of the particular system dynamics (Eppinger and Seering [1987]). Indeed, in this situation, the
environment stiffness, sensor dynamics, and low-pass filtering alter the stability bandwidth,

and the controller becomes thus less tolerant to high frequency inputs. This is a common
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FI1GURE 1.2 — Stability limits for the theoretical model and for the experimental setup including
the 30° and 50° phase margin limits for the theoretical model.

issue in force control, and it is one major reason to pay a special attention to stability in the

constrained mode.

Dynamic linear models of the prototype and the environment described in subsection 1.5.1
have been determined experimentally in order to simulate the robot behaviour. With the
constrained system model, the stability limit in terms of the admittance parameters has been
estimated and is shown in Fig. 1.2. In this case, Y, and Y, are identical, 8, = 1, and 5. = 1/3.
In simulation, the gain and phase margins on the external open loop have been used to assess
the system’s stability boundary. The inner loop is already considered as stable, thereby the
closed system is defined as stable if the external open loop gain margin is greater than 0dB
and the phase margin is greater than 0°. Experimentally, when the system was entering a limit
cycle it was not considered stable. The region of instability determined experimentally is larger
than the region determined by simulation. This can be explained by two factors. The first one
is the imperfect model used in the simulation which also includes model simplifications such as
the nonlinearities of the system which were not considered. The second one is the discontinuous
contact with the environment when large oscillations occur. It should also be noticed, when
looking at the phase margin trend, that, in order to obtain a more robust system, a small
m/c ratio is needed. Another parameter that affects the response stability is the amplification
factor B. In simulation, the system becomes unstable when 5, > 1.7 while experimentally it
becomes unstable when (. > 0.45.

In summary, in order to obtain the best performance, the admittance parameters should be
as small as possible without crossing the stability limit while 3., on the other hand, should be

as large as possible also without crossing its own stability limit.
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1.3.2 Amplification for Low and High Admittances
Continuous control law during free space motion

The first order system defined in (1.4) has a well-known behaviour in the time domain. It is
therefore easy to infer the effect of the parameters on the system response for a free space
motion situation, namely, the virtual damping defines the response’s steady state magnitude
while the ratio of the virtual inertia over the virtual damping defines the time required to reach
this steady state. The resulting dynamics, when applying an external force, can be considered
as that of a mass, m, moving in a viscous environment of damping coefficient, c¢. Therefore,
if the admittance parameters are high then the robot will be less reactive to the sensed force.
On the other hand, if they are low it will be easier to move the robot, but more difficult to
control it for precise motion. In fact, it has been shown that the most intuitive pHRI can be
obtained by varying the admittance parameters online according to the operator’s intentions
(Lecours et al. [2012], Duchaine and Gosselin [2007]|, Tsumugiwa et al. [2001]). The approach
proposed in (Lecours et al. [2012]) is used here and is now briefly recalled. In this approach, the
effective damping coefficient, noted ¢y, is calculated based on the nominal (default) damping

coefficient, c,, and the desired acceleration, &4, using

{ co —a|Zq|  for acceleration (1.13)
ov —

Co+ a|Zq|  for deceleration (1.14)

where parameter « is used to adjust the influence of the acceleration, or deceleration, on the
variation of ¢,,. When it is desired to accelerate, the virtual damping decreases and the effective
virtual inertia, noted my,, is also adjusted in order to keep a constant ratio of damping over
inertia, which preserves the transient dynamics and makes it easier to move the robot for larger
accelerations. However, when it is desired to decelerate, the virtual damping increases, and
the virtual inertia partially decreases using an exponential relationship in order to maintain a
continuous parameter variation. The following relations are used to adjust the virtual inertia

MoCov

for acceleration (1.15)
_ Co
Moy = MoCoy Y(Co—Cou) .
(I—-n(l-e )) for deceleration (1.16)
Co

where m,, is the nominal virtual inertia and 1 and v are parameters that are used to respectively
adjust the steady state inertia to damping ratio and the rate of the transition. In the above,

the desired acceleration, %4, is computed using a discrete form of (1.6).

Transition between free space motion and constrained force amplification

As explained in the preceding subsection, in a constrained situation the properties of the
environment strongly affect the dynamics of the system. In fact, the stiffness and damping of
the contact surface reduce the closed-loop stability bandwidth. On the control architecture

side, the feedback admittance can also contribute to instability by acting like a low-pass filter.
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The admittance parameters should therefore be chosen carefully. First, both virtual dynamic
systems should be identical in order to behave similarly in the process while parameters S,
and (. take care of the amplification. Moreover, considering Y, and Y, as low-pass filters,
it becomes obvious that it is not desirable to have one force signal filtered more severely
than the other before the subtraction operation is applied. Second, the operator and the
environment admittance parameters should be as low as possible while remaining numerically
stable. Indeed, lowering these parameters leads to better performances but also reduces the
interaction bandwidth, i.e., the robustness. The virtual damping parameters are particularly
important because if they are too high the response contains uncontrollable overshoots, due

to numerical instability, while if they are too low the stability limit is reached.

A recurrent issue for hybrid position/force control algorithms is the jittering effect that appears
when the controller is flickering between two states. In the context considered here, the robot
should react to two different dynamics, namely, free space and constrained space. In order
to obtain the best performances for each case, the controller should take into account these
two different modes. The advantage of the admittance control approach proposed here over a
hybrid approach is that the behaviour of the controller can be easily modified by a parameter
variation without changing the controller architecture (no commutation). Using this feature, it
is then possible to define a smooth transition between the free space and constrained motion
controls. This transition should allow the robot end-effector to stay on the contact surface
when no input force is applied. Moreover, this should not create a sticking effect when a rapid
pull back from a contact surface is attempted. Hence, the transition control law consists simply
in varying the effective damping and inertia parameters. This control law is applied when the
external contact force between the robot and the environment, f., is comprised between two

selected limits noted femin and femaz- The virtual damping is adjusted according to

Cov = Cop — Oéamp(fe - femaa:) (117)

where o) is defined as

Co — Coamp
a =2 o 1.18
“p f emaxr f emin ( )

in which coemp is the operator virtual damping for the constrained situation. The virtual

inertia is adjusted using
Moy = 2500 Yamp (con—co) (1.19)

Co
where 4y is the smoothness parameter used to adjust the exponential transition. An example
is shown in Fig. 1.3 with femin = 0.1N, femaz = 0.9N, and v4mp = 3.1. The virtual damping
changes from 8 to 6.5Ns/m, and the virtual inertia changes from 1 to 0.007kg.

The dynamics of the force amplification situation can be viewed as two mass-damping systems
pushing against one another. When no input force is applied by the operator, the whole system

tends to return to its equilibrium, i.e., a zero environment force. If one of the two inertias is
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FiGure 1.3 — Example of the effect of the transition law on the virtual damping and virtual
inertia. The force on the x-axis is the contact force measured between the robot and the
environment. The admittance parameters transit smoothly from the free space motion mode
to the force amplification constrained mode.

larger, or if one of the two damping coefficients is smaller, then the system tends to overshoot
on the other side. This explains the need for a smooth increase of the operator admittance
parameters when the system approaches the critical zone of zero environment force. It is
also understood that if an environment force is sensed, the transition law prevails over the
continuous control law, but that if a fast pull back is attempted, the transition law is bypassed

because of its small effective range of operation.

1.3.3 Amplification factors

As shown above, in a constrained situation in which Y, and Y. have the same admittance
parameters as well as small inertias, the force amplification 3 is solely dependent on [, and
Be. In this case, one should use both factors to generate the amplification, rather than only one.
Indeed, each factor has a significant impact on the system response. Moreover, they represent
different specifications due to their location in the force control loop. The first important
feature is the change in the feedback steady state gain, given by the variation of 5., that has
a direct incidence on the stability of the system. An increase of this gain positively affects
its performance but may also compromise its stability if too high. The second feature is the
change in the command steady state gain, given by the variation of 3,, that controls directly
the magnitude of the velocity command. Therefore, this parameter complements the first one
in order to obtain the desired force amplification . A variation of 3, has practically no impact
on the stability of the system when S, is chosen appropriately and remains constant. The effect

of these factors on the control loop will be demonstrated in the upcoming sections.
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1.4 Oscillation canceller

The effect of the different control parameters was established in the preceding section, which
led to the development of a stable and fast amplification controller by proper adjustment of the
force control loop. However, one issue remains to be addressed in order to make the controller
fully reliable, namely the possible occurrence of oscillations for high frequency inputs when
admittance parameters are low. A straightforward approach to resolve this issue would be
to slightly increase the admittance parameters. Unfortunately, such an approach would slow
down the response. Instead, it is proposed here to keep both admittance parameters as low as
possible without instability and to actively modify the amplification factors. An appropriate
discontinuous variation of the admittance steady state gains through £, and S, allows the
system to be fast and precise for low to medium frequency inputs, and to cancel oscillations
for high frequency inputs. The following algorithm is introduced in order to implement this

approach.

If (Z) f€>fS’LU a‘nd fo>fosw

or
(i2) fe > fesw (1.20)
then Be = fe (1.21)
Bo = BBe (1.22)
for t <t <t;+t. (1.23)

where fe, fe, and fo are respectively the contact force between the robot and the environment,
its time derivative, and the time derivative of the force applied by the operator on the input
sensor. Also, fs, is the minimum force between the robot and the environment representing
a physical contact with an object (contact threshold of the sensor), fosw and fesw are the
maximum time derivatives of the forces for which the system remains stable and has no
oscillation and . is the minimum environment amplification that leads to a stable response
for any input frequency. Finally, ¢; is the current time and ¢, is the minimum time required
to cancel the initiation of an oscillation. Condition (4) limits the output response when the
time derivative of the input command exceeds a certain maximum value. It allows the system
to remain stable for high frequency command when it is in a constrained situation. Condition
(74) limits the output response when the time derivative of the output exceeds a certain
maximum value. It is especially useful for a fast impact situation with a rigid object where
fo is already high and f, does not necessarily vary so much. Equation (1.22) preserves the

general amplification relationship.

In other words, the Oscillation Canceller (OC) proposed above allows the process to respond
slowly when the time derivative of the force input becomes too large, so as to remain pas-

sive with respect to the environment. The force control bandwidth is therefore temporarily
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augmented. Furthermore, the OC can be seen as a safe switch that counters fast impulse

perturbations or inputs.

1.5 Experimentation

1.5.1 Experimental setup

The novel admittance controller proposed above was validated experimentally using a simple
one-dof robot. The experimental setup is shown in Fig. 1.4. It consists of a single revolute joint,
a 130mm arm, two single-axis force sensors, and an actuator. One of the force sensors receives
the operator input while the other one measures the force generated by the actuator and the
operator on the environment. The operator sensor is limited to bkg and the environment sensor
is limited to 20kg. Both sensors are Phidgets Micro Load Cells. The actuator is a Pittman DC
Servo Gearmotor with a gearbox ratio of 65.5 :1 and an encoder of 500CPR. The maximum
theoretical force that can be generated by the actuator at the end-effector is 26N. The control
algorithm is developed with Simulink and RT-LAB. It is then implemented on a real-time
QNX computer with a sampling period of 2ms.

FIGURE 1.4 — One-dof experimental test bench. Components : (a)operator force sensor,
(b)environment force sensor, (c¢)motor, (d)stiff environment, and (e)robot link

Since the effectiveness of the free space motion control law was demonstrated in (Lecours
et al. [2012]), the experimental section of this chapter focuses on the constrained situation and
the mode transition. Three important properties should be verified in a human-robot force
amplification context in order to ensure a natural cooperation, namely : (i) the amplification
itself, which should be reached at steady-state, (i) the tracking performance so as to achieve
the most natural interaction, and (éii) the occurrence of vibrations that should be cancelled
for efficiency and safety reasons. The performance of the controller proposed in this chapter

is demonstrated with the experiments described in the following subsections.
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1.5.2 Force amplification for low and high admittances, and high virtual

inertia

The first experiment consists in the pursuit of an approximately sinusoidal signal manually
generated by an operator with an amplitude of 7.5N, a mean value of 12.5N, and a frequency
of approximately 0.4Hz. Three tests were conducted with different sets of parameters in order
to assess the tracking performance. The results for a duration of 7.2 seconds are shown in
Fig. 1.5. Figure 1.5(a) shows the response with low admittance parameters (m = 0.007kg and
¢ = 6.5Ns/m) and an amplification of 4 times the operator input (5, = 1.6 and . = 0.4).
These admittance parameters are the default ones for a regular operation, and Y, and Y, are
always similar in constrained mode. Figure 1.5(b) represents a high admittance situation with
the same virtual inertia to virtual damping ratio used for the low admittance experiment. As
an alternative to directly changing the admittance parameters the amplification factors are
reduced while keeping 5 = 4 (8, = 0.8 and 3. = 0.2). Reducing the admittance steady-state
gains leads to a phase shift of the response. Figure 1.5(c) shows the response obtained with
larger virtual inertia values (m = 0.7kg and ¢ = 6.5Ns/m) and the default amplification
factors. In fact, when the virtual inertia to virtual damping ratio is larger, the response is

slower and more overshoots arise.

Force(N)
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FIGURE 1.5 — (a)Low admittance pursuit, (b)high admittance pursuit, and (c)high virtual
inertia pursuit. (d)Error for low and high admittances, and high virtual inertia in the pursuit
experiments. The operator force is amplified 4 times on the graphs for comparison purposes.
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Figure 1.5(d) shows the error between the operator input and the environment output for
each case. The low admittance case seems to give better results than the other two. This
is confirmed by the residual sum of squares (RSS), given in Table 1.1, for the 7.2 seconds
time period of evaluation. In the experiment reported here, the high virtual inertia performs
relatively well, but with the combination of human interaction and overshoots it can become

unpredictable, and hence damaging for the response.

TABLE 1.1 — Residual Sum of Squares (x10*N?)

Low admittance | High admittance | High virtual inertia

0.609 2.038 1.135

1.5.3 Continuous interaction - unconstrained to constrained environment

The second experiment demonstrates how the system behaves for a continuous interaction bet-
ween the free and the constrained spaces. The interaction consists of a displacement induced
by the operator force input, followed by a contact with a stiff environment where the ampli-
fication is initiated, then followed by a fast pull back to finally return to a displacement in
free space. Figure 1.6 depicts this particular situation with the default admittance parameters.
The input (reference) and the response (encoder) velocities of the inner position control loop
are shown in Fig. 1.6(a). Velocity plots are shown instead of position plots because they are
thought to be more relevant when a physical human interaction feedback is involved. Moreover,
the operator force input and the environment force response are represented in Fig. 1.6(b). As
expected, it can be observed that an accurate tracking of the reference velocity (resulting of
the operator force input) and a zero environment force are obtained in the free space motion
mode. On the contrary, and also as expected, an accurate tracking between the operator and
the environment forces, and a zero encoder velocity are observed in the constrained mode.
In the latter mode, the reference velocity becomes the error between the two amplified ad-
mittance outputs, as seen in Fig. 1.1. This error will then reach zero for a steady-state. An
interesting behaviour of the controller is shown during the fast pull back (at the end of the
force amplification stage). In fact, even if there is no sticking effect, as it is observable for the
second transition of Fig. 1.6(b), there is a slight phase shift of the encoder velocity due to
the high value of the reference velocity when the robot initiates its motion. For a reference
velocity below the saturation limits of £3rad/s the operator should not feel any constraint or
inconvenience. The impact of the gearbox backlash is also noticeable on the velocity response

when changing directions.
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FIGURE 1.7 — Impulse response (a)without the oscillation canceller and (b) with the oscillation
canceller. The operator force is amplified 5 times for comparison purposes.

1.5.4 Impulse response - unconstrained to constrained environment

The third experiment reported here is a fast impulse from the unconstrained (f. = 0) to the

constrained environment, followed by a constant force input of 3N. In this case, the amplifica-

tion is 5 times the operator input (5, = 2 and B, = 0.4). Fig. 1.7 shows two tests, one without

the oscillation canceller (a), and one with the oscillation canceller (b). The OC parameters are
set t0 B, = 0.08, t, = 0.16sec, fo = 0.AN, fosw = 45Ns/m and fesy = 120Ns/m. With the
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OC, all major vibrations or fast impulses are eliminated and the system is therefore able to
follow the amplified input. The impact of the transition law is also noticeable in Fig. 1.7. In-
deed, when the operator force is released, there is a smooth return to zero of the environment
force below femaz = 0.9N. As a result, the robot end-effector stays on the contact surface

without applying any force.

1.5.5 Video demonstration

The accompanying video demonstrates all situations to be addressed by the controller, na-
mely, free space motion, constrained force amplification and transition between the two
(Chapl_Force_ Amp_1dof-mp4). The video also illustrates the stability and effectiveness of
the controller for fast pull back and sharp contacts (impulses) with a stiff environment. It can
be observed that the controller is always stable and that it leads to a very intuitive behaviour.
The amplification of the force is also illustrated visually using two identical deformable ob-
jects. The video is available at
http://robot.gmc.ulaval.ca/publications /these-de-doctorat

1.6 Conclusion

A novel force amplification controller for pHRI was presented in this chapter. The controller
uses the principle of variable admittance in order to optimize the free space and constrained
motions. The effect of the different parameters in the force control loop was assessed and
explained. Moreover, the experimental results demonstrate that the new approach leads to an
intuitive and effective force amplification control, with the help of a smooth transition law and
the oscillation canceller. Current work includes the application of the controller to a multi-dof

robot.
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Chapitre 2

Performance Optimization of a
Multi-DoF Bilateral Robot Force
Amplification

Résumé

Cet article présente une nouvelle approche afin de déterminer la commande optimale pour
un manipulateur robotisé a plusieurs degrés de liberté (multi-ddl) dans un contexte d’am-
plification de force et d’interaction bilatérale. Le probléme principal lors de l'utilisation
d’un manipulateur multi-ddls est le lien direct entre sa configuration et sa dynamique.
Cette variation de la dynamique du robot est donc prise en compte lors du processus
d’optimisation. Ceci permet d’obtenir un controleur stable et des performances exception-
nellement élevées. De plus, la stabilité couplée du manipulateur est évaluée en utilisant
une version étendue de la stabilité complémentaire qui permet d’éviter les conditions de
passivité. Méme si 'optimisation proposée ici est basée sur trois indices de performance
spécifiques aux amplifications bilatérales, elle peut étre aisément adaptée a n’importe quel
type d’interactions bilatérales. La stabilité et la performance résultante de la commande
optimale sont démontrées pour un manipulateur sériel & sept degrés de liberté avec des

tests d’impact sur différentes surfaces de contact.

