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Résumé

Introduction Générale

Pendant les dernieres décennies, de nombreuses technologies nantefigsdéveloppées et
introduites dans le milieu industriel. C'est en particulier le cas des systemekdpéétion
ainsi que des systemes haptiques. Sel@j un systeme de téléopération permet I'interaction
humaine avec des environnements inaccessibles au contact directhmoamié, en raison de
leur localisation, ou de circonstances dangereuses. De fagcon géetiéaéxtif des systemes
de téléopération est de remplacer la manipulation directe par 'lhomme. En ce sgesyse
temes sont utilisés pour travailler dans des environnements dangereuxéda radioactivité
ou la présence de poussie88]), pour des opérations de haute précision (comme les opérations
chirurgicales 182), ainsi que pour des opérations spatiales qui sont faites a distarntie La
téléchirurgie et la télérobotique dans I'espace sont deux exemples d'adioplicde téléopéra-
tion plus récents concernant la communication sur une longue distance entbdesmaitre

et esclave 28, 61, 167]. L'intérét récent pour la chirurgie assistée par des rob6ds 139

est lié aux nombreux avantages qu’elle apporte, comme des actions mini @sv@&ly une
meilleure précision et dextérit8], 169, et une sécurité et une fiabilité augmentéess] 181].

La téléchirurgie permet d’aller encore plus loin grace a son potentiahiggant un accés a des
soins meédicaux spécialisés pour un grand groupe de patients, plusesfimaicet de maniere
rentable. Le retour haptique a démontré sa capacité a améliorer I'exécutionttEs péadant
les applications de téléopération a la fois chirurgicale et dans I'espaceqd7].

Selon B3], l'intérét pour les systémes téléopérés et les technologies en couéselepgpement
pour la téléopération sont en augmentation. Les nouvelles technologies tellestglédrée

vail, télé-assistance ou e-learning ont un grand nombre d’objectifs comguif@gvorisent le
développement d'interfaces plus avancées et de nouvelles techdigjtrasail et de communi-
cation. Le développement essentiel en ce qui concerne l'interface dpéédion est concentré
sur un retour visuel et haptiqu@, [82]. D’autres points intéressants a considérer sont les recon-
naissances vocales et des gestes qui établissent des dialbfjzesig. A la suite de cela, un
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effort important est fait pour améliorer la communication entre I'opérateuestifonnement,
en particulier lors de I'utilisation des réseaux publics tels gu’Internet.

Globalement, un systéme de téléopération est composé de deux robots, dapass lieux
géographiques différents, travaillant selon le principe du maitre/es@avgénéral, I'opérateur
humain impose une force et/ou une position au robot maitre qui transmet la comaanuiot

esclave par I'intermédiaire du réseau de communication. Selon les situationstréasqar le
robot esclave, le maitre doit également recevoir des informations relatoess situations par
le retour d’effort (une étude compléte sur les systemes de téléopératioétpetrouvée dans
[7€]). Donc, I'idée de base d’'un systeme de téléopération est de permettpéaleur humain
d’interagir avec des environnements distants en fournissant le sentimtéeprésence

Du point de vue de la commande, seld8§, le sujet est trés difficile, car la boucle de com-
mande (ou les données de mouvement et la force sont échangées entigldateur maitre et
I'esclave) est fermée via une communication réseau, par exemple Intermétdagl de commu-
nication introduit des problemes de fiabilité, dus par exemple aux retarddfeadiat aux pertes
de paquets, qui non seulement dégradent la perception haptique humdievitlennement

a distance, mais qui peuvent déstabiliser I'ensemble du systeme. Ces aeamneges, les
approches de commande basées sur le principe de la passivité et lefesatiabhde ont été
développées afin de stabiliser le systéme de téléopération en présenceedésdies de com-
munication, voir, par exemple5][73).

Les systémes haptiques représententaxtensiordes systémes de téléopération. Un systéme
haptique n’a que le robot maitre, généralement appelé interface haptiqdeuxiéme robot est
remplacé par un robot/objet virtuel qui fonctionne dans un environnemeuaélitle principe

est le méme, I'utilisateur doit ressentir les contacts rencontrés par I'objetistuel a travers

le retour d’effort fL77].

Les chercheurs qui travaillent dans le domaine de I'haptique chercheatéer le sentiment du
contactd’une maniere aussi réaliste que possible pour les utilisateurs de la réaligdlgi93].
Idéalement, l'interaction avec un environnement virtuel ou a distanceitiéireaaussi simple et
réel, similaire au ressenti un outil & main, ou avec ses propres doigts.[S8]oia technologie
disponible aujourd’hui ne permet pas encore d’atteindre cet objectitiaont qui voudrait que
les systéemes soient simplifiés pour ne contenir que I'information la plus importauntéatache
a accomplir. Afin de fournir des forces de réaction fideles, il est toujoéressaire d’avoir un
bon modeéle virtuel de la scene avec laquelle I'utilisateur interagit. En haptiquierdiaiion
entre l'utilisateur et le modéle virtuel est fournie via l'interface haptique. Cestasdirtuels
peuvent étre construits a partir de fonctions mathématiques (objets impliciteaetgpaques)
ou une collection de primitives géométriqués,[142].

lle sentiment de télé-présence est le fait que l'utilisateur a le sentimere gi@&sent et d’agir directement dans
I'environnement, sans utiliser de dispositifs supplémentaires.

2
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Les environnements virtuels sont devenus également trés populaioes etilksés dans de nom-
breux domaines, comme le prototypa@é][ des formations pour différents dispositifs d’aide
et dans I'exécution des taches difficile&3] 56], montage virtuel 7, 176. De nombreuses
tentatives de simulation de collaboration ont été orientées vers des applicagensnairon-
nements virtuels (EV) multi-utilisateurs. Ainsi, pour en citer quelgues-unesN&IMV[30] et
NPSNET [L10 étaient des prototypes d’'EV en temps réel pour des formations militaires. lls
utilisent la méthode de dead-reckorfrmpur donner des scénes aussi réalistes que possible (ou
état de synchronisation) de I'environnement simulé pour les participantgail@esystéemes
multi-utilisateurs de réalité virtuelle ont intégré des interfaces haptiques pouetisr aux util-
isateurs d’interagir directement (mécaniquement). Basdegah [22]ont développé un jeu
collaboratif grace a l'interaction haptique, et Hudsral. [79] ont mis en place un systéme de
Nanomanipulateur avec des microscopes a force atomique.

Comme on l'a dit précédemment, le probléeme de commande majeur de ces systélaes es
présence de retards. Des retards importants sont largement condiefguésplusieurs années,
conduisannaturellement la téléopération/haptique sur Internet. La présence de retards peut
induire des instabilités et des comportements complexes ; ces sujets ont été rgaitees

dans la littérature (voir, par exempleg7] 98, 129 199 et les références qui s'y trouvent).
Une excellente vue d’ensemble de certains résultats existants, ainsi gadaiescproblémes
ouverts, est donnée darkb. Les systémes distribués avec des retards sont présents dans de
nombreux domaines scientifiques tels que I'écono®@} Ja dynamique des populationé?],

le contrble du trafic§3], les systémes a base de réseau/Intert [L93, ce ne sont juste que
guelques exemples de domaines ou les retards apparaissent naturellansedes systemes
dynamiques.

Les retards apparaissent souvent dans la boucle fermée en raibaocggdésition des données
issues des signaux de sortie et d’excitation, la transmission d’'informationsjtlEntent des

données en ligne, le calcul et I'application des commandes en force. Erddépfforts pour

minimiser les retards, ceux-ci ne peuvent pas étre totalement éliminés, ménmesapengres

technologiques, en raison des limites physiques. Le retard de I'informatisnwgent néglige-

able, mais, dans certains cas, elle peut étre cruciale. Il existe uneaatteritkérature sur la
commande des systéemes a retard (voir, par exemid8 16§ et les références qui s’y trou-
vent).

Comme pour la téléopération, en haptique le probléme des retards et leur iaftugrdes per-
formances reste ouvert. Pour ce qui concerne les systémes haptiqueernatl qui sont au-
jourd’hui beaucoup plus frequemment utilisés, les problemes rencami@smmande sont trés

2Méthode utilisée pour la navigation, qui caractérise le processus dé dalizuposition actuelle en utilisant une
position préalablement déterminée, en fonction des vitesses connassmées.
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similaires. Il existe deux sources de retards : le canal de communication gige tke traite-
ment de la réalité virtuelle. Pour des environnements virtuels complexes, le teltnpgataent
peut augmenter considérablement et peut présenter des effetcetmatements indésirables

[47].

Un systeme haptique/téléopération idéal doit avoir :

e une erreur de suivi de position aussi faible que possible entre I'ineenfaatique et I'objet
virtuel (maftre et esclave pour les systemes de téléopération) ;

e un degré élevé de transparence, c'est-a-dire en mouvement libre, led'etifort ressenti
a I'extrémité de I'interface haptique doit étre aussi faible que possible etsetleccontact
dur, une réaction raide est souhaitée.

Plus précisément, en mouvement libre, I'effet des retards peut étre tigsmele phénoméne
de viscosité (retour d'effort élevé de l'interface haptique), et dansagedtun contact avec
I'environnement, I'effet de I'impact ne sera pas raide ; dans le pireazageut perdre la stabil-
ité du systéme en raison des retards. Par conséquent, les retards @owvemis en compte et
intégrés lors de la conception des lois de commande. Cependant, un comproegtailité,
erreur de suivi et transparence sera toujours nécessaire.

La premiére étape pour résoudre ce probléme a été de faire évoluer lethalge existants en
téléopération dans le domaine de I'haptique. Comme il existe un grand nombrerithaigs

et de méthodes, afin d’évaluer leurs performances, des études ctivgsadas systemes de
téléopération, ainsi que pour les systémes haptiques, peuvent étre sraiawésela littérature,
comme 12 154 ou [104, 164, respectivement. Dans un deuxiéme temps, il s’agit d’utiliser
les données supplémentaires disponibles a partir de I'environnement vifinéormation de
I'environnement virtuel sur la distance entre les objets, les collisions pessbde nombreux
autres détails concernant le systéme, en vue d’améliorer les algorithmes de @enman

Une méthode simple et fiable pour contrbler les systémes a retard resteiteganéde Smith
[174). Cette approche s’avére concluante dans diverses applications.préisément, un
systeme de commande a base de prédicteur de Smith pour la synchronisationveenerd
dans des environnements virtuels en présence de retards importantssesté dans3p]. En
téléopération, parmi de nombreuses solutions proposées pour résoudidéeng lié au retard,
des bons résultats sont également obtenus avec le prédicteur de Smit, 7@&it89 pour
plus de détails. De bons résultats sont également obtenus pour la commarsyst@mes avec
communication via des réseaux sans fil, voir, par exemp@}, Les exemples sont nombreux,
I'idée centrale reste le prédicteur de Smith, qui a été modifié/adapté en foncsitmesi@ns ou
capacités des systémes. Une étude compléte sur les variantes du prédiGenitidpeut étre
trouvée dansl37.
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D’une maniére générale, afin d’obtenir des performances élevéesffdesinduits par les re-
tards doivent étre soigneusement analysés et pris en compte. Sin@rféesiances du systeme
seront réduites, ou, comme il a été dit, au pire le systéme peut devenir instalzec inutil-
isable. Méme s’il y a beaucoup d’études et de solutions dans ce sensblérpe principal lié
aux retards reste encore ouvert. Parmi les approches proposeds dittérature, il existe des
solutions proposant des garanties supplémentaires sur la stabilité, maisnsacsnpte de la
transparencelld, 100, 101, 159 16Q.

Le travail de cette thése est axé sur les systémes haptiques, élaboranvelies stratégies en
tirant profit du fait que les systémes haptiques offrent des interaction$ emgronnement plus
claires et prévisibles, des informations qui peuvent étre facilement utibdiéed’améliorer les
performances du systéme.

L'objectif principal est donc de trouver des nouvelles solutions de comenpodr prévenir
les situations indésirables liées aux retards, augmentant ainsi les perfemmgabales des
systemes. Partant de la situation idéale, lorsque le systeme n’est pas adfettd petards (de
communication et/ou de calcul), les performances et les garanties du systenésemcprde
retards devront se rapprocher au maximum de ce cas idéal.

Chapitre 1

Dans le cadre de la téléopératioh1p, 154 proposent des études comparatives de nombreuses
stratégies de commande, tandis que pour I'haptidéd] [compare seulement trois méthodes
classiques (Proportionnel-Dérivé, PD avec observateur et passiviggiables d’'onde) dans le
cas de I'haptique collaboratif sur Internet. Le premier chapitre présenie ufte étude com-
parative plus approfondie des algorithmes de commande existants pour teEagdnaptiques

et les environnements virtuels soumis a des retards de communication. Plisémpe, des
méthodes comme le régulateur Proportionnel-Dérivé (PD), PD avec dissipatale [01],

PD avec observateur de passivité,[159 160, PD avec changement de consigi@(, par
variable d’onde 13Q et prédicteur de Smith3g], ont été introduites dans le domaine haptique
directement a partir de la téléopération.

Les équations du mouvement classiques (non linéaires) pour deux robots esrkams le cadre
des systemes haptiques/téléopératib®e] (obtenues a partir de I'égalité des forces, des ac-
célérations, des frictions et sur la base du principe fondamental de la dyrggrs@mnt données
par :

Mh(Xh))'('h(t) + Bh(Xh,Xh)Xh = —Fh<t) + Fop(t), Q)
My (X)X (t) + By (X, X )% = FRu(t) — Fe(t), (2)

5
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ou Xy, X, représentent les positions de l'interface haptique/objet virtaglFe sont les forces
de I'opérateur humain/I’environnemerfy,, R, - les signaux de commande en effau},, My
représentent les matrices d'inertie, symétriques définies positiv&s, Bf sont les matrices
de Coriolis de l'interface haptique et de I'objet virtuel, respectivement. éEigrincipale est
d’utiliser deux régulateurs PD, I'un pour contréler I'interface haptiquddgt maitre), I'autre
pour I'objet virtuel (robot esclave).

Dans le cas de PD classiques, les équations des lois de commande soesdmmine suit :

F(t) = Ka, (%n(t) — Xy (t — 2)) +Kp, (Xn(t) = Xu(t — 12)), 3)
action D retardée action P retardée

Fu(t) = Ka, (Xn(t — T2) = Xu(t)) +Kp, (Xn(t — T2) = Xu(1)), 4)
action D retardée action P retardée

ouTy, To représentent les retards finis en amont et en aval (constants ou \@al &g, , Kp, , Kg,
sont les gains des régulateurs PD pour I'interface haptique et I'objeekiraspectivement.

La plupart des méthodes (PD avec dissipation locale, PD avec observatpassivité, PD
avec changement de consigne et variable d’ondes) s’appuientthidolde de la passivité. Un
systeme est dit passif si et seulement si :

/OtF(T)X(T)dT+E(O) >0, Vt>0, (5)

oux etF sont les variables indiquant la vitesse et la force respectivemdatPeest I'énergie
stockée initialement dans le systéme-a0. La passivité est aussi une condition suffisante pour
la stabilité L30.

Ainsi, I'idée principale de la méthode PD avec dissipation locale est d’incluterare supplé-
mentaire pour ajouter un plus de stabilité. Ce terme est une dissipation locanagdass le
but de maintenir la passivité du systéeme. La méthode a été proposd®fjabfsée sur le con-
cept de passivité, la technique de Lyapunov-Krasovskii pour laersgs retardeés, et I'identité
de Parseval. Dans ce cas, les forleg$), F,(t) a partir des relations3f-(4) sont réalisés comme

suit:
Fa(t) = Ka, (%(t) —X(t — T2)) +(—Kaiss+ Pe)Xn(t) +Kp, (Xn(t) =% (t — 12)), (6)
action D retardée dissipation action P retardée
Fu(t) = Kag, (%n(t — T1) = X(t)) — (= Kaiss+ Pe) Xu(t) +Kp, (Xn(t — T1) = Xy(1)), @)
action D retardée dissipation action P retardée

ou Kyiss (Kgiss = 0,05K) est le gain de dissipation qui assure la passivité sur I'action dérivée
retardée e, est un amortissement supplémentaire pour assurer la coordination entréaliater
haptique et I'objet virtuel (pour plus de détails, valiOf]).
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La méthode PD avec observateur de passivité propose de mesuragieghesystéme a chaque
étape, et si cette énergie devient négative, d’introduire de I'éneogierpaintenir la stabilité. Il
y a deux configurations possibles : paralléle ou série ; parmi les deuxjamatfons possibles,
seule la connexion en série est envisagée, suite a I'absence de chgffeur dans les systemes
considérés. Ainsi, 'observateur de passivité est donné par :

—Eons(l) ¢ <0
Fa(t) = RA(t) 4+ an(t)%a(t), ou ap(t) = ¢ ATl Eob .
0 EoszO

Avec ces considérations, les équations de commaB)el@) deviennent :

Fn(t) = Ka, (%n(t) =X (t — 12)) +Kp, (X (t) =% (t — T2)) +-0an(t)%n(t), C))
action Brretardée action P retardée CP

Fo(t) = Ka, (Xn(t — T2) = Xu(t)) +Kp, (Xn(t — T2) = Xy(t)) —av(t)Xu(t), (10)
action D retardée action P retardée CP

ou ay, est le coefficient correspondant pour l'interface haptiqus, etst le coefficient de I'objet
virtuel, défini de fagon similaire.

Basée sur la méme théorie que la méthode précédente, comme indiquéQ@@nksapproche
par changement de consigne a une grande tolérance a la perte de gagettsds variables.
Afin de faire respecter la passivité, I'action de commande est limitée avaapgtioation, une
stratégie qui ne posséde pas de singularité dans le résultat. Plus prétjs#ans notre cas,
selon [LOQ le PD avec changement de consigne peut étre exprimé comme suit :
min | xn(t) = (0 |
S.t. En(t) = En(t — 1) + Kg, Xn(t — 1)2 — 2K, (—Xn(t)+ (11)
+%a(t — 1))(2Xn(t) — %a(t) — Xn(t — 1)) > 0

min [| xy(t) —Xy(t) |
Xy(t)

st Ey(t) = Ey(t — 1) + Ka, % (t — 1) — 3Kp, (—Xu(t)+ (12)
(= 1)) (2x(t) = Xu(t) = Xy(t = 1)) > 0

ouXn(t) etxy(t) représentent les positions modulées définies pour l'interface haptiquejet I'ob
virtuel, etEp, E, sont les énergies accumulées c6té haptique et virtuel, respectivementesvec
considérations, les équatior8){4) peuvent étre réécrites comme sulit :

Fi(t) = Ka, (% (t) = X(t — T2)) +Kp, (3n(t) —xu(t — T2)), (13)

action D retardée action P retardée




Résumé

Fu(t) = Ka, (n(t — T2) — %(t)) +Kp, (xn(t — 1) = %(1)) - (14)

action D retardée action P retardée

Une derniére méthode basée sur la théorie de passivité, les variabiee dmésente une ex-
tension qui assure une certaine robustesse dans le cas de retidrdses(fl33. Selon [L34],

la transmission des variables d’onde fournit un moyen efficace et simplesgeen ceuvre tout
en garantissant la stabilité du systeme pour des retards inconnus. La enésthagplicable aux
systemes non-linéaires et peut manipuler des modéles inconnus et des inceiritpoigantes,
ce qui convient pour l'interaction avec des environnements physige&s téa transformation
d’'onde de base concerne la vitesse, la force, et les ondes de gdatiee [L33. Dans le cas
présenté dans ce travail, étx, seront convertis et etvs :

() = 2000y = 2O (15)

oubestl'impédance caractéristique et peut étre une constante positive matne symeétrique
definie positive eky,, X, sont les sorties retardées apres I'application de la transformation des
variables d'onde. Limpédance caractéristidua également le role d’'un parametre de réglage
qui peut réduire la vitesse du mouvement par rapport au niveau aes ferinfluence de nom-
breuses autres caractéristiques du point de vue perception de I'utilisatewme information
n'est perdue ou gagnée par le codage des variables de cette mamigsecelcas, les équations
(3)-(4) deviennent :

Fn(t) = Ka, (Xn(t) — Xy, (1)) +Kp, (Xn(t) — Xy, (1)), (16)
action D retardée action P retardée

Fu(t) = K, (Xng (1) = Xu(t)) +Kp, (Xng (1) = Xu(1)), 17)
action D retardée action Erretardée

avec .
Xng (1) = & (=%(t) + v2bUn(t — 11)),

Xyg (1) = D% (1) +v/2bvs(t — T2). (18)

Une autre méthode couramment utilisée pour contrdler les systemes a retafolsdée sur

le prédicteur de Smithl[74]. Lidée de base est de construire un correcteur pour un systeme
équivalent plus simple, pour lequel le retard est rejeté en dehors dedéebdl est important

de noter que cette méthode ne fonctionne que sous certaines contrairies\gumique du
systeme et/ou les retards. Un systéeme de commande a base de prédicteur deo@mniah p
synchronisation des mouvements dans des environnements virtuels souaraissrgtards est
présenté dans3p]. En téléopération, parmi les nombreuses solutions proposées pourng&soud
le probléme de retards, de bons résultats sont également obtenus axé&dideepr de Smith,

voir [12, 173 189 pour plus des détails. Dans notre cas, toute la partie virtuelle est cofesidér
comme un processus retardé, et ainsi un seul prédicteur c6té haptiguiises; les équations

8
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(3)-(4) deviennent :

Fa(t) = Kg, (%n(t) —%(t = T2) +%(t — (T + T2)) = X(t)
action D retardée (19)
Ko (Xn (1) —xv(t — T2) + X (t = (T2 + T2)) —X(1)),

action P retardée

Fo(t) = Ka, (n(t — 1) —Xu(t)) +Kp, (X(t — 1) —X(1)), (20)

action D retardée action P retardée

oU %y, X, représentent la vitesse et la position estimées de I'objet virtuel.

Avant de présenter les résultats de la comparaison, définissons lesitesessale performance
retenus pour établir cette comparaison :

e l|a stabilité du systéme doit étre garantie dans toutes les situations ;

e |'erreur de suivi entre l'interface haptique et I'objet virtuel (maitre ef@ge) en mouve-
ment libre ainsi qu’en mouvement restreint doit étre faible ;

e la transparence du systeme, qui peut étre définie comme le sentiment de tautilia
nal d’agir directement avec la réalité virtuelle ou avec un environnemetantlissans
dispositifs supplémentaires, doit étre assurée (voir, par exeirjle [

La mise en ceuvre expérimentale des lois présentées ci-dessus pernagghiger les princi-
pales caractéristiques. Comme déja mentionné, une architecture position-positiilisés, ce
qui est défini par la transmission de la position entre les correcteurs haptigituel. L'objectif
principal est de mettre en évidence les points forts, ainsi que les indent&rde chaque méth-
ode par rapport aux retards, du point de vue de I'erreur de sudvi éegré de transparence. Pour
cette étude, une plateforme haptique a un degré de liberté (1-ddl) est utilfged.a&surer une
maitrise totale des retards de communication et du temps de calcul, tous les algorithmes de
commande (pour I'interface haptique/objet virtuel) et les simulations de I'emement virtuel
seront exécutés sur le méme ordinateur. A partir du cas idéal (sandsjetdeux types de
réglage sont considérés : un permettant d’obtenir les meilleures perfoesi@n mouvement
libre, un autre conférant les meilleures performances en mouvement redteefiyurel résu-
ment les résultats obtenus, plus précisément I'erreur de suivi maximalelerement restreint,
et le retour d’effort moyen en mouvement libre (mesuré a une vitesse dés padir chaque
méthode.

Aprées analyse des résultats expérimentaux, les différences entre lesdagtiiapparaissent
pas comme étant significatives. Aucune de ces méthodes ne peut fourhagri élevé de
transparence et une erreur de suivi faible en méme temps. Le compromitagrdresparence
et I'erreur de suivi en position est évident. La présence des retagiladk les performances du

9
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Optimal Position Tracking Error

PD Simple
20

PD with Local
Passivity

PD with Local

Smith Predictor L
Passivity

Smith Predictor

PD with
Passivity Wave Variable
Observer

PD with
Passivity
Observer

Wave Variable

PD with Set- PD with Set-
Point Point

Position Tracking Error (rad) Force Feedback (N)

Optimal Viscosity Effect

PD Simple
3.5

PD with Local
Passivity

PD with Local
Passivity

Smith Predictor Smith Predictor

PD with
Passivity Wave Variable
Observer

PD with
Passivity
Observer

Wave Variable

PD with Set- PD with Set-
Point Point

Position Tracking Error (rad) Force Feedback (N)

FIGURE 1: Erreur de suivi et retour d'effort dans le cas d'un retagdbf ms.

systeme. D’une maniére générale, méme si I'on est capable de détectditete giférences
entre les méthodes, le réglage optimal pour une configuration détériorperfesnances pour
l'autre.

Chapitre 2

Le deuxiéme chapitre introduit les outils théoriques nécessaires a I'am#ylsestabilité des
systemes retardés dans différentes configurations, ainsi que poinelimitations physiques,
et fournit des conseils de réglage d'un point de vue pratique.

Comme mentionng, les systemes haptiques, ainsi que des systemes téléoperasasi@risés
par la présence de retards de communication qui doivent étre pris en coouyptddsinir la
stratégie de commande. Plus précisément, les exigences potentiellementusdieiccomme
une réponse rapide et la stabilité robuste, ont besoin d’une analyseatert@ande afin de pren-
dre la bonne décision, car ces systémes sont soumis a des changenpasitialefréquents. Il
est intéressant de souligner que ces systémes ont des fonctionnaligshadéerreur de suivi
et de vitesse. Dans ces circonstances, la stratégie de commande la physiapgest d'utiliser
une commande basée sur les actions Proportionnelle Dérivée, puisque I'atégralie confere
une erreur nulle mais induit une perte souvent importante de stabilité.

10
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La figure2 présente le schéma général de commande d’une interface haptique cerinanté
environnement virtuel.

Haptic Virtual

X Communication
Fbp—;@—» Interface h delay —;@—»Controller Iy 4 ~F,
B, ! . C

A4

Haptic + Communication Virtual
Controlleu_Q;i delay | Object
F h Ch 0 Xv F,

FIGURE 2: Schéma général de contr6le pour systemés haptique
Les équations décrivant la réponse du systeme peuvent étre écrites coitnme s

Xn(s) = PFu(S) (Fop(s) —Cn(s) (Xn(s) —& ™Xu(9))), (21)
Xi(s) = RU(S) (—Fe(s) +Cu(s) (—Xu(s) +& ™ Xn(s))) (22)

Les fonctions de transfeR, ,(s) (I'interface haptique ainsi que I'objet virtuel sont modélisés
par un systeme du deuxieme ordre masse-ressort-amortissgiy{ gt sont considérées comme

suit :
Ph(s) =Ri(s) = Sms+b) P(s), (23)
Ko, = Kp, =1 Kp,  Kg, = Kqg, =1 Kq, (24)
Ch(s) =Cy(s) = Kp+Kgs=:C(s), (25)

avecm représentant la masse,leke coefficient de frottement visqueux. Les robots sont mod-
élisés comme des systeémes linéaires, puisque l'interface haptique ne présente@mporte-
ment particulier qui ne serait pas couvert par un modéle linéaire, et levish@l est modélisé
dans un cas idéal.