2.1 Introduction

In recent decades, bilateral robot interaction has been widely covered in the literature. The
emergence of teleoperation in the medical field for assistance in treatment or surgery has
greatly contributed to this research effort. Indeed, safety and performance are more than
crucial for medical applications. Unfortunately, the control strategy used in most robotic
systems is often designed for a single degree of freedom (dof) which is far from the current
reality in teleoperation where the interaction usually occurs at the end-effector of a multi-dof

manipulator. Moreover, during the design phase, the performance is limited by the constraints
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on the prevalent stability analysis, which therefore ends up being evaluated solely online,

resulting in suboptimal controllers.

This common coupled stability analysis is known as Llewellyn’s absolute stability criterion
(Llewellyn [1952]) and involves the notion of passivity (Wyatt et al. [1981]). It has been
proven that a passive controlled manipulator interacting with passive environments results
in a stable interaction (Colgate [1994], Lawrence [1993|). This notion is convenient due to
its simplicity but it is rather conservative. Through the years, different methods to relax
this conservative condition have emerged. For instance, Hashtrudi-Zaad and Salcudean [2001]
and Lamy et al. [2010] proposed to limit the impedance of the operator or the environment
to a maximum value which may then be absorbed in the port network for a more accurate
stability analysis. Another interesting approach, presented in Haddadi and Hashtrudi-Zaad
[2010], makes use of the scattering parameters and wave variables to transform the system
impedances into reflection coefficients, and then studies the coupled stability boundaries in
the scattering domain. However, the resulting graphical representation provides a visual aid
rather than a design tool. Similarly, Jazayeri and Tavakoli [2012] proposed to use the Mobius
transformation on Llewellyn’s conditions in order to visualize and interpret the boundaries on

the interacting impedances allowing at the same time non-passive environment or operator.

To avoid the passivity conditions, robust stability theory has been explored. Early studies
were presented in Yan and Salcudean [1996] using the infinity-norm H., approach, and in
Colgate [1993| using the structured singular value analysis for bilateral systems. Recently, the
parameter-space approach with environment uncertainties has been proposed in Peer and Buss
[2008]. However, the structured singular value analysis remains the state of the art in robust
stability analysis. It has been used with modern tools by Buerger for unilateral interactions in
Buerger and Hogan [2007] where it has been renamed complementary stability. All the above
contributions have been developed for single-dof models. However, Llewellyn’s criterion has

been extended to multi-dof and multi-lateral systems in Li et al. [2014].

It is important to mention that typical compensator structures for unilateral interactions are
often simple and still achieve great performances. It would therefore be interesting to study
the possibility to keep these same structures as well for amplification interactions and be able

to reach this high level of performance.

In this chapter, complementary stability is extended to a multi-dof bilateral system. An al-
gorithm that computes the optimal parameter values for pre-defined controller structures for
all possible manipulator configurations is presented. Section 2.2 presents an overview of the
optimization process. Section 2.3 recalls the notion of port-interaction. Then, robust stability
analysis for a multi-dof bilateral device is presented in Section 2.4, followed, in Section 2.5, by
the details on the three performance indices selected for the optimization algorithm as well

as a controller comparison. Section 2.6 then introduces the manipulator configuration-related
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variable that allows to obtain the optimal control law, and discusses some impact test results
that assess the performance of the optimization. Finally, a conclusion is drawn in the last

section.

2.2 Optimization Process Overview

Configuration set Parameter set Impedance dynamics
e 1
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F1GURE 2.1 — General framework of the controller optimization process. The section number
associated with each step of this process in the chapter is also given.

The optimization algorithm presented in this chapter includes various notions derived from
control theory and from the mechanics of robotic manipulators. It is thus necessary to first
introduce the general framework of the algorithm in order to clearly understand the purpose
of each step of the optimization process. These steps are shown in Fig 2.1. In short, it is
desired to find the optimal parameters for a pre-defined controller structure, a specific ro-
bot architecture, and known external interaction inputs. However, the dynamics of a robotic
manipulator is usually configuration dependent. It is therefore necessary to determine the op-
timal control parameters of the Parameter set for each configuration from the Configuration

set in order to keep this optimality at all times. The first step is to rearrange the system
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into a two-port interaction in order to isolate the two external input dynamics, namely, the
human and environment impedances. These two dynamics, Impedance dynamics, have a range
of uncertainty and can thus be defined as a Structured uncertainty in order to easily recast
the system into a linear fractional transformation (LFT). This transformation is convenient
to assess the robust stability of the system (Robust stability analysis). Then, knowing which
parameter values are stable and unstable, the optimization can be performed following certain
criteria (Controller optimization) which use the dynamics of the controlled manipulator wi-
thout the dynamics of the external inputs. Finally, each configuration is converted to a unique
variable ( Configuration-dependent variable) that is directly dependent on the manipulator’s
configuration and that is associated to the optimal control parameters previously found in

order to establish the Optimal relationship.

2.3 Multi-DoF Two-Port Interaction

The notion of port network has proven through the years to be the most suitable way to analyse
systems interactions. It is indeed widely used in motion-force interaction, especially when
human beings are in the loop. This notion is briefly recalled here for a two-port interaction, as
depicted in Fig. 2.2. Typically, the systems interacting with one another, and their dynamics,
are connected through port variables, usually represented by force and velocity. This allows the
multiple dynamics to be expressed in terms of mechanical impedances linking them together
with the interaction variables. In the case of a bilateral robot interaction, the human and

environment impedance matrices are thus described as follows
F,=72,V,, (2.1)

F.=17.V, (2.2)

where Z,, F,, V,, and Z., F,, and V, are respectively, the human and environment impedance
matrices, force vectors and velocity vectors. The rest of the systems is included in the two-
port dynamics that usually contains the robot (or the two robots in the case of teleoperation),
the communication channels, and the control loops (see Appendix 2.9.1 for details). The link

between the forces and velocities is given here by a matrix of admittances and yields

Vo
Ve

Fo
—F,

=Y (2.3)

— YOO YOC
Yeo Yee

—F,

where Y is a two-port matrix whose components relate the operator or environment velocities
to both the operator and environment forces. The performance optimization presented in this
chapter may be applied to any bilateral system. However, the analysis has been developed
for a single seven-dof manipulator on which both external forces, namely the operator and
the environment interactions, are directly exerted on the structure. The non-collocation of

the sensors implies that different velocities must be considered for each external impedance,
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which are however related to the same robot joint velocities output with different Jacobian
matrices. The redundant nature of the seven-dof manipulator also introduces the need to have
a proper redundancy resolution scheme to develop the analysis in the Cartesian space. Here,
the Moore-Penrose pseudoinverse of the Jacobian has been used to resolve the redundancy at
the centre of the spherical joint (intersection of the last three joint axes). This point is chosen
in order to decouple the rotations between the end-effector and the human interaction handle
on the fourth link (see Fig. 2.6). A simplified schematic of the system is shown in Fig. 2.3
where R refers to the redundancy resolution scheme which includes an integrator. G, and G,
are, respectively, the operator and environment regulators while J, and J. are, respectively,
the Jacobian matrices relating the robot joint velocities to the operator and environment
velocities. This simplified architecture allows one to easily compute the two-port interaction

matrix and then to use the many tools available for stability analysis (details in Appendix
2.9.1).
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FIGURE 2.3 — Simplified block diagram of the bilateral interaction.
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2.4 Stability Analysis

As previously mentioned, many issues still remain open with commonly used stability analyses
for bilateral interaction, the most important being the conservative nature of these techniques
that unnecessarily restrains performance. Indeed, coupled stability is often validated using the
concept of passivity, which has already been extensively covered (Colgate [1994]). Although
some techniques can be used to relax the passivity condition using the knowledge of certain
components of the interacting dynamics (Hashtrudi-Zaad and Salcudean [2001], Lamy et al.
[2010], Haddadi and Hashtrudi-Zaad [2010]), the notion of passivity still limits the manipulator

design to a specific set of controllers.

2.4.1 Complementary Stability

The complementary stability proposed in Buerger and Hogan [2007] makes use of the robust
analysis tools in order to overcome the requirements for passivity. More specifically, it involves
a particular case of the small-gain theorem called structured singular value (Packard and Doyle
[1993]) that has further matured into p-analysis theory. Actually, p-analysis may be seen as
conservative from the point of view of servo design that generally implies well-known dynamics.
However, for an interaction system where the operator and environment may be represented
by a wide range of different dynamics, this stability analysis is more than relevant. Indeed,
the human and environment impedances may be defined as uncertain while keeping them
bounded for a known range of application. The analysis thus ensures the coupled stability of the
system for specific dynamics (see Appendix 2.9.2 for solutions to robust stability computational

issues).

Therefore, this promising technique, previously developed for a unilateral interaction, is ex-
tended here to a bilateral interaction. It is important to note that the multi-dof architecture
of the manipulator is considered in the computation of each component of the two-port map-
ping function, Y, using the Jacobian transformation. This two-port mapping function Y is
therefore defined in the Cartesian space as a [12 x 12] matrix. However, for the robust stability
analysis and for the performance optimization described in Section 2.5, only the Cartesian
translations are studied and each of these components is evaluated individually. At this stage,
the assumption that all Cartesian translational components are pseudo-decoupled is possible
mainly because the study is on the control of Cartesian amplification, and that, for this reason
no major Cartesian motion coupling arises. It also permits to reduce the p-analysis computa-
tion time as well as to optimize the performance related to the different robot configurations
as further demonstrated in Section 2.6. Thereby, the two-port mapping function becomes a
[2 x 2] matrix and is denoted Y, in the unstructured closed-loop perturbed system represented
in Fig. 2.4. The uncertain human and environment dynamics may be defined with additive
uncertainties as follows

Zy(s) = Zon(s) + Wy(s)Au(s), (2.4)

25



__\{x

FIGURE 2.4 — Interconnection of one of the robot’s Cartesian dof with the operator and
environment impedances including additive uncertainties.

Ze(s) = Zen(s) + We(s) A(s) (2.5)

where Zgy,(s) and Ze,(s) are the nominal impedances dynamics, W,(s) and W(s) are stable
rational weighting functions that define the uncertainty bounds on the operator and environ-
ment impedances, A,(s) and A¢(s) are the normalized perturbations, and s is the Laplace
variable. The feedback system of Fig. 2.4 is then recast into the convenient linear fractional
transformation (LFT) framework with structured uncertainty presented on the left-hand side
of Fig. 2.5. Any kind of uncertainty can be represented in this interconnection form and would

always generate the same robust stability conditions. Considering the operator and environ-

x[G X 6]

T
[6x6]

Tgxs]

[6x6]

oY,

[2x2]

FIGURE 2.5 — LFT form of a single cartesian-dof with the structured uncertainty and its
equivalent standard feedback interconnection M, — A,.

ment mechanical impedances as two second-order models, the general impedance form can be
described as
Z(s) =ms* +cs+k (2.6)
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where m, ¢, and k are, respectively, the equivalent inertia, damping, and stiffness of the external
interactions. To evaluate the coupled stability of the desired dynamics range, uncertainties are

added to each impedance parameter, which yields

Mo = Mon + Mg,

Co = Cont Codlc,,

ko = kon + kodAk,, (2.7)
Me = Mep + MealApm, s

Ce = Cen *+ Cedlec.,

ke = ken + kedAg, (2.8)

where the index n refers to the nominal value of each particular parameter, and the index
d refers to the maximum scalar deviation from that value. As previously stated, each A
represents the normalized uncertainty of each impedance parameter. These six normalized

uncertainties may be rewritten as the structured perturbation A, of Fig. 2.5, such that
Ay = diag{Am,, Dcy, Akyy A, Acg, A} (2.9)
and where the uncertainty block structure is defined as follows
I''={A,:A; R}, i={my,co, ko, Me, Ce, ke}. (2.10)

With this formulation, it is now easy to define the necessary and sufficient condition for robust
stability, which is that the inverse of the structured singular value upper bound of the lower
LFT, Fr[Z,,Y ], noted M,, is larger than or equal to 1, i.e,

[Sgﬁur(Maz)J*:[Sgﬁﬂr{fL[Zx,Yx]}]‘l > 1, (2.11)

under the assumption that
HAJJHOO <1 (2'12)

The definition of complementary stability follows directly from the robust stability condition
which in this thesis makes use of the structured singular value, more precisely the mixed-
u theorem. The definition thus states that a robot interacting with any port impedances

Zy and Z, within the dynamics sets defined by (2.4) and (2.5) is complementary stable for
[Azlloc < 1ff sup,erpr(Mz) < 1.

This analysis leads to a wider range of controllers, including passive and nonpassive ones, and

allows to further improve the performance of bilateral systems.
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2.5 Optimization Criteria

Now that the bilateral stability condition is established, a performance index is needed. In
Buerger and Hogan [2007], a cost function that corresponds to the difference between the
robot impedance and a desired impedance is proposed. This choice is adequate for a unilateral
interaction, but for a bilateral interaction where two impedances are present, this performance

index is ineffective. It is therefore interesting to consider different options.

2.5.1 Performance Indices

For bilateral systems, the first performance criterion to consider is undoubtedly the transpa-
rency (Lawrence [1993]). This criterion evaluates the correspondence between the environment
impedance and the impedance transmitted to the operator, such that a perfect transparency
would result into

Zy = Z, (2.13)

where the transmitted impedance Z; is defined as F, = Z;V,. It is important to recall here
that the optimization is performed on each Cartesian motion individually, such that each
variable in this section and the next one represents a single component and is taken from the
matrix diagonal. Using (2.2) and (2.3), one may find the relationship with the manipulator

port admittances that follows

. (2.14)

Also, if a steady-state is assumed, such that V, = V., the amplification factor, 3, can be

obtained with the port function (2.3) as follows

Fe }/oo_}/eo

Fo - Y:)e - }/ee B /B (215)

Therefore, using equations (2.14) and (2.15) it is possible to find the conditions that lead to

equation (2.13), i.e., perfect transparency, which yields

Yoo = BYoe, (2.16)
Yveo = BY-eea (217)

1 1
L 2.18
YOO Yee ( )

These conditions also lead to a first optimization criterion related to the amplification capa-
bility of the system in steady-state, also known as kinematic correspondence (Hashtrudi-Zaad
and Salcudean [2002], Chang and Kim [2012]). Equation (2.15) may be numerically unstable
knowing that a transparent system would require that Y., = Y,. It is thus preferable to use
equation (2.16) or (2.17) to assess the amplification performance. This assumption provides a

very close estimate of equation (2.15) along with more stable computations.
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The measure of the amplification turns out to be a relevant criterion for the optimization
process, but it still excludes the environment impedance. A transparency index is therefore
necessary to evaluate the transmission capability. The Z-width principle proposed in Colgate
and Brown [1994] provides a certain estimation of the dynamic range of the transmitted

impedance and bears the following equations :

Zimin = Zt| z.=0 = v (2.19)
1
Ztmaz = Zt|Ze—>oo = 3 Y.Y. (220)
Y;)O _ oeeeeo
thidth = Zimin — Ltmaz- (221)

A perfectly transparent system would obviously lead to |Ziyigen| — 0o0. The Z-width holding
the two extreme cases of impedance, namely free motion and clamped interactions, respectively
depicted by equations (2.19) and (2.20), attempts to include the whole impedance spectrum.
However, depending on the situation, including both extreme conditions might not be neces-
sary. Here, the interaction of interest implies a contact with a high impedance environment.
Equation (2.20) should thus be sufficient to assess the transparency performance and is thereby

proposed as a second optimization criterion.

Although the above two criteria cover major performance aspects of bilateral interactions, a
third criterion focusing more on the transient response would greatly improve the optimization
process. Therefore, the integral of the time-weighted absolute error (ITAE), commonly used in
servo design (Martins [2005]), is also included. This performance index evaluates the system

response to a unit step input and is defined as
o
ITAE = / teldt (2.22)
0

where ¢ is the time variable and € is the error between the output and the set point. In other
words, this index provides a cost related to the settling time and the overshoot of a transient
response. The ITAE cost is thus computed on the manipulator admittance Y, which relates
the operator input force and the output environment velocity. However, it could also be used

on any manipulator function and would still hold the same comparative meaning.

To summarize, all three optimization criteria are presented here with their related cost :
1. Amplifcation index, noted Cpg
n
|Yeo ]wz
2 18— WG |

Cp = - , (2.23)

2. Transparency index, noted Cr

. Yoe (jwi)||Yeo (Jwi
3= [Woolin)] — eseslistied
o ’ (2.24)

-
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3. ITAE index, noted Cy T

Cr = / t|e|dt (2.25)
where n is the total number of frequencies, w;, e\?aluated in the desired frequency range, 7 is
the upper bound on the desired time range, and j is the imaginary unit (j = +/—1). Here, 7 is
equal to 1 second in order to ensures that the steady state can be reached, and the frequency
range w; € [1072, 10%] rad/s (or [0.0016, 16] Hz) is used in order to include the typical
human interaction frequencies. Indeed, a human physical input has a typical responsiveness
of about 5 Hz, and can reach in some cases a maximum responsiveness around 10 — 12 Hz, as
demonstrated in Brooks [1990] and Jones [2000]. A frequency range upper bound three times

the typical human responsiveness is thus considered as sufficient for the optimization.

2.5.2 Controller Comparison

The next step to evaluate the optimal parameter values for typical unilateral controller struc-
tures is to devise an optimization strategy involving the aforementioned performance indices
and thereby, achieving an optimal controller. Different controllers and different parameter sets
should be tested in order to obtain a more complete cluster of potential outcomes. A simple
way to optimize the set of parameters of a pre-defined controller structure is to minimize the

sum of the normalized performance costs that are complementary stable, i.e.,
C=w'[Cs Cr,Cr )" (2.26)

where C' is the global cost associated with a given set of parameters and w’ = (wg, wr,wy] is
the weighting vector used to reflect the priority level of each normalized cost C_'g, Cr, and C7.
The unity-based normalization is calculated over all the sets of parameters evaluated, with

the minimum and maximum costs of each index computed as follows
Cymin = min|Cg]| (2.27)

Crmaz = max|Cq| (2.28)

where C, represents a matrix including all computed costs for each performance index with

the index x referring to the different indices, namely = € {3, T, I}.

An example is provided for an admittance control, also known as lowpass control, and is

defined by the following general transfer function :

Ba
Bo G
myS + Cy %3 + 1

Gladm = (2.29)

where Gggp is related to the diagonal elements of G, and G, of Fig. 2.3, m, and ¢, are
respectively the virtual inertia and virtual damping, and [, is a parameter that defines the

desired force amplification between the operator (5, for G,) and the environment (3. for G.).
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Here, the human force is amplified by a factor of 5, thereby, 5, = 1 and . = 1/5. The robot
manipulator dynamics used for the optimization example of the bilateral interaction is that
of a seven-dof Kuka LWR (Albu-Schéffer et al. [2007]) with two six-axis force/torque sensors,
one at the end-effector for the environment input and another one on the fourth link, just
upstream from the spherical wrist, for the operator input. The experimental set-up is shown
in Fig. 2.6.

six-axis force/torque sensors®

F1GURE 2.6 — The seven-dof Kuka LWR with two six-dof force/torque sensors used for the
experimentation and optimization.

The next step, after establishing the control loop and robot dynamics, is to define the human
and environment uncertain dynamics for the computation of the complementary stability. An
appropriate choice for the human uncertain impedance parameters is given in Buerger and
Hogan [2007], namely m, € [0.1, 4.1] kg, ¢, € [0.01, 41] Ns/m, and k, € [1, 401] N/m. The
environment uncertain impedance is slightly more complex to estimate. Based on the expe-
riments performed by the authors, it is believed that the range of parameters used in Peer
and Buss [2008] is in fact too soft. The minimum and maximum stiffness have thus been in-
creased to represent a stiffer environment and exclude free motion and soft interactions. In
other words, only bilateral interactions with stiff environments are considered for the force
amplification control optimization. The damping has also been increased. Therefore, the envi-
ronment uncertain impedance parameters are given by m, € [0.1, 1] kg, c. € [50, 300] Ns/m,
and k. € [4 x 104, 2.6 x 10°] N/m. Thereafter, a certain robot configuration is assumed which
is the static position depicted in Fig. 2.13. Then, the complementary stability is verified for a
range of potential controller parameters (5,/c,, my/cy), and can be visualized in Fig. 2.7 for
the z-direction, where a robust stability margin below one is considered unstable (represented
in white). With the stable parameters confirmed, the costs can be computed. The results for

the three intermediate performance costs are shown in Fig. 2.8, 2.9 and 2.10.
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Fi1GURE 2.7 — Robust stability margin which establishes whether the system is complementary
stable for the z-direction. A margin > 1 leads to a robustly stable interaction.

It is reassuring to see that classical servo design behaviours are observed. Indeed, the amplifi-
cation index, which assesses the tracking performance, tends to give better results mostly for
high DC gain, (,/cy,. On the other hand, the ITAE index, assessing the time response, tends to
be much more influenced by a low time constant, m,/c,. Meanwhile, the transparency index
yields a lower cost for lower DC gains as the infinite environment impedance is transmitted
on a larger bandwidth. The global performance cost is also depicted in Fig. 2.11 and reveals
that the lowest possible time constant, limited by the robot hardware, leads to the optimal

performance.

However, in order to compare different controller dynamics, including distinct sets of parame-
ters, the approach has to be slightly modified. Indeed, each normalized performance index in
(2.26) must be computed in terms of the minimum and maximum values of all the different
controllers. This way, they are set on the same baseline and their summation results in a mea-
ningful global cost C. For instance, if n different controllers are to be studied, the minimum

and maximum costs for the computation of each unity-based normalized index becomes
Cymin = min(|Cyz1], |Cx2l,s -y |Canl) (2.30)
Comaz = max(|Cy1l,|Cau2l, -y |Canl) (2.31)

where the index x is, again, referring to the different indices (3, T', or I).

Using this approach, a PI controller, an admittance controller and a lead/lag controller have

been compared. The PI controller is known to yield good results for bilateral systems and is
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FiGURE 2.8 — Cost related to the amplifica-
tion index in the z-direction. A low ampli-
fication cost leads to better tracking perfor-
mance.

Transparency cost in z

0.02

0.01
my/c,

Bo/

FiGure 2.9 — Cost related to the transpa-
rency index for the z-direction. A low trans-
parency cost leads to better environment im-
pedance transmission.
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cost
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0.02
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FIGURE 2.10 — Cost related to the ITAE index for the z-direction. A low ITAE cost leads to
faster time response.

often used due to its simplicity. By contrast, the admittance controller is known for its effective
haptic rendering that is highly appreciated for unilateral human-robot interaction, but is often
forsaken for bilateral interaction due to its poor performance for stiff environments (Ott et al.
[2010]). Lead and lag controllers are hardly used in this field of robotics but the positive results
presented in Buerger and Hogan [2007] make them interesting controllers to evaluate, even if
a qualitative study would be necessary to assess the intuitiveness of the resulting unilateral

interaction. The following lead/lag controller form has been used to assess the optimal lead
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FiGUure 2.11 — Global cost of the normalized performance indices in the z-direction with
= [1,1,1]. The red dot represents the optimal set of parameters

or lag controller for a bilateral amplification task :

S+ z

Gyp=K .
u Ui

(2.32)

The gain Kj;, the zero frequency z and the pole frequency p are therefore the three parameters
to optimize. The comparative results, presented in table 2.1, demonstrate overall that the
admittance controller leads to better results than the PI, even if the latter yields a slightly
better performance for the transparency index. The main difference comes from the ITAE
index and is depicted in Fig. 2.12 for a 5 Hz operator force amplification. This pursuit example,
performed on the experimental set-up shown in Fig. 2.6 with the optimal PI and admittance
controllers, clearly demonstrates the faster transient response of the admittance. However, it
is found that a lag compensator can analytically outperform the admittance. It thus reveals
that the lead/lag controller form should also be viewed as a viable type of compensation for
bilateral interactions. Although the lag compensator presents better performances it would
be interesting, with the results at hand, to prove that an admittance control can be highly
efficient in a stiff multi-dof bilateral interaction context. This could encourage the use of
such a controller for all types of bilateral tasks, not only for soft contacts. Therefore, further
optimizations related to the multi-dof nature of the Kuka-LWR have been carried out with

the admittance controller.
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Fiqurke 2.12 — High-frequency amplification pursuit for an admittance and a PI controller.
The operator force is amplified 5 times for comparison purposes.

TABLE 2.1 — Best relative global costs of different control schemes and their corresponding
criteria.

ITAE Transparency | Amplification | Global

PI 0.0451 5.636x107° 0.6338 0.3527
Admittance 0.0051 6.168x107° 0.4360 0.1606
Lead/lag | 8.730x10% | 6.452x107° 0.3147 0.0746

2.6 Multi-DoF Optimization

A major control issue with multi-dof robots is that their dynamics are configuration dependent.
In order to assess the optimal controller for a multi-dof robot amplification, it is thus neces-
sary to find a variable that describes the changes in dynamics related to the different joint
configurations. Identifying the optimal controller parameters related to such a variable would
lead to a regulator that is optimal for all configurations of the manipulator. An interesting
approach to this problem is the joint stiffness matrix mapping the joint torques, 7, to the joint
displacements, 06, (Salisbury [1980]), such that

T =Ky50 (2.33)

where Ky is the joint stiffness matrix. Considering that the control is computed in the Car-
tesian space, a joint-dependent variable that maps the relationship between the end-effector
generalized displacements, dx, and forces, f, is thus more appropriate. Therefore, with the use

of the manipulator Jacobian, enabling the following relationships :
T =JTf, (2.34)
Jo0 = ix, (2.35)
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it becomes straightforward with (2.33) to find the coveted relationship, such that
ox = (JKy1IT)f (2.36)

where (JKg !'J7) is referred to as the Cartesian compliance matrix. Here, the joint stiff-
ness matrix is diagonal and all joints are assumed to have the same stiffness, thus Ky =
diag{1,1,1,1,1,1} 1. Equation (2.36) is a direct relationship between the Cartesian forces and
the Cartesian displacements at the end-effector using only the Jacobian transformation —
which is an index of the joint configuration. In other words, the Cartesian compliance ma-
trix introduces a measurement of the variation of the end-effector dynamics related to the

manipulator configuration, and may be used to find the optimal controller parameters.

2.6.1 Continuous Gain Scheduling

The next step is to perform the optimization on a set of different configurations generating dif-
ferent compliance values. Therefore, the seven-dof Kuka LWR showed in Fig. 2.6 has been used
to conduct the current analysis and the corresponding experimentation. The chosen configura-
tion set includes 20 consecutive end-effector positions that produce a horizontal displacement
along the robot’s Cartesian x-axis, as depicted in Fig. 2.13.

Robot configuration set
1000

800
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200 J
0
500

z (mm)

0

y (mm) 500

0 200

.800 -600 -400 -200

x (mm)

FIGURE 2.13 — End-effector horizontal displacement that generates the manipulator configu-
ration set used for the optimization analysis.

The complementary stability as well as the optimization are then evaluated for each configu-
ration. Afterwards, the different gains, §,/c,, and time constants, m, /c,, obtained with the

algorithm are plotted with their related compliance in Fig. 2.14.

1. The joint stiffness may be set arbitrarily and will affect all indices equally
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FIGURE 2.14 — Optimal m, /¢, and §,/c, values relative to the manipulator compliance along
the z-axis, and therefore the robot configuration.

Here, only the relationship with the axis including the wider range of compliance values along
the evaluated trajectory is shown, i.e., the z-axis. As expected, regardless of the configuration,
the optimal m,, /¢, parameter value is the lowest frequency limit that the hardware can support.
On the other hand, the optimal (,/c, parameter value appears to change linearly with the

manipulator compliance.

In other words, the stiffer the configuration becomes, the more the gain needs to be scaled
down. This result is rather intuitive and goes along with the typical effect of a DC gain
variation for servo design. This interesting result leads to a simple gain scheduling law that
solves the dynamics issue with multi-dof manipulators, and thereby yields an optimal bilateral
amplification for all configurations. It is important to note that this relationship is optimal
for the specific range of impedance dynamics (impedance of the human operator and of the
stiff environment) evaluated with the robust stability analysis. For instance, using a lower
bound on the environment stiffness would shift down the relationship between the gain and
the compliance.

2.6.2 Impact Tests

The coupled stability and the performance were tested with manually generated impact mo-
tions on three different surfaces that were respectively below, inside, and above the range of
stiff environment k. evaluated in the algorithm. The objective is to verify whether the pa-

rameters found can work outside of the optimization set. These surfaces are : a stiff spring
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(stiffness = 5.12x 103 N/m), a rubber stopper (stiffness = 9.15x10* N/m), and a 100 x 100 mm
aluminum square tube (stiffness >> ke¢nqz). The operator produced a 20 N impact that was
amplified five times to generate an output of 100 N on the environment. During this amplifica-
tion, unilateral motions in the other Cartesian directions were controlled using an admittance
controller but with different parameter values than the one used for bilateral interactions. The
results for a stiff manipulator configuration with a compliance around 0.2 m/N are shown in

Fig. 2.15 for three distinct sets of controller parameters.

————— Operator x5
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FIGURE 2.15 — Impact tests on three different environments, namely a spring, a plastic surface,
and an aluminum surface, for three distinct values of parameter (3,/c, of the admittance
controller. The operator force is amplified 5 times for comparison purposes. The best response
for each surface is identified by a shaded background.

From the linear gain scheduling presented in Fig. 2.14, the optimal f,/c, parameter value
should be between 0.015 and 0.02 for an environment stiffness between 4 x 10* and 2.6 x 10°
N/m. Thereby, gains of 0.0115, 0.017, and 0.033 have been chosen to study the optimization

outputs. Parameter m./c, is kept constant at 0.005 for all tests.

Any oscillation or vibration felt by the operator was sorted out by the performance criteria.
Indeed, undesirable oscillations appear when admittance regulator gains are too high for a
specific manipulator configuration as it is depicted in Fig. 2.15 for 5,/¢, = 0.033. Both the
rubber and the aluminum surfaces induce instability but the aluminum surface, being stiffer,
generates larger oscillations. The interaction with the spring is also clearly unstable for this

gain value, but in that case the system could not keep up with the amplified force on the
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environment without creating a divergent force on the operator. For the optimal gain value
Bo/cy = 0.017, the impact on the aluminum surface does not produce a perfectly stable
interaction, unlike the impacts on the rubber surface and the spring that lead to fast and
precise responses. The smallest gain value 8,/c, = 0.0115 suits better the harder surface
but it is slightly slower, as it can easily be seen for the transition phases of the spring and
rubber amplifications. Indeed, a gain lower than the optimal value slows down the response
and in extreme cases could lead to a stiction effect when quick pull-offs are performed. This
effect is depicted in Fig. 2.16 for a 0.15 second stiction which required an additional 4 N to
rapidly move the end-effector. However, that necessary additional force remained unfelt by

the operator.

Quick pull-off
40 T T T T T T
----- Operator x5

Environment -
20 H e *~..

force(N)

0.15 sec

1 1

100 L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

time(s)

FIGURE 2.16 — Demonstration of an unfelt small stiction effect for a quick pull-off.

These experiments reveal that the optimization technique is thus effective for the environment
(rubber stopper) that is contained within the range of uncertainties previously evaluated. It
also demonstrates that it can accommodate different environments that are outside of this
range (softer or stiffer) while providing reasonably good results. In summary, the optimization
algorithm developed here allows to find a controller that yields extremely high performance
while remaining robustly stable for pre-defined interaction environments for a mutli-dof robotic

manipulator whose dynamics vary greatly with the configuration.

2.7 Video Demonstration

The accompanying video, featuring the seven-dof Kuka LWR, demonstrates the effectiveness

of the control gain scheduling resulting from the optimization (Chap2_ Control_ Opt.mp4 ).
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http://robot.gmc.ulaval.ca/fileadmin/documents/Theses/Videos/pascal_labrecque/Chap2_Control_Opt.mp4

The first part consists of a horizontal amplification combined with a vertical displacement.
This human-robot interaction shows the variation of the gain f3,/¢, as a function of the mani-
pulator’s Cartesian compliance in the direction normal to the interaction surface. The second
part presents the impact test performed in order to evaluate the optimal controller previously
found with the optimization algorithm. Unstable and stable behaviour, using respectively a
high gain and a gain scheduling, are demonstrated with a spring and an aluminum surface.
The video is available at

http://robot.gme.ulaval.ca/publications/these-de-doctorat

2.8 Conclusion

In this chapter, a procedure to assess the complementary stability of a bilateral system was
presented. The specific case of force amplification with a multi-dof manipulator was studied in
order to optimize the parameter values of well-known controller structures used for unilateral
interactions. The optimization technique is based on three distinct performance indices, namely
the amplification, the transparency, and the ITAE. This approach allows to compare different
control architectures. This method is also a powerful tool to address control issues with varying
dynamics. However, it is required to have a configuration-related variable, which is defined
here as the Cartesian manipulator compliance matrix. A relationship between the compliance
and the different control parameters can then be obtained. The impact tests carried out with
a seven-dof Kuka LWR demonstrated the high performance and robust stability achieved with

the optimal control parameters.

The main focus of the chapter was on force amplification, but a interesting future study with
this optimization approach would be to assess the optimal position of the operator’s handle on
the manipulator in order to obtain the best transparency. The optimal amplification parame-
ters for the Cartesian torques could also be evaluated since only the forces have been studied
up to now. Moreover, it would be interesting to test different configuration-related variables
such as the Conservative Congruence Transformation (CCT) (Li and Kao [2003]). Although
it has been demonstrated that the controller optimization algorithm developed here is an ade-
quate tool for a single robot multi-dof bilateral amplification, it is important to note that the
general framework presented can be extended to various unilateral or bilateral interactions, as
well as haptics. Since little work as been done on the optimal performance related to the robot
configuration, it is also interesting to investigate whether the gain scheduling resulting from
the optimization could provide a means of obtaining the best multi-dof performance regardless

of the robot varying dynamics, for all kinds of manipulators.
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2.9 Appendix

2.9.1 Compliant Manipulator and Controller Dynamics

Remark : All variables used in the appendix are defined in the following figure captions. The
values of the model parameters used for the Kuka LWR are determined from the information
given in Albu-Schiéffer et al. [2007] and are listed online at

robot.gmc.ulaval. ca/fileadmin/share /kuka_ parameters.pdf

0 q
> K >
Tm L AAA Text
—= B | M—
D, 777
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FIGURE 2.17 — Schematic representation of a compliant robotic manipulator. The actuators
inertia matrix B and the links inertia matrix M are connected by the stiffness matrix K and
the damping matrix D;. The centripetal and Coriolis force matrix Dy is acting on the links.
The actuators torque vector and the external torque vector are respectively represented by
Tm and Tz, while @ and q are the vectors of joint coordinates associated with the actuators
and the links.

The dynamic model of the Kuka LWR is based on the elastic joint model defined in Spong

[1987| and can be derived from the schematic representation given in Fig. 2.17, as follows
M()d + Ds(q, @) = K(0 — a) + D1 (6 — &) — Tex, (237)
BO+K(@O—-q) +Di(6—¢) =7, (2.38)

where the external torque vector 7., includes the operator and the environment forces and
yields
Tewt =JLF, - JTF,. (2.39)

The friction torques are neglected in the dynamics equations and the gravity torques can
be removed thanks to the gravity compensation included in the Kuka’s joint state feedback
controller given in Albu-Schéffer et al. [2007]. Therefore, the position control law without the
gravity vector yields

Tm = —Kp(0 — 0,) — Kpb — Krm — K7 (2.40)

where the spring torque vector 7 is defined by
T=K(0 —q), (2.41)
but where the desired motor position vector is defined with the gravity vector g(qq) and yields

04 =as+K 'g(qq). (2.42)
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However, considering that the gravity vector remains nearly constant for an amplification
task it is possible to say, for the desired motor velocity vector, that éd ~ ¢4. Note that this
assumption is taken because the outer control of the manipulator relates the external forces

to desired velocities.

Fr=0 F, V.

0+ zZ

Ge

L Qde
R CL

Practical Slave

Practical Master

+ (\‘—i- Zo

F* =0 F,

Vo

F1aURE 2.18 — Extended block diagram of the bilateral interaction for a practical slave and a
practical master. In reality there is only one manipulator, thereby both practical manipulators
have the same redundancy resolution R, control model C'L, robot model Robot, and the same
total joint position output vector qior. However, Z,, Vo, Fo, Fi, Go, Jo, Odo, Tmo, and qo
are respectively, the human operator impedance matrix and velocity vector, the operator force
vector that is applied on the practical master, the exogenous operator force input vector, the
operator regulator matrix, the operator Jacobian matrix, the operator desired motor position
vector, the operator motor torque command vector, and the operator joint position vector
while Z., V¢, Fe, F;, G¢, e, 04c, Tie, and q. are defined similarly but for the environment.

In order to use the teleoperation analysis tools, the control architecture is divided in two
virtually different manipulators, namely the practical master interacting with the human ope-
rator and the practical slave interacting with the environment. Each practical manipulator
has its own torque command, which is 7,,, for the practical master and 7,,. for the practical
slave. The corresponding extended control architecture is shown in Fig. 2.18 and the follo-
wing mathematical development evaluates the output position of each practical manipulator,

namely q, and q.. According to the block diagram, the desired motor position vector is thus
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given by
04 = RG,F, (2.43)

where 04,, G, and F, can be 8,4,, G,, and F,, or 84, G., and F.. It is recalled that the

redundancy resolution R includes an integrator.