Par conséquent, avec les définitions du processus et des correléeuiation caractéristique
du systéme en boucle fermée peut étre écrire comme suit :

(1+P(s)C(s)* — (P(s)C(s))%e ™o =0, (26)
qui est simplement équivalent a :

(1+P()C(s) +P(s)C(s)e ™) (1+P(s)C(s) —P(s)C(s)e ™) =0, avecT:= (HerTZ)

11
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L'analyse de la stabilité en présence de retamlsr§) se base surune approche géométrique,
considérant les régions de stabilité dans I'espace des gains du réguRiteuprécisément, la
stabilité du systéme en boucle fermée est donnée par la localisation des decifézguation
caractéristiqueZ6). Introduisons pour cela la fonction caractéristiqueC x Rx R x R, — C
donnée par :

A(s;Kp,Kg, T) = (1+P(s)(1+e ) (Kp+Kas)) (1+P(s)(1—e ™) (Kp +Kas)),  (27)

qui posseéde un nombre infini de racines (voir, par exenf#§]]. Il est important de souligner
gue les racines d’une telle fonction caractéristique sont dépendantes owenirdes parameétres
du systeme, et une perte ou un gain de stabilité peuvent étre détectésasires caractéris-
tiques traversent I'axe imaginaire (voitg7 ou [116 et les références qui s’y trouvent). Alors,
pour des retards positifs connug,(12) et pour une fréquena® dansR ;. \ {kr/17;k € N, } les
points de passage correspondants sont donnés par :

K5 =0 (raizem)

+_ 1 1
Ka = _6D<P(jw)(1ie*”w)

) ; (28)

ou (K;, K4) représentent 'ensemble des solutions correspondant a la premiére pa@ig,d

et (K;,Ky) correspondent a la seconde partie. Des lors, la variatianddins un intervalle
donnéQ; (0,), (28)-(28) définit les courbes qui séparent I'espace des paramétres dateorre

en plusieurs régions, telles que chaque région ait le méme nombre de ramae®istiques
instables (voir, par exempld 16|, pour une discussion plus détaillée sur la problématique de la
méthode de D-décomposition proposée par Neimb2id]).

La figure3 présente la région de stabilité dans I'espace des paramiég,d&f pour un systeme
avec :m=1kg, b=0,1Ns/m, ety = 172 =0,05s.

En général, ces systémes sont affectés par des retards variablesesouvient par des retards
fixes. Une approche possible lorsqu’il s’agit de retards variablasist alors a utiliser des
distributions en tant que modéles illustrant le comportement des retards. Dansde piep
cas, le comportement du retard peut étre étudié afin de déterminer sa fosaes/atation,
pour ensuite introduire un modeéle de distribution dans la loi de commande. Fomadéenegent,
I'utilisation de distributions de retards est un compromis raisonnable entre le cascooiast
de retards fixes et le cas plus complexe de retards variant dans le tempendiiécant des
modeles distribués, la précision de I'analyse et la construction de lois de comsambient
étre améliorées dans les cas considérés.
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2200

2000

1800
1600

~— 1400

E 1200

Q

k 1000

800
600
400

200

0 50 100 150 200 250

Ky (Ns/m)
FIGURE 3: Zone de stabilité (en vert) dans I'espace des paramé{pek().

Dans la suite, les retards simples sont donc remplacés par des retardaéBsttibs équations
décrivant la réponse du systéme peuvent étre écrites comme suit a pé2tiy-¢2?2) :

X(S) = Fh(S) (Fop(s) = Cn(S) (Xn(s) = D2(8)Xu(9))), (29)
Xy( Ri(S) (=Fe(s) +Cu(s) (—=X(8) + D1(8)%(9))), (30)

)
I

ouD;(s),Dz(s) représentent les retards distribués. Deux types de distribution soragéess:
la distribution uniforme et la distribution gamma avec gap. Dans le premier castiinde
sera considérée comme ayant une variation aléatoire, sans aucune figiosupplémentaire, a
part les valeurs minimale et maximale du retard. La figupeésente une distribution uniforme
du retard.

Qv

0 To— A To To+ As

FIGURE 4: Distribution uniforme.
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Considéran\;, A, > 0 et1g > Az, le noyau de la distribution uniforme est donné par :

L ifTo—D0 < E<To+N
A +N )
fe =4 " (31)

0, autrement

ou 1o est le retard de référencesst, A, représentent I'incertitude du retard dans les deux sens.
La transformée de Laplace de la distribution uniforme est donnée par :

e S(to—A1) _ e—s(romz))

Dls) = S(A1+42)

(32)

Avec ces considérations et tenant compte du faitQue- D, =: D, I'équation caractéristique
pour ce cas se réécrit comme suit :

Y(s, Kp, K Aq, A Y1(s, Kp, K W, (s, Ky, K g S(To—A1) _ e—s(ro+A2)) .
(S, Kp, K, To, A1, Bg) = Wa(s,Kp, Kg) + Wa(s, Kp, Ka) ST (33)

En appliquant la méthode de stabilité présentée précédemment, la région de sistinlitenue
pour ce cas, voir figurb.

3000

Ky (N/m)

Ky (Ns/m)

FIGURE 5: Région de stabilité dans le cas d’une distribution unifeiKp, Ky),
avecrt; = 1o = 0.05secetA; = Ap = 0.01sec

Les études sur le probléme de la commande des objets via des réseaux de icationh57]
ont mises en évidence que, dans ce cas, les retards peuvent étre mau#lisge distribution
gamma avec gap (voir, par exempl&2{] pour plus de détails). Dans le cas de la distribution
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gamma avec gap, le noyduest donné par :

0, <,
f(&) = ; (34)

(E-0rte T
S L T E>1,

ouneN, T >0 ett > 0 définissent le gap. La figu@présente un exemple de distribution
gamma avec gap. La transforme de Laplace de cette distribution est donnée par
e—ST

D(s) =L(f)= s (35)

Delay variation

Delay distribution
90 N T

msec

800
density
700+

80
600 -
70
500

60 400

300+
50
200

40
100}

30 -
0 0.03 0.04 0.05 0.06 0.07 sec 0.08

FIGURE 6: Exemple de distribution gamma avec gap=0.04se¢ T = 0.01secn=1).
Dans le cas d'une distribution gamma avec gap, la fonction caractéristiqui¢ @deme suit :

e TS 2
LIJ(S7 Kpa Kda T, T7 n) = Lpl(s7 Kp,Kd)—f—qu(S, KpaKd) ((l_'_s-l-)n> . (36)

A partir de cette équation, une approche similaire a celle mise en ceuvre pouitritzuticn
uniforme permet de déterminer la région de stabilité.

Comme mentionné précédemment, une méthode fiable pour résoudre les prd@éraes
systemes a retards reste le prédicteur de SriitH][ L'analyse de stabilité est proposée selon
deux points de vue :

e régions de stabilité dans I'espace des paramétres du prédicteur, (similaiégguaateur
PD) ;

e stabilité dans I'espace des retards - systéme et prédicteur de Smith.

Pour le premier cas, une analyse similaire au régulateur PD peut étre nzarsde das du pré-
dicteur de Smith. Il estimportant de mentionner qu’en cas de retards fizesrais, I'utilisation
du prédicteur de Smith ramene le probléme au cas non retardé. Pour les metarthins, en
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plus des deux distributions (uniforme et gamma avec gap), la distribution northalsteation
avec incertitudes fixes sont étudiées. Plus précisément, comme la transfortedtiaplace de
la distribution normale est probabiliste et non déterministe comme pour les autrésitiens
considérées, une analyse du comportement moyen de la variation du reta@ledenvisagée.
Cette technique a permis de conclure que les conditions de stabilité correspandas idéal
sont également valables dans le cas de retards gaussiens pour untearepbmoyen.

De plus, dans le cas du prédicteur de Smith, une analyse de stabilité doit &&e loesque les
retards du systéme et du prédicteur sont différents mais fixes. Danlesotss, les régions de
stabilité sont présentées dans I'espace des paramétres de prédicteur.

Le deuxiéme cas - stabilité dans I'espace des retards - est brievemegnt@ecsidérons main-
tenant que les gains du régulateur sont fiKgs= K3, Kq = Kj, et analysons l'influence sur
la stabilité vis-a-vis de la variation du retard du systeme. Sel@d][ pour unw € Q don-
née, 'ensemblé&,, comprenant toutes les pairég; + 12), Ts) peut étre trouvé, satisfaisant
h(jw, K, K9, 11, T2, Ts) = 0 (fonction de transfert en boucle fermée), sous la forme :

Zh(jw)+ (2u—1)m+q

(114 T2) = (11 + T2) " (w)= o , u=ug,ug+Lus 42, (37)
Ts= 155 (W) = Ah(jw):JZvn:Fq, v=Vg(u),vg(u)+1,v5(u)+2,... ,
(38)

ouq € [0, 1] est donné par : )
q(jw) =cos? <M> (39)

etuj,u, sont les plus petits entiers (peut-étre dépendanmb)dels que les valeurs correspon-
dantes(1; + tauz)”3+, (11 + T2)% ~ soient positives, alar etv, sont des entiers dépendant de
u. Afin de mieux illustrer cette approche, un exemple dans le domaine de I'haptigeraes
miné ci-dessous. Considéramt=1 kg, b = 0,1 Ns/m, et les gains du régulateur PD choisis
Kp = 1500N/m et Ky = 80 Ns/m, la figure7 présente les courbes dans ce cas. La région de
stabilité est déterminée en sachant que le systéme est stable lorsque lestaeisxsont égaux,

et ensuite les frontiéres de la stabilité peuvent étre déterminées sur l&ggeaph

Ce résultat donne un apercu général des limites du systéme en termemtiensades retards.
Plus de détails peuvent étre trouvés det®]. En régle générale, le retard considéré dans le
prédicteur de Smith est supposé fixé. Une fois la configuration compléteeahest facile de
voir quelles sont les limites minimale et maximale des incertitudes correspondantraudieta
point de vue de la stabilité.

Ce chapitre se termine par un récapitulatif des objectifs visés. En termeslageréopur les
systemes haptiques il y a plusieurs objectifs a assurer. Le premier objedié garantir la
stabilité du systéme dans toutes les situations et tous les cas de fonctionnemens, Bansu
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FIGURE 7: Zone de stabilité (en vert) dans I'espace des retards.

I'hypothése ou I'utilisateur ne déplace plus I'interface haptique (la vitegsriis et la position
est constante), il faut atteindre la convergence asymptotique vers la vitétesee I'objet virtuel
et la coordination en position (entre l'interface haptique et I'objet virtuel).

Le deuxieme objectif est de garantir une erreur de suivi la plus faiblgildesentre I'interface
haptique et I'objet virtuel. Les deux cas de fonctionnement (mouvement libresgeint)
doivent étre pris en compte et correctement analysés.

Le troisiéme objectif, le plus restrictif dans la majorité des cas, est la contraititargsparence.
Pour les deux systémes - haptique et téléopération, la transparencerissdatéensation de
l'utilisateur final d’interagir directement avec la réalité virtuelle ou I'envirement a distance
sans que le systéme haptique n’introduise de géne. Sur la base des déexXaagtionnement
- mouvement libre et restreint, le niveau de transparence doit étre réaliséhamue cas selon
des critéres différents.

En termes de sécurité, une attention importante doit étre apportée au reffant d@ximal.
Plus précisément, un retour trop fort pourrait entrainer des actionstegfpour I'opérateur
humain. Par exemple, dans un contexte d’environnements virtuels, la tdoctée peut parfois
provoquer des chocs élevés ou des forces continues, susceptiblessie bigérateur humain.
Avec ces considérations, le retour d’effort, ainsi que la vitesse, dib@tee limités afin d'éviter
d’éventuels accidents.
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Chapitre 3

Le Chapitre 3 propose une nouvelle approche de commande issue auguréde Smith174],
et utilisant un retour additionnel - la distance jusqu’a une possible collisionedie générale, le
prédicteur de Smith fonctionne correctement lorsque les retards sonefigesnus, et lorsque
le modéle utilisé dans le prédicteur est proche du systéme réel. L'idée cestradiedautiliser
un prédicteur uniquement du coté haptique, et ce afin de compenserdetiiscosité et de
fournir un sentiment réaliste en cas de contacts. Deux points principaweqtiétre soigneuse-
ment analysés lors de I'utilisation de cette solution. Le premier est la variation dd datas
le temps. Le deuxieéme point est la cohérence du modele utilisé au sein du prédictmith.
Plus précisément, un modéle incompatible conduit & une prédiction incorrecte, peEutvé-
sulter en une diminution des performances, ou méme une perte de la stabilitéut®Omopgrer
gue le prédicteur de Smith a une certaine tolérance a certaines incols&denoedele, mais il
reste encore vulnérabld4, 77, 95].

Dans les cas de la téléopération et de I'haptique, le modele change compléteneemntante-
ment libre et restreint. Au chapitre 2, 'analyse de la stabilité du prédicteumild 8tilisé en
haptique montre que de bons résultats peuvent étre obtenus pour diffgpestde distributions
des retards. Le systéme est stable en mouvement libre et également en étaiadtateonmou-
vement restreint, mais le probléme vient de la phase de transition. La difficiritépale est
liée au modéle considéré dans le prédicteur de Smith, qui n’est plus coheeerie modéle de
la réalité virtuelle en présence de contacts. Malheureusement, la formeeddugaigdicteur de
Smith peut compenser les retards uniqguement en mouvement libre, et en mou\estremttrie
modéle n’est plus valable, dés lors que I'environnement virtuel n’est passidans le modéle
du prédicteur, qui va induire une sensation d’'impact faible et, dans cecansin comporte-
ment oscillant. La figur& illustre le comportement du systéeme lors du passage de mouvement
libre & mouvement restreint en utilisant la forme de base du prédicteur de Smith.

haptic & virtual position
200 i ;
mm A haptic
100 J \ vitual ||
-100 | vvvvu‘uvlwv-—l

0 2 4 6 8 sec 10
Haptic Force

60 | A
40 A AR

0 2 4 6 8 sec 10

FIGURE 8: Comportement oscillant du systéme lors du passage deemant libre au mou-
vement contraint, en utilisant la structure classique ddigteur de Smith.

18



Résumé

Avec ces considérations, la solution intuitive est de trouver un moyen d’eskinferce de

I'environnement et de I'inclure dans le prédicteur de Smith. Sur la basefdesations recues
de I'environnement virtuel, il est possible de prédire le moment de I'impaet etaintenir la co-
hérence du modeéle prédit, obtenant ainsi un systeme précis. L'idée piandipla solution pro-
posée est d’introduire dans le prédicteur de Smith une estimation de la fdfeewii®@nnement

Fesen utilisant la distance entre I'objet virtuel piloté et d’autres objets dans festéa figure

9 présente cette approche.

Fop

h ]
‘effssg—‘ Ps(s) ?H Cs(s) @

'allt
Smith Predictor  Fes e B

FIGURE 9: Schéme du contrdle pour haptique avec prédicteur de Sti#tour en position.

- [Virtual Reality|
. ) ?
Cols) F Pi(s) Th’{e_ﬂs + CV(S) %!}{ Py (s) P e*l'zs%

La méthode proposée ici constitue une solution fiable pour la mise a jour du modéle util-
isé dans le prédicteur, en prenant en compte les informations sur la distaqu& joslli-
sions, disponibles dans la réalité virtuelle. Puisque le probléme majeur dmsyd& com-
mande par prédicteur de Smith était 'incohérence du modele, avec les informatjoes de
I'environnement virtuel, il devient possible de prédire le moment de I'impatti®bir un mod-

ele cohérent dans la prédiction, obtenant un systéme précis.

Pour tester cette méthode, une plateforme expérimentale a trois degrés deckbertiéisée.
L'objectif principal de cette plateforme est de garantir la maitrise des rei@-demmunication

et du temps de traitement de la réalité virtuelle. Pour cela, tous les algorithmes dermenma
(pour l'interface haptique/I'objet virtuel) et les simulations d’environnemeintaels sont exé-
cutés sur le méme ordinateur.

L'interface haptique, figure0.a et10.b, se compose de trois moteurs et trois codeurs optiques
en quadrature, avec 1000 pts/tour (avec un réducteur de 1/10). Lefela@ismmande et la
simulation virtuelle sont calculées en temps réel (systéme d’exploitation RTAI Laueg un
temps d’échantillonnage de 1 ms. Les figut@x et10.d illustrent les deux scénes virtuelles
(environnement simple / boite virtuelle) qui seront considérées poukpesiences, ainsi que
I'objet virtuel. L'objet virtuel est modélisé comme une masse sphérique (égalenasse de
l'interface haptique)Nl, = My).

Afin de réaliser les essais de facon efficace et d’obtenir une andbise, différents scéna-
rios, pour différents types de retards, sont proposés. Toutesgés@xces sont réalisées par un
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FIGURE 10: Systéme haptique.

opérateur humain, ce qui explique pourquoi les conditions ne sont petement les mémes
dans toutes les expériences. Les scénarios sont proposes a paitinalssns simples ou com-
plexes suivantes :

e mouvement libre (mouvements aléatoires sur chague axe),
e mouvement restreint (contacts avec les murs sur chaque axe),
e contacts avec des objets en mouvement (mouvement sinusoidal des murs virtuels),

e mouvement libre et restreint a l'intérieur d’une boite virtuelle (mouvements aléatoire
avec ou sans contacts sur chaque axe),

e mouvement libre et restreint a I'intérieur d’'une bofte virtuelle avec des murs enanouv
ment sinusoidal.

e contacts avec des objets en mouvement sous incertitudes aléatoires appliqleetcur
en position,

e mouvement libre et restreint et transitions dans une boite virtuelle avec desmmuaie
vement sinusoidal, sous incertitudes aléatoires appliquées sur le retouit@npo

Les deux premiers scénarios rappellent les fonctionnalités de basestiemiey haptiques, en
incluant cependant la méthode de commande proposée pour différerdasdiypetards. Le
troisieme scénario est destiné a fournir une situation plus intéressante, llarsgeae virtuelle
n'est plus statique. Les quatriéme et cinquiéme scénarios proposenxipénieace plus difficile,
puisque le niveau de complexité de I'environnement a été augmenté et des ntiodsicapides
du modele sont nécessaires. Le but des deux derniers scénariesestedla méthode proposée
dans ce que nous considérons comme le cas le plus difficile du point déuwgeperturbation,
puisque I'estimation du modéle est fortement perturbée.

Sur la base de l'analyse effectuée pour le prédicteur de Smith pour lEsrggshaptiques,
présentée au chapitre 2, cing types de retards sont envisagés :
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e retards fixes et connus,

e retards incertains : incertitudes constantes,

e retards incertains : distribution uniforme,

e retards incertains : distribution gamma avec gap,

e retards incertains : distribution normale.

Le réglage du correcteur doit étre réalisé en tenant compte du cas idéalmpitiles meilleures
performances possibles en termes de perception de I'utilisateur final, amsies limites de
stabilité de chaque cas. Ainsi, I'idée de base est de trouver les gains $eprptthes du cas
idéal, tout en respectant le domaine de stabilité pour chaque cas.

Les exemples ci-dessous expliquent la démarche proposée. Lafigprésente les résultats
expérimentaux obtenus en mouvement libre avec des retards distribuésrselonuniforme.

Haptic & virtual X position Haptic & virtual Y position Haptic & virtual Z position
mm = T —c T 300 T T T T T T T
G=D=35ms | T=n=65ms | T=1=355 | T=1=65ms 200 F ti=n=33ms | n=n=65ms | n=n=35ms" | 7=n=65ms
W eyl |e—> mm /\/\/\/\/\/ mm | le——> |l—> [«—>
——— haptic 200 /NSNS
450 virtual ! 100 |
wall .
400 \/‘ \ . /\ A f A f 100 0
350 "ay N\J NN 0 _aaeem?‘ t=ta=65ms | n=r2=35ms | ti=n=65ms (V\/\'/\'/\’/\/\"
< 3|t >(e—> |« » -100 YAV AVAV LAY
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10
Haptic & virtual X speed Haptic & virtual Y speed Haptic & virtual Z speed
mm/s| mm/s 500
200 haptic 600 mm/s
virtual
100 400 0 WW
0 200
-100 0 N\ M -500
0 200 -1000
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10

Haptic Force X Haptic Force Y Haptic Force Z

15

" \/\/ — | A Y %Y

-5 10
5
-10
. 0
Oﬂﬂ\ -15
-5 -20 -10
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10

FIGURE 11: Mouvement libre avec retards distribués selon une lidorme.

On peut noter que, lorsque le retard utilisé dans le prédicteur de Smith sggrpld que le
retard du systéeme, il apparait une avance de phase, résultant eonypensation de masse et
de frottement. Ce phénomeéne peut étre remarqué figlimrrespondant a l'intervalle, =

7, = 35mg alors que la force et la vitesse agissent dans le méme sens, tandis qliayica
intervallet; = 1, = 65msl’effort et la vitesse sont en sens opposé. Les performances giobale
respectent les exigences souhaitées, I'effet de la viscosité est taibhé, @ I'exception de pics
résultant des changements de sens a vitesses élevées) et le systéréabkt a manipuler.

Le deuxiéme exemple choisi présente les résultats obtenus en cas de caetactssaobjets
mobiles en présence de retards distribués selon une loi gamma avec géiguveit2.
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FIGURE 12: Contacts avec des objets mobiles en présence de retsirisués selon une loi
gamma avec gap.

Dans ce scénario, I'objectif principal est de tester la capacité de la mééhoef@oduire les

déplacements des objets virtuels via I'interface haptique. Plus précisémeqtidda force est
maintenue, les oscillations suivent les mouvements exacts de I'objet virtuelgelaas, la tra-

jectoire sinusoidale (voir figurE2, sur tous les axes a partir de2 s, jusqu’a la fin). Le moment
d’'impact est reproduit correctement et d’'une maniére rigide, eniggant a I'opérateur humain
une manipulation agréable et réaliste.

En utilisant une boite virtuelle pour I'environnement, le dernier exemple peoposscenario
plus complexe et plus proche de la réalité, en présence de retards dsssdthord une loi gamma
avec gap, voir figuré3.

Ce scénario met en évidence les capacités de la méthode a fonctionnetecoert dans des
environnements dynamiques et complexes, avec commutations rapides de mds\ibmesna
restreints et vice-versa. Un deuxiéme objectif est de tester les impactdes/ebjets mobiles,
ainsi que la capacité de transmettre a I'utilisateur final les déplacements vitanssdes do-
maines limités dans toutes les directions. Plus précisément, la force est mainteleseases

Y etZ a partir dex~ 3,5 a 7 secondes (la figuis), et on peut remarquer que la force suit les
oscillations des murs virtuels, et donc fournit a I'opérateur humain les dépéats sur les deux
axesY etZ. Les impacts sont correctement assurés, ainsi que les transitions entrenmeos.

Les résultats expérimentaux montrent que I'utilisation de cette nouvelle apmogh®ente les
performances du systéme, lequel devient plus précis avec un nigegandparence garanti dans
toutes les situations considérées.
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Haptic & virtual X position Haptic & virtual Y position Haptic & virtual Z position
mm mm 100
100 mm
500 50
50
450 0
0
haptic s\ -50[\_
400 ; -
virtual -100
wall -100
350 -150
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10
Haptic & virtual X speed Haptic & virtual Y speed Haptic & virtual Z speed
mm/s
500
0
-500
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 ) 8 sec 10
Haptic Force X Haptic Force Y Haptic Force Z
2 N 20
N N
1 10
10
0 0 0
-1 : -10 -10
-2
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10

FIGURE 13: Mouvements aléatoire a l'intérieur d’'une boite virteelvec retards distribués
selon une loi gamma avec gap.

En conclusion générale, dans le cas de retards incertains, une attemtionlipee est requise
pour ce qui concerne le comportement et la forme du retard, afin de le modidisz fagcon
la plus proche possible de la réalité, ce qui permettra ensuite de choisirfiidasament les
parametres du correcteur. Le choix des gains du correcteur pepl@treu moins vatse selon
le type de distribution. Ainsi, le plus grand choix de paramétres, par rappaas idéal, est
obtenu pour la distribution normale, tandis que pour la distribution uniforme, i& ekble plus
restrictif (zone de stabilité plus pénalisante). Une solution intermédiaire essepiée par la
distribution gamma avec gap, qui peut étre appliquée si la forme du retardtelgseconditions
nécessaires (moins restrictive que la distribution normale, mais plus précite djg&ibution
uniforme).

Chapitre 4

Le quatrieme chapitre propose une approche PD avec séquencengainsl@éterminés en
fonction de la distance jusqu’a une éventuelle collision. La plupart des negthwdposées
dans la littérature fournissent des garanties supplémentaires de stabdizésasiaires, mais

uniquement en termes de perception de l'utilisateur final (transparendie)d’ameéliorer les

performances par rapport a I'utilisateur final, des valeurs différgrtesles gains du régulateur
doivent étre utilisées. Comme le régulateur PD classique représente ldebmsetes les méth-
odes, celui-ci a été choisi comme structure de départ pour la mise en dedarstratégie a gain
variable. Le premier chapitre a souligné que des performances intéressameuvement libre

23



Résumé

peuvent étre obtenues en utilisant des gains faibles, tandis que poommkestperformances en
mouvement restreint, des gains élevés sont nécessaires. L'idée desbasers d’utiliser un
gain faible en mouvement libre afin de diminuer I'effet de viscosité et un gainf@tupour le
mouvement restreint pour obtenir I'impact raide souhaité. Le changemeatlestleux gains
est réalisé en fonction de la distance entre I'objet virtuel manipulé et lesalijets virtuels
présents dans la scéne.

Les travaux se sont donc orientés vers une approche par séquenhcksaains. Beaucoup
de notions différentes peuvent se retrouver sous le terme de séquehces@ains. Lidée
principale est de passer ou de mélanger les valeurs de gains des réguatdes modéles en
fonction de différentes conditions de fonctionnemeé¥[ Dans la littérature, de nombreuses
techniques de mise au point peuvent étre trouvég<[l].

Lorsque la méthode de séquencement des gains est utilisée, la décisiadfigile a prendre
est le moment de la commutation et la maniére de commuter. Dans la plupart desteadetu
stratégies reviennent a I'approche LPV (parametre linéaire variant),pes de détails, voir
[26, 34, 108. En d’autres termes, sur la base de la valeur d’'un paramétre, lesteameet/ou
les modeles sont modifiés en temps réel.

La stratégie ci-dessous étend aux systémes haptiques les concepts die laasemmande par
séquencement des gains. En effet, I'environnement virtuel fourninftasnations supplémen-
taires qui peuvent étre utilisées dans I'algorithme de commande. Plus prédiséoneme dans

le cas du prédicteur de Smith avec retour en position, la distance entre I'oljet piloté et

un autre objet virtuel de la scéne est utilisée pour améliorer les performdncgystéme. Le
principe est de passer du gain utilisé en mouvement libre au gain utilisé en mouveeents
streints et vice-versa. Le changement doit étre totalement transpareritgpérateur humain.
Le changement de gain est réalisé en deux étapes :

e dans un premier temps, le gain est changé du c6té virtuel,

e dans un deuxiéme temps, apres un refarde gain est mis a jour du c6té haptique.

La figurel4 présente I'approche.

Dans le cas de mouvement libre, un gigfaible est utilisé afin de garantir un effet de viscosité
réduit, sans perdre la coordination en position et vitesse entre l'interfatE|la et I'objet
virtuel contrélé. Pour le mouvement restreint, un gajnimportant est considére afin de con-
férer une réponse ferme a I'opérateur humain.

Comme déja mentionne, le gain faibleKp in doit étre choisi aussi petit que possible afin
d’obtenir I'erreur de suivi souhaitée et de respecter la zone de stahilipgésence des retards
(fixes ou aléatoires). Ensuite, le gain forp, ax doit étre choisi aussi grand que possible en
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FIGURE 14: Systéme de contréle pour PD avec séquencement de gainatioh de la distance
entre I'objet virtuel et I'objet le plus proche de colliside la scene virtuelle.

respectant la contrainte de stabilité. Si nécessaire, afin de remplir les condi@stabilité,
le gainKy pourrait également étre commuté entre deux valeurs correspondamicawements
libre et restreint respectivement.

La partie la plus difficile de cette solution est la partie liée a la commutation, plusiewdiioos
doivent étre remplies simultanément :

e Lors du passage du gain faible au gain fort, une transition transparehétrécatteinte
qui fournit également la réponse raide souhaitée.

e Lors du passage du gain fort au gain faible, I'effet de collage doitngimamisé. Cet effet
est la conséquence de la manipulation en mouvement libre utilisant le gain forgjesqu
gue la mise a jour soit réalisée.

e En cas de changement de direction pendant la phase de transition, le systeéteedo
capable de réagir de maniére souple et transparente.