Linearising equation (2.37) with M and Dy as constants allows to express the equations of

dynamics in the Laplace domain as follows
(Ms? 4 Das + Dys + K)q, = (Dys + K)8, — Teut, (2.44)

(Bs? + Dys + K)8, = (D15 + K)qu + Tma (2.45)

and the control law (2.40) with equations (2.41) and (2.43) leads to

Tmx = Glgac + GQqa: + GfacFa: (246)
where
Gi=—(Kp +KsK)s — Kp — K7K, (2.47)
Gy = (KsK)s + KrK, (2.48)
Gf» = KpRG,, (2.49)

and Tz, 02, and q, can be T, 0,, and q, Or Tine, B¢, and .. Then, in order to close

the loop on one practical manipulator, equation (2.46) is substituted into equation (2.45) as

follows
A0, =A4q, + Gfox (250)

where
A, =Bs’ 4+ Dis+ K -Gy, (2.51)
Ay =D1s+ K+ Go, (2.52)

and equation (2.50) can be solved for € such that
0. = AT [A4q, + G Fyl. (2.53)

Afterwards, equations (2.53) and (2.39) are substituted into (2.44), which yields

Asq, +IIF, —JIF, = A3AT A4q, + Gy, Fy (2.54)

where
Ay =Ms? + (D; +Dy)s + K, (2.55)
A3 = D18 + K. (2.56)
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Equation (2.54) can then be solved for q, yielding
dr = [A1A; Ay — AN G . F, — A1AS T,
+ A AR, (2.57)
For each practical manipulator, the output position is thus defined as follows
Qo = [A1AS AL — AT (G~ A1 A NI,
+ A1A;1ITE ] (2.58)
and

Qe = [A1AS A, — Ay (Ge — ALASTID)F,
~ A AN, (2.59)

but considering that the master and slave are represented by the same robot, the real mani-
pulator displacement is rather qior = qo + qe and yields

Aror = [A1AZ Az — Ad] T [(Go — 2A1A5T0)F,

—(Ge — 2A1A; 1 ID)F,). (2.60)

Lastly, in order to obtain the components of the two-port matrix in equation (2.3), equation

(2.60) is rewritten such that qit = ToF, + Te(—F.) where
T, = [A1A; Ay — Ay H(G, — 2A,A51TD), (2.61)
T, = [A1A;1 Ay — Ay H(G, — 2A1A;1TD) (2.62)

and then, the velocity vectors are expressed as follows

V, = JoToF, + J,To(—F.), (2.63)
V. =J.T,F, + J.T.(-F.) (2.64)

which leads to the following two-port matrix
YOO Y06 — JOTO J0T€
YEO YE@

. (2.65)
J€TO J€T€

2.9.2 Considerations and Issues for Robust Stability Analysis

e For this optimization algorithm, p-analysis is favoured as the robust stability analysis
tool, mainly, because of the presence of multiple sources of uncertainty, which can the-

reby be rearranged into the less conservative structured uncertainty.
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e The range of parameter values evaluated is firstly wide and sparse in order to find the
boundaries of robust stability and the optimal region to analyze. It is then narrowed

around the region of interest so that the precision and computation time are improved.

e The mathematical manipulation performed to obtain the two-port matrix (2.65) can ge-
nerate state-space systems that contain a large number of state variables. It is therefore
required to reduce the systems’ order to avoid computation instability and limit the
computation time. A balanced realization of Y, is thus computed using Matlab in order
to find the state variables having Hankel singular values smaller than 107, which are
considered as negligible for the model dynamics. These states can therefore be removed
using the function modred with the DC gain matching approach. It is critical to check the

validity and stability of the reduction before carrying on with the optimization process.

e Another well-known issue with the p-analysis is the presence of discontinuities in the
evaluated set of frequencies. Indeed, the robust stability margin can be erroneous if the
destabilizing frequencies are missing in the evaluation range. There are two approaches
to alleviate this problem. The first one is to add a complex parametric uncertainty to
each real perturbation. This added dynamics improves the conditioning of the robust
stability computation (robuststab function) but introduces some conservatism in the re-
sulting margin. It is thus important to only add a small amount of complex dynamics.
In this chapter, a 5 % conservatism is added with the complezify function. The second
approach is to densify the frequency range of evaluation in order to obtain more reliable
results. In fact, a combination of both approaches yields the best results. Here, uncer-
tain frequency response data model (ufrd function) of every feedback interconnection
M, — A, contains 200 frequencies € [1072, 10%] rad/s which covers the human interac-

tion range of frequency.
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Chapitre 3

Variable Admittance for pHRI : from
Intuitive Unilateral Interaction to

Optimal Bilateral Force Amplification

Résumé

Dans cet article, une nouvelle architecture de commande pour les manipulateurs robotisés
a plusieurs degrés de liberté (multi-ddls) utilisés dans un contexte d’interaction physique
humain-robot (pHRI) est présentée. Un régulateur en admittance est utilisé comme struc-
ture de commande unique pour les différents modes d’interaction. Cette approche est
reconnue pour la manipulation intuitive qui en résulte lors d’interactions unilatérales.
Cependant, lefficacité de ce type de commande pour les amplifications bilatérales sur
des environnements rigides est souvent questionnée. Ici, des paramétres d’admittance va-
riables sont utilisés afin d’adapter et d’optimiser la réponse du systéme pour toutes les
dynamiques potentielles du manipulateur. Trois lois de commande variables interdépen-
dantes sont alors présentées, & savoir, une commande unilatérale par admittance variable
standard, une commande bilatérale par admittance & séquencement de gain et une com-
mande transitionnelle continue. Un manipulateur Kuka LWR 4 & sept degrés de liberté
est utilisé pour 'expérimentation et pour la démonstration de lefficacité des algorithmes
de commande. Une vidéo montrant différentes taches de pHRI utilisant I’architecture de

commande proposée est aussi fournie.

3.1 Introduction

In a previous work (Labrecque and Gosselin [2014]), the authors demonstrated the performance
and the stability of a single-dof force amplification controller based on the admittance model
presented in Lecours et al. [2012]. The key feature of this simple architecture is its ability

to vary its parameters, which leads to a more intuitive interaction, higher performances, and
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a smooth transition between the unilateral free space motion and the bilateral constrained

mode.

In this chapter, an optimal multi-dof version of the pHRI controller presented in Labrecque and
Gosselin [2014] using variable admittance regulators is proposed. Human dynamics, multiple
modes of interaction and varying robot configurations introduce significant control challenges
in terms of the performance and stability of the system. Such challenges are typically addres-
sed using a single static controller which can be tuned to ensure stability but at the expense
of performance. Alternatively, different controller structures can be used for each interaction
mode in order to increase the performance. However, this approach increases complexity and
can make it difficult to guarantee that the transitions between controller structures are always
stable. In this chapter, it is demonstrated that a single control structure with varying para-
meters can result in an intuitive and optimal response for all types of interactions. Section 3.2
discusses the interaction interface and presents the general inner and outer control loops of the
proposed controller structure. Then, Section 3.3 describes the variable admittance control law
and its stability for unilateral interactions, followed by the optimal gain scheduling control law
in Section 3.4 for bilateral interactions. The continuous transition control law is then presented
in Section 3.5 for the smooth mode switching. Section 3.6 demonstrates the effectiveness of the
control algorithms using three experiments. A complementary video is provided and described
in Section 3.7. Finally, conclusions are presented in the last section. For the rest of the thesis,
the term unilateral interaction refers to the mode in which the robot end-effector is able to
move in free space with the help of one or many physical human interactions. By contrast, for
a bilateral interaction, the human interaction guides the robot end-effector to apply a force to

an external environment.

3.2 General control architecture

3.2.1 Interaction Interface

Cooperative force amplification implies a direct contact between the robot and the human
operator and between the robot and the environment, and thus force sensors are required
to measure the operator input and the environment output. For a single-dof manipulator,
since there is only one moving link, both sensors are mounted at the effector (the moving
link). Although having both sensors at the end-effector of a multi-dof robot has numerous
advantages, this arrangement becomes less relevant for the present study. Indeed, one of the
many goals of introducing human-robot cooperation in industry is to alleviate musculoskeletal
problems by reducing the effort of repetitive and uncomfortable tasks. Positioning both sensors
at the end-effector of the robot would allow perfect task-motion transparency, but it would
also regrettably preserve the resulting arduous postures of the human operator. It is therefore

desirable to mount the operator input sensor on a different manipulator link. In this work, a
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7-dof redundant serial manipulator is used. A way to achieve an intuitive physical interaction
for a 7-dof serial robot including a spherical wrist, is to locate the operator sensor on the
fourth link. If the inverse kinematics resolution — redundancy resolution in this case — is
resolved at the centre of the spherical wrist a rotational motion of the end-effector would
not affect the operator sensor. This choice of location leads to theoretically pure translational
motions and thereby eliminates the discomfort induced by rotational motions. It should be
pointed out that the control architecture proposed in this work does not require the use of a
redundant robot and that this discussion on the location of the force sensors also applies to 6-
dof robots. Another option that renders an intuitive interaction is using the operator physical
input directly on the manipulator’s links. This is possible if torque sensors are available at
each of the robot joints. In this chapter, an external six-axis force/torque sensor mounted on
the fourth link of the robot and seven joint torque sensors are combined. This combination
leads to the best interaction without compromising the amplification, as further explained in

subsection 3.2.3 and section 3.4.

As stated in the introduction, admittance control is widely used for unilateral pHRI because of
the direct relationship between its parameters and the dynamics felt by the operator as well as
the resulting intuitive and stable interaction. However, admittance control is often disregarded
for bilateral interactions (or for contacts with rigid environments) and is quickly replaced by
impedance control (Ott et al. [2010]) or even direct force control (Lamy et al. [2009]). This
decision is mainly driven by the fact that the relationship with a desired virtual dynamics is
lost. A regulator with a force output would thus seem more appropriate. However, a unilateral
or bilateral interaction with a human operator or a rigid surface leads to a wide range of
different dynamics to regulate. A single static controller is thus rarely adequate. Moreover,
when two different controllers are used, an efficient switching law has to be implemented
(Shaikh and Caines [2007]) in order to avoid the flickering effect. On the other hand, a single
controller with variable parameters can adapt to different interaction modes as demonstrated
in Pitakwatchara et al. [2006] using a discrete control law for teleoperation and in Labrecque

and Gosselin [2014] using a continuous control law for a single-dof force amplification system.

The potential benefits of using a variable admittance for bilateral interactions with different
environments have been demonstrated in Labrecque and Gosselin [2015] for a multi-dof ma-
nipulator, namely, the Kuka LWR. Therefore, in this chapter, the continuous control law
presented in Labrecque and Gosselin [2014]| and the optimal force amplification scheme from
Labrecque and Gosselin [2015] are unified in order to obtain an intuitive and versatile pHRI
for a multi-dof manipulator that uses a single controller. The proposed architecture is shown
in Fig. 3.1.

The control architecture includes two main loops, namely, an inner loop for the precise posi-
tioning and an outer loop for the transformation of the different interaction forces into desired

motions. The components of the controller are detailed in the following subsections.
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FIGURE 3.1 — General admittance control architecture proposed for a pHRI using a multi-dof
manipulator. In order to not surcharged the schematic, torques generated by the external
forces are excluded.

3.2.2 Inner position control

The inner controller of the proposed architecture, noted C'in Fig. 3.1, of the proposed architec-
ture can be a simple PD controller on the position command. However, since the manipulator
used for the experimentation in this work is a Kuka LWR 4, the internal position control of

the Kuka was selected.

The Kuka LWR is defined as a flexible manipulator and has, therefore, a particular controller
in order to take into consideration the elasticity of its joints. The controller is described in
Albu-Schiffer et al. [2007] and Ott et al. [2008], and hence, it is only briefly summarized in

this section.

A robot with rigid links and flexible joints can be assumed to have the following dynamic

model :
M(q)§ + C(q,4)q + g(a) = K(0 — q) — Teat, (3.1)
BO+K(0O—q) =T (3.2)

where M(q), C(q,q), and g(q) are respectively the link inertia matrix, the centripetal and
Coriolis vector, and the gravity vector. B is the diagonal actuator inertia matrix and K is
the diagonal joint stiffness matrix. Vectors @ and q are respectively the joint position vector
associated with the actuators and the joint position vector associated with the links. 7T..¢

is the external torque vector and includes the two force inputs from the operator and the
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environment force input. In order to avoid overloading the schematic, the components of 7.,

are not shown in Fig. 3.1. Finally, 7,, is the actuator torque vector.
It is thus possible to define the following position control law
Tm = —Kp(6 — 04) - Kpb + Kr(g(q) - 7) + g(q) (3.3)

where Kp, Kp, and Kr are the gain matrices which are defined as positive definite diagonal

matrices, where the joint torque vector 7 is defined by
T=K(6 —q), (3.4)

and where the desired actuator position vector 6 is defined with the gravity vector g(qq) and

the desired link position vector q4, and yields

04 =as+K 'g(qq). (3.5)

3.2.3 Outer force to velocity control : admittance

The external controller is a summation of the different Cartesian interaction forces which are
beforehand processed by admittance regulators. An admittance regulator transforms an input
force into a motion command. Hence the external controller is a summation of the different
Cartesian velocity commands generated by the input forces. Typically, for a single Cartesian

dof, the relationship is of the form
f=m(E—3) + (@ — ) + k(x — ) (3.6)

where f is the external force, m, ¢, and k are respectively the virtual inertia, damping and
stiffness, &, &, and = are the Cartesian acceleration, velocity, and position, and finally, @,
I¢, and xy represent the desired trajectory to be followed. Since the input is coming from a
physical interaction, %, ¢, and x; should be set to zero. The virtual stiffness, k, should also

be equal to zero in order to obtain a free motion. The relationship is then rewritten as follows
f=mi + ci. (3.7)

It is then easy to solve the above equation for the velocity in the Laplace domain, yielding

=

X(s) = m31+cF(s) =t F ) = Y (9F() (3.8)

where X (s) and F(s) are respectively the Laplace transforms of  and f, Y (s) is the admit-

tance, and s is the Laplace variable.

Fach admittance regulator is combined with an amplification factor in order to yield priorities
to a specific interface during unilateral interactions or to adjust the amplification ratio during

bilateral interactions. The general external regulator matrix thus yields

G, =B,Y, (3.9)



where 3, is the diagonal amplification factor matrix and Y, is the diagonal admittance matrix.

In the control architecture of Fig. 3.1, three interaction dynamics matrices are involved. From
Fig. 2.6, these potential input dynamics are the Cartesian operator impedances acting on the
six-axis force/torque sensor located at the fourth manipulator link, noted Z,, the Cartesian
operator impedances acting on the internal torque sensors, noted Zg, and the Cartesian en-
vironment impedances acting on the six-axis force/torque sensor located at the end-effector,
noted Z.. These dynamics can produce three input force vectors which are, respectively, F,,
Fi, and F.. Each input force vector is passed through an external regulator matrix, G,, Gy, or
G which includes an amplification factor matrix, 3,, B, or 3., and an admittance regulator
matrix, Y,, Yg, or Ye.

The desired velocity vectors, Voq, Vg, and Vg, which are computed from the input force
vectors, are added up to give the reference velocity vector V.. For a single degree of freedom,

the resulting reference velocity is expressed as follows :

Uref = BoYolfo + Bryk[r + Beye fe- (310)

In order to avoid a misinterpretation of the measured forces, when an environment force f, is
sensed at the end-effector, the amplification factor £ associated with the internal joint force
sensors is set to zero!. Moreover, if the controlled manipulator is in steady state during a
bilateral interaction, then the desired joint position g4 should be constant and the reference

velocity vy should thus be equal to zero. Equation (3.10) then yields

0 = BoYofo + Beye fe (3~11)

with similar admittance parameters in y, and y., which therefore leads to

__P
fo = ﬁofe' (3.12)

The operator and environment forces are thus, logically, in opposite directions and proportional

with an amplification ratio of 8./8,, which is the desired controller behaviour.

Finally, the redundancy resolution, R in Fig. 3.1, which tranforms the Cartesian reference
velocities into seven joint positions, is carefully chosen in order to render the most intuitive
interaction possible. Indeed, a 7-dof manipulator can react non-intuitively to a physical human
interaction. It can be caused by a singularity or by a specific resolution chosen. The typical
resolution uses the Moore-Penrose generalized inverse matrix which yields the minimum norm
solution. Unfortunately, a human operator can eagily push the robot into a singular configu-
ration which may yield an uncontrollable situation. A common method to avoid this issue
is to add a damping factor in the resolution, as proposed by Wampler [1986] based on the
Levenberg-Marquardt method (Marquardt [1963|). This technique prevents the robot from

1. The forces and torques applied at the end-effector have a direct impact in the joint torques
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reaching a singular configuration but can also lead to a counter-intuitive slow-down when ap-
proaching a singularity. In order to eliminate these numerical singularities, Sugihara proposed
a simple solution by using the squared norm of the residual for the damping factor (Chan and
Lawrence [1988]), but with a small added bias (Sugihara [2011]). The corresponding equation
to resolve the redundancy with a velocity input, v,.r, and a position output, qq, is written as
follows

Qagi+1] = dagy) + W3 (@AW, I+ Wy)"le (3.13)

where J is the Jacobian matrix, W is a [7 x 7] weighting matrix, W is the damping factor
and yields
Wy = E T + wnIgxe) (3.14)

with wy being the added small bias — in this work wy = 0.01 — and with E being the

squared norm

1
E = 5eTWEe (3.15)
of the residual
e =V fTs. (3.16)

The residual is simply the reference velocity multiplied with the sampling time 75 which gives
the distance between the actual position and the desired position for a single time step. The
matrix Wg is a [6 x 6] weighting matrix. This method ensures the numerical convergence of
the resolution for any input motion and is therefore used in the control architecture proposed

in this chapter.

The control architecture presented is the general framework of the controlled manipulator.
Indeed, in order to accommodate the different interactions it is necessary to define specific
control laws for each mode. These control laws involve varying parameters and are described

in the next section.

3.3 Unilateral mode

The use of the term unilateral interaction might be perceived as slightly inadequate in this
chapter because of the two different means to sense the operator force input, namely, the six-
axis force/torque sensor on one of the robot links and the internal joint force sensors. However,
even if the operator can simultaneously use his two hands in two different locations on the
manipulator, it is important to make a distinction between the interactions intended for a free
motion of the end-effector (unilateral interactions) and the interactions intended for a contact
of the end-effector with a rigid surface (bilateral interactions). In this section the control and

stability of the unilateral mode is thus detailed.

52



3.3.1 Control law

When the end-effector is free to move, only the force sensor mounted on the fourth link and
the joint torque sensors are active. In this mode, the controller yields a typical first order
admittance dynamics. This system, based on equation (3.8), has a well-known behaviour in
the time domain. It is therefore easy to infer the effect of the two parameters on the system
response, namely, the inverse of the virtual damping which acts as a DC gain and the ratio
of the virtual inertia over the virtual damping which acts as a time constant. The resulting
dynamics, when applying an external force, can also be considered as that of a mass, m, moving
in a viscous environment of damping coefficient, c. Therefore, if the admittance parameters are
high then the robot will be less reactive to the sensed force. On the other hand, if they are low
it will be easier to move the robot, but more difficult to control it for precise motion. In fact,
it has been shown that the most intuitive pHRI can be obtained by varying the admittance
parameters online according to the operator’s intentions (Lecours et al. [2012], Duchaine and
Gosselin |2007], Tsumugiwa et al. [2001]). The approach proposed in Lecours et al. [2012] is
used here for the diagonal components of the human admittance regulator matrices, Y, and

Y. It is briefly recalled in the following for a single dof system.

In this approach, the effective damping coefficient, noted c,,, is calculated based on the nominal

(default) damping coefficient, ¢,, and the desired acceleration, &4, using

co — a|Zq|  for acceleration (3.17)
Cov =

¢o + a|Zg|  for deceleration (3.18)

where parameter « is used to adjust the influence of the acceleration, or deceleration, on the

variation of cy-

When it is desired to accelerate, the virtual damping decreases and the effective virtual inertia,
noted myy, is adjusted in order to keep a constant ratio of damping over inertia. This variation
leads to a more reactive interaction for larger accelerations. However, when it is desired to
decelerate, the virtual damping increases, and the virtual inertia partially decreases, which

leads to a more precise positioning. The following relations are used to adjust the virtual

inertia
MoCou for accel (3.19)
Co
Moy =
MoCov (1—n1 - 67(’30_00”))) for decel (3.20)
Co

where m, is the nominal virtual inertia and 1 and v are parameters that are used to respectively
adjust the steady state inertia over damping ratio and the rate of the transition. In the above,

the desired acceleration, 4, is computed using a discrete form of (3.7).

It is important to mention that the admittance parameters are similar for Y, and Yy, but

that the components of the amplification factor matrices, 3, and B;, can take different values
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in order to prioritize a certain interaction or certain Cartesian motions. In this work, it is
expected that the operator will mostly interact with the handle mounted on the fourth link.

Interactions sensed on the six-dof force/torque sensor of the handle are therefore given priority.

3.3.2 Stability and performance

For pHRI, preliminary stability assessment can be done before experimentation. However,
because of the varying dynamics and notion of comfort specific to human beings, it is almost
always necessary to reassess the stability boundaries based on a human feedback. A pHRI study
using a Kuka LWR 4 with a similar varying admittance controller for unilateral interactions
(Ficuciello et al. [2014]) has experimentally evaluated the boundaries of the virtual parameters,
Cop and Mmy,. In order to obtain stable interactions, the boundaries proposed in Ficuciello et al.
[2014] have thus been used in this chapter for the unilateral mode. The performance preferences
differ from one operator to the other and can be adjusted individually or kept to a common

average.

3.4 Bilateral mode

3.4.1 Control law

When the end-effector comes into contact with the environment, the force sensor at the end-
effector becomes active and the bilateral mode is enabled. The control architecture is unchan-
ged but the admittance parameters are modified in order to take into consideration the new
interaction dynamics. Indeed, a rigid surface has a highly reactive dynamics and can easily
compromise the coupled stability and performance of a bilateral system. In order to obtain a
stable amplification, the regulator’s DC gains and time constants have to be low, and equation
(3.12) has to be satisfied. This means that the admittance parameters of Y, and Y, have to
be similar and that the amplification factors of B, have to be equal to zero. Indeed, if the
interactions with the joint torque sensors are kept in the control loop, then the environment
forces will be numerically cancelled because of the sensor redundancy. A stable amplification

will therefore be impossible.

The smooth transition to go from a mode to another is detailed in the next section. However,
another important control issue appears with the use of a multi-dof manipulator for bilateral
amplification. Indeed, the dynamics of a multi-dof manipulator is configuration dependent.
This means that in order to obtain an optimal amplification, the admittance parameters
should be adjusted according to the actual robot configuration. In Labrecque and Gosselin
[2015], a single variable that describes the manipulator’s configuration for each Cartesian
component is used to define a varying admittance control law. This variable is based on the

Jacobian transformation, J, in order to link the effect of Cartesian forces, Jf, on Cartesian
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displacements, dx, and yields
ox = (JKo 1376t (3.21)

The matrix that includes all the Cartesian configuration-dependent variables is referred to as

the Cartesian compliance matrix, noted H, and is thus
H= (JK, 'J7) (3.22)

where Ky is the joint stiffness matrix. In this case, the joint stiffness matrix is diagonal and
all joints are assumed to have the same stiffness, thus Ky = diag{1,1,1,1,1,1}. Using the
Cartesian compliance matrix as a configuration index, it thus becomes possible to optimize

the controller parameters for all joint configurations, as explained in the following subsection.

3.4.2 Stability and performance

The stability of a bilateral amplification using admittance regulators for a Kuka LWR 4 has
been demonstrated in Labrecque and Gosselin [2015] using a robust stability analysis. More
specifically, the analysis makes use of the structured singular value (Packard and Doyle [1993])
with the human and environment dynamics as bounded uncertainties. This approach allows to
define a stable parameter space for the pre-defined controllers used in the system — admittance

controllers in this case — and a particular joint configuration.

Once this stability analysis is done, a cost function based on three performance indices is
computed in the stable parameter space in order to assess the general performance of the

controller. The three performance indices are :

1. the amplification index, also known as the kinematic correspondence index (Chang

and Kim [2012]), which assesses the amplification capability of the system,
2. the transparency index based on the Z-width (Colgate and Brown [1994]), which

evaluates the correspondence between the environment impedance and the impedance

transmitted to the operator,

3. and the integral of the time-weighted absolute error (ITAE) index, which as-

sesses the settling time and the overshoot of a transient response.

A performance cost is then associated to every set of controller variables contained in the
stable parameter space. The set of variables with the smallest cost is thus selected as the

optimal set for the joint configuration evaluated.

In the case of admittance controllers, three variables are included for each Cartesian regulator,
namely, the virtual inertia m, where m, = m, = m,, the virtual damping ¢, where ¢, = ¢, =
¢y, and the amplification factor 3, or S.. In order to ease the optimization process, it is possible
to rearrange the three variables into only two parameters, for instance, the DC gain f3,/¢, and

the time constant m,/c,.
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With the Cartesian compliance variables of matrix (3.22), it thus becomes possible to define
optimal control parameters for any manipulator configuration. Using this approach, a va-
rying admittance control law is generated for the Kuka LWR 4 for bilateral amplification. An
example of the resulting control law for 20 consecutive amplification configurations, i.e., com-
pliances, for interactions with a stiff environment (stiffness between 4 x 105 and 2.6 x 10°> N/m)
is shown in Fig. 3.2. The time constant m, /¢, is kept constant to its minimum value in order to
respond as fast as possible, while the DC gain ,/c, varies proportionally with the compliance
in order to ensure stable interactions. Indeed, the stiffer the environment, the more the gain
is reduced. Most of the joint configuration compliances are found to be between 0.1 and 0.7,
the varying gain is therefore bounded at these limit values. The environment DC gain £./c,

follows the same law but with a difference proportional to the amplification ratio.

During bilateral amplification, the Cartesian compliance matrix is thereby computed in real-

time and preserves the optimal continuous gain scheduling law.

Optimal time constant relative to compliance
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F1aURE 3.2 — Example of the gain scheduling law resulting from the optimization algorithm
for bilateral amplification. The time constant m, /¢, stays as low as possible and the DC gain
Bo/cy increases linearly with the compliance.

3.5 Transition

As explained in the previous sections, the admittance parameters have to be drastically dif-
ferent depending on the interaction mode. The main idea behind having the same control
architecture for the two modes, namely, unilateral and bilateral, is to avoid the issues related
to mode switching. Indeed, a recurrent issue for hybrid position/force control algorithms is the
flickering effect that appears when the controller is switching between two states (Shaikh and
Caines [2007]). Therefore, with a single adaptable controller, a smooth continuous transition

can be implemented.

The transition control law consists simply in varying the current virtual inertia and damping
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parameters to the desired virtual parameters. Therefore, in order to satisfy the unilateral
and bilateral control laws, the admittance parameters are continuously computed for the two
interaction modes depending on the manipulator’s motion and configuration. Considering a
single Cartesian degree of freedom, this transition law is applied when the external contact
force between the robot and the environment, f., is contained between two selected limits

noted femin and femaz- The virtual damping is adjusted according to

Cov = Cuni — aamp(’fe| - femax) (323)

where o) is defined as
Cuni — Cis

(3.24)

(8% = —
“np femam - femin

in which cyn; and cp; are the unilateral and bilateral virtual damping coefficients associated

with the current manipulator motion and configuration. The virtual inertia is adjusted using

myC,
0COU amp(

Co'u*cuni) (325)

Moy =
Cuni

where Ygmp is the smoothness parameter used to adjust the exponential transition, and yields

MpiCuni
lo

(3.26)

Yamp =
Chi — Cuni MuniChi

where my,; and my; are the current unilateral and bilateral virtual inertias associated with
the current manipulator motion and configuration. An example is shown in Fig. 3.3 with
femin = 0 N and femaz = 1 N. The virtual damping changes from 20 to 50 Ns/m, and the
virtual inertia changes from 4 to 0.19 kg.

Free Transition Amplification
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FiGURE 3.3 — Example of the effect of the transition law on the virtual damping and virtual
inertia. The environment force is the contact force measured between the robot and the envi-
ronment. The admittance parameters transit smoothly from the unilateral mode (free) to the
bilateral mode (amplification).

This transition law generates an imperceptible switch between the two interaction modes

without any flickering or sticking effect with the environment surface.
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3.6 Experimentation

Three tests are presented here, which assess the stability and performance of the two control
laws and their transition. The experimental setup includes a Kuka LWR 4, plus two six-axis
ATT force/torque sensors, one mounted at the end-effector and the other one mounted on the
fourth link of the manipulator with a handle, as shown in Fig. 3.4. The joint torque sensors
were also used for the unilateral mode and an aluminium square tube was used as the rigid
environment for the bilateral interaction. The parameter values for the different manipulator
states are given in Table 3.1 and they satisfy the stability and performance requirements

proposed in Sections 3.3, 3.4, and 3.5 for the specifications of the actual experimental setup.

TABLE 3.1 — Parameters for the experimentation.

parameter value parameter value
Bo 1 /Bk 0.5
Coy Ck 20 Ns/m Be 0.2
Mo, My 4 kg Chi 30 to 70 Ns/m
o 2 M 0.12 to 0.25 kg
n 0.1 compliance 0.1 to 0.7
Y 0.5 femina femam Otol N

six-axis force/torque sensors

displacement

FIGURE 3.4 — Demonstration of the interaction interface with the Kuka LWR 4 (on the left)
and of the horizontal amplification combined with a vertical displacement (on the right).

The first test aims at assessing the general stability and performance of the system. The
task starts with a quick unilateral interaction, with the handle, in order to push the robot’s
end-effector against the rigid environment, which creates a strong impulse while the bilateral
amplification mode is entered. The amplification is kept constant for a few seconds, and the
end-effector is then pulled-off to go back to the unilateral mode. The interaction forces and
the virtual damping measured while performing this task are shown in Fig. 3.5. It can be
observed that the first unilateral interaction is an acceleration motion. The virtual damping is
thus decreasing proportionally with the acceleration in order to ease the interaction — from
20 Ns/m down to 15.5 Ns/m — just before the end-effector hits the environment at around

t = 0.5 second. Then, the system transits quickly to the bilateral mode with a virtual damping
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FI1GURE 3.5 — Example of transition between the unilateral and bilateral interactions showing
the general use of the system. The graphic of the virtual damping shows an example of the
variation behaviour of the admittance parameters. The operator force is multiplied by 5 in
order to provide a better visualization of the tracking quality.

around 69 Ns/m in order to reduce the overshoot and subsequently follow the commanded
force — 5 times the operator force in this case. During the amplification, the end-effector is
static and the operator attempts to keep a constant environment force of approximately 120 N.
Small internal motions of the manipulator links slightly change the compliance, and thereby
the virtual damping value — 0.1 Ns/m. However, this is imperceptible and not visible on the
graph. The test ends with the pull-off at around ¢ = 3 seconds where the action of the transition
law is visible. Indeed, when the environment force reach -1 N at around ¢ = 3.25 seconds the
virtual damping is gradually decreased to the desired unilateral value. At the same time, this
smooth mode transition generates the small operator force bump of 3 N. However, this force
is too small and short in time to be felt by the operator and does not result into a sticking
effect.

The second test aimed to evaluate the tracking performance for the velocity command. A test
was conducted for each mode, namely, a vertical motion for the unilateral mode and a vertical
displacement on the rigid aluminium surface for the bilateral mode, as depicted in Fig. 3.4.
With these two tests, it was thus possible to compare the system’s behaviour depending on

the interaction. The tracking results are presented in Fig. 3.6. An interesting feature for the
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F1GURE 3.6 — Results of the velocity tracking test for the unilateral vertical motion (on the left)
and for the bilateral vertical displacement on a rigid surface (on the right). The environment
force is divided by 5 in order to obtain a visual comparison based on the applied operator
force.

vertical displacement during the bilateral amplification — static 100 N environment force
in the horizontal direction — is the presence of friction. Indeed, the friction force, which
is proportional to the normal force applied on the environment, has to be overcome before
generating an actual velocity command. In the test depicted in Fig. 3.6, the friction force is
around 15 N. The operator thus needs to apply a force greater than 3 N to initiate the motion
due to the amplification ratio of 5. Thereby, the resulting velocity command is based on the
difference between the friction force and the operator force. The admittance parameters are
therefore adjusted according to the bilateral control law (gain scheduling) and dictate the
motion’s dynamics. This approach leads to a highly responsive and stable interaction. In both
cases, the unilateral and bilateral modes, the tracking performance between the measured
and reference velocities are excellent. However, the unilateral motion is smoother, because
of the high virtual inertia that has a greater impact on the filtering of the input force. The
velocity command is also slightly delayed with the input force, while the bilateral velocity
command rather coincides. This dynamics is desired for the unilateral mode and leads to the

most intuitive interaction.

The last test aimed to assess the effect of the continuous gain scheduling law. A vertical
displacement task with a horizontal bilateral amplification, as demonstrated in Fig. 3.4, was
performed with and without the gain scheduling. The amplification factors are similar to those
used in the previous experiments, i.e., the values reported in Table 3.1. The parameters for

the gain scheduling case are also similar, but the admittance parameters for the constant case
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FIGURE 3.7 — Results of the force tracking for the horizontal amplification during the vertical
displacement with gain scheduling (on the left) and with static parameter values (on the right).
The operator force is multiplied by 5 in order to provide a better visualization of the tracking
quality.

are set to ¢, = 0.12 Ns/m and m, = 30 kg. The results for a sample of the displacement
are shown in Fig. 3.7. The amplification with constant parameters has in average a better
tracking than the gain scheduling amplification. However, the gain scheduling interaction is
definitively smoother than the one with constant parameters which, on the other hand, can be
unstable for high impulses. It is also important to notice that the maximum error for the gain
scheduling tracking in the cropped window of Fig. 3.7 is 1 N and reaches a maximum peak of
3 N for the full displacement. This peak error is small and demonstrates that the optimal gain
scheduling law is not just leading to a high performance system but also to a robustly stable

System.

In short, these three tests have demonstrated the potential to use admittance regulators for

unilateral and bilateral interactions, even in the presence of a rigid environment.

3.7 Video Demonstration

The accompanying video demonstrates all situations to be addressed by the controller,
namely, unilateral interaction, bilateral amplification and transition between both modes
(Chap3_Kuka_Uni_and_ Bilateral.mp/). The video also illustrates the stability and effec-
tiveness of the gain scheduling control law using different configurations of the Kuka LWR 4

during bilateral interactions. Moreover, the force amplification is illustrated visually using the
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displacement of a heavy payload. An example of a pHRI insertion task is also provided in the
video. The video is available at
http:/ /robot.gmc.ulaval.ca/publications /these-de-doctorat

3.8 Conclusion

In this chapter, a control architecture with variable admittance regulators for physical human-
robot interaction was presented. The specific control laws detailed in this work adjust auto-
matically to the interaction mode, namely, unilateral, transition, and bilateral, in order to
provide the most intuitive and efficient interaction. Indeed, the unilateral variable control law
aims at providing comfort and precision for the operator, while the bilateral gain scheduling is
focused on stability and performance for the amplification, and whereas the transition control
law ensures a smooth imperceptible transition from one mode to the other. The Kuka LWR 4
was used to demonstrate the effectiveness of the control architecture using three different expe-
riments. A video extension of the chapter shows the intuitiveness of the resulting interaction.
In conclusion, the use of a single controller structure such as the admittance controller is the-
refore viable for a highly effective and versatile pHRI. Future work includes the development
of additional safety features since a human force enhancement device can be dangerous if not

used properly.
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Chapitre 4

uMan : A Low-Impedance
Manipulator for Human-Robot
Cooperation Based on Underactuated

Redundancy

Résumé

Cet article revisite le concept de manipulateur sous-actionné afin d’améliorer significati-
vement la coopération physique humain-robot (pHRI) pour 'industrie de I’assemblage.
Le but principal, ici, est d’atteindre une manipulation fine qui soit intuitive et nécessitant
un minimum d’effort peu importe le poids et la forme de la charge utile. Un manipulateur
sous-actionné — dénommé uMan — basé sur une architecture macro-mini est donc congu
avec un nouveau mini mécanisme passif. Ce nouveau mini mécanisme passif a pour but de
minimiser 'impédance effective, éliminer 'impédance non linéaire et découpler la dyna-
mique de ’humain et la dynamique du robot. Une stratégie de commande est développée
spécifiquement afin d’atteindre ces objectifs tout en considérant la nature sous-actionnée
du robot pour la coopération et ’assistance autonome. Des validations expérimentales
sont présentées et incluent une tache d’insertion de goujon (peg-in-hole task) afin d’éva-
luer la facilité & produire des manipulations fines, une tache de détection de collision afin
de démontrer la sécurité du systéme et des tiches d’assemblage réelles afin d’établir la

viabilité du concept en industrie.