La figurel5 présente I'organigramme de l'algorithme.

Sur la base de ces impératifs, le parameétre de commutation a été réglé expérimamttalin
d’obtenir les meilleures performances dans toutes les situations. Les gatimsis@njour sur
chaque axe indépendamment. Par exemple, lors d’'une collision suiX,axe gain élevé sera
implanté uniquement pour cet axe, les gains faible seront maintenus pauities axes.

Cette approche - PD avec séquencement de gain, est testée expérimamnttaieanalysée pour
différents scénarios et pour différents types de retards (fixes outaint®. Comme dans le
cas du prédicteur de Smith avec retour en position, toutes les expérientesaisées par un
opérateur humain, ce qui explique pourquoi les conditions ne sont petement les mémes
dans toutes les expériences.
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FIGURE 15: Organigramme de I'algorithme.

Dans le méme esprit que dans le chapitre 3, afin de créer un moyen effeceester la méthode
proposée, plusieurs scénarios ont été définis :

e mouvement libre (mouvements aléatoires sur chague axe),

e Mmouvement restreint maintenu (contacts continus sur chaque axe pendaaé [3s) et
retour en mouvement libre,

e mouvements aléatoires a l'intérieur d’'une boite virtuelle (mouvements aléatoiesave

sans contacts sur chaque axe)

Les deux premiers scénarios reprennent les fonctionnalités de basestigses haptiques, en
utilisant la méthode de commande proposée pour différents types de rémdisnier scénario
propose une expérience plus réaliste, puisque le niveau de complexigndiedhnement est
augmenté et des changements rapides de gain sont nécessairesestedeuiester la méthode
proposée pour des changements rapides entre mouvements libres ettsedtiesndes espaces
étroits.

En se basant sur I'analyse de la commande PD effectuée pour les sybaptigaes, présentée
dans le deuxieme chapitre, et compte tenu des types de retards analyséastde retards sont
envisagés pour chaque scénario :
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e retards constants,
e retards incertains : distribution uniforme,

e retards incertains : distribution gamma avec gap.

Le premier exemple considéré montre les mouvements libres dans le cas de ratatdstsp

figure 16.
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FIGURE 16: Mouvements libres dans le cas de retards constants.

On peut remarquer que I'effet de la viscosité est faible (<5 N, a I'akmeples pics dus aux
changements de direction a vitesses élevées), offrant une manipulati@blagr€omme |l

n'y a pas de changement de mouvement, le gain faible est maintenu pendanatdurée de
I'expérience.

Ensuite, afin de tester la méthode dans le cas de mouvements restreints, I'exeagiigare
17 introduit cette situation en présence de retards distribués selon une loinuaifor

Dans cet exemple, les gaiks sont commutés en fonction du type de mouvement - libre ou
restreint. Comme la figure le montre, le sentiment d’'impact est correctementiuép(la
force augmente rapidement), et I'utilisateur peut ressentir les contacts adianiére rigide. En
revenant de mouvement restreint a libre, I'effet de collage se fait risspendant une période
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Haptic & virtual X position

Haptic & virtual Z position

Haptic & virtual Y position

mm T —1 T — ; — -
35 N mm | q—,=35ms | 1=n=65 =1y=3; =T2=65m1;
500 (=35> | =04 haptic || =%=63u 'gg(') f——t— 100 :‘fl 7 l‘er:; o 63//1;; si=n=3sms [ o=e wm;
~ i virtual ld \
450 wall
100 0
400 \ j A
|/ O[T=msms | nmm=6sms | miei=ssis | deti=esms | -100 [v
350 < >l—>|le—>l¢ >
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10
Haptic & virtual X speed Haptic & virtual Y speed Haptic & virtual Z speed
200 . . 500 . . 400 . . .
mm/s mm/s """2‘0% l
100 ’\ A
.qJL_ . A'
0 0 =200
-400
-100 Ji = haptic ‘
virtual 600
-200 i -500 -800

0 2 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10
Haptic Force X Haptic Force Y Haptic Force Z
20 T T 10 T T N T T T T
N N 30
10 r 0 —»\ﬂ 20
0 —~/W -10 10
1 L— : \
-10 a
2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10
Kpx gain Kpy gain Kpz gain
2000 T T 2000 T T 2000 T T
N/m N/m N/m
1500 1500 1500
1000 1000 1000
500 500 500
0 0 0
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10

FIGURE 17: Mouvements restreints en présence de retards distrd@ién une loi uniforme.

de temps limitée (zone ombrée des graphigues concernant la force sue ehaqusans in-
convénients particuliers. Le comportement global du systéme offre un sehtiéadiste, ainsi
gu’une manipulation agréable.

Le dernier exemple propose des mouvements aléatoires (avec ou sanssga@ntactérieur
d’une boite virtuelle en présence de retards distribués selon une loi garemgap, figurel 8.

Le but de ce scénario est de tester la méthode proposée en configueat@mmmiutations rapides
(entre mouvements libres et restreints). Les situations de mouvement restreimt@tre/eues

sur les graphiques par le dépassement des limites des murs virtuels sue elkaguComme

on peut le constater, il existe de nombreux changements sur leskgaiasen particulier, des
changements au dernier moment, qui ne sont pas parfaitement géréséBisisment, en raison
de ces commutations rapides, les effets ressentis par I'opérateur humaint pastres clairs.

De temps a autre surviennent des augmentations non naturelles de I'effet@®te, tandis que
dans d’autres cas I'impact est ressenti avec un manque de raideur.

En résumé, comme il existe deux situations de fonctionnement, et implicitement déageeg
correspondants, I'approche par séquencement des gains semblppétigrigée pour une telle
situation. La méthode proposée améliore les performances globales du systgrdegsitua-

tions impliquant des transitions claires (de mouvement libre a mouvement restreint gargiae
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FIGURE 18: Mouvements aléatoires a I'intérieur d’une boite villeien présence de retards
distribués selon une loi gamma avec gap.

a basses fréquences). Les expériences réalisées, pour urgtebaidde 100ns soulignent les
améliorations, ainsi que les limites de la méthode dans les cas de commutations rapides.

En général, la méthode fonctionne correctement pour des retards de cmatiomnrelative-
ment petits £ 20ms), alors que pour des retards plus importants26 m9, il apparait une
perte de performances, en particulier lors de changements rapidekesmteeix modes de fonc-
tionnement. Une solution possible pour I'amélioration de la méthode serait la mise e@ ceuvr
d’'un algorithme de gain plus complexe, basé sur la vitesse du mouvement et les ddsu
retards. Plus précisément, pour une vitesse importante, la limite de commutatiotrelaitg
mentée afin de modifier rapidement le gain, tandis que pour une vitesse faible |alihidére
réduite afin que le processus de mise a jour soit terminé des deux c6tés au rderienact.
Ceci pourrait étre formalisé également comme un probléme d’optimisation powuetria lim-
ite optimale en fonction de la vitesse et de la valeur du retard, afin de terminerckespus de
mise a jour a l'instant de I'impact. Un autre point qui peut étre ajouté, afirdimder I'effet de
collage qui apparait lors du passage de mouvement restreint a mouvemergdilite prendre
en compte le sens du déplacement, afin de diminuer le gain c6té haptiqgue aveaptarédes
informations de la commande virtuelle. Une stratégie dynamique de changemerhpgue
axe en fonction de la vitesse, de la valeur du retard et du sens peuterédosiblement les
limites de la méthode.
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Conclusions et perspectives

L'objectif principal de cette thése est d'apporter de nouvelles solutionsi@méliorer les per-
formances en termes de perception de I'utilisateur final pour les systémes kagtftpctés par
des retards de communication. Comme mentionné précédemment, les principdempsb
des systémes haptiques en présence de retards sont d'une pdrdéeffecosité en mouvement
libre, et d’autre part la réponse non rigide en cas de contacts.

La premiére étape de ce travail a consisté a analyser et tester expérimentdés méthodes de
commande les plus couramment utilisées en haptique. Les résultats expérinudrieauns sur
une plateforme haptique a un degré de liberté ont révélé que les principaatifsitlu systéme
haptique (viscosité faible en mouvement libre et réponse raide en cas de gargauetavent pas
étre assurés simultanément par les méthodes présentées. Les résultatstantjue de bonnes
performances peuvent étre obtenues soit en mouvement libre, soit en motivesteint, avec
une perte de performances dans I'autre cas.

Ensuite, les outils théoriques d’analyse de stabilité des systemes a retasdiififaentes con-
figurations, ainsi que les contraintes physiques et les conseils de ré&flageoint de vue
pratique ont été présentés. Puisque le régulateur PD est la structure dayniasiment utilisée
en haptique et en téléopération, une étude compléte a été menée pour ce guietmstabilité,
ainsi que la fragilité des régulateurs PD pour les systémes affectésspataels. L'étude a été
faite pour des retards fixes, ainsi que pour des incertitudes sur ldatssianodélisées par les
distributions uniforme et gamma avec gap. Il faut noter que, dans le catalds incertains,
une attention particuliére doit étre portée a la formalisation du comportement dil aétade
choisir ensuite les gains du régulateur d’'une maniére plus efficace. ékahats spécifiques
pour le cas haptique, ainsi que quelques exemples généraux, ont &®t@sés I'aide d’'une
représentation géométrique, dans le but de donner un apercu clair égida de stabilité dans
I'espace des parameétres du régulateur PD. Cette approche géométpiguriside donner un
traitement unitaire dans le cadre de cette these.

L'utilisation du prédicteur de Smith a été analysée dans deux directions distineggilens de
stabilité dans I'espace des gains du régulateur et I'espace des retaadd u systeme et retard
du prédicteur). Dans le premier cas, pour les retards fixes ou incemni@@ségion admissible
pour la stabilité des gains du correctekip( Kq) a été élaborée. Pour le deuxieme cas, une fois
mis en place les parametres de réglage du régulateuKpK{), une étude de la dépendance
entre la variation du retard du systéme et du retard du prédicteur de Smithragdéde. Une
analyse spécifique de la commande se fondant sur le prédicteur de Snsitle das de retards
incertains a été présentée en détail a partir du cas ou les incertitudes gest éikpuis pour des
distributions uniforme, gamma avec gap, et enfin, en utilisant une notion de stabijieghnme
pour le cas de la distribution normale, le tout validé par des exemples du domaihauielie.
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Sur la base de l'analyse effectuée au premier chapitre et par rapporésultats théoriques
du deuxieme chapitre, deux nouvelles approches ont été propostsséess sur un systeme
haptique a trois degrés de liberté afin d'améliorer les performances en termeeption de
I'utilisateur final :

e Lapremiere méthode - prédicteur de Smith avec retour en position, utilise lematfons
provenant de I'environnement virtuel sur la distance jusqu’a unetéeta collision afin
de fournir un modeéle plus précis au prédicteur. Il est important de nogleqarédicteur
de Smith classique compense les retards uniguement en mouvement libre, tampaisrque
le mouvement restreint le modéle n’est plus exact, engendrant des oscillaGatie

méthode a été testée a partir de situations simples (mouvement libre et restreint) puis

plus complexes dans lesquelles des impacts avec des objets en mouvemenbéedes b
virtuelles ont été examinées pour des retards fixes et incertains. Dankesooas, le
prédicteur de Smith avec retour en position a assuré les performance#é&esth

e La deuxieme méthode proposée - PD avec séquencement des gavisagematurelle-
ment des lors que de bonnes performances peuvent étre obtengsesndears, en util-
isant les gains adéquats, mais en perdant complétement les performafieesreeas.
Comme mentionné précédemment, la méthode fonctionne correctement pour ks reta
relativement petits<{ 20 m9, alors que pour des valeurs plus importante2b m9, il
apparait une perte de performances, en particulier lors de changeapEdes.

Parmi les deux méthodes proposées sous leur forme actuelle, les meilleltesé&ont

obtenus pour le prédicteur de Smith avec retour en position, car les penicemadu

régulateur PD avec séquencement de gain sont fortement liées a la gitadaevaleur du
retard. Un autre aspect est représenté par la perte de performascgs tmmmutations
rapides entre mouvements libres et restreints. La raison qui peut expliqueiélamtite

entre les deux méthodes est que le prédicteur de Smith avec retour en pagitcmmane

un prédicteur (comme son nom l'indique), tandis que le PD avec séquenicdengain

agit sur la base des actions présentes sans aucune anticipation.

Des perspectives permettant d’améliorer encore la commande a basdideepréle Smith avec
retour en position seraient I'ajout d'un observateur de passivité medhéthode de modulation
de consigne, afin de fournir une garantie supplémentaire de stabilité diosaidlations rapides

de I'environnement virtuel ou de perturbations violentes sur le retour gitigqo

De plus, cette nouvelle stratégie pourrait étre étendues aux systemesibsigix degrés
de liberté et des environnements virtuels plus complexes, soit concavesowes formes
géométriques non réguliéres. Les perspectives d’amélioration de la méth@le®séquence-
ment de gain sont liées a l'utilisation d’un algorithme de changement de gainsayreg basé
sur la vitesse du mouvement et les valeurs des retards.
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En termes d’applications, la prochaine étape pourrait étre la mise en cewvedgdethmes
de commande pour des applications aux systemes collaboratifs. Plus prétjs#emesrcette
perspective, le systéme haptique a été congu pour un seul opérateim Hamdis que dans les
développements futurs, les algorithmes seront mises en ceuvre pour lesesyatec plusieurs
utilisateurs qui interagissent dans le méme environnement virtuel. Certa@gesspgduvent étre
trouvées dans3p] dans le cadre d’'une I'étude d’'un cas simple de prédicteur de Smith.

De plus, les algorithmes présentés ici peuvent étre également mis en caundepapplications
de supervision utilisées dans des systémes de téléopération, qui sont égalfectss par des
retards induisant des problémes similaires a ceux abordés dans cetteltbesgpplications

de supervision représentent une aide virtuelle pour I'opérateur huraamld réalisation des
taches difficiles 43, 56].

Les plages de variations temporelles des retards analysés ici sont similatkes aencontrées
lors d’applications via Internet, et ainsi, de futures applications seronegediéectement sur
Internet. Afin d’améliorer les algorithmes, des problématiques de pertes detpaqules sit-
uations de dysfonctionnement du réseau seront prises en compte et misegrerdaas les
stratégies de commande. De telles approches sont nécessaires lors datitutilis Internet
comme moyen de communication.
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Abbreviations and acronyms

CAD

2D/3D

PID(P, PI, PD)
1/3-DOF
SISO

atan2

VE
VR

Computer-aided design
Two/Three-Dimensional space
Proportional-Integral-Derivative (controller)
One/Three Degree(s) of freedom
Single-Input and Single-Output
Computes the principal value of the argument function
applied to the complex numbgr-iy.
Virtual environment
Virtual reality
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General Introduction

General Context. Teleoperation & Haptic Systems

In the last decades, many new technologies have been developed addéett in the industrial
environment. This is the case of teleoperation systems and also haptic systeswdifg

to [19], a teleoperation system enables human interaction with inaccessible envitsrimen
direct human contact due to their localization or dangerous circumstanoeghi speaking,
the goal ofteleoperation systemis to replace the direct human manipulation. In this sense,
these systems are used for working in harmful environments (like radittpair dust BS]),

for high precision operations (like surgeridd8p)]), as well as for spatial operations which are
made remotely (as discussed Wy {]). Telesurgery and space telerobotics are two examples of
more recent teleoperation applications involving long distance communication betveester
and slave unitsZ8, 61, 167. Recent interest in robot-assisted surgeg, [L39 pointed out
many advantages, as, for example, minimal invasiverEgsdnhanced accuracy and dexterity
[31, 169, and increased safety and reliabiliiq7, 181]. Telesurgery takes this one step further
by its potentials for providing access to expert medical care for a largeipgf patients more
effectively and cost efficiently. Haptic feedback has been shown toowepiask performance
during both surgical and space teleoperation applicati®hslB7].

According to B3], the interest in teleoperated systems and the technology being developed
for teleoperation is increasing. New technology such as telework, takdzasse or e-learning

has a great number of common objectives which favors the development efadwanced
interfaces and new techniques for work and communication. Such actioa exéending the
possibilities of remote presence. Essential development regarding thadeteffteleoperation

is concentrated on haptic and visual feedb&;K8p]. Other interesting points to consider are
voice and gesture recognitions that establish dialogLg [L48. As a consequence of this, a
great effort is made to improve communications between operator and enginbnespecially
when using public networks such as Internet.

Figure19 presents the teleoperation basic principle.
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FIGURE 19: Teleoperation systems

Roughly speaking, a teleoperation system is composed of two robots, gbemgity differently
disposed, working on the principle of master/slave. Generally, the humenatop imposes a
force and/or a position to the master robot which will transmit the command to thes relbot
through the communication network. Depending on the situations encounteree Biate
robot, the master should also receive information related to these situations vieetimék
force (a complete survey on teleoperation systems can be foud@]in Resuming, the basic
idea of a teleoperated system is to enable the human operator to interactmitie renviron-
ments providing the feeling of tele-presefice

From the control point of view, according ta86], the subject is very challenging, since the
haptic control loop (where motion and force data are exchanged betwemasher and the slave
manipulator) is closed over a communication network, e.g. the Internet. The cupatian
network introduces unreliabilities such as (varying) time-delays and phadsstwhich are not
only degrading the human haptic perception of the remote environment, buestabilize the
overall system. In recent years, control approaches based ondbieipgaframework and the
scattering transformation have been developed in order to stabilize the ralgopesystem in
the presence of such communication unreliabilities, see, for instaéB)c&d] [and the references
therein.

Sthe feeling of tele-presence is the feeling of the human end user of beésgmi and acting directly in the
environment, without using additional devices.
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Numerous researchers have contributed to this field over the last de&hdes Ferrell defined

the problem of bilateral kinesthetic teleoperation witlelayed force feedback[51, 52], var-

ious strategies for stabilization of closed loop teleoperation with communication laterey
suggestedq, 6, 130, 132 140. In addition, several approaches were proposed for achieving a
high degree of transparenc9€] with respect to exchange of force and position information in
bilateral kinesthetic teleoperation, see, for instan8el(, 66, 68, 78]. It is worth mentioning

that the authors ofl[95 address the problem of the position/force tracking in teleoperation sys-
tems and proposes a haptic proxy control scheme, assuming that commurtdeddigs are both
time-varying and asymmetric. Furthermore, Zhan@l. are proposing several solutions based
onH. control design for time-varying delays and polytopic-type uncertaintiegfor dealing

with the problem of delay-dependent robust control for time-varyingydieleoperation system
with norm-bounded and time-varying model uncertainti&88], and also the corresponding
discretization problem in the context of teleoperation is addredg4 [

Haptic systems represent artensiorof the teleoperation systems. A haptic system has only
the master robot, which is usually called haptic interface. The second ioobeplaced by a
virtual robot/object which is working in a virtual environment. The principle is $ame, the
user shouldeelthe contacts encountered by the virtual object/robot via the feedbauk[iat7).

Haptics research is looking to recreate the tofemlingin a detailed way for users in virtual
reality [93]. ldeally, interacting with a virtual or remote environment would be just as simple
and vivid as using a hand tool or your own fingers. According®®), [the technology available
today cannot yet meet this ambitious goal, so systems must be streamlined to cohtain on
information that is the most important for the task at hand.

In order to provide feedback forces, it is always necessary to &greper virtual model that
a user can interact with. In graphics rendering, figures are renderaedscreen to give visual
feedback to a user. Similarly, in haptics, computed interactive force betveser and a virtual
model is rendered to the user via the haptic device. Such virtual models candieucted from
mathematical functions (implicit and parametric objects) or a collection of geomeitritipes
[87,142. According to P3], the most common way of interacting with a polygonal object is to
use a virtual proxy, which always remains outside of the object in cositacttions while trying
to move closer to the user whenever possiBi.[This needs collision detection algorithms that
monitor and regulate the movement of the proxy. Unlike visual feedback, higils need to
be updated at a high rate of 1 kHz or above in order to provide andrpestereal sensations
to the user. To overcome the computational problems, haptic computations are sepaligted
from graphics and other slower computations. More details on such anaappran be found
in[143.

According to B4], one of the most challenging problem in haptics is to create a control system
which is simultaneouslgtable(i.e., does not exhibit vibration or divergent behavior) and gives
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high fidelity under any operating conditions and for any virtual environment paramesers.
classic engineering “trade-offinust be made since realism of the haptic interface (for example,
in terms of stiffness of “hard” objects) must often be reduced in order&oaiee totally stable
operation. Initial efforts to solve this problem introduced the “virtual couplingtween the
virtual environment and the haptic deviel)] 201]. The virtual coupling is a virtual mechanical
system containing a combination of series and parallel elements interpose@hétedraptic
interface and the virtual environment to limit the maximum or minimum impedancergesse
by the virtual environment in such a way as to guarantee stability. .

Virtual environments have become very popular and are used in many dgriikénprototyp-

ing (figure20.a example of prototyping using haptic interfaces and virtual environn®it [
trainings for different devices and assistance in completing difficult tasiusré20.b virtual
environment used for task assistance/supervigl@ngg]), virtual assembling (figur@0.c - ex-
ample of virtual assembly’[ 176]). Numerous early attempts of collaborative simulations were
bent towards multi-user virtual environment (VE) applications. Thus, to cie afew, SIM-
NET [30] and NPSNET 110 were real-time VE prototypes for military training. They used
dead-reckonintymethod to give the same scenes (or state synchronization) of the simulated
environment to the participants as much as possible. Some multi-user virtual rgatiyns
have incorporatetiaptic interfacego allow human’s direct mechanical interactions. Basdogan
et al. [22] developed a collaborative game using haptic interaction, and Huetsalj79 es-
tablished a nanoManipulator system with atomic force microscopes. Thdyseasg-optimistic
concurrency contr8lto improve responsiveness at the client side. However, since theneovas
treatment for state synchronization, the two users suffered from dgwsymized visualization,
and as a result the success rate of the collaborative task was fairly limiedsimulation was
implemented in peer-to-peer network configuration to maximize responsiveness

a. Virtual Prototyping.  b. Virtual Assistance/Supervision. c. Virtualexably.

FIGURE 20: Examples of Virtual Environments Applications

4Method used in navigation, representing the process of calculating trentposition by using a previously
determined position, based on known or estimated speeds over elapsgedrtthtourse.

SConcurrency control guaranties correct results for concurreatatipns, while getting the results as fast as
possible. Semi-optimistic - the operations are block only in some situatides {rielation), while for the rest of the
cases, the optimistic strategy is applied (delaying rules checking until tmat@peends) 23].
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A major control problem of such systems is the presencénué-delays Large delays are
widely considered since several years, aimingadtiral teleoperation/haptics over the Internet.
The presence of time-delays may induce instabilities and complex behavidrsuelm topics
have been largely treated in the literature (see, for instaBgedg, 129, 199 and the references
therein). Excellent overview of some existing results, as well as some apblems can be
found in [153. Systems with distributed delays are present in many scientific fields such as
economy 86], population dynamics42], traffic control [83], network/Internet-based systems
[188 193.

Time-delay often arises in feedback control systems due to the acquisitiespmiirse and ex-
citation data, information transmission, on-line data processing, computation ancgapplaf
control forces. In spite of the efforts to minimize time delays, they cannottbyteliminated,
even with today’s advanced technology, due to physical limits. The informdttay is often
negligible but, for some cases, it may still be crucial. There exists an abulitgaature on
control for time-delay systems (see, for instan@), P1, 138 151, 168 and the references
therein).

Similar to the teleoperation, also in haptics, the problem of time-delays and the@rio#wn the
system's performances remains open. Speaking about haptic systentkeolrgernet, which
are nowadays much more frequently used, the problems encountered induayptad are very
similar. There exist two time-delay sources: the communication channel anddbesping
time for the virtual reality environment. For complex virtual environments, thegasing time
can increase substantially and can introduce unwanted effects anukaiexk behaviorsif/].

In figure 21, the general scheme of a network-based haptic system is presented.

: < . < To —Virtual nvironent simulator
Haptic Haptic 2 3

interface controller

Virtual controller

FIGURE 21: General Scheme of a Haptic System

An ideal haptic/teleoperation system must have:

e position tracking error as small as possible between the haptic interface endtttal
object (master and slave for teleoperation systems);
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e high degree of transparency, i.e. in free motion, the force feedbacktfaieahaptic
interface end must be as small as possible and in case of hard contactresptifise is
desired.

More precisely, in free motion the delay effect can be felt by the viscositpgrhenon (high

force feedback felt at the haptic interface end). Next, in the case aflachatact with the envi-

ronment, the impact effect will not be stiff, or the most unwanted situation is to hesg/stem

stability due to the delays. Therefore, the delays must be taken into accwlimicéuded in the

control laws. However, a trade-off between stability, position trackingrexnd transparency
must be always made.

The first step to solve this problem wasgort the existing algorithms from teleoperation into
the haptics context. More precisely, methods like Proportional Deriva@izg (ith local dis-
sipation [L0]], PD with passivity observerl§, 159 160, PD with passive set-point modula-
tion [10Q, wave scattering transfornri8d and Smith predictor36], have been appropriately
adaptedirom teleoperation to haptics framework.

Since there exists large number of algorithms and methods, in order to evaluate their perfor-
mances, comparative studies for teleoperation systems as well as for hafginsgan be found

in the literature, like 112 154 or [104, 164, respectively. In our opinion, the second step will
be to use the additional available data from the virtual environment, i.e. therafiom from

the virtual environment about the distance between the objects, possildeons and many
other details regarding the system can be extracted in order to improventnel @gorithms.

A reliable and simple method in controlling time-delay systems remainSthigh predictor
[174). Such an approach was qui@pealingin various applications. More precisely, a Smith
predictor-based control scheme for motion synchronization in virtual envieoits under large
time-delays is presented i85]. In teleoperation, among many solutions proposed for over-
coming the problem of time-delay, good results are also obtained using the Swiictor,

see [L73 189 for further details. Good results are also obtained for wireless nesaaohktrol
systems, see, for instancdf]. The examples may continue, the central idea remains the ba-
sic Smith predictor, which has been modified/adapted depending on the mexgsbilities of

the corresponding systems. A detailed study on the variations of the Smithtpreatid their
behaviors can be found ii387).

Motivation and Objectives

The global objective is to propose a collaborative haptic platform with rensmesaffected by
important communication time-delays: 60 msforward and backward delays for an average

40



General Introduction

Internet transmission between two locations in Europe). In present, higifierms withlocal
users are highly developed. In our opinion, the next step is to consgilegle user application,
affected by important time-delays. Resuming, the context of this work densisa haptic
system dedicated to a single user, affected by communication time-delays b#teeentroller
of the haptic interface and the virtual reality simulator.

Even if there are many studies and solutions in the delay case, the chaedicierif the effect
induced by time-delays on the system’s dynamics still remains open. Among theaapes
proposed in the literature, there exist a few solutions which are propodditiomal guarantees
on stability without taking into account the transparerizg, L00, 101, 159, 160,.

In teleoperation as well as in haptics, the time-delays decrease the perfesudiite system in
terms of end-user perceptions, 146. More precisely, the goal of such systems is to provide to
the end-user perfecttelepresence sensation, i.e. the feeling that the user is directly interacting
with the environment without using any additional devices. As mentioned préy,ithes effects

of time-delays can be felt especially by the viscosity effect in free motion ansbfiieesponse

in case of hard contacts. A solution to this problem may be the decreasingreasig the
controller gains, but this functions like a water mattress, increasing therpenices in free
motion, usingsmallgains will lead on a decrease of performances in case of hard contdcts an
vice versa.

Since this work is focused on haptic systems, and since the first step wag tbe algorithms
from teleoperation into haptics, the secaratural step is to explore the new opportunities of-
fered by these systems. More precisely, haptic systems offer more ctepreatictable environ-
mental interactions, information that can be easily capitalized in order to improwystem’s
performances.