4.1 Introduction

Humans are still essential to many industrial applications, because of their ability to intui-
tively adjust their interaction impedance depending on the task to be performed. However,
certain tasks can be uncomfortable and exhausting while requiring human-fine manipulation

capability.
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This issue has motivated the emergence of different concepts of human-friendly robotic ma-
nipulators (Tadele et al. [2014]), notably, in the field of physical human-robot interactions
(pHRI) (Kriiger et al. [2009], Cherubini et al. [2016]). While these pHRI manipulators should
alleviate the physical constraints on humans, they should as well increase fine manipulation

performance.

In order to ensure effective fine manipulations, the main feature sought for intuitive pHRI
manipulators is to perfectly match the human varying interaction impedance. This implies two
specific criteria that a cooperative robot should follow, namely, ¢) minimizing the impedance
and 7i) eliminating the nonlinear impedance. Achieving these two fundamental objectives
enables the human operator to deploy his/her own impedance, which naturally adapts to
handling or assembly tasks. Due to the resulting low impedance, another important benefit
of this fine manipulation objective is the increased safety during autonomous motion of the

robot.

The prevalent approach to apparent impedance reduction in pHRI is the use of a force sensor
in order to sense and regulate the operator’s physical interaction. Using this force input,
the actuated manipulator is thereby able to emulate different impedances. Such a technique is
usually combined with an admittance controller (van der Linde and Lammertse [2003], Lecours
et al. [2012]), a PI controller (Newman and Zhang [1994|), or even lead and lag compensators
(Buerger and Hogan [2007]). However, it has been shown that the hardware dynamics limits
the apparent impedance reduction (Hogan [1988]) and that any attempt to go below a certain
fraction of the intrinsic inertia leads to unstable behaviours (Colgate and Hogan [1989]). Recent
studies demonstrated that reduction ratios of 5 to 7 times the intrinsic inertia were feasible
(van der Linde and Lammertse [2003], Buerger and Hogan [2007], Lecours et al. [2012]). Other
approaches making use of force sensors include the appending of compliant material in order
to mechanically filter the high-frequency interactions (Lamy et al. [2009]). Nevertheless, these
large inertia reduction ratios are achievable only by overstepping the concept of passivity
(Colgate and Hogan [1988], Colgate [1994]), which means that physical contacts are limited

to specific ranges of environment dynamics.

In an industrial assembly context, where pHRI faces a broad range of environment dynamics,
it is important to ensure passivity at all times as well as a fine and intuitive manipulation.
Luckily, a common set of applications exist where the operational degrees of freedom (dof)
can be permanently assigned to one of two spaces, namely the manipulative space and the
constrained space. In the manipulative space, all the work — except for the gravity com-
pensation forces — is performed by the human being, while in the constrained space, all the
work is performed by the robot. Therefore, only the manipulative space needs to render the
lowest possible impedance. Typical examples of such assembly applications are the ones in-
volving lift assist devices. In fact, the most adequate solution is a collaborative manipulator

using underactuated redundancy, which can passively provide a lower apparent impedance
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than any actuated mechanism. Some mechanisms, such as cable-suspended intelligent assist
devices (Wen et al. [2001], Campeau-Lecours et al. [2016]), already attempted to make use of
this principle. Unfortunately, the handling of off-centred payloads and the ability to constrain

rotational degrees of freedom are not possible with such cable-suspended devices.

It is thus proposed here to extend the principle of macro-mini manipulator using underac-
tuated redundancy, presented in Labrecque et al. [2016], in order to provide intuitive and
safe interaction yielding to very natural fine manipulation capabilities over a virtually unli-
mited workspace. This macro-mini concept includes high-impedance active (HIA) joints and
low-impedance passive (LIP) joints, which have decoupled dynamics due to the mechanical
redundancy. The HTA joints constitute the macro component — which is the portion attached
to the fixed base — and are located outside of the human operator’s workspace. The LIP
joints constitute the mini component — which is the portion close to the end-effector — and
are thus located in the manipulative space. Therefore, the HIA joints provide the payload
handling capability by cancelling the forces applied by the human operator on the LIP joints,

which leads to a low-impedance interaction.

The main contributions of this chapter to the field of pHRI are :

- A new design approach using a modified Chebyshev mechanism in order to increase the
effective pendulum length for the horizontal LIP joints, while reducing their structural envelope
size and weight as well as restraining all rotations.

- A two-mode statically balanced vertical motion using an extended compact version of the
Sarrus mechanism.

- A unified control law that can transit between the autonomous and cooperative modes almost
seamlessly due to the similar cooperative parameters for both modes.

- The introduction of a filtered parameter in the control law which improves the intuitiveness
of the interaction.

- A novel collision detection that is specifically designed for this type of architecture and that

considerably increases pHRI safety.

This chapter is structured as follows. Section 4.2 presents the mechanical architecture of
the macro-mini underactuated manipulator (referred to as uMan) with an emphasis on the
LIP joints and their advantages over other passive designs. Section 4.3 describes the control
strategies and their implication for the cooperative mode and the autonomous mode as well as
the highly efficient collision detection. Section 4.4 discusses the different experiments performed
in order to validate the viability of the underactuacted manipulator in an industrial context.

Finally, conclusions are drawn in the last section.
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4.2 Active-Passive Mechanism

As mentioned above, an advanced assistive device using an active macro manipulator and a
novel passive mini manipulator is presented in this chapter. From the previous work presented
in Labrecque et al. [2016], it has been demonstrated that the passive mini manipulator must
be capable of handling significant payloads, that the macro-mini mechanism should allow
translations but constrain rotations, and that the end-effector should require minimal forces
to be moved by the operator, i.e., low impedance, but should passively return to its central
reference configuration when no external force is applied. These objectives have thus driven the
design of the new mini mechanism in addition to the new objectives which are : the extension
to a 3-dof mechanism and the reduction of its total weight and size. It is noted that the
extension to a 3-dof mechanism is not trivial since the added dof corresponds to the vertical
translation, which must support the weight of the payload. A number of concepts have thus
been investigated for their suitability to act as passive mini mechanisms and the main results

of this investigation are reported in this section.

4.2.1 Passive horizontal motion

A first possible strategy for the structure of the mini is the use of three linear rails orthogonally
stacked in series, including vertical motion. Industrial rails can support large payloads and are
relatively compact. Unlike the passive manipulator presented in Irino et al. [2013], here, springs
are required in order to passively return the mechanism to its central position. Unfortunately,
friction in the linear rails increases significantly with offset payloads. Because of this friction,
the return force must be significant which yields a large deadband at the central position. As

a result, the interaction is neither intuitive nor comfortable for the user.

A second strategy is to use parallelograms for the two horizontal degrees of freedom. The use
of parallelograms considerably reduces friction — due to the use of revolute joints instead
of rails — and makes it possible to use gravity to passively returning the mechanism to its
central position due to the inherent pendulum motion. Parallelogram four-bar mechanisms also
maintain the orientation of the end-effector and allow off-centred payloads. This approach is
compared with the state-of-the-art admittance control in Labrecque et al. [2016] and is shown
to lead to significant effective impedance reduction at the end-effector (for more details, see
Section 4.7.2). However, parallelogram mechanisms also have drawbacks such as the vertical
parasitic motion and the magnitude of the return force that increases with the weight of
the payload. Indeed, when the coupler link of a parallelogram mounted in a vertical plane is
moved horizontally, a vertical parasitic motion is induced, which means that the payload is
moved up, thereby requiring a significant force — proportional to the weight of the payload —
from the human user. One way to reduce this effect is to increase the length of the equivalent
pendulum, but unfortunately this leads to an increase of the parallelogram’s link lengths which

then results in a bulky mechanism.
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An alternative strategy, in order to increase the effective length of the pendulum motion
and obtain a more compact mechanism with reduced weight and size, is to use straight-line
mechanisms based on revolute joints. Straight-line mechanisms produce a straight-line (or an
approximate straight-line) motion of a specific point on one of the links of their coupler over a
given range of motion of the joints. By slightly modifying the geometry of such mechanisms,
motion trajectories with a large radius of curvature can be obtained with relatively short
links, thereby allowing gravity to return the mechanism to its central configuration, without
requiring large forces from the human operator. Several straight-line mechanisms can be found
in the literature (Chironis [1991]), but the four-bar Chebyshev mechanism (Chironis [1991])

is selected in this work due to its inherent structural robustness.

The Chebyshev mechanism is therefore modified in order to obtain a radius of curvature three
times larger than the length of the crank links, as depicted in Fig. 4.1 which significantly
reduces the vertical parasitic motion and thereby the effective impedance. Furthermore, in
order to constrain the rotation around an axis normal to the plane of the mechanism, two four-
bar mechanisms are mounted in parallel between the base and the end-effector. The resulting
modified double Chebyshev mechanism, referred to as Large Radius Chebyshev Parallelogram
(LRCP), is shown in Fig. 4.2. In practice two parallel mechanisms mounted in parallel planes
are linked together by structural bars in order to withstand the moments along the other axes

as illustrated in Fig. 4.3 for the two horizontal motions.

F1GURE 4.1 — Two configurations of a modified Chebyshev mechanism with the path traced
by the centre of the coupler. The upper portion of the path approximately describes a circular
arc with a large radius of curvature. The bold section of the coupler curve corresponds to the
range of motion that can be used in practice.

4.2.2 Passive vertical motion

The concept used for the horizontal LIP joints, namely the LRCP, cannot be directly applied to
a vertical motion since gravitational forces tend to pull the mechanism downwards, eliminating
the possibility for the mini mechanism to have a bidirectional range of motion. A different

concept is therefore developed for the vertical motion of the mini mechanism.

67



FiquRE 4.2 — Large Radius Chebyshev Parallelogram, comprising two modified straight-line
Chebyshev mechanisms connected by a coupler link.

F1GURE 4.3 — CAD model of the LRCP mechanisms producing pendulum-type parallelogram
motions in both horizontal directions, with a large radius of curvature.

In order to obtain a behaviour similar to that described above for the horizontal motion, it is
required to have the minimum potential energy in the desired centre of the mechanism’s range
of motion. In other words, the dynamics of gravitational forces acting on a pendulum must be
reproduced but for a vertical motion. With a careful design using the potential energy stored
in a spring one can counterbalance the variation of gravitational potential energy while the
system moves, thereby creating a virtual pendulum dynamics. In order to produce an effective
human-robot interaction, such a design should be capable of performing a pure translation
using only rotational joints and be capable of withstanding moments. The concept of the
Sarrus linkage (Hunt [1967]), shown in Fig. 4.4, is therefore used for the design of the new
vertical LIP joint.

An extension spring is attached from the base to the first link, as depicted in the complete
mechanism shown in Fig. 4.5. The spring is selected in order to optimize the range of motion
of a specific payload’s weight, i.e., having the minimum potential energy in the centre of
the proposed Sarrus mechanism’s range of motion. However, in a practical application, the

mechanism should be able to operate in two modes, namely loaded and unloaded, which
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FIGURE 4.4 — Sarrus linkage : two orthogonal sets of three revolute joints with parallel axes
are connecting two moving bodies, thereby producing a constraint equivalent to a prismatic
joint between these bodies.

thereby requires two different static balancing systems. When the device is loaded (Fig. 4.2.2),
the payload and the mechanism are balanced by the extension spring, with the equilibrium
position in the centre of the vertical range of motion, thereby allowing intuitive manipulation
of the payload by the human user. On the other hand, when no payload is attached to the mini
mechanism (unloaded state, Fig. 4.2.2) the end-effector of the Sarrus linkage moves up — due
to the effect of the extension spring — and presses against a mechanical stopper. This stopper is
coupled with a compression spring (shown in Fig. 4.5) and allows the operator to interact with
the end-effector of the unloaded device, within a small range of vertical motion. It is recalled
that the main objective of the uMan robot is to assist the user with the payload manipulation,
for which low impedance interaction is provided including in the vertical direction, based on the
gravity compensation system described above. When the device is unloaded, the compression
spring provides interaction capabilities, although with higher impedance and smaller range
of motion. This is not critical for typical industrial applications because the unloaded state
is mainly used to teach the robot where to pick-up and drop the payloads, which should
be needed only sporadically. The compression spring also acts as a safety switch when the

unloaded robot is moving autonomously.

Extension spring

Compression
spring

Extension spring

Compression

spring Fi

‘ Payload ‘

(a) (b)

FIGURE 4.5 — The two states of the Sarrus mechanism. (a) Unloaded state (b) Loaded state.
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4.2.3 Active macro manipulator

The active macro manipulator used in this work is a gantry robot that provides the three
translational degrees of freedom over a large workspace. This component of the manipulator
was designed for large payloads and has an equivalent moving mass of 500 kg in the z-
direction and of 350 kg in the y-direction. Its architecture is described in detail in Gosselin
et al. [2013]. Here, the suspended bridge architecture is also favoured because of its prevalence

in the assembly industry. The prototype of the macro-mini uMan is shown in Fig. 4.6.

N

e

Mini

FIGURE 4.6 — Macro-mini uMan. Macro : 3-dof gantry manipulator. Mini : 3-dof passive
mechanism.

4.3 Control of the active-passive mechanism

If the macro-mini manipulator described in Section 4.2 is designed properly following the sys-
tem’s requirements, then the necessary controller can be rather simple. Indeed, the resulting
dynamics is equivalent to that of a moving cart with a suspended pendulum. However, the
main objective of the uMan is to provide an intuitive and safe interaction between the opera-
tor and the robot. Therefore, besides the addition of a safe autonomous mode, the controller
has to accommodate certain comfort aspects such as a reduction of the impedance felt by the
operator, a reduction of the required force to maintain its velocity, and a quick and intuitive
reaction to unexpected contacts. These specific physical human-robot interaction (pHRI) as-
pects are considered in the novel control law which thereby includes additional functionalities

such as a unique control law for both modes, namely autonomous and cooperative, a new intui-
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tive filtered parameter, and a highly efficient collision detection. The controller comprises two
main control loops, namely the inner control loop for the motor input and the outer control

loop for the external input. Both control loops are described in detail in the next subsections.
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F1GURE 4.7 — Control architecture for the active-passive uMan.

4.3.1 Inner control loop

The internal control, Cy, is performed at the macro manipulator’s joint level with a proportional
velocity regulation. A compensation of the dry friction, 7, is also added at the torque level

in order to reduce the mechanical delay, leading to
T=Kpe, + 7y (4.1)

where 7 is the array of input torque for the macro manipulator’s actuators, K, is the diagonal
proportional gain matrix and €, = (pref — D) is the array of velocity error as depicted in Fig.
4.7.

The nature of the interaction, i.e., a human user and a passive compliance at the end-effector,
allows the use of such a simple inner control loop. However, if a high positioning accuracy is
required when the robot is operating in autonomous mode, an inverse dynamics control with

a position regulation could be more appropriate.

4.3.2 Outer control loop

The global control is performed in the end-effector’s Cartesian space and includes a general
controller with specific parameters depending on the operation mode. As mentioned above, the
two main modes of operation are the autonomous mode and the cooperative mode. For each of

these modes, the cases with and without payload are included. A state machine, represented
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by the SM block in Fig. 4.7, enables the mode switch according to the current and desired
state of the manipulator. Moreover, a vector representing the position of a reference point on
the end-effector of the mini manipulator with respect to a reference point on the end-effector
of the macro manipulator is defined as pg, which is a function of the (passive) joint coordinates
of the LIP joints of the mini manipulator. Also, the array of LIP joint coordinates is defined
as
T
6=10, 0, 0.

where 0., 6, and 0, are respectively associated with the X, Y and Z passive mechanisms
described in the preceding section. It is important to mention that for both the autonomous and
the cooperative mode, the joint coordinates of the LIP joints — and therefore the components
of vector pyp —, include the LIP joint displacements resulting from the human interaction and
the LIP joint displacements resulting from the motion of the macro manipulator, which are

respectively depicted by the Zpg and Passive dynamics blocks in Fig. 4.7.

The main contribution of the outer loop control developed in this work is that it takes into
account all inputs (human, environment, and desired trajectory) at all times. Indeed, the
architecture of the controller remains unchanged regardless of the operation mode. However,
parameters such as the gains can be modified in order to obtain a better performance or to

cancel a certain input. The equation of the general controller, C,, is as follows :

Pref = Kpier + Kpgeg + Kpey + Krey
+KNLfNL (4.2)

where p;..s is the commanded position vector of the end-effector of the macro manipulator fed
to the inner controller described above, as shown in Fig. 4.7. Each of the terms of equation

(4.2) favours a certain behaviour of the uMan system. They are described as follows :

e Kpie; :

The gain matrix Kp; comprises the proportional gains that ensure that the desired trajectory
is followed by the macro manipulator’s end-effector (the macro-mini attachment point) whose
position with respect to the fixed frame is noted p. The error vector e; = (p; — p) therefore
includes the error between the desired macro manipulator position vector p; and its actual

position vector p.

o Kppey :

The gain matrix K py comprises the proportional gains related to the displacements of the LIP
joints relative to their equilibrium configuration. The error vector ey = (pj; — pg) therefore
represents the error between the position of the end-effector of the mini manipulator relative

to the end-effector of the macro manipulator corresponding to the equilibrium configuration,
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noted py and the actual position vector of the end-effector of the mini manipulator relative
to the macro manipulator, py. As described in Section 4.2, the motion of each of the passive
modules of the mini manipulator can be described as an equivalent pendulum motion, which
yields

Py = [lm sinf, l,sinf, [.sin6,

where [, [,, and [, are the effective radii of curvature of each LIP joint and 6,, 0,, and 0,
are the equivalent angles of each LIP joint . The equivalent LIP joint angles 6, 6, and 0,
are equal to zero when the LIP mechanisms are at their equilibrium configuration. Therefore,
in order to maintain the manipulator still when it reaches its equilibrium configuration, the
components of py are also equal to zero. For small angles, the relationship becomes quasi-
linear, i.e., sinf ~ 0, thereby ensuring an immediate response to small displacements of the

end-effector which is required for fine manipulation.

e Kpéy :

The gain matrix Kp comprises the derivative gains related to the velocity of the end-effector
of the mini manipulator relative to the velocity of the end-effector of the macro manipulator.
The error vector &y = (pj, — Py) therefore includes the velocity of the end-effector of the mini
manipulator relative to the macro manipulator, noted pg, and the desired value of this velocity
vector, noted pp, which is equal to zero. This term mainly reduces the oscillations around the

equilibrium configuration of the mini manipulator.

e Krey !

The gain matrix K comprises the gains associated with the filtered (low-pass) error vector
eg applied to the relative displacement of the mini manipulator with respect to the macro
manipulator. This term stably increases the controller DC gain and adds virtual inertia and
damping to the response. It makes the interaction more intuitive and comfortable for the
operator when a high-force input is performed, which is directly related to a large LIP joint
displacement due to the effect of gravity, such as a push-away motion. This virtual dynamics
is not felt when an interaction or a sharp change of direction is initiated because of the gain
vector Kpy. Depending on the dynamics of the LIP joints (radius of curvature, weight, fric-

tion) this term might not be necessary.