The main objective is to find new control solutions for preventing the unwairitetisns linked

to time-delays and also to increase the overall performances for geasea. Starting from the
ideal situation, when the system is free-of delays (communication and/or computation)delays
the performances and guarantees of the system under time-delays witbumghbas close as
possible to thedeal case. Starting from the control solutions applied in teleoperation, the ob-
jective is to improve the performances using the additional information availablehaptic
system. Also, some specific control schemes and algorithms may be reveaded, dn the
particularities of the haptic systems with respect to teleoperation ones.
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Thesis Plan

Chapter 1 is devoted to an appropriate analysis and to an experimental comparisorebetwe
the most common control structures used in teleoperation and/or haptics. Moigety, meth-
ods as classic Proportional Derivative (PD), PD with local dissipati®d][ PD with passivity
observer 14, 159 160, PD with passive set-point modulatiod({, wave scattering trans-
form [13( and Smith predictor36], were appropriatehadaptedfrom teleoperation to haptics
framework and further improved. The goal is to present an extended cmpaf the most
popular control algorithms used in teleoperation systems, applied to haptic sySteenana-
lyzed methods are in thelirasicform, no specific and/or non-general modifications proposed in
the literature were considered.

To the best of the author's knowledge, comparative studies for teld@pesystems can be
found in the literature (see, for examplé 1R, 154). For instance, for the haptic systems, at
least one papedp4 compares only three methods (classic PD, PD with passivity observer and
wave scattering) in the context of collaborative haptic over the Internet.

An experimental approach, using one degree of freedom (1-DQgtichaatform will point out
the advantages and inconveniences of each method from a practidabipaiew. Between the
haptic interface controller and the virtual environment controller, the pasiith be transmitted
in both directions, concept corresponding to position-position architectuseen3ure a full
control of the communication delays and processing time, all the control algorftbnsaptic
interface/virtual object) and virtual environment simulations will be run on &meescomputer.

The second chapterintroduces soméheoretical toolsneeded in analyzing the stability of the
delayed systems in different situations as well as the physical limitations of theragpéal
platforms considered. First, a short overview of the PID controllersyedkas the time-delay
and haptic cases are briefly presented and discussed.

Next, the Proportional-Derivative (PD) controllers under time-delaysl uiséhaptics will be
analyzed and discussed. More precisely, by using some classical aootenplete stability
analysis of a haptic system under constant time-delays will be presented, dwhe focuses
on analyzing the fragility of PD controllers in the presence of I/O time-deldgsorder to
facilitate the methods, some examples are presented in order to highlight the mairHicedly,
to complete the presentation, uncertain time-delays are considered. Moiselyreeniform
distribution and gamma distribution with gap will replace the constant time-delaysjratfet
these circumstances, a stability analysis will be performed. Using a georhaefijcaach, some
examples are presented in order to illustrate the stability results for this case.
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Finally, a specific analysis for the Smith predictor control is proposed. A&# previously
mentioned, the Smith predictor represents a classic approach for controllingeimes system.
The closed-loop stability analysis is performed from two different pointsesf:

e Characterizing stability regions in controller's gain parameters (related teatoalled
D-decomposition method due to Neimadi[7]),

e Characterizing stability regions in delay parameters-space (extending-tedled D-
decomposition method.[L§).

For the first approach (stability regions in controller’s gain parametehngyacterizing the time-
delay is initially considered to be constant and then multiple delay uncertainties ailidhgzed:

e Constant uncertainty,
e Uniform distributed time-delays,
e Gamma distributed time-delays with gap,

e Normal distributed time-delays.

In the third chapter, the use of Smith predictor-based control will be addressed and a specifi
solution is proposed and discussed. The use of Smith predictor providdsegults in the free
motion case. However, in restricted motion, the results are no longer valid sincetdontas
must be added in the dynamics, i.e. the model used for prediction is no longeataecciihe
main idea of the proposed solution is to introduce into the Smith predictor the emérdal
forces by using the distances between the controlled virtual object aed atfects from the
scene. Based on the information received by the virtual environment, isgstpe to predict the
impact moment and topdatethe predictor’'s model resulting in an accurate system.

In order to validate the proposed approach, a 3-DOF platform will be. iSedlly, the analysis
of the experimental results and the concluding remarks end the chapter.

Chapter 4 presents another solution for increasing the system performance - PD aiith g
scheduling. In order to complete the existing approaches, this chapter @s@gain-scheduling
PD control approach depending on the distance until a possible collisiortheTbest of the
author’s knowledge, the majority of the methods proposed in the literatuveprmore an ad-
ditional guarantee of the stability, but in terms of end user perception (tnamspa, there are
not important differences. In order to improve the performance witheigp the end user, dif-
ferent values for the controller gains should be used. SinceléssicPD control is thecore of

all methods, this one was selected as the starting structure for variable gaimempdgion. The
basic idea is to usesmallgain in free motion in order to obtain a low viscosity movement and
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ahighgain in restricted motion for achieving the desired stiff impact by an appropiatehsng
from one control strategy to another. Such a switch will depend on thendestaetween the
virtual manipulated object and the other virtual objects present in the sderbis sense, a
complete study, as well as a detailed method description are proposed.

The validation of the suggested method will be made by using a 3-DOF haptic sy$tem.
result’s analysis and some conclusions close this chapter.

The overall conclusions as well as some perspectives of this work asemnied in the last
chapter.

In terms of contributions, a complete comparative study of the most commonly ustdlcon
methods for haptics was proposed and experimentally tested on a 1-D@¢gafform. The
stability and fragility of the PD controllers for haptics under fixed and disteiiime delays
have been also considered. Next, the stability and fragility were analyzbd case of Smith
predictor-based control scheme for fixed and distributed time delays. Finakger to increase
the system’s performances, two new approachesiith Predictor with distance feedbagahd
PD with Gain Scheduling depending on the Distam@e proposed and experimentally tested
on a 3-DOF experimental platform.

Various Appendix complete the thesis presentation. Thus, Appehdgiresents an extension
of the experimental results from Chapteifor the most common control algorithms except
the Smith predictor, for a constant time-delay ofri€instead of 5éns case introduced and
discussed in Chaptd).

Next, AppendixB presents a method of analyzing thede-off” between stability and trans-
parency based on 4 channel control scheme used in teleope@8jd®@fl]. The goal in bilateral
teleoperation is that the master and slave robots should track the same posititie fodes
acting on the robots should be reflected. This is catiedsthetic couplindgpetween the master
and the slave systems, and means that the teleoperator is transparentinTeuatiagoals, the
4 channel teleoperation architecture has been proposed independefi]yabd [1L94. Gener-
ally, for bilateral teleoperation systems, it is very important to have a high ¢é¥ednsparency.
Furthermore, to the best of the author’s knowledge, for end-usergettnissents the most im-
portant characteristic. Next, in order to obtain performance for clésgusystems, the stability
must be carefully taken into account. The analysis proposed here héadhesoncepts in the
corresponding controller’'s parameter space.

AppendixC introduces the detailed mathematical development of the stability conditions used in
Subsectior?.3.1 In AppendixD the obtained results from Secti@B.1are further verified on
PD-like control scheme proposed i3[. Finally, AppendixE completes the fragility analysis
proposed in Sectiod.3.2
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Chapter 1

Methods and control algorithms used
In haptics and teleoperation. A state of
the art

1.1 Introduction

The aim of this chapter is to present a comparative study of existing contouitalgs for haptic
interfaces and virtual environments subject to communication delays. Mecesely, methods
like Proportional Derivative (PD) with local dissipatiohd1], PD with passivity observeriy,

159, 160, PD with passive set-point modulatiod(Q, wave scattering transforn18Q and
Smith predictor B6], introduced in haptics directly from teleoperation will be discussed in the
sequel.

To the best of the author’s knowledge, the methods in discussion are theanusionly used in

the context of haptics. In the teleoperation framewatk 2 154 proposed comparative studies,
while for haptics 164 compares only three methods (classic PD, PD with passivity observer
and wave scattering) in the case of collaborative haptic over the Internet.

In this chapter, based on some experimental approach, the main chatastef each method
will be pointed out and discused. As mentioned in the introduction, a position-position
chitecture will be used, denoting the transmission of the position between hagtidraral
controllers. The main objective is to highlight the” and“-” of each method with respect
to time-delays from the point of view of position tracking error and transparelegree. Fur-
thermore, the results will be to analyzed and compared for each method. Fstuilys some
simple one degree of freedom (1-DOF) haptic platform will be used. ®orena full control
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Chapterl. Methods and control algorithms used in teleoperation and haptic

of the communication delays and processing time, all the control algorithms (tc lvater-
facel/virtual object) and virtual environment simulations will be run on the sampater.

1.2 Haptic & teleoperation systems’ schemes

Based on the chronological order of development (first, the teleopemsytgiems and later the

haptic systems), the first scheme presented - Fifjukecorresponds to the teleoperation sys-
tems.

Remote '
Environment :

: : «—  Network  «—
. Human . R :
-Operator: . Master

.........

.......................................................

FIGURE 1.1: Teleoperation system scheme

The goal of such a system is to provide an appropriate remote access taltbeez in harm-
ful and/or geographically different environments. A teleoperation syseromposed by two
robots, located in two different places, working on the principle of masieg's Generally, the
human operator imposes a force and/or a position to the master robot thatnathitahe com-
mand to the slave robot throughout the communication network. Depending aitdlations
encountered by the slave robot, the master should also receive them g dhback force (a
complete survey on teleoperation systems can be fouricbjh [

In Figurel.2, the general scheme of a network-based haptic system is presented.

«—— Network

: Human: . ;
Operator: + Haptic Interface .

FIGURE 1.2: Haptic system scheme

The main difference between teleoperated and haptic systems is that theoblatvend remote
environment are replaced by a virtual robot and a virtual environmespgectively. The princi-
ple is the same, the user shotéelthe contacts encountered by the virtual object/robot via the
feedback force. As mentioned in the introduction, haptics research seekz¢ate the com-
plex sense of touch for users in virtual reality. Ideally, interacting with a airunvironment
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should be asaturalas a direct interaction withr@al environment without using any additional
systems.

In both casestéleoperation and haptigsthe block scheme which is behind the presented sys-
tems is basically the same (see Figliréfor the control block scheme).

Fop(0)] Haptic |%n(t)|  Haptic

(;IpL:eT;?)r linterface | (Master)
§ Master)[=——| Controller
B (1) (Masten) 5

Buissaoold pue
uonesiunwwon

Virtual | Fe(t)[ Virtual [¥(8)]  Virtual
(R_emote) ; Object (Slave) |
Enwronment‘FV(t) (Slave) E(0) Controller Xn(t—11)

FIGURE 1.3: General block scheme for Haptic/Teleoperation System

Here, i,y represents the calculated command corresponding to a specific fore valie
represents the command of the master/slave robots that moshbertedoy the DC motors.

As it can be seen from the block scheme from Figli® the human operator interacts with the
system through the master robot (or haptic interface in the case of hadeggnding on the
operator force and based on the information received from the ers;adermposition and veloc-
ity are determined. The haptic controller calculates the command, i.e. the téeftbee for
the master robot (haptic interface) based on the information of positions &wities from the
master and slave robots (haptic interface and virtual environment). Otatree(girtual) side,
the algorithm is the same, but in reverse order. The command is calculated $igvekirtual
controller based on the information of positions and velocities from the mastei@arelrobots
(haptic interface and virtual environment). Next, the command is converteddrce by the
slave robot/virtual object, force which acts directly with the environment. Euh, based on
the action of the slave robot/virtual object, the environment reacts througmtirermmental
force and based on, the position and velocity are determined.

Next, the control scheme is presented in Figlide

Haptic Communication Virtual
FOpﬁ_’Q—> Interface |2 »  delay —_:Q—»Controller Fy 4 «~ F
. b, 11 g C,
Haptic + Communication Virtual
Controller<_©<7' delay | Object
Fy Cy (% Xy P,

FIGURE 1.4: General control scheme for Haptic/Teleoperationegst
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Starting from this point, thelassicaldynamic (nonlinear) equations of motion for two similar
robots in the framework of haptic/teleoperation systet®§[ (obtained from the equality of
forces, accelerations, frictions and based on the fundamental princigy@mamics) is given by:

Mh(Xh)Xh(t)+Bh(Xh,Xh)Xh = —Fh(t)—i-Fop(t), (1.2)
My (%)% (1) + By(Xy, X)X = FRi(t) — Fe(t), (1.2)

wherexy, X, are the haptic interface/virtual object positioRsg, Fe are the human operator/en-
vironmental forcesky,, R, are the force control signalbj,, M, are the symmetric and positive-
definite inertia matrices, ar,, B, are the Coriolis matrices of the haptic interface and virtual
object systems, respectively. Thminidea is to use two PD controllers, one to control the hap-
tic interface (master robot) and another one for the virtual object (stzhat). The controller
equations are there given as follows:

Fn(t) = Ka, (1) —Xy(t — T2)) +Kp, (X (1) —xu(t — T2)), (1.3)
delayed D-action delayed P-action

Fu(t) = Ka, (n(t — 1) —Xu(t)) +Kp, (X(t — 1) = X(1)), (1.4)
delayed D-action delayed P-action

whererty, 1, are the forward and backward finite constant (or variable) delayKgn#g, , Ky, , Kq,
are the PD control gains for the haptic and virtual controllers respéctive

1.3 Performance Criteria

In order to characterize the system’s performance, some criteria needltdfibed.

Before introducing the performance criteria, it is worth mentioning that in hggiin teleop-
eration, there exist two functioning cases (situations):

e free motion - when there are no contacts and only the coordination betweenptie ha
interface and the virtual object (master and slave) must be ensured.

e restricted motion - when the virtual object (slave robot) has contacts with thieoenv
ment, and this phenomenon must be accurately transmitted to the end user vigtihie ha
interface (master robot).

The first criterion considered for the performances evaluation, istdi®@lity one. The system'’s
stability must be guaranteed in all situations. The stability condition also guaranteasdell
error for position and velocity. Furthermore, under the assumption that thesuserlonger
moving the haptic interface (the velocity is zero and the position is constantjjen twrachieve
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an asymptotically convergence to zero of the virtual object velocity and tarempesition co-
ordination (between the haptic interface and virtual object or master/stheedystem must be
stable B8, 136. Excepting the two cases (free and restricted motion), when the behavior of
the system iglearly defined in terms of motion, there exist also the transition phases, which
sometime can induce many unwanted (and/or unexpected) situations and/ciokehilore
precisely, the system can be stable in free and also in restricted motion, but ltaveyransi-

tion problems, which may cause long time oscillation, and sometimes even instability.

The second criterion is defined as being treeking error between the haptic interface and
the virtual object (master and slave). Similarly to the previous criterion, easé (free and re-
stricted motion) must be carefully analyzed. More precisely, in free motion, theeddmhavior

is to obtain goerfectposition and velocity tracking between the haptic interface and the virtual
object (or master/slave in the teleoperation framewdtk). [Since, in most of the cases, the sys-
tems are affected by time-delays, it is worth mentioning that frequent directamgels at high
velocities may induce important tracking errors. In this sense, the time respbdthe used ac-
tuators (generally DC motors) is usually limited, or/and other components of thersfesteept

the communication network) may have slow responses. With these consideratometimes

at high frequencies, the error may increase due to slow response gjdtegn’s components.
Figurel.5illustrates an example of frequent direction changes at high velocities, shiaxgeg
errors during fast transitions. Next, in restricted motion, the tracking eroaridibe maintained

as small as possible. It is important to point out the idea that the feedbaxekifocalculated
based on this error, i.e. the force is proportional to the tracking erratetifis circumstance,

it is impossible to have zero tracking error, even in cases when thereoazenmmunication
time-delays (ideal cases)85. Figurel.6illustrates the dependency between the tracking error
and feedback force. An exception is made when PID controllers are lusgdince the “I” gain
introduces destabilizing effects, is almost never used for such systems.

The third and last performance criterion is tin@nsparency levedf the system. Transparency
can be defined as the telepresence sense between the operator amdrtrenent (see, for
instance 76]). Speaking of both types of systems - haptic and teleoperation, the transpa
characterizes the end user sensation of acting directly with the virtual realitg cemote envi-
ronment without any additional device. There exist two major problems linkedrisgesiency.
The first one is that in free motion, the force feedback should be zerohvidienpossible,
because the system functioning is based on this eg@r [This force should be minimized as
much as possible. Once this force is not felt (or is negligible) by the humastopeit is said
that the system is transparent in free motion. The second case is related¢teicemotion. An
important test, in order to establish the level of transparency, is the carfitéet virtual object
(or slave robot) with other objects. Depending on the speed at the impact mdheehtiman
operator should be able to feel the corresponding impact as if he wasydinaving contact
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FIGURE 1.5: Frequent changes at high velocities.

with the respective objecilp4. Generally, for the benchmarks, stiff walls will be used. An ac-
curate impact feeling is provided by a fast rising force feedback, seeeFigia. A progressive
rising force creates a soft impact, resulting in a loss of transparencyremkeall performance
degradation, see Figude7b.

Summarizing these criteria, the following steps are obtained:

e Guarantee the stability in free and restricted motions;
e Minimize the tracking error in free and restricted motions;

e Provide the maximum level of transparency.

These criteria can be presented in a three-layers representation, dsdiepkigurel.8.

The layer representation highlights the idea that the objective must be achreég one in a
specificorder. More precisely, in the author’s opinion, the stability must be guaedriiefore
tracking error and transparency.

This problem may also be seen from the tuning parameters point of view.a@aaing the
stability will define an allowable range for the tuning parameters. Next, the altil@wrange
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FIGURE 1.7: Force rising - stiff and soft feeling.

which provides aeasonabldracking error should be included in the stability range. Finally the
corresponding bounds, guarantying the minimum desired level of treergpashould also be

less than or equal to the previous defined zone. Figjl@summarizes this idea.
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Trackirig error

Free motion ;Restricted motion

FIGURE 1.8: Criteria’s layer.

FIGURE 1.9: Parameters’ ranges.

1.4 Commonly used algorithms (state of the art)

Itis well known that the presence of time-delays in haptics and teleoper#fiatsahe stability,

as well as the transparency of such systems. More precisely, in free ntiotiadelay effect
can be felt by the viscosity phenomenon (high force feedback felt dtapgc interface end),

in the case of a hard contact with the environment, the impact effect will ectiff, or the
most unwanted situation is to loose the system stability due to the delays. The delaysemust
taken into account and included in the control laws. However, a tradeetiveen stability,
position tracking error and transparency must be always made. Gentratyare a fewnajor
approaches, on which most of the solutions are based on.

In present, among the literature, there can be found many methods and algdoittietsoper-

ated and haptic system. To the best of the author’s knowledge the main atgpéth:

e ClassicProportional Derivative controll36]
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Proportional Derivative control with local dissipatioh(]

Proportional Derivative control with passivity observéd,[159 160

Proportional Derivative control with passive set-point modulattd0]

e Wave-Scattering transformi8Q

Proportional Derivative control with Smith predictd@q]

In this section these algorithms will be presented, analyzed and discussed.

1.4.1 Classic Proportional-Derivative (PD)

According to the literature39, 156, 180, Proportional-Derivative (PD) controllers are largely
used in teleoperation systems as well as in haptics. For such systems, astagsponse is
required and, in most of the cases, they are affected by large communicalidys.d

In the case of classic PD controller, equatiohs)-(1.4) remain unchanged. In terms wéns-
parency it is required to havéy, (feedback force) as small as possible in free motion, while in
restricted motion as high as possible. In our opinion, there is a contradictios,isisgmpos-
sible to obtain the desired performances in both cases with the same gaitisugnaways a
compromise must be made in order to guarart@sonableperformances in both cases.

1.4.2 Proportional-Derivative (PD) control with local dissipation

The main idea of this method is to include an additional terchingon stability. This term is
a local dissipation acting in order to maintain the passivity of the system.

A system is said to be passive if and only if:
t
/ F(T)X(1)dT +E(0) >0, Wt >0, (1.5)
0

wherex'andF are the variables denoting velocity and force respectivelyEdlis the energy
stored initially in the system at= 0. Passivity is also a sufficient condition for stabilify3[).

The method was proposed ByJ1] based on the controller passivity concept, Lyapunov-Krasovskii
technique for the delayed systems, and Parseval’s identity.
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In order to achieve coordination between the haptic interface and the vatbjedt, bilateral
force reflectio, and energetic passivityf the closed-loop system, the haptic interface and the
virtual object control force&(t),FR,(t) from equations.3) and (L.4) are designed as follows:

Fh(t) = th(xh(t) - Xv<t - TZ)) +(_Kdiss+ Pe)Xh(t) +Kph (Xh<t) — Xv(t — Tz)), (1.6)

delayed D-action dissipation delayed P-action

Fu(t) = Kg, (Xn(t — T1) —X(t)) —(—Kaiss+ Pe)Xv(t) +Kp, (Xn(t — T1) — xu(t)), .7

delayed D-action dissipation delayed P-action

whereKgiss (Kdiss= 0.05K) is the dissipation gain tpassifythe delayed D-control action aifd

is an additional damping ensuring coordination between the haptic interface aviduhéob-

ject (for more details, sed(1]). Resuming, the main idea of this method is to add an additional
gain in order to guarantee the system’s passivity.

1.4.3 Proportional-Derivative (PD) control with passivity observer

This method was patented in 2006 by Hannaforadlet[65]. The provided method is used
for stabilizing a haptic interface of computer controlled virtual-reality or teleatpmn systems
comprising a robot manipulator. According to the authors, ‘stabilizing’ meameduoce the
sense of vibration in haptic interface.

The energy of the network elements is observed using the Passivityv@bge0) introduced
in [159, 16Q. For the one-port element:

Eops(n) = AT ki(F(k)k(k», (L8)

whereF (k) andx(k) denote force and velocity of the port conjugate paiks(n) is the real time
observed energy with the sign convention represented as in FiglieandAT is the sample
time of the system.
For a two-port network, equatidh8becomes:
n
Eobs(n) = AT 5 (Fu(K)xe (k) — Fa(K)%2(K)), (1.9)

k=0

whereFy, X1, > andx; are the conjugate pairs on both ports respectively with the sign convention
represented as in FiguielQ

1The ability of the system to provide the same force at both ends based bartrem and environmental forces
% Yy p
as well as on the calculated commands.
2Guaranteeing the system passivity from the energetic point of view, eeertbrgy must be equal to or greater
then 0.
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N1 N2
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F F 133

FIGURE 1.10: One-port network element  Two-port network elements

Based on the passivity observer, it was further build the passivityatart(PC). In the sequel
the one port network case will be detailed. There are two possible coatiignus:

e series connection (see Figurd 1a):

e parallel connection (see Figutellb):

F]_ = F{+GX1,

wherea is defined as follows:

—Eops(t)
O{(t) _ ATxq(t)?

0

if

for the series case, and for the parallel case:

ATF(t)?
alt) = —Eops(t)

0

if

X

Eobs< O

Eobs > 0

Eobs < 0

Eobs > 0

PC X7

i

-

1

FIGURE 1.11: a. Series connection

The energy of the system based on Figir®2 is observed using the Passivity Observer (PO)

introduced in 159, 160, as follows:

b. Parallel connection

obs\t) = S K)x(k )
Eobs(t) ATk;(F( )x(k))
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whereEqpg(t)2 is the real time observed energy with the sign convention represented asiia Fig
1.12 andAT is the sample time of the system.

Among the two possible configurations, only the series connection one is cats(dee Figure
1.12), due to the missing of force sensor on the experimental platform coediderSection
15.1

Fn(t) = Fi(t) + an(t)xa(t), (1.15)

wherean(t) is defined similarly to equatioh.12

In this case, equation&.@) and (L.4) become:

Fr(t) = Ka, (n(t) = Xu(t — T2)) +Kp, (% (t) —x(t — T2)) +-an(t) (1), (1.16)
delayearD-action delaye?er-action PC

Fu(t) = Ka, O (t — T1) — (1)) +Kp, Oa(t = T1) —x(t)) —av(t)x(t), (1.17)
delayed D-action delayed P-action PC

whereay is the corresponding coefficient for the haptic interface previousiyédéfanday is
the virtual object coefficient, similarly defined.

777777777777777777 Xn ~
7 > Hao >
aptic
Controller
_F, )\""F,{ (PD control)
< @) <+

FIGURE 1.12: Passivity Controller

In the sequel, the most common problem of this solution are discussed. Aardodied], a
potential problem which may occur is that the forces required to dissipatetierated energy
may exceed the actuator limits. Generally this phenomenon appears for sioaities. A
possible solution is to limit the value a@f [64]. Another solution could be the limitation of
the force generated by the PC, or both in the same time. For instaiti@rposed an exact
computation of the maximum value far.

m

at) < m = Omax

(1.18)

wheremis the mass of the systedy] is the sampling period ardl€e N is the number of round
trip* delay sampling periods.

3Notation in discrete time ig,: nAT, whereAT is sampling time.
4Round trip is defined as being the sum of forward and backward dalaystp, in our case, according to Figure

1.3
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Further on, due to fast sign changes of the velocity at small values willt i@sa noisy system
response. A detailed study and solution for removing the noisy behaviprepesed in 158.
The solution suggests a method to ignore the produced energy from théywsiga change
and another one to maintain the PC force when the velocity is equal to zero.

Another problem observed b{4] is the accumulation of extra energy due to time delays. This
phenomenon makes the system vulnerable to instability because the amount of¢idesl o
have a negative energy is often very large and so the reaction will be twolslorder to solve
this problem, the same paper proposes an energy resetting strategylyrivenfollowing two
conditions:

f < fih, t>t,

where f, t are the current force and time, affig, t;, are the force and time thresholds. The
values for the thresholds are chosen by observing the characterigtiesdelayed channel (for
more details, se€lf]).

One of the latest papet §] presents the problem of position drift. By using the PC, some energy
is dissipated and lost. The accumulation of these losses results in a positiomdefeetween

the two ends. The proposed solution is to generate energy in order toyactivepensate the
drift as allowed by the passiveness of the communication channel.

The PC has several desirable properties for applications including hatetiface control. The
PO and PC can both be implemented with simple software in existing haptic interiteensy
Energy storage elements in the system do not have to be modeled, only dissipagipation
in the elements outside the PO needs to be identified for optimum perfornéice [

1.4.4 Proportional-Derivative (PD) control with Passive &t-Position Modulation

Based on the same theory as the previous method{B}y.as reported in100Q, this approach
has big tolerance to package Ids®d variable time-delays. More precisely, when a data pack-
age is lost, the previous set position is maintained. In order to enforcevipgstie control
action is restricted before its application, policy that does not possess anyasity in the
result.

According to L0Q, in our case, the passive set-position modulation can be expressed asfollow
min [| Xq (t) — Xn(t) |
Xn(t)

S.t. Ep(t) = En(t — 1) + Kg Xn(t — 1)2 — %Kph(_)?h(t)‘F (1.19)
15t 1)(2(t) — D) ~ Tt — 1)) > 0

5Due to the network imperfections, especially when the Intéristused, the data at given moment may be lost.
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r_n(itr)l | %y (t) =Xy (t) ||

v

s.t. Ey(t) = Ey(t — 1) + Kg,%(t — 1)? (—x(t)+ (1.20)
+X(t = 1)) (20(t) —xu(t) —x(t—1)

wherex;,(t) andx,(t) represent the modulated set positions for haptic interface and virtual object

1
QK
)>0

andEy, E, are the accumulated energies on the haptic and virtual side respectivelyth@gth
considerations equation$.8) and (.4) rewrite as follows:

Fa(t) = Ka, (4 (t) —%(t = 72)) +Kp, (4n(t) —X(t — T2)), (1.21)
delayed D-action delayed P-action

Fu(t) = Ka, (n(t — 1) — (1)) +Kp, (Xn(t — T1) =X (t)) . (1.22)
delayed D-action delayed P-action

As mentioned in 100, this method is flexible, local/decentralized, does not involve often prob-
lematic numerical integration/differentiation, and can be easily extended to nonloieas.
Due to optimization-based procedure, this modulation strategy is also free francitiental
diversion/wave-reflection problem of the scattering/wave-based agpes when the packet-
loss is substantial (especially during the hard-contact task) and atedHeonoisy-behavior/sud-
den impulsive-force problems of the time-domain passivity control whenotbhet’s velocity is
slow.

1.4.5 Wave-Scattering Transform

Also based on the theory of passivity, wave variables present a modificatemgeon which
creates robustness to arbitrary time delay&3. According to [L34], the transmission of wave
variable provides an efficient araimpleimplementation while guarantying also the system
stability for unknown time-delays. In order to achieve the desired perfoces wave vari-
ables provide an alternative information encoding scheme to the standaed yemiables. The
method is applicable to nonlinear systems and can handle unknown models agheggtain-
ties, thus suited for interaction with real physical environments.

The basic wave transformation relates velocity, force, right and left mavawgs [L33. In our
case, see Figurk 13 x, andx, will be converted intay, andvs.

The wave variable&uny, vs) can be computed from the standard power variables as follows:

ity = By KO0 129)

whereb is the characteristic wave impedance and may be a positive constant or atsigmme
positive defined matrix ang,, x,, are the delayed outputs after applying the wave scattering
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FIGURE 1.13: Wave variables scheme.

transform. The characteristic wave impedabcaso assumes the role of a tuning parameter,
which can trade off the velocity of motion against the level of forces, andenfies many other
characteristics. More precisely, increasing the wave impedance will pléager weight on
the velocity compared to the force, making the system appear more damped. Wheavth
impedance is decreased, force levels are lower, motion is easier and the sygtears less
damped, for more details, seE3J.

This transformation is bijective, so that it is always unique and invertible. Nwnmdtion is lost
or gained by encoding the variables in this way. In practice, the wavefdramations provide
an interface between power and wave variables.

In this case equationd (3) and (L.4) rewrite as follows:

Fr(t) = Ka, (Xn(t) — Xy (1)) +Kp, (Xn(t) — Xy (1)), (1.24)
delayed D-action delayed P-action

Fu(t) = Ka, (g () = X0 (1)) +Kp, (X, () —Xu(1)), (1.25)
delayed D-action delayed P-action

where:
Y (t) = §(—%(t) + V2bUn(t — 11)),

Xy (1) = bXn(t) + v/2bvs(t — T2). (1.26)

It is well known that this basic wave variables scheme introduces wasedh&flections (see
for instance 134). In the literature many solutions can be found for reducing the reflections,
like [135.

In terms of transparency, the wave variables method add an additiondbtesrim steady state
and an additional inertiar, during the motions at the haptic end and similar at the virtual end -
b/ 12, b, (for more details, seelB1)).

Wave variables provide an alternative information encoding scheme to tltasdgrower vari-
ables. The required transformations are extremely simple and preservemation.
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1.4.6 Smith Predictor

A common method used in controlling time-delay systems is based on Smith predicr [
The basic idea is to take advantage of some interconnection transformationngyttek delay
out of the loop and constructing a controller for an equivalent simplemsehdf the idea is
appealing, it is important to note that it works only under some constrains @ystem'’s dy-
namics and/or on delays. A Smith predictor-based control scheme for motichreyization in
virtual environments under large time-delays is presente8ih [n teleoperation, among many
solutions proposed for overcoming the problem of time-delay, good reseltalso obtained
using the Smith predictor, se&Z, 173 189 for further details. Good results are also obtained
for wireless networks control systems, see for instadég [The examples may continue, the
central idea remains the basic Smith predictor, which has been modified/adeptetiohg on
the needs or capabilities of the systems. It is worth mentioning that differerificatidns of
the Smith predictor were proposed in the literature. For exanidlg proposes a modification
that involves the design of extra compensators in the two feedback pathsSmittepredictor
structure in order to reduce the effect of load disturbances (this modificatieralso discussed
by [59]). In[141], a solution involving the feedforward of a disturbance signal acting onrihre p
cess for improving the regulatory performances is proposed. Anothdificadion suggested by
[15], is to use a decoupled set point response from the load respongkeirnt@avoid the steady
state error, since the conventional Smith predictor may not be used fargses modeled by
an integrator and time-delay. A complete study on the variations of the Smith prechctdre
found in [137].

Considering a relatively simple SISO configuration - Figli#®4a, affected by time-delays, the
goal is to obtain a system having the delay out-of-the-loop, as shown ineFigiab.

o LRG| e o R | e

a. System affected by time-delays b. Out-of-the-loop delay system

FIGURE 1.14: Smith predictor basic scheme.

The transfer functions of the systems represented in Figuidsa-b are given by:

K(9Ho(s)e ™ oo KM o

Hry(s) = 1+ K(s)Ho(s)e s’ Hry(8) = 1+ K/(s)Ho(s)

ConsideringH = H’ that is the interconnection transformation not appealing the transfer func-

tion, K takes the form:
K'(s)

K = 1+K/(s)Ho(s) (e — 1)

(1.27)
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The Smith predictor control system (Figutel5 can predict the object’'s response and com-
pensate the time delays resulting in an improvement of the dynamic charactériglicNlore
precisely, when dealing with time-delay systems, the use of Smith predictor wilbpulhe
delay from the loop. However the basic form of Smith predictor is not workirHy(s) is not
stable, or for uncertain (not perfectly known) time-delay§or more details about the Smith
predictor limitations, see, for instancé&13).

Controller K ()

SN Process Delay
/ N \ | st |
r —— T H() N o—ST
E: (XK' () ] e | Y
Delay  Process model | |
Hy(s) ‘

FIGURE 1.15: Smith predictor basic scheme.

In the haptic framework, the Smith predictor will be used just on the haptic atedide in order
to compensate the delay effects on transparency. This solution was choseleriricoavoid

additional uncertainties linked to the second predictor. The entire virtualaartconsidered
to represent the delayed process, and completely included in the preBigumel.16presents
the Smith predictor control scheme for the haptic system (based on Riiire

£op(0)] Haptic | %4(t)]  Haptic (1)
Interface Controller - X(t—1)

—— |(PD trol A

Fy(t) (Master) 20 ( COT rol)

x,(t)

Human
Operator

X(t— (11 + 1))

t .
virtual |79 CV'rttu‘ﬂ'
Object L. Pli()m roterI .
2(0) (PD control) l
Smith Predictor @ [Cﬂ

FIGURE 1.16: Smith predictor scheme for haptic interface.

In this case, equation&.(d) and (L.4) become:

Fa(t) = Ka, (% (t) —%(t — T2) +Ru(t — (T2 + T2)) — X(t)
delayed D-action (1.28)
K, (1) =X (t — T2) + % (t — (T1 4 T2)) — X(1)),
delayed P-action
Fu(t) = Kg, (%n(t — 1) — Xu(t)) +Kp, (Xn(t — T1) —Xu(t)), (1.29)

delayed D-action delayed P-action

wherex,, %, represent the estimated velocity and position for virtual object.
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Based on the control scheme presented in FiguBethe new control scheme including the
Smith predictor is presented in Figutel?.

Haptic

E, pﬁ.’Q—' Interface
(Master)
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Haptic
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Controller
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© | (Slave)
- |Controller
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Virtual
Object
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. Total delay
. | compensation
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lopipaid Wws

Communication
delay

T

Communication
delay

(%

—(O—

Virtual

(Slave) %

Controller

Virtual
Object |«

Xy

(Slave)

FIGURE 1.17: Control scheme for haptic interface including the tBmredictor.

According to B6], motion synchronization and invariant local dynamics for distributed inter-

connected systems can be achieved by using Smith predictor.

Classic Smith predictor needs accurate identity between the compensation modeltwzald
object. When the model has obvious errors, the control quality of Smith d¢@ytstem will

become bad, even worse than without predictor, as discussdd 8y [

1.5 Experimental comparative study of the most common algorithms

This section describes the 1-DOF experimental platform and presents mgacative manner
the experimental results obtained for the algorithms presented in the pregiicns

1.5.1 Presentation of the 1-DOF haptic experimental platfion

As previously mentioned, in order to ensure a full control of the communicatidays and
processing time, all the control algorithms (for haptic interface/virtual obgead)virtual envi-

ronment simulations will be run on the same computer.
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The haptic interface, Figurk.18 consists of one direct-drive motor and an optical quadrature
encoder with 2000 pts/rev (with a gear ratio of 1/10). The controllers andittual simulation
are running in real time mode (on RTAI Linux) with a sampling time of 1 ms.

FIGURE 1.18: Experimental Platform

The virtual object is modeled to be similar to the haptic interfadg € M,, C, = C,). The
virtual wall which results in force environmehj is defined by the following equation:

Fe = Kwail (Xy — Xwall ) + Bwai Xy, (1.30)

whereKya = 20000N/mandB,4; = 10 Ns/mrepresent the stiffness and the damping used to
compute the virtual force environment. Hexgg defines is the virtual wall position ang, x,
are the virtual object position and velocity.

1.5.2 Results’ Analysis
1.5.2.1 Comparison Criteria

Before detailing our analysis, the comparison criteria are briefly definedh Eethod pre-
sented in the previous section is discussed, using the following criteria withctire@sponding
scenarios:

e first, position tracking error in the case of restricted motion and constant desiang an
optimal tuning in order to have a minimal position tracking error,
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e second, viscosity effect in the case of free motion and constant delag, aisioptimal
tuning in order to have a minimal position tracking error,

e third, position tracking error in the case of restricted motion and constant dsiag an
optimal tuning in order to have a minimal viscosity effect,

e finally, viscosity effect in the case of free motion and constant delay, usinrgpamal
tuning in order to have a minimal viscosity effect.

1.5.2.2 Results

Figurel.19presents theeaP system behavior in free and restricted motions.
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FIGURE 1.19: Ideal Haptic System Behavior.

As mentioned before, aideal haptic system must havesanall position tracking error in re-
stricted motion and aimsignificantforce feedback (low viscosity i.e. high degree of trans-
parency) in free motion.

In the sequel, the analysis is made for two different constant time-delagsvalu

T]_:Tzzloms

71 =T =50ms

Sideal conditions are considered to be the conditions in which the systene isffetemmunication time-delays
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However, the major interest of this thesis is to understand the system befaviarge time-
delays, characteristic of Internet/long distance communication delays. @tersince the in-
teresting case is represented by the second one ¢ = 50mg, only these results are given
in Figure1.19 the results corresponding to the first ome£ 1, = 10m9 are presented in Ap-
pendixA.

For the next experiments, a fixed delay= 7, = 50 msand a constant human operator force
(Fy = 7 N) for the restricted motion cases were considered.

The delays related to the virtual reality simulations were not taken into accaned, the sim-
ulations run at the same frequency. The basic idea is to set up an optimal tonnegtricted
motion in order to have a minimal position tracking error (close toideal case) and then to
analyze it for free motion case. Next, the gains will be set up in order to obtaidured vis-
cosity (near to théeal case) and then the restricted motion case will be analyzed. Based on the
ideal behavior, the gains were tuned for the two cases as follows:

e best performance for position tracking error in the case of restricted méiigur,esl.20
andl1.21(free and restricted motion), with:

— for the first four method's
Kp=1500N/m,  Kq=80Ns/m,
— for the wave-scattering method:
Kp = 1000N/m, Kg=70Ns/m, b=0.2
— for the Smith predictor method:
Kp = 950N/m, Ky = 150Ns/m,

e best performance for viscosity in the case of free motion, FigliZ8and1.23(free and
restricted motion), with:

— for the first four methods:

Kp=200N/m,  Kg=15Ns/m,

classic PD, PD with local dissipation, PD with passivity observer and PD wtthaint modulation
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— for the wave-scattering method:
Kp=180N/m, Kg =15Ns/m, b=0.3,
— for the Smith predictor method:

Kp=250N/m,  Kyq=90Ns/m.

Tablel.1summarizes the controller gains’ values for each method and case.

Method

Optimal - Restricted motion || Optimal - Free motion

Kp (N/m) Ka (Ns/m) Kp (N/m)

Ka (Ns/m)

Classic Proportional-Derivative (PD
Proportional-Derivative control
with local dissipation

Proportional-Derivative control 1500 80 200
with passivity observer

Proportional-Derivative control

with Passive Set-Position Modulatioh

15

Wave-Scattering Transform 1000 70 180

15

Smith Predictor 950 150 250

90

TABLE 1.1: Controller gains’ values.
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FIGURE 1.20: Optimal error tracking - free motion, 50 ms delay.

In Figure1.24the maximum position tracking error and the average force feedback (redasu

at a speed of 8 rad/sec) is presented for each method and each case.
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FIGURE 1.24: Position tracking error and force feedback perforrean the case of 50 ms
delay.

According to the experimental results, the differences between the medboalst appear as
being significant. It is obvious, that for the first five methods the stability &saputeed, further-
more the passivity observer and the set-point methods provide an additienattibal guar-

antee. The Smith predictor method appear to be more sensitive in terms of stabilitje O
other hand, none of these methods can provide high degree of transpand small position
tracking error simultaneously. The compromise between transparencyaitiomp tracking er-

ror is obvious. The presence of time delays deteriorates the systentsmarices including

“disturbing” effects as for example viscosity, which is directly connected to tielays.

For thefirst casestudy - optimal tracking error, the best method in terms of position tracking
error is the PD control with local dissipation with an error of 0.512 rad, béitse@ motion the
viscosity effect is significant (17.2 N). In our opinion, the best methodnftioe transparency
point of view, is represented by the Smith Predictor, with a force feedb&gl6 N. It is impor-
tant to mention that in terms of position tracking error the result is not completelyssatisf
(0.832 rad).

The best“trade-off” between transparency and position tracking error is oldalnyethe PD
control with set-point method with a position tracking error equal to 0.569 radaaforce
feedback of 11.2 N.

For thesecond casestudy - optimal viscosity effect, which is more significant in the case of
haptics (the interest to have a low viscosity effect in free motion and a stifonsgpin case
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of hard contact appears to be more important than to have small position trackany the
best performance, i.e. the smallest force feedback, is obtained fobtleerirol with set-point
modulation method (1.9 N) and a position tracking error of 2.336 rad. The smallgisbpo
tracking error is guaranteed by the PD control with local dissipation (2.2d)like in the first
case.

Thebest“trade-off” between transparency and position tracking error is adsayehe classic
PD control with a position tracking error equal to 2.298 rad and a foratbfeek of 2 N.

It is worth mentioning that some of the methods (wave variables in the secoadarasee
and restricted motion, PD with passivity observer in first case for restricted mantidrsmith
predictor in the second case for restricted motion) induce significant noige sasponses.

Generally speaking, even if one is able to see small differences betwerrethods, the optimal
tuning for one case will deteriorate the performance for the other one.

1.6 Conclusions

In this chapter the most common control methods used in teleoperation systemathed f
applied to haptics have been analyzed. In haptics, similar to the teleoperatiah degree
of transparency and a small position tracking error are desired simultslgeblowever, these
two conditions cannot be obtained in the same time by none of the presented sndttove
ever, based on our benchmark example, the best experimental resulthaptits context are
obtained for the Smith predictor and PD control with set-point modulation method.

In [155 an algorithm to switch between optimal position tracking error and optimal viscosity
is proposed with satisfactory results. Such an idea inspired us a gauudicigemethod that is
proposed and discussed in detail in Chagter

The next chapter introduces the theoretical tools needed for analyzrsgetility of the haptic
systems in the presence of time-delays. More precisely, a method for igatiie stability

and transparency, a fragility analysis for PD controllers, and finallynapbete analysis for the
Smith predictor-based controllers used in haptics are proposed.
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Chapter 2

Methods of Analysis

2.1 Introduction

As seen in the previous chapter, one of the key issues in haptic systemsiidlubace of
communication delays on the global system performances.

Therefore, this chapter presents some of the theoretical tools needediimetlysis of the stabil-
ity of the delayed systems in different configurations, as well as some hjisiitations and
tuning clues from a practical point of view. More precisely, the chaptetsswith anextremely
short overview of existing Proportional-Integral-Derivative (PID) ttohmethods in the litera-
ture of delayed systems. Next, the Proportional-Derivative (PD) contsalieder time-delays
used in haptics will be analyzed and discussed. Further on, a spedfisisnfor the Smith
predictor-based control is proposed. The last section introduces the limitati@real system
and practical hints for tuning the controller’'s gains. Some concluding teneand the chapter.

As mentioned before, elassicalproblem in teleoperated and haptic systems is represented by
the stability problem. Once this problem is solved, the second step is to proeidietired
performances for the system. In haptics, as in teleoperation, the goal isaia tie tracking
position between the haptic interface and the virtual object, as well as a higbedef trans-
parency in free and restricted motions.

Section2.2 presents a short overview on PID controllers and the motivation of chotsegD
control for haptics as well as some stability considerations related to this Bentro

The remaining chapter is organized as follows: a short overview of egiBliD control methods
is presented in Sectioh.2 Next, in Sectior2.3, the Proportional-Derivative (PD) controllers
under time-delays used in haptics are particularly analyzed and discuSssdin Subsection
2.3.], using classical tools, the closed-loop stability analysis of practical bildteptic systems
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coupled with a virtual environment by using a standard proportional a@ré/(PD) control law

is addressed. The delays in the communication channels are assumed tcthatcamnd, as it
will be explain later, only theverall delay(the sum of the forward and backward delays) needs
to be known. Continuing the PD controllers analysis, Subse2ti@presents th&agility anal-
ysis for single-input-single-output (SISO) systems affected by inpubftput) delays. For the
development of controllers for real environments, a careful analysischeonsidered in order
to take into account the variation of the parameters. Generally, real systesenpparame-
ter variations which often lead to an unstable behavior of the overall systemndn-fragile
PD-controller choice is presented in a frequency domain setting by usingretatieely simple
geometric arguments. In order to prove the efficiency of the method soneeaddiustrative
examples are presented. The last subsecBdh3 is devoted to the uncertain delays case, by
considering some specific distributiomodeling Generally, the time-delay can be studied in or-
der to determine the variation shape and based on, a distribution model is ptopbgeh can

be further included in the control law. The delay distribution aims describindelay variation

in a stochastic manner and capturing its average behavior. Considetirlgutésl time-delays,

it appears that the accuracy of the model is improved in the proposed fnaifam distribution
and gamma distribution with gap will replace the constant time-delays. Using a geairep-
resentation, some examples from haptics are presented in order to illustratebility stsults

in this case.

As it was previously mentioned (Chapt#), a classical approach for time-delays system re-
mains the Smith predictor and its variants. Sec@ohpresents a complete stability analysis
of the Smith predictor-based control scheme for haptic systems. The stabdityse is pro-
posed from two points of view: stability regions in controller's gain pararmseted stability

in the corresponding delay parameters-space (in the case when the cicationndelay as-
sumed constant, is subject to modeling errors or uncertainty). In the first fasfixed or
predefined (distributed) time-delays, an allowable stability region for the gug@ins of PD
controller Kp, Kg) is drawn. In the second case, once the tuning parameters of the PD con-
troller (Kp, Kq) are derived, a study of the variation dependency between the systelaysahd
the Smith predictor’'s delay is proposed. Next, based on the same principleste case of
standard PD controllers, a fragility analysis of the controllers is propwstte case of Smith
predictor-based scheme. Subsectoh.6is devoted to the analysis of Smith predictor control
in the case of uncertain delays. Multiple delay uncertainties will be addresiseting from the
case when the uncertainty is fixed, then uniform distribution and gamma distrilwitiorgap

will be analyzed, and finally, using a mean stability approach, the normaibdistn case will

be presented. In order to point out the main ideas, illustrative examples &ptichare inserted
during the presentation .

Finally, Sectior2.5presents some practical guide lines for the tuning strategies of the controllers
as well as some system’s limitations. Some concluding remarks end the chapter.
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2.2 PID control for time-delay systems. An overview.

According to B9, the PID (or its variations P, Pl or PD) controllers can be used to control
the majority of the closed-loop Single Input / Single Output (SISO) systerhgs dontroller
can be easily implemented in industrial applications using pneumatic, hydraulibanieal or
electronic/software devices. A PID controller consists of tileenentseach one corresponding
to the proportional, integral and derivative actions. The standard foarPoD controller in the
Laplace domain is given by:

K.
C(s):P+I+D:Kp+E'+de, (2.1)

whereKp, Ki andKqy are generally called the proportional, integral and derivative gaingcesp
tively. In the time domain, the PID controller is given by:

oft) = Kpe(t) + Ki / e(t)dt + Kddz(tt), 2.2)

wheree(t) represents the controller input. As mentionedlifg, the PID controller takes into
account the past information through the integral action, the present irtformey the use of
proportional gain and finally the future is roughgyedictedby the derivative action.

Generally, assimpleP controller can stabilize only first-order unstable systems. For such-a con
troller, in order to decrease the steady state error large, gains haveisedeNext, the integral
actions is introduced to eliminate steady state errors and to reduce the oscill@heriategral
action slows the system response, while large perturbations and noisesiéyeaerated. Fi-
nally, the derivative action improves the system performance wheresteefaonses are needed,
since the error prediction strategy improves the response speed. In feapdioations, the P
controller is not frequently used, while the PI controller is often used ingtr@ application
specially for processes where the a fast response is not requirecheAtsoned, the PD con-
troller is used for fast response requirements, particularly for (fastjmgmbjects and other
systems with high dynamics.

The tuning of the PID controllers can be done by using various appesasinch as Ziegler-
Nichols, analytical, optimized or auto tuning methods (see, for insta®ck6] 17, 41]). As
presented in138 199, since the implications of each one of the three parameters is complex,
some general guidelines must be taken into account:

e The proportional term (P) provides an immediate action in the control signadilwasthe
error. Generally, a large gain will guarantee a fast response, aasve@lbmall static error.
However, a too large gain may cause the actuators saturations. Since tHis arsba
based method, it is impaossible to eliminate completely the steady state error.
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Controller type| Kp Ki Ky
P 0.5Ky,
P 0.45Ky | 15T
PID 0.6Ky | 0.5Ty | 0.125T,

TABLE 2.1: Ziegler-Nichols tuning.

e The integral action (1) eliminates the steady state error for step inputs assaalicase
of perturbations. Due to the error accumulation from the past, the integral aties s
the system, which may easy result in an overshoot response. In ordenitoize the
overshots, the a smaller gain should be choserl@h & wind-up effect corresponding to
the actuators’ saturation is presented, as well as some anti-wind-up ssategie

e The derivative parameter provides a fast reaction of the system bastx @redicted
evolution of the error. The slow response and the overshoots cause Ingefral action,
as well as the stability of the system are improved by the derivative gain. wbiith
mentioning that increasing too much the D-gain, will also result in an oversesponse.

Ziegler-Nichols method

A very common method used for tuning the PID controllers is representedebgatitalled
the Ziegler-Nichols method2D(. This method was proposed for first-order-plus-dead-time

systems given by:
K
G(s) = e
= Fs11°

whereK represents the static gain of the plant;> 0 is the time constant amdis the system

(2.3)

delay or dead time. The algorithm consists in three steps:

1. The plantis set under P-controller with a small gain for a step reference

2. Next, the P-gain is increased until the system starts oscillating. The P-ajam corre-
sponding to the oscillating frequency will be retain&g)(as well as the oscillating period
(Ty), known as ultimate gain and ultimate frequency respectively.

3. The last step consists in setting the controller gains depending on its strutalle2.1

resumes the values.

The main idea of this method is to find the proportional d&jtior which the system is critically
stable (crosses the critical poifit 1,0)) and based on this estimation to tune-up the PID gains.
Even if the resulting response is often oscillating, the obtained gains repeegend starting
point and reference for further developments.

Analytical tuning based on gain and phase margins
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Many circumstances require a specific gain tuning in order to achievedeieed gain and
phase margins so that the system is robustly stable. The gain margin is defifudidws:

1

An = 1Cwn) Gy

whereC, G represent the controller and the delayed plant respectivelywgisdtisfies:

arg|C(jwp)G(jwp)| = — 7t

Further on, the phase margjp, of the system is defined as:

¢ = arg|C(juy)G(juwy)| + T,

where the gain crossover frequergy satisfies:

IC(1ay)G(jay)| = 1.

According to [5], for given gain and phase margin&{, @), theKp, K; gains of Pl controller

T 42t 1\ "
Kp = 2 Ki:<2wp— "+> ,

are given by:

 AK m T

where:

Al phim + 0.5TAm(Am — 1)
(ARt '

The parametric approach

According to R4], during the 1960’s and 1970’s, the stability problem under large paeme
uncertainty was almost completely ignored in the control literature. The wokhafitonov
from 1978, with the apparition of the so-called Kharitonov theorem may be searstarting
point of the studies devoted to real parametric uncertainty. Furthern@emnention that
the first notable result following Kharitonov work was obtain 7§, and it refers to the
computation of the largest stabilityall in the polynomial coefficients space around a given
point. After this more powerful results were obtained B%,[29], including the generalized
Kharitonov theorem (GTK) proved byg].

The fundamental role in most of the results on robust stability is played by theddoy Cross-
ing Theorem. In order to introduce this theorem the following assumption is made:

Assumptiorl. P(A,s) is a family of polynomials of:

1. fixed degree (invariant degree),
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2. continuous with respect # on some fixed interval = [a, b].

Theorem 2.1. (Boundary Crossing Theorem) Under the Assumptissuppose that @, s) has
all its roots in S whereas (B, s) has at least one root in U. Then, there exists at leastmire
(a,b] such that:

(@) P(p,s) has all its roots in $ JS, and:

(b) P(p,s) has at least one root idS.

Consider now the quasipolynomial family:
Q(sA) =d(s,A)+e 5tny(sA)+e5ny(sA) +...+e 5ny(s,A),

whereA € [a,b] and assume tha)(s,a) is Hurwitz, Q(s,b) is not Hurwitz, dedd(s,A)] =
n, VA € [a,b] anddedni(s,A)] < n,VA € [a,b]. In the case of quasipolynomials the Boundary
Crossing Theorem becomes:

Theorem 2.2. Under the above assumptions, there exists at leastmire (a,b] such that
Q(0, p) = 0o0r Q(jw,p) = 0 for somew € [, + oo

In the case of PID control, the idea to define the stability regions in the comtpallameters-
space was already encountered 169, where they used the Hermite-Biehler Theorem. It is
worth mentioning that such a method is computationally involved even for the simpsesbta
time-delay systems.

In [120, a different method for deriving the stability regions in the gain parameigase for
PID controllers used in SISO systems with I/O delays was proposed. Thétgtaonssing
boundariesrepresent the collection of all points for which the corresponding ctexiatic
equation of the closed-loop system has at least one root on the imaginsryBased on the
D-decomposition methodLP7] or the parametric approac4, 16§, the authors construct the
crossing curves or surfaces which define appropriate regions in thesponding parameter
space having the property that for all the points of the region, the numherstdble charac-
teristic roots takes the same value. The results are presented using a gsbrapproach in
the 3D space, each dimension corresponding to a one of the PID gaip®ifional, integral
and derivative gains). If the closed-loop system is stable for a spseifiaf control parameters
(Kp, Ki,Kq), then the system is stable for any point in that region. Any crossingsthe stable
region to a neighbor one will result in a loss of stability since at least oneopaharacteristic
roots will movefrom the left to the right-half plane.

There exists several analytical tests that can be applied for the stabilijepranentioned
above. Among them, without any loss of generality, we may cite: Pontryagin critgrizh
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145, Chebotarev-Meiman33], Yesipovich-Svirskii (L7g for the formulation). Most of them
are computationally involved and apply for single delay case. In particulaiCliebotarev
criterion appears as being the most direct and natural generalization obtile-Rurwitz crite-

rion for quasi-polynomials. However, its application as an analytical critésiont effective in
practice, since an infinite number of Hurwitz determinants must be explicitly comdetietther-
more, it is worth mentioning that for long delays in the system, the high dimensiomdeterts
may need to be investigated. Finally, further discussions on the paramsést éyaproach can
be found in L16. Among the most recent results, we wish to point out the contributions of:
Morarescu and Niculescd 18, Ramirezet al. [150 and Sipahiet al. [170.

The haptic case

In haptic systems, potentially conflicting requirements as a fast responselaust stability

need a control analysis in order to take the right decision, since theamsyare subject to
frequent position changes. It is worth pointing out that such systems harebased function-
ality, since the entire feedback is based on the tracking error of the positibvetocity. Under

these circumstances, the most appropriate control solution is to use a RDebas®|, since

the integral action slows down the response ti@s to obtain zero error.