[ ] KNLfNL .
The gain matrix Ky, comprises the gains that regulate the effect that the nonlinear functions
fnr have on the reference velocity p,.s. This nonlinear function should generate relatively

larger response when the end-effector is near its physical boundaries in order to avoid any

1. The vertical parasitic motions induced by the horizontal motions (z and y) are not considered in the
evaluation of the vertical z-motion (Sarrus mechanism) since they can be shown to be negligible.
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contact with mechanical limits and to counter the effect of gravity. For the uMan, in order to
alleviate the partial payload that the human operator has to haul, the nonlinear functions for
the horizontal LIP joints are related to the parasitic vertical motion of the pendulums such
that

Tz

fnp(0z) = sign(egx)T, (4.3)
fnn(0y) = sign(eg,)—2— (4.4)
Y0znorm
with
xg, = x|l — cosb,], (4.5)
Yo = ly[l —cosbyl, (4.6)

where eg, and eg, are the horizontal components of ey, and Zg.norm and Yg.norm are the
heights at which it is desired to obtain fxr,(0) =1 m/s. It is recalled that the equivalent LIP
joint angles ¢, and 0, are equal to zero when the LIP mechanisms are at their equilibrium
configuration. The effect of this nonlinear function (red dashed line) on the reference velocity is
illustrated in Fig. 4.8. The linear function (blue dashed-dotted line) represents a component of
the function K pg(eg) — linear for small angles — and the combination of both corresponds to
the black solid line. Larger angles are thus more penalized and thereby generate relatively larger

responses. For the Sarrus mechanism, it was found that the nonlinear function is optional since
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FI1GURE 4.8 — The effect of adding a nonlinear function to the linear reference velocity output.

there is no pendulum effect and since the passive range of motion is large enough to prevent
ever reaching the physical limits when loaded. Nevertheless, a nonlinear function should be
added to the outer control law when the passive range of motion is small.

4.3.3 Stability analysis

Before implementing the control law it is important to assess the behaviour of each of the

interaction parameters as well as their limit. Using a theoretical model, it is possible to obtain
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a first estimate of the stable interval for the gain values Kp, Kp, Kp, and Kyy. A general
guideline for the manual implementation and intuitiveness assessment is also deduced from this
analysis. The dynamics of the end-effector for a single dof is based on the following pendulum
equation, namely,

mlf = F cos — mgsin @ — mp cos 0 (4.7)

where m is the payload value including the weight of the suspended part of the mini mechanism,
F' is the horizontal human input force, g is the gravitational acceleration, and p is the macro

robot acceleration.

From the dynamic equation (4.7) and the control law (4.2), a simulation is designed in order
to represent the behaviour of the end-effector in the z-direction. The speed of the macro robot
is limited to 1 m/s, the pendulum weight, m, is equal to 30 kg, and its effective length is equal
to 0.6 m. The macro manipulator motion is also delayed by 0.15 second which is deduced
from the real macro manipulator dynamics. This simulation provides a clear methodology for
the evaluation of the highest stable gains for all parameters. More specifically, it was found
that the gains have to be tuned in the following order : Kp, Ky, Kp, and then Kg. The
approach is defined as follows :

i) Kp, which yields a quick and immediate response, is first tuned to the highest stable gain
with small damped oscillations,

1) K, which generates larger responses for larger mini displacements, is then tuned following
the same criterion,

ii1) Kp, which reduces the oscillations around the mini manipulator’s rest position, is tuned
to damp as much as possible the small oscillations,

iv) Kp, which stably increases the controller DC gain and introduces small virtual inertia and
damping for push-away motion, is tuned to a stable gain that does not significantly slow down

the settling time.

The stable boundaries found for each of the gains are : Kp = [1.5; 7.5], Knr = [0; 0.6],
Kp = [0; 0.85], and Kr = [0; 35]. A simulation example of the resulting stable controller
including the four cooperative gains is depicted in Fig. 4.9. Moreover, an unstable high gain
response corresponding to each of the steps of the tuning procedure is illustrated in order to
demonstrate that the final control law, in addition to being stable, has the highest DC gain
response. It is important to note that these values are computed with a theoretical model
and have to be adjusted afterwards with the real macro-mini manipulator using the same

procedure.

4.3.4 Cooperative mode

When the cooperative mode is enabled, it is necessary to prescribe the positions of the macro
manipulator as the desired trajectory position inputs p; in order to obtain a pure pHRI. It

is also possible to set the components of Kp; equal to zero for redundancy purposes. With
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FiGURE 4.9 — Three unstable responses with partial control laws and high gain values, and
a stable response with the proposed control law and adequate gain values. The input is a
horizontal force on the end-effector going from 0 N to 10 N in 4 seconds followed by a constant
10 N input for 5 seconds which then ends by a force release to 0 N in 1 second.

this approach, the only input is then the LIP joint angles, i.e., the human and environment
interactions. The equilibrium positions py, ;. , and yj, in cooperative mode for each LIP joint
are acquired when the system is initialized and the mechanism is stationary. The same control
parameter values are used when the uMan is loaded, apart from the equilibrium position z;
for the vertical LIP joint (Sarrus mechanism) which is predefined depending on the payload
to be handled. This procedure is necessary in order to take into account both states, namely
the loaded and unloaded states.

4.3.5 Autonomous mode

When the autonomous mode is enabled, the desired trajectory position vector p; is defined
by the assisted trajectory generation and the components of Kp; £ 0. The optimal approach
to use this unique controller is to maintain the other terms active in the control law — which
depend on the LIP joint angles — in order to stabilize the uMan as well as to react to external
contacts. It is also advisable to keep the control parameter values used for the cooperative
mode. Using this approach, the mode switch (autonomous to cooperative) for a physical hu-
man intervention — which is described in the next subsection — is smoother. However, this
approach is only feasible if the autonomous trajectory does not produce high jerks. Indeed,
high-frequency variations in the acceleration favour large oscillations of the LIP joints and the-
reby reduce the positioning accuracy and can even eventually trigger the collision detection. In
a case where the planned trajectory generates high jerks, an easy solution would be to reduce
all the parameter gains used for the autonomous mode such that Kp; could be smaller. This

approach can still lead to a precise positioning but slightly deteriorates the collision switching
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smoothness, namely the switch from autonomous to cooperative. This mode switching issue
thus justifies the development of an effective means of generating low jerk trajectories in order

to fully exploit the potential of the underactuacted redundant manipulator.

4.3.6 Trajectory generation

In a context of pHRI, it is expected to have an adaptable autonomous trajectory motion.
Indeed, it should be easy to program the desired trajectory, as well as the task to be performed,
depending on the environment, and to be able to physically interrupt the robot motion at any
time. Therefore, an effective trajectory should include many way points and the ability to be
automatically replanned. A relevant approach in order to consider these issues is to use cubic
splines (Bartels et al. [1987]). The cubic spline has the advantage of being continuous up to
the third derivative and to be computationally efficient. On-line recomputing is thereby easier

and the jerk, i.e., the time derivative of the acceleration, is thus continuous.
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FiGURE 4.10 — Replanning algorithm : Steps to recompute the best trajectory using a cubic
spline.

With the help of an intuitive user interface, the operator can physically teach the desired
trajectory to the uMan by recording a set of main points. Depending on the total trajectory
length, a time duration is associated with each segment between the main points. Then, a
trajectory planning algorithm can be used. A simple choice in this case is to use an adapted
version of the A* search algorithm (Hart et al. [1968]) in order to find the optimal set of points

to reach the final destination. More specifically, the step-by-step algorithm is illustrated in Fig.
4.10 and described as follows :

1. Compute the entire trajectory from the desired starting position to the final destination
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based on a cubic spline using the recorded main points. The resulting spline is composed

of a list of way points.

2. Find the two way points that are the closest to the actual robot end-effector position

using the Euclidean distance (d; and ds).

3. From these two way points find the closest one relative to the final main point n using
the sum of each remaining sub segment s;; (with > | s1; and D1 | 59;)
4. Compute the new trajectory with a cubic spline
a) Option #1 : using the remaining way points.
b) Option #2 : using new equidistant main points. These new main points are located
on the initial spline but are equidistant from each other as well as from the starting
way point. For instance, if there are only two remaining main points the total sum

of each remaining sub segment is divided in two and the result redefines the new

locations, as shown in Fig. 4.10. Note that the final main point is never relocated.

The first option leads to a more accurate trajectory but generates high jerks and high acce-
lerations when launched close to the initial spline. It thereby requires the control parameter
gains to be smaller in autonomous mode. On the other hand, the second option is slightly
less accurate but allows more time to accelerate and yields smoother curves reducing the high

jerks in the replanning.

4.3.7 Collision detection

In addition to its intuitiveness, one of the most important features of the uMan is its safe
behaviour. Indeed, the LIP joints provide a very fast response to contacts but the macro
manipulator still has to react accordingly when in autonomous motion. The proposed collision
detection which is implemented in the uMan drastically improves the detection time for any
disturbances in its planned trajectory and produces a smooth transition to the cooperative
mode. Indeed, when a collision is detected, the autonomous parameter gain values transit
linearly at a pre-defined rate to the cooperative parameter gain values. If the transition rate
is too fast, it generates a large reaction force on the heavy macro manipulator which therefore
disengages the joint safety clutches. On the other hand, if the transition rate is too slow the
macro manipulator maintains its desired trajectory motion slightly longer which produces a
larger angle at the LIP joint and generates a slingshot effect because of the control correction
on the angle displacement. For the proposed manipulator and controller, it has been found
heuristically in experimentation that a switching rate of 12 Hz is leading to the smoothest

transition.

The algorithm that triggers the detection uses the equation of motion of a pendulum suspended

to a moving cart, which yields, for a single degree of freedom,

0=icosf+ gsinf + 10 (4.8)
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where & is the acceleration of the macro manipulator joint, g is the gravitational acceleration,
[ is the equivalent radius of curvature of the LIP joint, and 6 and 6 are respectively the LIP
joint angle and angular acceleration. After linearization and simplification for small angles,
the equation yields

0=2+4 gb. (4.9)

Considering that (4.9) is a simplification of (4.8) and that some inherent dynamics such as
friction might be present, the proper way to use this equation is to transform it into the
following inequality,

|Z 4+ g0| < clim (4.10)

where ¢j;,,, is the threshold to detect a contact with the LIP joint during an autonomous mo-
tion. This threshold is determined heuristically and should not trigger false collision detections
in the autonomous mode but should be sensitive enough in order to detect light contacts. If
the actual acceleration of the macro manipulator & is too noisy, then the desired acceleration

Z; can be used but ¢y, should be adjusted accordingly, i.e, most probably increased.

It is a good practice to add redundancy when considering safety issues. This is why two
other collision detection methods are implemented in the prototype. The first one limits the
Cartesian acceleration of the LIP joints and the second one limits their displacement, yielding

respectively

PLPo < ai,, (4.11)
(P5 — Po)" (P5 — Po) < Piim (4.12)

where ay;,,, and py;, are respectively the thresholds on the acceleration and on the displacement
of the mini manipulator with respect to the macro manipulator, which is directly related to
the motion of the LIP joints. These methods can be slower to trigger the detection or even
ineffective — as depicted in Section 4.4.1 — but they should nonetheless be integrated into

the algorithm.

4.4 Experimental validation

Even though the capability of the active-passive architecture to minimize the impedance felt
by the operator at the end-effector has been demonstrated in Labrecque et al. [2016], it is still
necessary to assess the viability of the uMan regarding safety and effective fine manipulation.
Therefore, the collision detection is investigated for safety, a peg-in-hole task is evaluated for
fine manipulation, and two different assembly mock-up tasks are performed to quantitatively

assess realistic physical human-robot interactions.

The control parameter values used for the uMan prototype presented in Section 4.2 and shown

in Fig. 4.6 are given in appendix 4.7.1. The ranges of motion of the HIA and LIP joints are
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also presented in appendix 4.7.1. A programmable logical controller (PLC) is used to manage
the basic states and safety features of the gantry system such as limit switches and hardware
faults. The control law (4.2) and its associated state machine are thereby implemented on
top of this PLC using RT-LAB and MATLAB/Simulink. Only encoders are used as input
and feedback sensors for the uMan control. However, two six-axis force/torque sensors can be

appended at the end-effector for analysis purposes, depending on the task to be evaluated.

4.4.1 Collision detection validation

The first feature to be evaluated is the collision detection. It is important to implement the
technique that will detect a collision as quickly as possible and that produces the smallest
impact force. Moreover, it should be assessed in a standard pHRI industrial context by res-
pecting the physical and psychological interaction limits recommended by previous works on
the subject. For instance, in order to prevent any psychological trauma, the speed of the ro-
bot’s end-effector should be limited to 0.6 m/s in autonomous mode (Rahimi and Karwowski
[1990]). Furthermore, it has been established in Yamada et al. [1997] that the static and dy-
namic tolerance contact force F, — with a minimum contact area of 0.0015 m?2 — is 50 N for

a human being.

First, the superiority of the contact index — based on (4.10) — using the pendulum-on-
a-moving-cart dynamics is demonstrated in comparison to the other two methods — based
respectively on (4.11) and (4.12) — proposed in Section 4.3.7, namely the acceleration index
and the position index. The thresholds for the three different collision detections are summa-
rized in table 4.1 for each LIP joint, i.e., each direction. The unloaded state allowing a smaller
range of motion than the loaded state for the vertical LIP joint (Sarrus mechanism), it is
thus required to have different position thresholds depending on whether or not a payload is

grasped by the end-effector.

TABLE 4.1 — Thresholds for collision detection.

Joints X Y Z
clim(m/s?) | 0.42 | 0.42 0.5
aim(m/s?) | 0.5 | 0.5 1
Plim(m) 0.06 | 0.06 | unloaded : 0.01; loaded : 0.05

Fig. 4.11 shows a collision detection in the horizontal Y-direction using the acceleration index.
The autonomous motion was set to reach a speed of 0.5 m/s until the impact. In this case the
contact index was inactive in order to show that the acceleration index could potentially lead to
similar detection timing results. Indeed, with a small acceleration threshold ay;,, the collision
detection can be quite fast but can be falsely triggered when higher autonomous accelerations
are desired. For this reason, az;,, is usually set above 0.7 m/s?. However, the worst case, if there

is only an acceleration index, would be a compliant collision unable to trigger the detection.
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FIGURE 4.11 - Collision detected with the acceleration index (contact index inactive). The
red circles identify the points where the thresholds are reached and the collision detection is
triggered. In this case, the contact index and the acceleration index are reached at the same
time, without triggering the position index.

This issue is demonstrated in Fig. 4.12 where the collision is detected by the position index
but not the acceleration one. In this case, the inactive contact index detected the collision
0.5 s earlier than the position index. The contact index detects on average a collision within
0.1 to 0.2 second depending on the manipulator velocity. The contact index is therefore faster

to respond and more reliable than the two basic collision detections.

The enhanced safety provided by the collision detection is now discussed by considering the
forces generated by a collision with two different surfaces, namely a static hard wooden surface
and a compliant human hand. The robot’s end-effector reaches a speed between 0.5 and 0.6 m/s
before it hits the surfaces. As expected, the collision with the rigid surface produces larger
impact forces. However, the peak force is never above 30 N, as depicted in Fig. 4.13, and
remains much smaller than the pain tolerance limit F. of 50 . It is also interesting to see
in Fig. 4.13 that a collision with an unconstrained human hand generates forces smaller than
10 N. The collision detection specially developed for the active-passive uMan leads to a safe

shared human-robot workspace.
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FIGURE 4.12 - Collision detected with the position index (contact index inactive). The red
circles identify the points where the thresholds are reached and the collision detection is trig-
gered. In this case, the contact index, if activated, would have triggered the collision detection
before the position index, without triggering the acceleration index.

4.4.2 Peg-in-hole validation

The second feature to be assessed is the ease of fine manipulation and its resulting effectiveness.
Unfortunately, the ease of manipulation is not a feature that can be directly measured like
inertia and interaction forces. For this reason, a specific peg-in-hole task has been designed
to assess the two main features that can be used to define the ease of manipulation, namely
effort and intuitiveness. Using this specific peg-in-hole task, the uMan is compared to the
state-of-the-art admittance control commonly used in pHRI (Lecours et al. [2012]). The set-
up for the task consisted of a 4-hole rectangular pattern and a peg appended to the uMan’s
end-effector carrying a payload of 11.4 kg (25 Ibs) as illustrated in Fig. 4.14. The peg has a
diameter of 25.70 mm while the holes have a diameter of 26.00 mm. The admittance control is
used with the three LIP joints completely locked and with the end-effector force/torque sensor
as the operator inputs. A second force/torque sensor, mounted on the peg, is used to record
the contact forces with the environment. The admittance parameter values used for this task
are found heuristically in order to generate the fastest motions possible without producing

unstable contacts (m = 35 kg and ¢ = 396 Ns/m for the axis normal to the task surface).

Three tests were performed, namely, a 4-hole run in 30 seconds with the admittance control

(as fast as possible), a 4-hole run in 30 seconds with the uMan (in order to match the admit-
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F1GURE 4.13 — Examples of the normal forces generated by collision of the uMan with different
environments during an autonomous motion.

FIGURE 4.14 — Set-up for the peg-in-hole task.

tance execution time), and a 4-hole run in 14 seconds with the uMan (as fast as possible).
The 30-second admittance and 30-second uMan runs are performed in order to compare the
forces applied by the operator and generated on the environment with controlled speed and
acceleration. This comparison gives a measure of the reduction of the human effort provided
by the uMan, for a given task. The fast uMan run is then performed in order to compare —
with the 30-second admittance run — the speed of execution and the required operator force
to achieve similar environment forces. This comparison gives a measure of the improvement

in the intuitiveness.

An example of the forces generated on the environment for a peg insertion and peg pull out
during an admittance control and a 30-second uMan run is shown in Fig. 4.15. It can be

observed that the 30-second uMan peg insertion force at about 0.8 second is approximately
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FI1GURE 4.15 — Example of the normal forces generated on the rigid environment during the
peg-in-hole task for the admittance control and the uMan for the 30-second tests.

four times smaller than the admittance control peg insertion force. This result is confirmed

with the box plots shown in Fig. 4.16, representing two runs of each test, i.e., eight peg

insertions.
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F1GURE 4.16 — Examples of the normal forces applied on the rigid environment during the
peg-in-hole task for the admittance control and the uMan. The boxplots give the minimum,
maximum, first quartile, third quartile, and median values for each test, including eight peg

insertions.