In terms of tuning, it is well known that haptic systems must be tunned accaalthg end user
perception, respecting the stability constrains. With these considerations, thappospriate
design method in this case seems to be the approach propodefjinThe reasons for such a
choice are twofold: first, the algorithm is extremely simple to implement, and seitatidys to
depict all the stability regions in the corresponding controller-paramegéeesg\s byproduct of
the analysis, the geometric approach allows a simple characterization of thelleos fragility
(how far or closefrom the instability are the chosen gains positioned). Based on the same ideas
as in [L2Q, as well as 115, Section2.3.2proposes a specific development for analyzing the
stability of the PD controllers under time-delays. As a general strateg\afaiidsystem, in this
thesis the stability regions will be computed in the first step, and in the secondrstdpning
will be made in order to obtain the best results in terms of end user perfoesaespecting the
stability constrains.

2.3 Stability of Proportional Derivative (PD) controllers used in
haptics under time-delays

In the case of haptic systems, except the communication channel, delayspeay ap intrinsic
components of the processing time for the virtual reality environment. Thenuesd time-

delays may induce instabilities and complex behaviors. More precisely, imfséen, the delay
effect can be felt by the viscosity phenomenon (high force feedlelthtfthe haptic interface
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end) and in the case of “hard”-contacts with the environment, the forcb&ek is not stiff, as
explained and discussed in the previous chapter.

As mentioned previously, this thesis does not focus on the estimation of the detagsioop.
As a consequence, we preferred to take into account several deglfigurations: constant and
distributed delays over some time-intervals but offering the possibility of samitary treat-
ment.

In the sequel, the closed-loop stability analysis of some class of practidelrbllbaptic systems
coupled with a virtual environment by using a standard proportional at@ré/(PD) control law

is addressed. The proposed analysis points out an interesting remigriheoaverall delay (the
sum of the forward and backward delays) needs to be known.

The analysis starts by assuming that the communication delagsastéantand not necessarily
the forward and backward delays separately.

2.3.1 Constant time-delays

As mentioned in the previous paragraphs, the ideal haptic system shouly siatisltaneously
the following conditions: the position tracking error has to be as small as pobsitlkeen the
haptic interface and the virtual object, and the system has to have a higtedddransparency
(in the “free” motion case, the force feedback felt at the haptic interfadererst be as small as
possible and in the case of a “hard”-contact, a stiff response is dgsired

Figure2.1 presents the general control scheme of a haptic interface and a viriarement
including control feedback.

Fop(t i t '
Human opl1) Haptic |¥a(1)| Haptic oo o
Interface (Master) o30S
Operator (Master) s | Controller [ 253
Fi(0) Fi(0) wimm) | o, 983
g2
QD
Virtual | Fe(t)[ Virtual [X/(8)]  Virtual 35
(Remote) | Object | (Slave) | >

Environment F(0) (Slave) E(t) Controller (1 —1)

FIGURE 2.1: General PD control scheme for haptic systems.

Here,FT/v represents the calculated command corresponding to a specific humatodpewi-
ronmental force. This value is converted into force by the master/slawdsr¢dr haptic inter-
face/virtual object).
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As mentioned in the previous chapter, the starting point is given bgl#ssicaldynamic (non-
linear) equations of motion for two similar robots equatiohdl)¢(1.2). The mainidea is to
use two PD controllers, one to control the haptic interface (master robota@other one for
the virtual object (slave robot). The corresponding controllers’atgus (.3)-(1.4) are then

recalled:
Fn(t) = Ka, (1) —Xu(t — T2)) +Kp, (X (1) —xu(t — T2)), (2.4)
delayed D-action delaye?er—action
Fu(t) = Ka, (n(t — 1) —Xu(t)) +Kp, (X(t — 1) —X(1)), (2.5)
delayed D-action delayed P-action

wherety, T denote the forward and backward finite constant delays respectivel, ,Kq, ,
are the PD control gains.

Haptic Virtual

Communication
FOPH©—> Interface | P > Q—’Controller Fy 4 —
v LA a2 e -
Haptic + [communication Virtual
Controller4_Q: delay | Object
F Ch (% Xy B,

FIGURE 2.2: Bilateral Haptic System.

From Figure2.2, the equations describing the system response can be written as follows:

Xn(S) = Ph(S) (Fop(S) —Cn(s) (Xn(s) —e X(9)) ), (2.6)
Xu(S) = RS)(—Fe(s)+Cu(S) (—Xu(S) +€ ™Xn(9))), (2.7)

where X,y (s) denotes the Laplace transform of the time siggal(t); similarly, for Fop(s)
andFe(s). The robot axis are considered to be decoupled, i.e. the matrices frdjn(1.2)
are considered to be diagonal. The transfer functl@,y\;{s)l andC(s) are taken as follows
(position available for measurement and PD structure for the control law):

P(s) =R(s) = Sms+b) P(s), (2.8)
Kp, = Kp, =1 Kp, Kg, = Kqg, =: Kg, (2.9)
Ch(s) =Cy(s) = Kp+Kgs=:C(s), (2.10)

with mrepresenting the mass, abdhe viscous friction coefficient. The robots are modeled as
linear systems since the haptic interface does not presents any particwdaidos that are not
covered by the linear model, and the virtual robot is represented by an &zl ¢

1The haptic interface as well as the virtual object are modeled to be secdedspring-mass-damper systems.
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As far as the internal stability analysis is concerned, the above systemiigleqt to a sys-
tem where the controller is PI (of the forky + K,/s), and the process (measured) variable is
represented by the velocity, i.e., process given(nys+b) L.

By rearranging2.6) and @.7) above, the following equation is obtained :

1+P(SICh(s)  —Ph(s)Cn(s)e ™

(2.11)
—R/(s)Cy(s)e % 1+ R/(s)Cy(9)

X(s) | _ | Ph(S)Fop(s)
Xv(s) —R/(s)Fe(9) '

Therefore, with the process (plant) and controller definitiéh8) @nd .10, the characteristic
equation of the feedback system rewrites as follows:

(1+ P(s)C(s))* — (P(s)C(s))?e (1tT)s — 0, (2.12)

which is simply equivalent to:

X1(8) Xa(s) =0, (2.13)
where:
X1(s) == (1+P(s)C(s) + P(s)C(s)e ™) ,
X2(s) =1 (1+P(s)C(s) — P(s)C(s)e” ™),
andrt ;= @

Remark2.3. An analysis of equations of the forr2.(3 has been given inljeg with x1, X2
scalar quasipolynomials. However, the authors did not considered a raneead case study.
Different approaches for handling such a control problem can bedfiu[161] (closed-loop
stability analysis in the controller-gains parameter spadd)[and the references therein (op-
timal delay bound as a function of parameters). In the sequel, the stabilitysenafysuch a
feedback system will be performed, using classical tools from contealrih(such as gain and
phase margins).

The following result is obtained (see AppendiXor the proof):

Theorem 2.4. The bilateral haptic system is asymptotically stable independent of the delay
values {1, 12) if the controller gains satisfy the condition:

m

Ky >
d=7

Kop. (2.14)
Furthermore, when /K, < m/b, there exist two cases:

(@) IfO<mK,—bKy < b?/2, then the feedback system is stable independent of the delay values

(11, T2).
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(b) If mKp —bKy > b?/2, then the closed-loop system is stable if and only if
bZ
mKp, — bKg < E(ng)’ (2.15)
wherewy > 0 is the solution of the equation:

m—2 (tan*l(x) —tan? (g—ﬁx)) _ (n+1)b (2.16)
” 2m '

g

From the conditions of Theorefh4, the allowable range oh K;,/b? andKg/b for all b/m> 0
can be explicitly determined. The corresponding stability region is showthfee different
time delay values in Figur2.3.

stabiliy regions for different values of h = b (r1 + Tz) / (2m)
8

10 T T T T
stable above the curves
P £,
10° | stable independent of delay ]
above the dashed red line: h=0.001
Kyb=-05+ pr/bz,i.e.,L=2(1—a)
10" :
£
AP
10 8
10° :
10° 10° 10* 10° 10°

pr/b2
FIGURE 2.3: Allowable region of controller parameters for stabilof the bilateral haptic
system fom=1Kg, b=0,1Ns/mandt; = 1, = 10, 100, 1000ms
Remark2.5. In [136 a PD-like controller is proposed, using only the position error in the
controller (instead of using both - position and velocity errors) in order &wagiee the passivity
of the system. The velocity of the haptic interface/virtual object will be usigd thhe D-gain
for computing the controls for the haptic and virtual side, respectively. Withatbgsimption,
equations?.4)-(2.5 are rewritten as follows:
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F(t) = KgXn(t) +Kp, (X(t) =X (t — 12)), (2.17)
——
D-action delayed P-action
Fu(t) = —Ka,%(t) +Kp, (Xn(t — 1) = xu(1)), (2.18)
N——
D-action delayed P-action

Based on the complete development from Apperidlixhe stability is guaranteed if the follow-
ing condition holds:
E:') >T & Kg>Kpt. (2.19)
The result derived in134]:

Ka,, Ka, > Kp,Kp, 172,

is exactly the same a2.(l9, under the assumptio2.Q) andr, = 7, = T. O

2.3.2 Fragility of PD controllers

Consider now the analysis of the fragility of Proportional-Derivative (B@jtrollers for SISO
systems affected by input (or output) delays.

It is worth mentioning that the problem received a lot of attention in the casestérag free-of
delay, see for example§] (robustness techniques design leading to fragile controllerd), [
(non-fragile PID control design procedured] [appropriate index to measure the fragility of
PID controllers), but the delay case was not sufficiently addresssingle methodo analyze
the fragility of a given PD-controller is developed, for any SISO strictlypar system affected
by input/output (constant) time-delays (see also Appefdior different architecture). The
results are presented by usingeometrical approach

The proposed method consists of two steps. More precisely, the firststephe D-decomposition
method suggested by Neimark?[7] (see B9, 116 for further comments) in order to derive and
compute the boundaries of the stability regions. In this contextsthlgility crossing curves
represent the collection of all points for which the corresponding clexiatic equation of the
closed-loop system has at least one root on the imaginary axis. Thess define a partition of
the parameters space in several regions, each region having a tonstdrer of unstable roots
for all the parameters inside the region. By taking into account the crobsimgdaries char-
acterization in the controller parameter-space, the second step consigtgiimgden algorithm

to determine explicitly th@ptimal non-fragilecontroller. The presented algorithm allows com-
puting explicitly the (closed-loop) stability radius in the controller parameteresgiioally, as

a by product of the analysis, the maximum controller gain interval guatiagtdee closed-loop
stability can be easily derived.
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2.3.2.1 Preliminaries

Consider now a generic class of strictly proper SISO open-loop systenV@ittelays given by
the transfer function:

Hyu(s) = '\l\/ll((;)e‘sr =c'(slh—A)1ge ™, (2.20)

where(A, c', g) is a state-space representation of the open-loop sy#en®R(™", c,g € R").
The control law is defined by a classical PD controkgs) of the form:

K(s) = k(1+Tgs) = kp +kqs. (2.21)

Remark2.6. For analytical reasons, the cagg= 0 will not be explicitly considered, since
such a case does not have a practical counterpart, since standeativdecontrollers are not
applicable.

Therefore, the stability of the closed-loop systems is given by the locatiotne aferos of the
following meromorphic functiom : C x R? x R, — C given by:

H(s kp,ky, T) =1+ I\l\/ll((;)(karkds)e‘ST, (2.22)

which has an infinite (but, countable) number of roots (see &9.6p)).

The aim of this study is to derive an appropriate PD controkgy Kj) and a positive valired
such that the control lan2(2]) stabilizes the systen2(20 for anykp andky as long as:

V (ko —kp)2+ (ka —kg)2 < d. (2.23)

Without any loss of generality, the following assumption is made:

Assumptior2. The polynomialdgVi(s) andsN(s) in (2.22 do not have common zeros.

In the sequel, some geometric results are recalled in order to enable the cioonpotahe
stability crossing curves in the space defined by the controller’s parasniggerky) (similar
results for different types of dynamics can be foundSf| [ delay parameters space ai@p,
125 - some patrticular class of distributed time-delays). These curves exirdg collection
of all pairs kp, ky) for which the characteristic equatio@.22 has at least one root on the
imaginary axis of the complex plane.

According to the continuity of zeros with respect to the system’s parameta&sf(s instance,
[98] for the continuity with respect to time-delays), the number of roots in the righplene

2d represents theinimum distancéo the instability region.
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(RHP) can change only when some zeros appear and cross the imaiisfyl6. Therefore,
a useful concept is thieequency crossing s€ defined as the set of all real positigefor which
there exists at least a pakj( kq) such that:

M(jw)
N(jw)

H(jw;kp,kd, T) = 1+ (kp+kgjw)e 19T =0. (2.24)

Only positive frequencie& are needed to be considered, thais (0, ) since obviously,

H(jw;kp,ky,T) =0 <= H(—jw;kp,kq,7) =0. (2.25)

Proposition 2.7. For a givent € R, and w € Q the corresponding crossing pointy(kky) is
given by:

_ N(jw) jwr
_ 1 (N(w) jor
kd__BD(M(ja))eJ ) (227

Remark2.8. Itis easy to see thatw € Q the following inequality hold$/(jw) # 0. Otherwise,
N(jw)= 0, that contradicts Assumptich

Proposition 2.9. Let the relative degree of the systet20) be p = 1. Then, the closed-loop
system2.22 becomes of Neutral-Typand,

kp:
kp:_

belong to the stability crossing boundary. Herg pand g, are the main coefficients of the

On
Pn-1

On
Pn-1

polynomials Ms) and N(s), respectively:

M(s) = T;l ps, N(s)= iiqié.

Remark2.1Q Observe that in the case when= n— 1, the corresponding closed-loop system is
a quasipolynomial ofeutraltype (see, for instancel 29 for further discussions on the topics).

Proposition 2.11.[123: Letkg and k; > 0 be given. Le©. . denotes the set of all frequencies
w > 0 satisfying equatio(R.24) for at least one pair of (K kg) in the rectangle ky |< k5, | kg [<

SNeutral-Type defines a system where the denominator’s degree istede numerator's degree, more details
can be found in129.
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kg- ThenQy: i, consists of a finite number of intervals of finite length.
Precisely,w € Qics ke if and only if:

N(Jw) 12 _ 2, 2,2

— < . .

i) < 06+ (K% (2.28)
Then, whenw varies within some interva®), satisfying the inequality2.28, (2.26-(2.27)
define a continuous curve. Denote this curvelbgnd consider the following decompositions:

. .OH (s kp, kg, T
Rotjlo= j NS la D) (229
S=]w
. OH(skp,kg,T)
R]_'i‘]l]_——T‘S:jw, (230)
. OH (s, kp, kg,
R2+J|2=—(a£kdr)( - (2.31)
p S=|w

The implicit function theoremq9] indicates that under appropriate assumptigks, kq) can

be expressed locally as functions of the frequenwy. “Furthermore, the tangent i can be

expressed as follows:

T Ry R\ l1— Ryl
do | (R R Ro\ _ 1 Rol1 — Rulo ’ (2.32)
% lo Iy lo Rol1 — Rul2 Rol2 — Ralg
dw
provided that
Ryl — Rolp # 0. (2.33)

In order to derive the stability region of the system given B9, [123 characterized the
smoothness of the crossing curves and the corresponding directiorssingo

Proposition 2.12. The curveJ; is smooth everywhere except possibly at the point corresponding
to s= jw, if it is a multiple solution of(2.22).

2.3.2.2 Direction of Crossing

This subsection focuses on the characterization of the crossing directi@smonding to the
curves defined by2.26-(2.27). Here, the notion opositive directiondenotes the direction of
the curve that corresponds to the increasingoAlso, the region on the leftefers to the region
on the left hand side following the positive direction of the curve.
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Proposition 2.13. Assumew < Q, kp, ky satisfy(2.26 and (2.27) respectively, andv is a
simple solution 0f2.25 and:

H(jw,;kp,kdvr> #O,V(D’;’éw, (234)

i.e. (ko, kg) is not an intersection point of two curves or different sections of a singleechen,
as (k. ki) moves from the region on the right to the region on the left of the correipgn
crossing curve, a pair of solution of2.20 crosses the imaginary axis to the right (through
s=jw)if:

Ril> — Rol1 > 0. (2.35)
The crossing is to the left if the inequality is reversed.

Any given direction,(ds,dp), is to the left-hand side of the curve if its inner product with the

left-hand side normé a—kd ) is positive, i.e.:

Vg

0kd

from which the following result is obtained:

Corollary 2.14. Let w, k, and k satisfy the same condition as Propositi@rl3 Then as
(kp,kq) crosses the curve along the directiéa,d>), a pair of solutions ofZ.22) crosses the
imaginary axis to the right if:

dl(R2|o—R0|2)+d2(R1|0—R0|1) > 0. (2.37)

The crossing is in the opposite direction if the inequality is reversed.

All these properties will be further used to examine the fragility concepDoééntrollers.

2.3.2.3 Fragility of PD controllers

Consider now the PD fragility problem, which is the problem of deriving theimasn con-
troller parameters deviation without losing the closed-loop stability. More pitgcieea given
pair of parameterskf, kj), the roots of the equation:

N(s) +M(s)(kp+ kgs)e™*" =0, (2.38)
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must be located i©_ (this is the case when the closed-loop system is asymptotically stable).
Next, the problem is to find the maximum parameter deviatieghR, such that the roots of
(2.22 stay located irC_ for all controllers K, k7) satisfying:

\/(kp—k;)2+(kd—kg)2<d. (2.39)

This problem can be more generally reformulatedfasl the maximum parameter deviation d
such that the number of unstable roots(@f22 remains unchanged

First, let us introduce some notation;

N

T=UT, 5= {(kpka)we Qi}, (2.40)
=1

K(w) = (kp(w) ka(@))T, K= (ki kg)T. (2.41)

Let us also denotdy = min d;, where:
le{1,....N}

) = min{ 1/ (ko — kg2 + (ka — k)2l (kp, ko) €71 . (2.42)

With the notation and the results above, the following proposition may be written:

Proposition 2.15. The maximum parameter deviation from,(ky), without changing the num-
ber of unstable roots of the closed-loop equatiar2? can be expressed as:

d= min{kdoo, ks~ kp(0)], min {Hk(w) K

2}} (2.43)

- i 10 | PR ' —n—
_ mln{kd— o | [Ka+ | oo } if m=n-1
0 if m<n-1

where

andQ; is the set of roots of the functioh: R, — R,

f(w) 2 (k(w)—k) . d';i‘;’) (2.44)

where " represents the dot product.

Proof: The pair &, kj) is considered as belonging to a region generated by the crossingcurve
Since the number of unstable roots changes only wkgrk§) get out of this region, the objec-
tive is to compute the distance betwed, (;) and the boundary of the region. Furthermore,

91



Chapter2. Methods of Analysis

the boundary of such a region consists of “pieces” of crossing camnvepossibly the segments
of the shifted axis:

On

Pm

On
kp: = kp—|—/|,
p p Pm

(for neutral-type systems) and a segment of the shifted &xiskp(0).

In order to compute the distance betwe&f, () and a crossing curve, the points where the
vector kp — ki, kg — k) and the tangent to the curve are orthogonal must be identified.

In other words, the solutions of the following equation must be found:

wheref is defined by 2.44).

Taking into account the relatio2.32), (2.44) may be written as:

f(-) = (kp —Kp) (Ralo — Rol1) — (ka — k) (Rol2 — Relo). (2.45)

It is noteworthy thaff (w) is a polynomial function and, therefore, it will have a finite number of
roots. Let us consid€wy, ..., wy } the set of all the roots df(w) when all the pieces of crossing
curves belonging to the region arourid, (k) are taken into account. Since the distance from
(k% k) to theky(w) axis is given byky|, one obtains:

ESES

d= min{ Kios K5 = kp(O)] i {

}} (2.46)

that is just another way to express43.

The explicit computation of the maximum parameter deviatiocan be summarized by the
following algorithm:

Step 1: First, compute the “degenerate” points of each cdiv@.e. the roots oR1lo — Rol1 =0
and the multiple solutions oR(22)).

Step 2: Second, compute the s&; defined by Propositio2.15 (i.e. the roots of equation
f(w) = 0, wheref is given by @.44).
Step 3: Finally, the corresponding maximum parameter deviatias defined by 2.42).

Remark2.16 (On the gains’ optimization)it is worth mentioning that the geometric argument
above can be easily used for solving other robustness problems. fohiusstance, if one of
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the controller’'s parameters is fixed (prescribed), the maximum intervahgteeing closed-loop
stability with respect to the other parameter can be also explicitly computed. tioybar if Ky
(“derivative”) is fixed, the corresponding stabilizing maximum proportig@n interval can be
derived.

2.3.2.4 Some lllustrative Examples

In order to illustrate the theory of thieagility of the controllers, this section presents some
numerical examples.

Example 2.1. (Gantry crane)

For this example, a gantry crane was chosen, used as slave robot incpéeddion system as
suggested by49], having a time delay of 2 seconds:

(5) = 40s? + 25+ 400 o2
988 = 5003+ 3062+ 24055+ 2000

(2.47)

According to Propositior2.7, Figure 2.4 presents the corresponding crossing curves 2047).

| | | | |
-250 -200 -150 -100 -50 0 50k,

FIGURE 2.4: Corresponding crossing curves for the gantry cranenplain the controllers’
parameter space.
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Remark2.17. Based on the figure, the stability regions must be searched. A classicéb day
it is follows: start at the origin of the parameter space. In principle, theesyss sufficiently
simple in order to decide the system'’s stability. Next, define a path connectinggfreto the
point we are interesting in. In general, we try to have the simplest one: famices starting
from the origin and taking the one of the axis (coordinates) as being thefiesand so on. It
is worth mentioning that each intersection between such a path and the stabil@iyngrosrve
will correspond to some change in the stability of the system. Once a stablépfuiond, the
entire region where the point is located is stable. When passing from stglida to an unstable
one, at least two roots cross in the right half of the plaiie)( Further on, the next regions may
be stable or unstable. As a general rule, when passing from one tegioether, a pair of two
complex roots will cross either ia C_, either ine C_.., making the system stable or instable.
Two neighborregions cannot be stable, since at every passing two roots must @wss frto
C, or viceversa.

Figure 2.5illustrates the stability region for the systeth47) as well as the maximum parameter
deviation for the controllecks, k7).

kq A
hos

-t

FIGURE 2.5: Stability region for the crane modé.47); non-fragile controller given byk; =
3.25,kj = 1.65,d = 2.345980

In tableE.1, from AppendixE the results obtained are summarized after applying the proposed
algorithm in order to analyze the fragility for the controllék;, k) = (3.25,1.65).
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Example 2.2. (Sixth order non-minimal phase system): For the second example,|kheifa
process was considered():

— -7 —2s+1 s
5+ 1)(512)(5+3)(5+8)(F+s+1° (2.48)

9(s)=

Figure 2.6 presents the stability region irpkky for (2.49).

Stability region

FIGURE 2.6: Stability region of(k,, ky) for the exampleZ.48); non-fragile controller given
by: ki = —6.15,kj = —6.25,d = 8.2917.

The fragility analysis for the PD-controller for the systet48 are summarized in tablE.2
from Appendie.

Example 2.3. (Unstable, non-minimum phase): Consider a second-order, noimmaim-phase
and unstable open-loop system, described by the following transfer funttiéh [

s—2 _1g
- . 2.49
g_1/2s113/4° (2:49)

g(s)

The particularity of this system is that the use of a PD-controller leads to a&disop system
of neutral type. In Figure.7 the stability region in thekp,ky) parameter space was depicted
for the systemZ2.49).
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kd A /
1
0.5 g
W4 ¢
w2
0 - —
Stability region w3
-0.51
1 - —C
we
1.5 B
| | | | | | | |
-0.5 0 0.5 1 1.5 2 2.5 3 kp’

FIGURE 2.7: Maximum parameter deviatiod = 0.4910 for the controller(ky, kj) =
(1.1021 0.2514) for the unstable non-minimum phase exam@2&9.

TableE.3from AppendiE summarizes the fragility analysis for the controli&f, k) = (1.1021,
0.2514) for the system2.49).

In this section, a simple method for choosing a non-fragile PD-controller wesepted for a
class of strictly proper SISO systems with 1/O time-delays by using geometuienamgjs. To
prove the efficiency of the method, several illustrative examples have besidered.

The next subsection addresses the distributed time-delays problem. Maoisefy, the time-
delays are considered to be varying and an appropriate analysis @sprbpy using the prop-
erties of the delay distribution.

2.3.3 Distributed time-delays

A potential approach when dealing with varying time-delay problems is repexséy the use
of distributed delays as potential models in depicting delays behavior. Gen#raltime-delay
can be studied in order to determine the variation shape and based on it, aitiistribodel
is created, which can be further included in the control law. Basically, sleeof distributed
time-delays is a reasonable trade-off betweenl¢ks likelycase of fixed time-delays and the
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more complicated time-varying delay. Considering distributed time-delays, theaagaf the
model appears to be improved in the cases considered here without givirgyerview of
the literature on distributed delays. Such systems are present in many scieltf such as
economy 86], population dynamics4?2], traffic control [83, 170, biological systems]09,
network/Interné®-based systemd 88 193, etc.

In the sequel, the study is focused on the configuration from Figiteunder the assump-
tion that the delay is distributed. Under this assumption siheledelay blocks {1, 12) will
be replaced by some appropriate functional delay bloEk$s], D2(s)). The new scheme is
represented in Figur2.8,

Haptic Distributed Virtual
X Ci
Fop—_:Q—> Interface h Omré‘s;;'ycat'on—_'_»Q—» Controller, Iy 4 «~— F,
- Hz Dl - CV
Haptic + Distributed Virtual
E Controller<_Q:7 oo - Object
h Ch D, v F

FIGURE 2.8: Bilateral Haptic System for distributed time time-aie.

From Figure2.8, the equations describing the system response can be written as follows:

X(s) = Fh(S) (Fop(s) = Cn(S) (Xn(S) = D2(8)Xu(9))), (2.50)
Xy( Ri(S) (=Fe(s) +Cu(8) (—=X(8) + D1()%(9))), (2.51)

o)
I

whereX;,(s) denotes the Laplace transform of the time sigga(t); similarly for Fyp(s) and
Fe(s). Here,11 > 0 and1, > 0 denote the corresponding (forward and backward) time-delays.
As they were already defined for the fixed delay case, the transfetidash, , (s) andGCy, (s)

are taken as:

Ph(s) =Ri(s) = S(ms+b) =:P(s), (2.52)

Ch(s) =Cy(s) = Kp+ Kgs=:C(s). (2.53)
In this case, the characteristic equation of the system is given by:
(14 Ph(S)Cn(8)) (14 R(S)Cu(S)) — (—Fh(S)Cn(s)D2(8)) (—R/(S)Cy(s)D1(s)) =0 (2.54)

Considering®, = R, = P andC;, = C, = C, equation 2.54) results in:
(1+P(s)C(s) + P(s)C(s)D1(s)) (1+ P(s)C(s) — P(s)C(s)D2(s)) = 0. (2.55)
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Similarly to the constant delays case, equat@b% is simply equivalent to:

X1(S) x2(s) =0, (2.56)

where:
X1(8) := (1+P(s)C(s) + P(s)C(s)D1(s)) ,

X2(8) =: (1+P(s)C(s) — P(s)C(s)D2(9)) .

Next, two common time-delay distributions will be discussed and analyzed:

e uniform distribution,

e gamma distribution with gadlp1].

2.3.3.1 Uncertain delays: uniform distribution

In this case, the uncertainty will be considered to have a random variatibtmna additional
information about. Figur@.9 presents such an uniform delay distribution.

Qv

0 To— Ay i To+ Ay
FIGURE 2.9: Uniform distribution.
ConsideringAz,Az > 0 andtg > A4, the uniform distribution kernel is given by:
1 .
aony T To—01 < & <To+Ly,
fgy=4 “ (2.57)
0, otherwise

whereTy is the reference delay aiq , A, represent the delay uncertainty in both directions.
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The Laplace transform of the uniform distribution is given by:

efs(TofAl) _ efs(T0+A2))
S(Al + Az)

D(s) = (2.58)

With these considerations and consideridg= D, =: D, equations Z.50-(2.51) rewrite as
follows:

efs(rofAl) _ efs(T0+A2)
X(9) = H(9 (Fop<s>—cpo<s> (xh<s>— SETED xv<s>>), (2.59)

—S(To—01) _ g—S(To+42)
X(9 = V(9 <—Fe(3)+CPD(S) (—xv<s>+e S?AlfAz) * xh<s>)), (2.60)

and the characteristic equatich%4) for this case rewrites as follows (defined as a characteristic
function):

efs(rofAl) . efs(roJrAz)) 6
W(s, Kp, Kg, To, A1, D) = W1(s,Kp, Kg) + Wa(s, Kp, K , (2.61
(s, Kp, Ka, To, A1, Bz) = W1(s,Kp, Ka) +W2(s, Kp, Kq) 1+ A (2.61)

where:
W1(s,Kp, Kg) = mPs’ + (2Kgm+ 20m)s + (K + 2Kgb -+ b? + 2Kpm)s® + (2K b+ 2KgKp) s+ K3,

Wo(s,Kp, Kg) = —Kgs® — 2KgKps— K.

For the stability analysis in presence of time-delays the method presente@biri 26 will be
applied (this method was largely discussed in Subsecdh.3as well as in the Appendik,
subsectiorB.2). Using a geometrical approach, this method draws the stability regions in the
controller gains’ space with respect to time-delays.

Method summary:
e The stability of the closed-loop system is given by the locations of the zerdiseof
characteristic equation. Introduce now the general form of charaatefusiction W :

CxR xR xR, — C, used in the case of haptics (based on the scheme from Figlire
given by:

W(sKp, Ky, T) = (14 P(s) (145 (Kp+KgS)) (14 P(S) (1— € 7) (Kp + Kgs)), (2.62)

which has an infinite (but, countable) number of roots (see, for instdtR®)[ In the
case of uniform distributed delays, equati@6@) is replaced byZ.61). It is worth men-
tioning that the roots of such a characteristic function are continuously depeofithe
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system’s parameters, and similarly to the constant delay case, a loss off gtability
can be detected if characteristic roots cross the imaginary axisiS8eof [116 and the
references therein).

e Next, for a givent € R (strictly positive), and for a frequenay € R, \ {km/7; ke N, }
the corresponding crossing points are given by:

+ _ 1
Kp =-0 <P(jw)(1:|:e*”‘*’)) (2.63)
KE — —lD( 1 ) ) .

d w \ P(jw)(1Le T19)

Otherwise:

(Kp, Ka) = (K5, Ki), forw= 2T,
Ko, Kq)= (K-, K), forw= 0T > (2.64)
(Kp, Ka) = (K, Ky), forw="=

where K;,Kd*) represents the solution set corresponding to the first pa2.68)( and
(Ky,Ky) correspond to the second part.

e Then, whenw varies within some interval); C (0,), (2.63-(2.64) define appropriate
curves that separate the gain-parameter space in several regibngatieach region
has the same number of unstable characteristic roots (see, for instae;edr a more
detailed discussion on the so-called D-decomposition method). As pointed ounerRe
2.17, an initial point must be chosen and checked in simulation if the closed-looprsyste
is stable or not. Generally, the haptic systems are stable for small posities\iky,, Ky
(< B5). Further on, the main goal is to determine the shape of the stability region.

Based on the above method, the stability region for this case is presentedsec8ai2.3.3.3

2.3.3.2 Uncertain delays: gamma distribution with gap

Studies on the problem of controlling objects over communication netw@gg pointed out
that, in this case, the time-delays can be modeled by a gamma distribution with gap(see, f
instance, 121 for further details). In the case of gamma-distribution with a gap, the kdrigel
given by:
0, <,
(&)= : (2.65)

(E-rte T
B LI T E>T,

wherene N, T > 0 andt > 0. Note thatf (£) >0 forall§ >0andfy f(£)dé =1. Thegapis
defined byr, and the correspondirayerage delayf (2.65 satisfies:

Tm:/mff(f)dE:TJrnT. (2.66)
0
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Figure2.10presents an example of delay shape for a gamma distribution with gap.
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FIGURE 2.10: Example of gamma with gap distributed delay: shapedéstdbution
(1=0.04se¢T =0.0lsecn=1).

As T — 0., the kernel 2.65 tends to a Dirac impulse centeredéat= 1 and one recovers the
original system with a point-wise constant delay The transition tol = 0 is smooth from a

stability point of view, as the stability determining eigenvalues are continuous @sthect to

the parametefT > 0.

The Laplace transform of the gamma distribution with gap is given by:

D(s) = L(f) = uijT)n (2.67)

In haptics, starting from equatio.66), the delays’ average values are given by:
O =T,=0+mT, ©L=T1,=70L+mnl, (2.68)

wheretly,, 12y, represent the average delay, andt, represent the corresponding delay’s gap.

With these considerations, in the case of gamma distribution with gap, equa2i®h$2(7)
rewrite as follows:

%8 = H)(Fold) ~Con(d) (009~ 5 gl ) (269

X = V() (~Fuls+Cools) (X9 + @) ). @70

ConsideringTy =T, =17+nT (1 =T =1, ny =n, =n, T; = T, = T), the characteristic
function for this case writes as follows:

e TS 2
LIJ(S7 Kp> Kda T, T7 n) = LP]_(S, Kp,Kd)—f—l-Pz(S, Kp>Kd) <(1—|—ST)”> . (271)
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Based on the characteristic equation obtained above, the stability methodughgyicesented
will be applied, more precisely, equatio2.§2 will be replaced by equatior2(7) in order to
derive the stability zone for the gamma with gap distribution.

2.3.3.3 lllustrative examples

Considering the system presented in Fig2u& with m= 1 Kg andb = 0.1 Nse¢m, the corre-
sponding stability regions for the two cases are presented below.

Figure2.11depicts the stability region irk(,, Kq) parameters’ space for the case of uniform
distribution with the characteristic equatio?.§l), wheret; = 1, = 0.05secandA; = Ay =
0.01sec

Ky (N/m)

Ky (Ns/m)

FIGURE 2.11: Stability region (in green) foK(,, Kq) with 1, = 7, = 0.05secand
A1 = Ay =0.01sec

Next, Figure2.12 depicts the stability region iKp, Ky parameters-space for the gamma with
gap distributed time-delay, with the characteristic equatinlj.

As it can be seen from the graphical representations, the stability regioa oaie of gamma
distributed with gap delays iarger, which was expected since the uniform distributed delays
offer a less restrictive choice in terms of delay variation. More preciseltheruniform dis-
tributed case, only the minimum and maximum delays must be known, while for the gamma
with gap distribution the delay must have a specific shape as shown in Ridire
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FIGURE 2.12: Stability region (in green) foK, Kq) for a gamma distributed delay with gap
(1r=0.04secT =0.0lsegn=1).

In this subsection, an analysis of PD controllers under uncertain time dekpnesented. In
the case of uncertain time-delays, a special attention is required for theidrebithe delay.
Depending on this, the time-delays can be modeled in order to choose morendyfittie con-
troller's parameters providing high performance in terms of end useep&on and guarantying
the system’s stability. As it was presented, depending on the distribution typeholice of con-
troller’s gains can be more or less restrictive. The next section presetsalysis of the Smith
predictor-based controllers for haptic systems.

2.4 Analysis of Smith predictor-based controllers used in haptics

As mentioned a reliable method in solving time-delay problems remains the Smith predictor
[174). A complete study on the variations of the Smith predictor can be fourti3irj.[A Smith
predictor-based control scheme for motion synchronization in virtual envieoits under large
time-delays is presented iB8).

2.4.1 Preliminaries

Starting from the classic scheme of a haptic system, presented in HigieeSmith predictor
was added; the corresponding block scheme is presented in Ridiye

Here, thisasymmetricontrol scheme is proposed since the main objective is to increase the end
user perception in terms of transparency. More precisely, the entire lypduiaincluding the
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Human *(t) Haptic Xh(fl Haptic

Interface Controller k(1 — D)
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il Fop(t) (Master) Fj(1) (PD control) £,
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(1) (PD control)
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F.(t F(t : I
Virtual elt) Virtual 0] Virtual
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sAejap Buissaooid pue uonedIuNWwWo)

FIGURE 2.13: Block scheme for Haptic/Teleoperation Systems glioly Smith predictor 1s
represents the time-delay used in the predictor).

controller is considered to be admpact plant affected by time delays. With this assumption,
the goal of the Smith predictor is to compensate the round trip delay efrtii@l plant (virtual
side). It is worth mentioning that a second Smith predictor inserted in the vidnaladler will
introduce new uncertainties which will make the system more vulnerable to instabititput
adding additional improvements in terms of human operator’s perception. FEdutpresents
the control scheme of such a system.

Fop

+ -
\\ Cals) @5% Pis) frgpre M0~ Gls) F!H P.s) Hj
Xs >+
- Pils) ] Cs(s) O

f-
Smith Predictor

FIGURE 2.14: Control scheme of Smith predictor-based system.

Considering the system presented in FigRr#4, the equations describing the response can be
written as follows:

X(S) = Ph(S) (Fop(S) ~Ca(9)(Xa(9) —& =X (s) + (€ - 1)X9) ). (272)
Xu(s) = Rus)(—Fe(s) +Cu(s) (—Xu(S) +€ ™Xn(9))), (2.73)
XS(8) = PS(SICS(S)(Xn(S) ~ Xs(S). (2.74)

wherets represents the time-delay considered in the Smith preditgs), X.(s), Xs(s) (po-
sition resulting from the Smith predictorffop(s), Fe(S), Pa(s), R/(s), Ps(s) (model used in the
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Smith predictor) denote the Laplace transforms. The parameters usee foayttic interface,
the virtual object and the Smith predictor are assumed to be equal. Theetréunsitions of
Ph(s), R(s), Ps(s), Cn(s), Cy(s), Cs(s) are defined as follows:

1
=PR(s) = =P =—"— = = =! =Kp+K
RiS) = R(9) = PS(9) =i Pl8) = o pn Cr(9) = Cul(9) = Col9) =i C(8) = Kp+Kas
(2.75)
wheremrepresents the mass abds the damping coefficient.
From Q.72-(2.74), the system’s transfer function is obtained:
Xh o Q(Sa Kpa Kd)
Fop  P(S Kp, Ko» T, T2, T9) (2.79)
with:
P(s, Kp, Kg, T1, T2, Ts) = Pi(s, Kp, Kq) +Pa(s, Kp, Kg) (€115 g7 Ts5), (2.77)

Based on the case without predictoR-4), the controller’s equation corresponding to the haptic
side -F(t), rewrites as follos:

Fa(t) = Kg, (%n(t) = X(t = T2) +Xu(t — Ts)) —X(t) +Kp, (Xn(t) —Xu(t — T2) +R(t — T5) = X(1)),

(2.78)
wherex,, %, represent the estimated velocity and position for virtual object. The estimation is
made by using a similar model to the one running on the virtual reality environment.

2.4.2 Stability analysis

In this subsection a stability analysis is proposed from two points of view:

e Stability regions in controller’s gain parameters,

e Stability in delay parameters-space.

In the first case, the stability region will be represented in the controlleanpeters-space
(Kp, Kq), for fixed or distributed time-delays. The second case presents thbtystagions

in the delays-space (system delay + 12) and the delay used in the Smith predictg) for a
predefined tuning of the controller gaifisp, Kq). Resuming, the first case describes the sta-
bility limits in the controller gains-space f&nown delays, while the second case presents the
delays dependency in terms of stability for fixed PD gains.
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2.4.2.1 Stability regions

Without any loss of generality, the following assumptions are made:
Assumptior8. The polynomiald® andQ are such that dé@) < degP).

Assumptiort. The polynomialP does not have any roots at the origin, tha®{®) # 0.
Assumptiorb. The polynomiald® andQ do not have common roots.

Assumptiors. The polynomiald® andQ satisfy the following condition:

Ky, K
lim Q(S Kp, Ka) <L
s=o |P(s, Kp, Ky, Ty, T2, Ts) | 2

If one of the Assumption8-4 is violated, then the system cannot be stabilized for any positive
delay. Assumptiorb imposes to have the system in ggnplestform. Finally, if the system

is of retarded type (imposed by Assumpti8yy Assumption6 is satisfied automatically. The
neutral type systems will not be discussed here, since this case is tioabgin haptics. For
discussions on the implications of these assumptions the readers are ref¢bs&d 6y, 124.

According to the continuity of zeros with respect to the system’s parametssf(sg instance,
[48] for the continuity with respect to delays), the number of roots in the right hatfep(RHP)
can change only when some zeros of the closed-loop system appearoasdhe imaginary
axis. Therefore, a useful concept is the frequency crossing skdfined as the set of all real
positive w for which there exist at least a pal{, Kq) such that:

P(jw; Kp, Kg, T1, T2, Ts) =0. (2.79)

Only positive frequencie& need to be considered, thatsc (0, ), since obviously:

P(jw; Kp, Kg, T1, T2, Ts) = 0 P(—jw; Kp, Kqg, T1, T2, Ts=0.

Proposition 2.18. For a giventp € R andw € Q C R’ a corresponding crossing point (K
Kg) is given by the solutions of the following system:

{ O(P(jw; Kp, Ky, T1, T2, T5)/s=jw) = O, (2.80)

D(P(JO), Kpa Kd7 Tl? T27 TS)/%]&)) - 07

Remark2.19 It is easy to see that w € Q the following condition holdsP(jw) # 0. Other-
wise,P(jw)= 0, that contradicts Assumption 3.

Let QK;}KS denotes the set of all frequencies> 0 satisfying .80 for at least one pair of
(Kp, Kq) in the rectanglg K, |< K_p,| Kq [< K_d. Then, whenw varies within some interval
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Q,, satisfying .80 defines a continuous curve. Dendlgthe curve corresponding tQ,
vl € 1,...,N and consider the following decompositions:

0P(S, Kp, Kd7 Tl; T27 TS)

Ro+jlo= | o o (2.81)
. P ; K ) K b ) 9
Rt jls— 2P Ko, Kay 11, T2 TS)] . (2.82)
0Ky s=jw
. 0P(s; Ky, Kg, T1, Tp, T
Ro-t jlp = — OP(S Ko, Ka, 10, T2 S‘ - (2.83)
0Kp s=jw
Similar to the constant time-delay case, the tangefii cin be expressed as follows:
dKp 1
do R R I — Ryl
do | _ (R R Ro\ _ 1 Rol1 —Rulo ’ (2.84)
dKy PREY lo Roli —Ril2 \ Rylz — Rolg
dw

provided thatRyl, — Rol1 # O.

In order to derive the stability region of the system given Byr§), [123 characterized the
smoothness of the crossing curves and the corresponding directiorseingo

Proposition 2.20. The curveT; is smooth everywhere except if the point correspondingtg®
is a multiple solution ofZ.76).

Remark.21 The crossing direction of the curve that corresponds to increasinij be called
thepositive direction Also, the region on the left hand side as one heads in the positive direction
of the curve will be calledhe region on the left A complete presentation can be found in
subsectior?.3.2.2

2.4.3 Stability in delay parameters-space

Consider now that the controller gains are fixgo= K, Kqg = Kj, and discuss the influence of
delay parameters on the stability of the system.

Proposition 2.22. [124] The crossing sef2 consists of a finite number of intervals of finite

length and it is determined by solving:

Q(jw;Kp,Kg)
P(J(A), KSa Kéa 11, T2, TS)

=

> (2.85)

é.
In what comes next, the following notations will be used:

P(jw, Kg, K3, T1, T2, Ts)
Q(jw,Ks,KY)
107
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According to fL24], for a givenw € Q, the setT,, consisting of all the pair§(1; + 12), Ts) can
be found, satisfyingd (jw, K§, Kj, 11, T2, Ts) = 0 as follows:

Zh(jw)+ (2u—1)m+q

(T1+T2) = (T1+ )5 (W)= o , u=us,ug+Lus+2... , (2.86)
Zh(] 2

Ts= 15" (W) — (Joo);: V7T$q7 v=vy(u),vg (u)+1,vg(u)+2,... ,

(2.87)

whereq € [0, 11 is given by:

q(jw) =cos? ( (2.88)

1
2!h(w)\>
andug ,u, are the smallest integers (may be dependemb)such that the corresponding values
(T1+12)%*, (11 4 T2)% ~ are nonnegative, ang{ andv, are integers dependent on The
position in Figure2.15 corresponds t¢(11 + 12)"", 7¢") and the mirror image about the real
axis corresponds tq(1y + 12)", 1 ").

A

Im

Y

o) A Re

FIGURE 2.15: Triangle formed by th(s)e~(1t72)S andh(s)e ™"

If 7554y @andT, . are defined as the singletofis + 12)"" (), 1¢" (w)) and((11+ 12)" (), 1 (w))
respectively, thefl,, can be characterized as follows:

- + —
‘Iw - U ‘J’WMV U U ‘IwyUyV
u>ug ,v>vg U>Ug V>V,

The set of stability crossing curves in delay parameter space is defined by
N
T=U7 7= U T (2.89)
k=1 weQy
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Remark2.23 The distance betwegfit; + 12), Ts) andT is a measure of fragility of the con-
troller (K, Kg) with respect to delay uncertainty.

In order to better illustrate this approach, a short example from haptics igdeoed below.
Consideringn=1Kg, b= 0.1 Ns/m, for the chosen PD controller's gaik = 1500N /m and

Kq = 80 Ns/m, Figure2.16 presents the crossing curves of the system for this case. For each
pair of u, v fixed, whenw varies in some interval, based on equatidh8§-(2.87), a crossing
curve is defined as depicted in Figl#d 6 The stability region is determined knowing that the
system is stable when the two delays are equal, and further on the stabifitiefsomay be

determined on the graphic.

This result gives a general overview of the system limitations in terms of delégtions. The
stability crossing curves are delimiting regions having the same number of unstatdeMore
details can be found irLP6, 124.

As a general rule, the delay used in the Smith predictor is considered todae f@nce the
complete configuration is known, it is easy to see what are the minimum and maximum limits

of the time-delays’ uncertainties from the stability point of view.

|

0.25

0.2

System’s Delay
o
o

e
N

0.05

0 0.05 0.1 0.15 0.2 0.25
Smith predictor’'s Delay

FIGURE 2.16: Example of Crossing curves figp = 1500N/m, Ky =80 Ns/m. Here, the
stability zone is represented by the green zone.
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2.4.4 Fragility of Smith predictors

The main goal of this subsection is to provide a method for deriving the biggsiive value
d such that for a stabilizing controller with the Smith predictor builthe, Kj), the system is
also stabilized by any pakp, Ky as long as:

\/(Kp—Kg)er(Kd—Kg)z <d. (2.90)

This problem can be more generally reformulated fasding the maximum controller gains
deviation d such that the number of unstable root22d? remains unchanged

First, let's introduce some notation:

N
T=U7n  Tr={(Kp,Ka)lwe Q}, (2.91)
=1
k(w) = (Kp(w),Kag(w))", Kk = (K5, KT, (2.92)

WhereK;, Kg are fixed.

Let's also denotegl= min d,, where:
e{1,...,.N}

dg:min{\/(Kp—K5)2+(Kd—K§)2 / (Kp,Kd)G‘.Tg}. (2.93)

With the notation and the results above, the following proposition gives an estimatioimef
maximum controller's parameter deviation (i.e. non-fragile controllers ckeiaation):

Proposition 2.24. The maximum parameter deviation fronj,(K§), without changing the num-
ber of unstable roots of the closed-loop equatidry can be expressed as:

d:m.n{de7!Kp—Kp(0)|,£2|§g{ k(w) —k 2}} (2.94)
where
i £ _ | £ [ i —n—
Kawim mln{ K3 o K+ o }, if m=n-1,
0, if m<n-1,

wheregm, pn represent the coefficient of the highest order of the polynorfa3andQ; is the
set of roots of the functioffi : R, — R:

f(w) 2 <(R(w) - R*),m> (2.95)

dw
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As it was already presented in subsecti@® and2.3.2.3 similarly, the explicit computation
of the maximum parameter deviatidrcan be summarized by the following algorithm:

Step 1: First, compute thédegenerate”points of each curvg (i.e. the roots oR;lo — Rol1 =0
and the multiple solutions 02(76)).

Step 2: Second, compute the S8t defined byProposition5 (i.e. the roots of equatiof(w) =
0, wheref is given by @.95).

Step 3: Finally, the corresponding maximum parameter deviatias defined by 2.93.

Remark2.25 (On the gains’ optimization)it is worth mentioning that the geometric argument
above can be easily used for solving other robustness problems.féhumstance, if one of the
controller's parameters is fixed (prescribed), also the maximum intenaahgteeing closed-
loop stability with respect to the other parameter can be explicitly computed. tinyar if Ky
(“derivative”) is fixed, the corresponding stabilizing maximum gain intecea be derived.

2.4.5 Fixed and known delays

In this case, the use of a Smith predictor projects the problem in the noredetage. For
Ts=T1+ T2, P(s, Kp, Ky, T1, T2, Ts) (equation R.77)) becomes(s, Ky, Kq) = Pui(s, Kp, Kqg).

Using the method presented in Subsecoh2.] the stability zone ifK,, Kq) parameters is
drawn in Figure2.17, considering a sampling time delay of 0.001 sec (with= 1 Kg, b =
0.1 Nse¢m).

According to this result and also to the practical experiments, in this casealties ofK, and
Kq are basicallyfreeto be chosen from the positive domaii ().

2.4.6 Uncertain Delays
2.4.6.1 Uncertain delays: constant uncertainty

In this case, the overall closed-loop transfer function of the systenridedan Figure2.14

becomes:
P(s; Kp, Kg, T1, T2, Ts, A)°

HXh/FOp(S; Kpa Kda M1, T2, Ts, A) = (296)

whereA represents the delay uncertainty. Considerithe nominal delay, the system’s delays
are defined to b&; = 12 = 7o+ A, and the Smith predictor’s delay = 21y (because the round
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FIGURE 2.17: Stability region (in green) foK(,, Kq) for a time delay of 0.001 sec.

trip delay1; + 12 has to be compensated). With these considerations, the characteristic equation
from (2.96) rewrites as follows:

P(s;Kp, K, T0,8) = Py(s;Kp, Kg) + Pa(5;Kp, Ka) (720 — e 20+s) - (2.97)

Using the method presented in Subsecoh 2.1 the stability region i(Kp, Kq) parameters,
corresponding to equatio.07) is drawn in Figure2.18 for a nominal delay, = 0.05secand
a fix delay uncertaintp = 0.01 sec(with m= 1 Kg, b= 0.1 Nsegm).

Distributed delays

In the sequel, different probability distributions are used to describe thed@tas-pattern. Sev-
eraltypesof time-delays, covering the most common situations, will be presented and analyzed
from the stability point of view. Based on the controller equatidn8){(1.4):

Fin(t) = Ka, (Xn(t) —X%(t — 12)2+Kph(xh(t) —Xy(t— Tz)z, (2.98)
delayearD—action delayed P-action

Fu(t) = Ka, (Xt — T1) —X(t)) +Kp, (Xn(t — T1) —x(1)), (2.99)
delayearD-action delayed P-action
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FIGURE 2.18: Stability region (in green) foik(,Kq) for a fix uncertaintyA = Ay = Ay =
0.01sec

corresponding to the case wisimpletime-delays, for the distribution representation, the equa-
tions 2.98-(2.99 become:

Folt) = Kal |

[ £(8)(50(t) —u(t — To— 8))d0+Kp [ F(8)(x(t) ~(t — To— 6))d, (2.100)

delayed D-action delayed P-action

Fut) = Ko | F(B)(5(t) —in(t — 10— 8))dB-+K, | F(B)(u(t) —xs(t— o~ 6))d6, (2:101)

-~

delayed D-action delayed P-action

wheref represents the distribution kernel. Considetinthe Laplace transformation of the dis-
tribution kernel, the equation.(2-(2.73, describing the system response, rewrites as follows:

Xn(s) = H(S)(Fop(S)—CPD(S)(Xh(S)—F(S, Tz)Xv(s)+(e’TSs—1)X3(S)))>,(2.102)
Xu(s) = V(s)(—Fe(s) +Cpp(s) (—Xu(S) +F(s, T1)Xn(9))). (2.103)

With these considerations the general fornP@d, Ky, Ky, T1, T2, Ts), rewrites as follows:

P(s, Kp, Kg, T1, T2, Ts) = Pi(5,Kp, Kq) (F(S, T2)F (S, T1) —€ ™) + Py(5,Kp,Kg)  (2.104)
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2.4.6.2 Uncertain delays: uniform distribution

As previously mentioned in Subsecti@r8.3.1 the uniform distribution represents an appropri-
ate approach when dealing with variable time-delays for which only the minimahastnum
values are known, with no additional information about the variation behavar distribution

of an uniform time-delay was already presented in Figuédrom Subsectior?2.3.3.1

Considering)1, A, > 0 andtg > A4, the uniform distribution kernel is given by:

(2.105)

L ifTo—N01 < E<To+Ny,
f(E) _ A +Dp
0, otherwise

whereTy is the reference delay ad , A, represent the delay uncertainty in both directions.

The Laplace transform of the uniform distribution (already presented lis&iion2.3.3.) is

given by:
e S(lo—41) _ e—s(ro+A2))

S(Al + Az)

F(s) = (2.106)

In the Smith predictor, the delay to be consideredsis- 21y because it must compensate the
round trip delayr; + 12, wherety, Tz € (To— A1, To+42).
With these considerations, equatio2s102-(2.103 rewrite as follows:

e S(To—D1) __ g=S(To+02)

Xn(s) = H(s) (Fop(s)—cpp(s) <Xh(5)— B ) Xu(S)+ (2.107)

+e ™ -1)Xs(9))),

e S(To—D1) _ g=S(To+02)

X(s) = V(9 (—Fe<s>+ch<s> (—xv<s>+ S5y xh<s>>>, (2.108)

and equationZ.104 becomes:

efs(rofAl) . efs(ro+A2)) 2
P(s, Kp, Kg, T1, T2, Ts) = Pi(s,Kp,Kqg) —e % | +Px(s,Kp,Kqg).

S(Al + Az)

Using the method presented in SubsecRoh2.] the stability zone inKp, Ky) parameters is
drawn in Figure2.19for the delay uncertainties; = A, = 0.015sec
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FIGURE 2.19: Stability region (in green) foK(,, Kq) for A = A> = 0.015sec
2.4.6.3 Uncertain delays: gamma distribution with gap

In the case of gamma-distribution with a gap, the keifnisl given by:

0) E<T7

f(&) = e (2.109)
IR LICE . E>1,

wheren€ N, T > 0 andt > 0. Note thatf(£) > 0 forall £ > 0andy f(£)d§ = 1. The gap
is defined byr, and the correspondirayerage delayf (2.109 satisfies:

Tm:/mff(f)dE:TJrnT. (2.110)
0

An example of the gamma distribution with gap was already presented in R2gl@drom
Subsectior.3.3.2

Using the Laplace transform of the gamma with gap distribution and the delagsigey de-
fined by equations2(67) and Q.68 respectively, in the case of gamma distribution with gap,
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equations2.109-(2.103 rewrite as follows:

e fz S

X(8) = H(9 (Fop<s>—cpo<s> (xh<s>—x
e DX()).

X9 = V(8 (~Fl9+Coo(9) (X9 + roem o)) (2112

(9)+ (2.111)

Consideringts =1+ o, With Ty = To =1+nNT (1= =T, =N =n, i =T, =T),
equation 2.109 rewrites as follows:

e TS

2
P(s, Kp, Kg, T, T, N, Ts) = P1(s,Kp, Kq) (((1+5T)n> —eTSS> +Py(s,Kp, Kq)

Using the same stability method proposed in Subse®iér?.], Figure2.20presents the stabil-
ity zone inKp andKy parameters space, considering: 0.04se¢ T = 0.01secandn = 1.
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FIGURE 2.20: Stability region (in green) fok(,, Kq) for a gamma distributed delay with gap
(t=0.04se¢T=0.0lsegn=1).