Indeed, it is clear, from Fig. 4.15 and Fig. 4.16, that for the same execution speed, the uMan

requires significantly smaller forces from the operator and produces smaller forces on the
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environment. These results demonstrate that the exact same task can be executed with consi-
derably less effort using the uMan than using the admittance control. It is also shown that
the uMan can performed the peg insertion twice as fast as with the admittance control while
generating similar forces on the environment but with smaller operator forces. The uMan’s
speed advantage, which also requires smaller operator forces than for the slower admittance
control, demonstrates its superior intuitiveness. These conclusions are also true for the forces
generated during peg pull outs, excepted that the fast uMan forces on the environment are

much smaller (around 10 N).

Therefore, due to its resulting ease of manipulation, the macro-mini uMan enables fast and
low-impedance interactions with constrained and unconstrained environments. As mentioned
in the first part of this chapter, the main reasons for the effectiveness of the uMan is that
its macro-mini architecture allows a complete decoupling of the dynamics of the robot and of
the human operator, due to the redundant active (macro) and passive (mini) joints. With this
architecture, all the work in the manipulative space is done by the human operator, therefore

minimizing the mechanical impedance.

4.4.3 Assembly tasks validation

The last feature to be evaluated is the adaptability of the uMan to different industrial contexts.
In order to demonstrate this feature, mock-ups of real assembly tasks were tested in the
laboratory. A simple user interface, shown in Fig. 4.17, was also developed in order to provide
an intuitive and adaptable communication channel and programming interface between the

operator and the uMan.

Three simultaneous means of interaction were possible with the uMan : a physical interac-
tion with the end-effector, a remote controller attached to the end-effector, and a graphical
user interface (GUI) on a computer screen. The physical interaction provided the cooperative
motion, the collision detection, and the automatic return trigger. The remote controller was
directly linked to the GUI and included a button for each feature present in the GUIL

The first mock-up validation is a trunk deck lid attachment application (deck lid : 11.2 kg).
A picture of the interaction is presented in Fig. 4.18. A specific state machine, shown in Fig.

4.19, is designed in order to cover all aspects of a practical deck lid attachment task.

Using a physical interaction with the uMan, the operator has to define the pick-up, place-
down, and certain way point locations for the autonomous trajectory. The autonomous mode
is then launched, i.e., the robot fetches the first deck lid. Once the first deck lid has reached
the operator’s workstation, a screwing task is performed in cooperation with the uMan in
order to maintain the deck lid in place. The uMan is then sent back to fetch the second
deck lid while the operator is finishing the first deck lid installation. A collision and a hands-

on-payload interaction is then performed with the second deck lid in order to complete the
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Graphical User Interface
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FIGURE 4.17 — Graphical user interface specifically designed for the uMan.

deck lid

FI1GURE 4.18 — Laboratory set-up used to emulate the assembly of a deck lid on a vehicle.

planned trajectory with a physical human-robot cooperation. In short, this task involves a
simple trajectory/task teaching, an autonomous motion towards the part and towards the
operator working zone, an autonomous part pick-up, a cooperative motion, a cooperative

screwing task, and a collision detection.

The deck lid demonstration assessed the capabilities of the uMan to operate safely in the

same workspace as a human being and to improve the operator’s efficiency while reducing the
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FIGURE 4.19 — State machine diagram for the deck lid application.

required physical efforts. In particular, the low impedance interaction makes the adjustment
and screwing task much easier than with an admittance controller because of the natural and

intuitive response of the uMan to the operators fine motions.

The second validation is a mock-up battery insertion application (mock-up battery : 10 kg).

A picture of the interaction is presented in Fig. 4.20.

In this validation, the operator has to pick up the mock-up battery with an off-centred end-
effector using a physical human-robot interaction. Once the battery is picked up, the operator
has to perform a tight in-and-out insertion task that is not feasible without the assistance
of the uMan. In short, this task involves a cooperative pick and place, a cooperative precise

positioning, and a demonstration of the stability in the presence of rigid contacts as well as
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FigurE 4.20 — Laboratory set-up used to emulate the insertion of a battery in the tight
housing of a vehicle.

the direct environment feedback to the operator.

The mock-up battery insertion application assessed the capabilities of the uMan to enable
cooperative fine manipulations with an off-centred payload and to allow hard contacts with
any environment. The direct feedback to the operator of the contacts with the environment
is provided by the low-impedance mini manipulator and yields a very stable and intuitive

interaction.

4.5 Video demonstrations

Four videos showing the different experimental validations are available at
http://robot.gme.ulaval.ca/publications/these-de-doctorat
The collision detection video demonstrates the impacts with the rigid surface and
with the human hand, as well as different interferences during autonomous motion
(Chap/_ Collisions.mp4 ). The peg-in-hole video shows the speed advantage of the uMan
over the admittance control (Chapj_ Peg in_ Hole.mpj). The deck lid video shows the tra-
jectory recording with the user interface as well as the execution of the mixed autono-
mous/collaborative deck lid installation(Chap4 Decklids.mp4 ). Finally, the battery video de-
monstrates the tight insertion task, the stable bilateral contacts and the direct feedback using
the mock-up battery (Chap4_ Battery.mp/).

4.6 Conclusion

This chapter introduced a novel underactuated macro-mini architecture adapted for pHRI in
an industrial context, namely the uMan (underactuated manipulator). The mechanical design
and the resulting advantages of the low-impedance passive joints (X, Y and Z motion) were

described in detail. The advanced control of the uMan was then presented together with the
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recommended approach for the trajectory planning and the new dynamics-dependent collision
detection. The results of the experimental validations were then presented and discussed in
order to demonstrate that the concepts developed in this work provide low-impedance physical
interaction, which yields a very intuitive and effective manipulation environment as well as a
safe cooperative workspace. Considering these positive results, the uMan is believed to have

the potential to lead to effective architectures of robotic assistants.

4.7 Appendix

4.7.1 uMan parameters

The filter used for the error signal ef in equation (4.2) is a first-order low-pass filter with a
cutoff frequency of 0.318 Hz. It is also important to reiterate that for the cooperative mode the
diagonal components of the gain matrix Kp; were set to zero for redundancy in the algorithm,

although this is not mandatory.

TABLE 4.2 — Control parameters.

Joints X Y Z
Kpy 7 7 7
Kpy 5) 7.5 4
Kp 1 0
Kr 4 0 1
Knyg, 0.25 0.5 0

l 0.6 0.6 | 0.2848
Toznorm || 0-008 | 0.008 -

TABLE 4.3 — Range of motion.

Joints X Y A
HIA(m) | 3.30 2.15 0.52
LIP(m) | 0.190 | 0.190 | unloaded : 0.036; loaded : 0.100

4.7.2 Validation of the low effective impedance using the first prototype

It is desired to obtain a robotic manipulator that can effectively follow a human being’s inter-
action capabilities. To this end, it is required to reduce the control delay — if not eliminate
it completely — and to respond quickly to high frequency inputs whatever payload the ro-
bot carries. In order to assess the effectiveness of the macro-mini (active-passive) mechanism
proposed in this work, some preliminary tests were performed to compare the first prototype
of the proposed architecture to a fully actuated robot using the state-of-the-art admittance

control with optimal parameters.
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Test-Bench Design

In order to fairly compare both architectures, during the experimentation, the mini component
is always appended to the macro manipulator, however the passive joints are locked for the fully
actuated experiment. Using this approach, the prototype keeps the same weight and interaction
set-up for both experiments which minimizes the undesirable experimental variations. The mini
component of the prototype, attached to a 3-dof actuated gantry system, is shown in figure
4.21 with an example of a passive motion, and the complete macro-mini manipulator is shown
in figure 4.22.

F1GURE 4.21 — LIP (mini) component of the macro-mini robotic manipulator attached to a 3-
dof gantry structure (macro, not shown here). This architecture allows the x and y horizontal
motions.

The mini component includes two identical four-bar passive parallelogram structures mounted
orthogonally in series and each generating a pendulum dynamics. The length of the vertical
bars are designed to be long enough in order to obtain a large radius of curvature, here
35.5 cm, and thereby, to emulate horizontal motions in z and y. The nonlinear parasitic z-
motion (vertical motion) due to the pendulum-type architecture generates a vertical force,
which increases with the motion angle and the payload weight, and that passively brings the
end-effector back to its equilibrium configuration. However, this return force also acts against
the operator’s ease of motion for large displacements. Indeed, the parasitic z-motion increases
with the pendulum angle, which in turn increases the fraction of the weight of the payload that
the operator has to support. To counter this effect, the nonlinear function for the macro-mini
controller is chosen as

fnL(Az) =sign(Ax)k, Az (4.13)

with
Az =1[1 — cos(A0)] (4.14)

where k, is a gain used to modulate the compensation on the horizontal motions proportionally

to the z-displacement of the end-effector, Az. Parameter [ is the radius of curvature of the
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R
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FIGURE 4.22 — Macro-mini manipulator. Macro : 3-dof gantry manipulator. Mini : 2-dof passive
mechanism (horizontal motions).

pendulum and A# is the angle produced by the pendulum’s displacement from its equilibrium
point. For both horizontal motions, namely = and y, the corresponding angle is read by an
encoder located at a rotational joint on each parallelogram. A 6-dof force/torque sensor is also
mounted between the operator handle and the end-effector in order to read the applied forces.

Conveniently, the handle can also support a variety of payloads.

When the passive joints are locked, for the macro-only version of the robot, the force/torque
sensor is used to measure the operator’s input force and control the macro manipulator.
Therefore, the admittance control described in section 4.3 is used in that case (it is recalled
that the force/torque sensor is not used for control purposes in the macro-mini version of the
robot). In order to obtain the lowest possible impedance, the smallest parameters, m and c,
that generate stable interactions, have been found heuristically for that specific experimental

set-up.

Each passive parallelogram has a mass of approximatively 9 kg. Therefore, the mini component
of the robot has a total mass of 18 kg while the high-inertia macro has an equivalent moving
mass of 500 kg in the direction of x-axis and 350 kg in the direction of y-axis.? The control

parameters for the macro-mini manipulator are

kp =6, kp =15, k, = 0.1, and | = 0.355 m,

2. The macro component of the manipulator was designed for large payloads. Its architecture is described
in detail in Gosselin et al. [2013].
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while for the macro-only manipulator the selected parameters are
m = 35 kg and ¢ =80 Ns/m.

It is also important to mention that a payload of 16 kg (35 lbs) was mounted on the handle
for the experimentation, leading to a total moving mass of 384 kg in the y-axis. The desired
inertia reduction is thus more than 10 times the actual inertia making the chosen admittance

parameters in fact quite low for such a system, but still optimal for this experimental set-up.

Results and discussion

Point-to-point trajectory
T T T

/\/\W,
S
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velocity (m/s)

position (m)

T T T T
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Fiqure 4.23 — Force, velocity and position responses, and effective impedance felt by the
operator during the acceleration phase for the point-to-point task with the macro-mini (in
dashed blue) and the macro-only manipulator (in solid red). Peak F and Peak V represent
respectively the peak force and velocity of each manipulator.

The preliminary tests that were conducted to assess the performance of the macro-mini ar-
chitecture are simple point-to-point tasks for which the input force, the velocity and position
of the payload, and the effective impedance felt by the operator are studied. Example expe-
rimental results for a 0.7 m linear displacement in the direction of the y-axis of the robot
are shown in figure 4.23. The results for the macro-mini manipulator are represented by blue
dashed lines, while the results for the macro-only manipulator are represented by red solid

lines. For this specific task, the operator had to bring the payload to the 0.7 m target as fast as
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possible with a velocity limit of 0.8 m/s of the active joint of the macro. Several improvements
can be noticed with the macro-mini robot in comparison to the macro-only robot. The first
important benefit is the absence of delay in the response. Indeed, it can be observed that, for
the macro-mini robot, the motion is engaged immediately when an input force is applied to
the system (at about 0.2 s), whereas the macro-only robot induces a delay of approximately
0.3 s. This delay can be easily observed when considering the elapsed time between the peak
force (Peak F') and the peak velocity (Peak V') of each response, as indicated in Figure 8.
Indeed, it can be observed that the peak force and the peak velocity coincide in the case of
the macro-mini robot while the peaks are separated by a delay of 0.3 s in the case of the
macro-only robot. This delay is clearly perceptible by the operator and makes the interaction
significantly less intuitive (the operator feels that they are dragging the robot). In both cases
the velocity constraint was reached, but the macro-mini plateaued for a period of 0.4 s which
means that it could have fulfilled the task even faster considering the exact same input force
if the velocity limitation had been higher. Actually, the amount of force required to attain
the peak velocity is also a strong positive for the low-impedance interaction achieved with the
passive system. Effectively, the necessary force to achieve 0.8 m/s was approximately 50 N
for the macro-mini while it was required to apply twice the force for the macro-only robot
(approximately 100 V). This result can be a major issue for pHRI, regarding safety, efficiency,

and ergonomic considerations.

Another well-known problem in pHRI can be observed on the input force graph where a tight
virtual mass reduction can generate an unstable behaviour. Here, for the macro-only robot, the
high impedance of the macro mechanism combined with the stiff dynamics of the interaction
apparatus (force/torque sensor, payload, parallel bars) produces an oscillating force input
that requires higher admittance parameters in order to be filtered. Failing to do so would lead
to discomfort for the operator or simply to an uncontrollable interaction. In order to further
compare the two manipulator architectures, the effective impedance felt by the operator during
the acceleration phase is plotted in figure 4.23. Here, the effective impedance is computed as
an effective inertia, as follows

Zepy =mess = f/a; (4.15)
where f is the force applied by the operator and a is the acceleration of the end-effector.
Obviously, in the portion of the trajectory where the acceleration is close to zero, the computed
effective impedance becomes too large to be significant. The effective impedance is therefore
not shown on the graph for these portions of the trajectory. For the macro-only manipulator
with the optimal admittance parameters, the impedance felt is extremely high before the end
of the delay and then it is quasi-constant between 60 to 76 kg. The macro-mini leads to a
lower effective admittance, namely a short peak at 24 kg — which roughly corresponds to the
passive mechanism plus payload weight (16 +9 = 25 kg) — is observed before the end of the
slight delay. The impedance then drops to 8 kg, and then slowly increases, due to gravity, to
an effective impedance peak at around 70 kg that directly implies that the limit of the range
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of motion of the passive mechanism is reached. Indeed, this inertia is close to the limit in

impedance reduction achieved by the macro-only manipulator.

In summary, the macro-mini mechanism eliminates the inherent delay, requires less than half
the force to achieve the same velocity, generates a more stable interaction, and reduces consi-
derably the effective impedance during the acceleration phase. Results obtained with other

trajectories confirm the above observations.

4.7.3 Video demonstration

The accompanying video demonstrates the effectiveness of the macro-mini robotic manipulator
(Anneze_ Chap4_ Low_Impedance.mpj). The first part shows the intuitive interaction with
the robot for large and fine motions without any payload, followed by an interaction with a
16 kg (35 Ibs) payload. The fast point-to-point task is then presented for both the macro-mini
and the macro-only mechanisms with the 16 kg payload. The video is available at

http://robot.gme.ulaval.ca/publications/these-de-doctorat
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Conclusion

L’approche générale et les solutions proposées dans cette thése contribuent directement &
I’amélioration et & I'implantation d’interactions physiques humain-robot efficaces en indus-
trie. En effet, afin d’atteindre une collaboration intuitive, efficace et sécuritaire, plusieurs
aspects contraignants de la robotique coopérative sont étudiés dans ce travail. Ces aspects
contraignants sont les contacts bilatéraux & hautes fréquences, 'utilisation d’architectures de
commande différentes pour chaque type d’interaction nécessitant des lois de commutations
complexes, les efforts engendrés par 'opérateur durant la coopération, la stabilité favorisée au
détriment de la performance, la sécurité dans 'espace de 'opérateur et le niveau intuitif de

l’interaction.

Pour les manipulateurs entiérement actionnés, les solutions proposées sont une loi de com-
mande en admittance variable unifiée pour les interactions unilatérales et bilatérales, une am-
plification efficace des forces de I'opérateur, un algorithme d’optimisation permettant d’affiner
les lois de commande & des performances qui se trouvent aux limites de la stabilité robuste,
et ce, peu importe la configuration d’un robot a plusieurs degrés de liberté et, finalement, une

interaction physique sur la totalité de la structure actionnée du robot.

Pour les manipulateurs combinant des articulations actives et passives tel que le uMan, les
solutions sont une loi de commande unique régissant simultanément les modes autonome et
coopératif, une réduction de 'impédance ressentie par 'opérateur en-dessous des standards
en pHRI, une interaction physique sur toute la structure accessible & 1’opérateur (mini ma-
nipulateur), une détection de collision hautement réactive menant a des actions autonomes
sécuritaires dans 'espace de travail de I'opérateur et, finalement, des interactions bilatérales

géneérant un retour d’effort direct (sans délais) a l'opérateur grace aux articulations passives.

Au final, deux approches principales d’interaction sont présentées, une pour chaque type d’ar-
chitecture de manipulateur robotisé étudié, a savoir, entierement actionné et macro-actif avec
mini-passif. Chaque approche a ses propres avantages et inconvénients, mais les deux défi-
nissent des techniques avancées et viables de coopération humain-robot intuitives directement

applicables & l'industrie d’assemblage.
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Futures avancées

Les concepts développés dans cette thése ont le potentiel d’étre approfondis et méme d’engen-

drer de nouvelles contributions. Quelques idées sont présentées ici :

Premiérement, sachant que la commande en admittance bilatérale avec deux capteurs ne
répond pas aussi rapidement que la commande développée avec les articulations passives,
mais qu’elle permet de générer une amplification des efforts de I’humain sur ’environnement,
il serait intéressant d’étudier la possibilité de combiner les deux. En effet, en ajoutant une
compliance qui est mesurée (ex : encodeur) a l'articulation qui inclut le capteur d’efforts, il
serait possible d’obtenir des contacts & trés hautes fréquences stables et hautement réactifs

(sans délais a l'impact), tout en ayant accés a 'amplification.

Deuxiémement, une nouvelle architecture paralléle pour le mini manipulateur basée sur le
concept du tripteron (Kong and Gosselin [2002]) est actuellement & I’étude. Ce nouveau méca-
nisme permet de réduire le poids et le volume du mini, mais permet surtout de rendre Ueffort
nécessaire pour déplacer le pendule des articulations horizontales indépendant de la charge

utile. Le prototype du mécanisme est montré & la Fig. 4.24.

FIGURE 4.24 - Prototype du mécanisme paralléle tripteron (mini manipulateur) monté sur un
systéme gantry (macro manipulateur).

Finalement, une nouvelle planification de trajectoire, basée sur la deuxiéme option présentée
a la Section 4.3.6, devra étre optimisée et testée afin de valider la réduction réelle de la dérivée
de l'accélération et afin d’atteindre le plein potentiel de 1’architecture de robot collaboratif

proposé dans cette thése.
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