2.4.6.4 Uncertain delays: normal distribution

For this case, like for the previous ones, a fixed time-delay is considerdaef Smith predictor
and a variable delay on the system'’s side. The system’s time-delays haeddtény form:

T1=T=Ty+A, (2.113)
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wherertg is the nominal delay. Figurg.21presents an example of time-delay shape for a normal
distribution.

Delay variation Distribution

density

0.02 0.03 0.04 0.05 0.06 0.07 sec 0.08

FIGURE 2.21: Example of normal distributed delay: shape and 8igtion (mean value; =
To = 0.05sec

In the Smith predictor, the time-delay will be considemgd= 2179 because the round trip delay
71 + T2 has to be compensated. The uncertaihtig considered to have a stochastic variation
defined by a probability kerndl given by:

1 2
f(x) = e 232, 2.114
(X) T (2.114)

whered? defines the standard deviation. The Laplace transform of the normal digirit{see
[19Q for further details) is given by:

_ [T ests Pt VS orf (S
F(s)f/o e vs  dt= 2e4erf(2>, (2.115)

whereer f(-) is the complementary error function, defined as:

2 X e, 2 XX X
erf(x)_\/ﬁ/o e dU—\/ﬁ<X—31|+52|_73'+> (2116)

Let us consideE(X) the mean of a random variabk¥ andA modeled as a Gaussian white
noise. The mean value &fis zero. Then,

Fa(t) = Kq (E()’(h(t)) —E(R(t— T2))> —I—Kp<E(Xh(t)) —E(x(t— rz))), (2.117)
delayed D-action delayed P-action

Fu(t) = Ka (E(%(0)) ~ EGn(t = 12)) ) +Kp (E((1)) — Exn(t — 1)) ). (2.118)
delayed D-action delayed P-action
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Furthermore, using the continuity rf(t),x,(t) on equationsZ.117-(2.118 rewrite as:

Fn(t) = Kq (%E(xh(t)) - %E(x\,(t - Tz))> +Kp(E(xh(t)) —E(x(t— rz))>, (2.119)

delayed D-action delayed P-action
d d
F(t) = Kg (aE(x\,(t)) — E(n(t - rl))) +Kp(E(XV(t)) —E(xn(t— rl))), (2.120)
delayed D-action delayed P-action

which means that the analysis made in the known delay case still holds bug fioreidin values
of xu(t) andxy(t).

Therefore, the choiceK,, Kq4) ensuring the stability in the known time-delay case (Figu&)
will assure the mean-stability in the uncertain delay ca4e184. In other words, the Smith
predictor is able to compensate the delays on any given time interval evenpbiiorwise
values ofA the system is unstable.

In the case of uncertain time-delays, a special attention is required fbetteviorof the delay.
Depending on this, the time-delay can be modeled in order to choose more #ffitiencon-
troller's parameters providing high performance in terms of end usergtégsneand guarantying
the system’s stability. As it was previously presented, depending on thibdigin type, the
choice of controller’s gains can be more or less restrictive. More pitgcisethe uniform dis-
tribution, the choice of parameters is the most restrictive one, while for the hdrstigbution
the choice is close to thdeal case. The uniform distribution corresponds to the case when little
information about the delay variation is known (i.e. only the minimum and maximum vaiaes
needed in this case). This is why the uniform distribution case is the most restdot in terms
of parameters’ choice. On the other hand if the delay shape can bexapated by the gamma
with gap or normal distribution the parameters’ choice willdigger. Concluding, the uniform
distribution gives the most restrictive stability zone, based on a minimal informatidriree
other two (gamma with gap and normal distribution) give a less restrictive stalmlitg, Zout
based on more detailed information. Therefore, with limited information about the sledgpe,
tuning related to the uniform distribution must be considered.

As it was previously presented, depending on the distribution type, theechbicontroller’'s
gains can be more or less restrictive. More precisely, for the uniformildiitin, the choice

of parameters is the most restrictive one, while for the normal distribution theecioclose

to theideal case. The uniform distribution corresponds to the case when little information
about the delay variation is known (i.e. only the minimum and maximum values adechee
in this case). This is why the uniform distribution case is the most restrictive otegns of
parameters’ choice. On the other hand if the delay shape can be apprakimgatee gamma
with gap or normal distribution the parameters’ choice willdigger. Concluding, the uniform
distribution gives the most restrictive stability zone, based on a minimal informatidriree
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other two (gamma with gap and normal distribution) give a less restrictive stahilitg, Zout
based on more detailed information. Therefore, with limited information about thy siedgpe,
tuning related to the uniform distribution must be considered.

2.5 Tuning and Physical Limitations

This section gives an overview of some physical limitation clues and also segaratks re-
garding the tuning of haptic and teleoperation systems.

As it was previously mentioned in haptics, as in teleoperation, there exist twtdaimg cases
(situations):

e free motion - when there are no contacts,

e restricted motion - when the virtual object (slave robot) has contacts with thieenv
ment, and this phenomenon must be accurately transmitted to the end user vigtihie ha
interface (master robot).

Between the two cases (free and restricted motions), there exist alwayarbiion phases,
which must be also taken into account due to the possibility of inducing undsituations

or behaviors. To the best of the author's knowledge, the ronstal situation may occur

during the free to restricted transition which sometime can result in long time osciflation
even unstable behavior.

The first objective of the tuning procedure is to guarantee the stability afytstem in all sit-
uations and functioning cases. Furthermore, under the assumption that the misdonger
moving the haptic interface (the velocity is zero and the position is constangclfaeving an
asymptotically convergence to zero of the virtual object velocity and ergspasition coor-
dination (between the haptic interface and virtual object or master/slavedystem must be
stable.

The second obijective is to guarantee the tracking error between the hdptface and the
virtual object (master and slave). Both functioning cases (free andctesgtmotion) must be
carefully taken into account and properly analyzed. More precisefyggémotion, the desired
behavior is to obtain @erfecttracking position and velocity between the haptic interface and
the virtual object (or master/slave in the teleoperation framework). Since ihnaohtse cases,
the systems are affected by time-delays, it is worth mentioning that frequeuntidir changes

at high velocities may induce important tracking errors. In this sense, the ¢ispemse of the
used actuators (generally DC motors) is limited, or/and other components of tamggxcept
the communication network) may have slow responses. On the other hanstyictee motion,
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the tracking error should be maintained as small as possible. It is importamintopt the idea
that the feedback force is calculated based on this error, i.e. the fopcegertional with the
tracking error. Under this circumstance it is impossible to have zero traeking even in cases
when there are no communication time-delays (ideal cases).

The third objective, and the most restrictive one among the majority of the ¢ashstrans-
parencyconstraint. As mentioned previously, transparency can be defined sslépeesence
sensebetween the operator and the environmen@).[ For both systems - haptic and teleop-
eration, the transparency characterizes the end user sensation of adatly eith the virtual
reality or the remote environment without any additional devices. Based on tHertatoning
cases - free and restricted motion, the transparency level must be aclueesdtti case under
different criteria.

Ideally, in free motion, the force feedback felt by the human operator shmultero. In re-
stricted motion, in order to establish the level of transparencyctimact testof the virtual
object (or slave robot) with other objects is the most relevant test. Depeonithg speed at the
impact moment, the human operator should be able to feel the corresponding asjree was
directly having contact with the respective object. Generally, for thelbaadks, stiff walls will
be used. An accurate impact feeling is provided byretantaneousncrease of the feedback
force with noviscosity effecbefore.

Remaining in the stability domain, generally, the controller gains can be tunedentorguar-
antee the desired behavior and performances for one case (frestricted motion) with the
price of the completely loss of the other case performances and behawwoe pvkecisely, in

free motion, the use afmallgains guarantee the desired behavior in terms of tracking error and
transparency. In the opposite, in order to hge®d performances in restricted motiohigh
gains should be used. At this point, for the systems affected by time-déltyee are no spe-

cial techniques used (as, for instance, gain scheduling or Smith predettrade-off” must

be made in order to obtain tlmtimumbehavior in both cases using the same gains. The DC
motors must be carefully chosen in order to provide the expected feediraek ndersized
motors will be saturated quickly, leading a decrease of overall systemtpenfices.

Regarding the physical limitation of the system, the response may be slow due itethe
reactionof the motors. As it was already pointed out in Chagiefast direction changes may
result in a slow system response, see Figug2

In terms of safety, an important attention should be payed for the maximum feecbdck.
More precisely, @igh force feedback could result in harmful actions for the human operator.
For example, when working with virtual environments, sometimes the calculated foay
induce high shocks or continuous forces, which can cause injuries taitharhoperator. With
these considerations, the force feedback must be limited in order to avoiblp@sidents.
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FIGURE 2.22: Fast direction changes.

Regarding the encoders, the resolution must be also taken into accountf Bweadays, most
of the encoders provide high resolution measurements, since teleoperatiba@tit systems
are working based on position and velocity, a high resolution measuremeqtiseck The lack
of accuracy may decrease the systems performance.

2.6 Conclusions

In this chapter, the theoretical tools for analyzing the stability of the delaystdras in different
configurations, as well as the physical limitations and tuning clues from a @hptiint of
view have been presented. More precisely, the chapter started withalysiarof the trade-off
between stability and transparency for teleoperated systems, then thatfrogd-Derivative
(PD) controllers under time-delays used in haptics were analyzed andgskstland finally, a
specific analysis for the Smith predictor-based control used in hapticpropssed. The last
section has introduced general aspects about the limitations of a real systesmnae practical
hints for the tuning.
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In AppendixB a method of analyzing the trade-off between stability and transpareneg bas
on the 4 channel control scheme used in teleoperation was presenteg.aldg@nmetrical rep-
resentation, the proposed methdrdwsan allowable gains domain, satisfying both conditions
of stability and transparency. Several examples from teleoperation wepegad in order to
complete the presentation.

As a general conclusion, this chapter has proposed the necessamstittad tools for further
developments in haptic systems under time-delays. Based on these resuks{ tineo chapters
presents twmewmethods for improving the system performances.
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Chapter 3

Smith Predictor with distance feedback

3.1 Problem analysis

As mentioned before, a reliable method in solving time-delay problems similar to thepane
sidered in the thesis is represented by the Smith predit?e.[Based on the theoretical devel-
opment presented in the previous chapter, a new approach adaptetids isagetailed here. In
haptics, as in teleoperation, the problem of time-delays and their effectshilityst@nd trans-
parency remains open (id28 a method for improving the transparency is proposed by using a
state prediction scheme for compensating the network communication delays) tits iagre

are two time-delay sources: the communication channel and the processingttithe ¥irtual
reality environment. More precisely, as already highlighted, the delay effentbe felt in free
motion by the viscositphenomenarwhile in restricted motion the contacts are not stiff.

In this chapter, a Smith predictor-based contidl4] using the distance until a possible collision
as feedback is proposed. Generally, the Smith predictor is working dgréten the delays are
fixed and known and also the model used in the predictor is close to the real amatistable.
The central idea is to use a predictor just on the haptic side in order to coatpehs viscosity
effect and to provide an accurate feeling in case of contacts.

Generally, for many systems affected by time-delays the Smith predictod-bastrol provides
a reliable solution. There exist two main points that must be carefully analyzed w$ing
this solution. The first one is the time-delay variation; under constant andrktiowve-delays
the Smith predictor projects the problem in the ideal case (the time-delaystgseesent). In
order to guarantee a constant time-delay, a classical technique is to imipogaantum of time
for each iteration, corresponding to the maximum time-delay. These solutianiggvesting
results when the delays are perfectly known and predictable. In th@taseinknown commu-
nication network delays, as the InterBetthe delays can no longer be predicted so accurately.
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Considering darger maximum time-delay may decrease the system performances substantially.
To overcome this problem, passivity based solutidi®?] 114, 191], distributed modeling or
time varying solutions]03 183 are only a few approaches proposed in the literature.

In Section2.4, a complete study of the Smith predictor control-based for haptic/teleoperated
systems under uncertain time-delays was presented using a distribution mogeliogch.

The second point that must be carefully analyzed is the consistency ofahienpodel used
in the Smith predictor. More precisely, an inconsistent model leads to an éctqnmediction,
which can further turn into a decrease of performances or even a corfgsstef stability. It
can be shown that the Smith predictor lsasne tolerancat some model inconsistencies, but
still remainsquite vulnerablg44, 77, 95].

In the haptics and teleoperation cases, the model changes completely, feotn festricted
motion or vice versa. In the sequel, the main advantages and inconveniénsasgoa Smith
predictor-based control for haptic system will be highlighted.

It is worth noting that mechanical systems in presence of unilateral coristeai considered.
Thus, a non-linear hybrid dynamics is analyzed, where the autonomous sivitghamics are
generated by the passing from free to constraint motion or reverseddén tornot complicate

too much the problem, the transition between the two types of motion will not be particularly
analyzed. Nevertheless, the model has to be changed on the predictahsidl¢he dynamics
changes. For solving this problem, a new approach is presented, bythisiagailable informa-

tion on the distance from the virtual reality simulator and introducing it in the pi@dic order

to maintain the similitude between the real and the predicted model.

In the previous chapter, a complete stability analysis of Smith predictor-belsedhs for haptic
system was presented, showing thabdresults can be obtained for different types of delays’
distributions. These results correspond to the free motion case. In restricted niwiogsults

are no longer valid since contact force must be added in the dynamics.pvkmisely, the sys-
tem is stable in steady state, but the probtEmedrom the transition phase. The main problem
is recalled to the model considered in the Smith predictor which is no more similar to il vir
reality model in the case of contacts. Unfortunately, the basic form of the Smeitticbor can
compensate the delays only in free motion, in restricted motion the model is no longer valid,
since the virtual environment is not included and will induce a poor impattat®n and, in
some cases, an unstable behavior. More precisely, the system is stabté itebes, but the
problem is due to the transition from free to restricted motion, the control law isuffatisnt

to guarantee the requested properties and will introduce long time oscillatiohtharsystem
becomes stable. FiguBLlillustrates the system behavior when passing from free to restricted
motion using aclassicSmith predictor. As shown in the literature (sé49), the study of this
transition is very challenging even in the free-of delay case.
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FIGURE 3.1: Oscillating behavior of the system when passing frame to restricted motion,
usingclassicSmith predictor control.

Resuming all these aspects, the Smith predictor-based control reprasetitble solution in
free motion. Once the system switches from free to restricted motion, the transition doag in
long time oscillations, or sometimes even instability. It is worth mentioning that accotaling
the experimental results in free motion for different uncertain time-delaysepted in Section
3.4, the Smith predictor-based solution provides important improvements from tispéigency
point of view, i.e. in terms of end user perception the behavior approaclies twn-delayed
case. In order to make the Smith predictor-based approach a solutdirsituations the next
section proposes a new approach for updating/changing the model usegiediator.

3.2 Proposed solution

In haptics and teleoperation, as for the majority of the time-delay systems, the $edittor or
its variants represent an appropriate solution for the control law. Hagtiteteoperated systems
have two functioning cases (free and restricted motions) which makes the tise 8mith
predictor more difficult since the model on the virtual (slave) side changese [drecisely,
the model used in the predictor is workiogrrectlyin free motion, while in restricted motion
is no longer accurate since there is an important difference betweenettlieted and the real
model. A solution for such a problem is proposed3id|[for the teleoperation framework. They
suggested the use of two models, corresponding to free and restricted matidresswitching
method based on the tracking error between the master and the slave positidn fissume
that there is contact when the tracking error is increasing over a certain lifiie advantage
in haptics compared to the teloperation framework, is represented by the additforraation
available concerning the environment, which can be further used for inmgr¢he control law.
The virtual reality can provide precise information about the neighborhodHeotontrolled
object in order to anticipate the contacts, and based on the model update.
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In the case of uncertain delays, it is very important to have an accurate mottel Smith
predictor, in order to assure the stability of the system.In the sequel, a spdiition for
haptics is proposed in order to improve the Smith predictor.

Let’s remind the equationslL(1)-(1.2), representing the starting point, given by itlassical
dynamic (nonlinear) equations of motion for two similar robots in the haptics framework

Mh(Xn)%n(t) + Bh(Xh, Xn)Xh = —Fn(t) 4 Fop(t), (3.1)

My (%)% (t) + By (Xy, X)X = —R(t) + Fe(t), (3.2)

wherex,, Xy are the haptic interface/virtual object positidip, Fe are the human/environmental
forces,F, Fy are the force control signallsl,, M, are the symmetric and positive-definite inertia
matrices, andy,, B, are the Coriolis matrices of the haptic interface and virtual object systems,
respectively.

According to the Smith predictor control scheme presented in FRja&the new blocks added
result in a third robot which has to compensate the delay effects of the wolijesdt. Theclassic
Smith predictor used for this case writes as follows:

Ms(Xs)%s(t) + Bs(Xs, Xs)Xs = —Fs(t), (3.3)

whereXxs is the predicted object positiolfrs is the predicted force control signdljs is the
symmetric and positive-definite inertia matrix aBglis the Coriolis matrix, both equal to the
virtual reality object mass and Coriolis matrix, respectively.

In the free motion case, sin€g(t) is equal to 0, the predictor model is similar to the one of the
virtual object. Once the environmental foregt) is no longer equal to 0, i.e. there exist some
hard contacts with the environment, the model used in predictor is not aceunsatere.

Consider now the controllers’s equatio@)-(2.5) for the standard system, illustrated in Figure

2.2 given by:
Fr(t) = Ka, (1) —Xu(t — 72)) +Kp, (Xa(t) —xu(t — T2)), (3.4)
delayearD-action delayed P-action
Fu(t) = Ka, (n(t — 1) —Xu(t)) +Kp, (X (t — 1) = X(1)), (3.5)
delayed D-action delayed P-action

whereTy, 7, are the forward and backward time-delays &pg,,Kq, , are the PD control gains.

Since the Smith predictor is used only on the haptic dtdé, rewrites as follows for this case:

Fr(t) = Ka, (%n(t) = Xu(t — T2) +Xy(t — Ts)) = Xu(t) + Kp, (X (t) =Xy (t — T2) + Ry (t — Ts) = Ry(t))
(3.6)
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wherex,, %, represent the estimated velocity and position for virtual objectranelpresents the
time delay considered in the Smith predictor. The estimation is made using a similar model to
the one running on the virtual reality environment.

From these equations, it can be seen that there exists a perfect similaritebehgeredicted
control and the real one. Let's remind the equatichg?)-(2.74) describing the response of the
system presented in FiguPel4

X(9) = Pu(s) (FoplS) ~On(s) (Xa(9) — & ™Xu(9) + (€ F-1)Xe(9)) ), (37)

Xu(s) = R(S)(—Fe(S)+Cu(S) (—Xu(s) + € Xn(9))) (3.8)
Xs(s) = Ps(S)Cs(s)(Xn(s) —Xs(9)), (3.9)
where:
Ph(s) = Ry(s) = Ps(s) = P(s) = S(m;b) Ch(s) = Cy(s) = Cs(s) =: C(s) = Kp + Kgs.

From equations3.7)-(3.9), it can be seen that in case of hard contacts, ke 0, X,(s) and
Xs(s) are no longer similarly defined, sin€g does not have an equivalent component.

With all these considerations, the intuitive solution is to find a way to estimate thedorttes
predictor side. Here, a method to preserve the accuracy of the systenhes used in the pre-
dictor is proposed, using the distance until collision available in the virtuitysaene. Based
on the information received from the virtual environment, it is possible toigrélte impact
moment and to maintain the predictor's modathenticityresulting in an accurate system.

The main idea of the proposed solution is to introduce into the Smith predictor tmerenental
force Fes by using the distance between the controlled virtual object and other oljettte
scene. Figur@&.2illustrates the approach.

Based on Figur®.14 in this case, the control scheme is drawn in FigBi@ As it can be
seen in Figure8.2-3.3, the information is also affected by communication delays, but this is
not a critical problem. Even if some changes appear during the time periie afelay, the
model will still be able to guarantee the desired behavior. In Se8tibthese situations will be
experimentally presented.

Introducing the environmental force in the predictor, the equaBd) (ewrites as follows:

Ms(Xs)%s(t) + Bs(Xs, Xs)Xs = —Fs(t) + Fes, (3.10)
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whereFgs represents the estimated environmental force calculated based on theealisxan
tracted from the virtual reality:

Fes = Kwall (Xs — Xwall) + BwanXs, (3.11)

whereKya and Byga represent the stiffness and damping used to compute the virtual force
environment X is the virtual wall position received from the virtual scene ¢og 2) and
Xs, Xs are the virtual object position and velocity estimations used in the Smith predictor.

IntroducingFesin equation 8.9), this rewrites as follows:

Xs(S) = Ps(s) (Fes+Cs(S) (Xn(S) — Xs(s))) - (3.12)

Now, after introducind=s, the Smith predictor’'s equations are similarly defined in all situations
- free and restricted motions. The method proposed here provides a rebi#tiers for up-
dating/changinghe model used in the predictor, using the information about the distance until
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possible collisions, available in the virtual reality scene. Since the major pnadifi¢he Smith
predictor-based control scheme was the inconsistency of the model, tnasled information
received from the virtual environment, it is possible to predict the impact mbamehto have a
correct model in the predictor, resulting in a more accurate system.

The next section will introduce the experimental platform that will be usethforalidation of
the proposed method.

3.3 3-DOF experimental platform

In this section, the experimental platform that will be used for the validation of ttleadere-
sented previously, is briefly described. The main objective of this plati®tmguarantee a full
control in the presence of communication time-delays. In order to ensutecamirol of the
communication delays and processing time, all the control algorithms (for haptitaoeéir-
tual object) and virtual environment simulations will be run on the same computer.

The haptic interface, Figurés4a and3.4b, consists of three direct-drive motors and three op-
tical quadrature encoders with 1000 pts/rev (with a gear ratio of 1/10)cdhieollers and the
virtual simulation are running in real time mode (on RTAI Linux) with a sampling time of 1 ms.

Figures3.4c and3.4d illustrate the two virtual scenesifnpleenvironment/virtual box) that will
be considered for the experiments, as well as the virtual object. The voijedt is modeled
to be a spherical mass (equal to the haptic interface mistgs)y-(M,). The environmental force
(Fe,» Fey» Fe,) resulting in case of an impact with the virtual environment (virtual walls) is defin
by the following equation:

Fe = Kwall (Xv - XwaII) + B\Na”XVa (3-13)

whereKya1 = 20000N/m and Bya = 10 Ns/m represent the stiffness and damping used to
compute the virtual force environment in this ca¥gy is the virtual wall position ané,, X,
are the virtual object position and velocity.

This experimental platform represents a simplified versionrebhsystem, but it appears to be
sufficient for haptics study purposes.réal system, as described iB][ consists of an appropi-
ate workstation for the CAD application linked on one side to dedicated visualizatisteglu
and on the other side to a real-time physical simulation. The cluster is in chargtheitinys-
ical simulation and is linked to a motion capture system, and the haptic interface. Agrtrd
[8], on a 8 core machine, using VPS++, the computation time is lower thag #/hile using
LMD++ the computational time may increase up to 8 for the virtual model considered.
The proposed system was used in the automotive industry in order to stutBagikility of
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some manual operations like, painting processes, door fitting, accessibilitysiemaly of pe-
ripheral components, training and ergonomic analysis. Another complex atpglicdesigned
for testing aircraft engines in order to reduce the development costs @vditbthe necessity
of physical mock-ups for maintainability using an integrated haptic device &dystem is
presented in37].

3.4 Results and analysis

In this section, the new approactsmith predictor-based control with distance feedbadk
be experimentally tested and analyzed in different scenarios and Liffdeert types of time-
delay. All the experiments are carried out by a human operator, explairtigghe conditions
will not be exactly the same in all experiments. In order to create an effisi@nof testing the
proposed method, multiple scenarios freimpleto complexwere defined:

=

. free motion (random motions on each axis),
2. restricted motion (wall contacts on each axis),

3. contact with moving objects, i.e. a sinusoidabvingwalls® will be used in order to
provide a more realistic scenario,

4. free and restricted motion inside a virtual box (random motions with or without ctsnta
on each axis and multi-point conta®ts

5. free and restricted motion inside a virtual box with sinusondaVingwalls (random mo-
tions with or without contact on each axis and multi-point contacts),

6. free to restricted motion and vice versa transitions under random uncegéin&mm
+5mm) applied on thelistance feedbackvith sinusoidaimovingwalls,

1Each wall will be moving sinusoidally based on the following functi®foving= Xwall + 5sin(t) mm
2Multi-point contact defines the simultaneous contacts on more than one axis
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7. free to restricted motion and vice versa transitions inside a virtual box, waddom
uncertainties applied on tltistance feedbackvith sinusoidamovingwalls.

The first scenario will point out the basic functionalities of haptic systenisglke proposed
control method under different types of delays. The second scerarieant to provide a more
interesting situation, when the virtual scene is no longer static. The third antth fezenarios
propose a more challenging experiment, since the complexity level of the emdrtiias been
increased and fast model changes are required. The purpose détthedascenarios is to test
the proposed method in what we consider to beviiest case, since the model estimation is
perturbed. More precisely, a perturbation will be added on the wall positia) used in the
feedback.

Based on the analysis of the Smith predictor-based control used for bggtens, presented in
Section2.4, considering the analyzed types of time-delay, five experimental time-detaycir
stances will be presented:

fixed and known time-delays,

uncertain delays: constant uncertainty,

uncertain delays: uniform distributed time-delays,

uncertain delays: gamma distributed time-delays with gap,

uncertain delays: normal distributed time-delays.

Resuming, the proposed method will be tested frempleto complexcases using different
types of time-delays, as well as different scenarios.

Remark3.1 On the gain tuning.The tuning of the gains will be made in order to obtain the
closestresults to thédeal case, respecting the stability limits for each distribution type. It is
worth mentioning thak, gain plays the maimole in terms of performances, since both free
and restricted motion are directly influenced by its value. More precisely, a salak of

Ko guarantees small force feedback in free motion, while the restricted motion is ehaliz
resulting in a poor impact feeling. Generali§, is chosen as big as possible in order have low
impact on the restricted motion. TKg gain is chosen fulfilling the stability conditions for each

case.

3.4.1 Constant time-delays

The experiments will start with the case of constant time-delays. Underghmasion that there
are no model uncertainties or variation, when using the Smith predictor, theededggtems

131



Chapter3. Smith Predictor with distance feedback

come to the free-off delay case, generally considered to biela¢case. The main objectives
are to test the capabilities of the method unidesal conditions and also to providestarting
point for the cases affected by time-delay uncertainties.

The gain tuning was made in order to obtalaseperformance to th&leal case (free of delay).
The following controller's gains are used for all the experiments predentthis subsection,
corresponding to the constant time-delays case, respecting the stability peggented in Fig-
ure2.17, section2.4.5

Kp = 1800N/m, Kqg =80Ns/m,

and the system’s time-delays = 17> = 50ms andts = 100ms

Scenariol. Figure3.5presents the free motion case for constant time-delays.
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FIGURE 3.5: Free motion under constant time-delays.

As expected, this case comes to the ideal circumstances, when there éxist-uelays and no
motion switches. The results match perfectly the ideal results, i.e. the forceafdeidbalmost
null (< 0.5N).

Scenaria2. Next, Figure3.6 presents the restricted motion case, when the time-delays are con-
stant.

This example presents the fitsteof the method proposed in this chapter. The model used in the
predictor was correctly estimated and the results are almost identical to ther@pesed in the
ideal case. It is worth pointing out that the Smith predictor in its basic form whging long
time oscillations in the case of hard contacts (see Figubewhile here the restricted motion is
correctly handled.
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FIGURE 3.6: Restricted motion under constant time-delays.

Scenario3. In the sequel, since the proposed method is based on the distance betaeen th
controlled virtual object and other objects from the virtual scermapgingobject will be con-
sidered in order to illustrate the method capabilities for a dynamic situation. F3glpeesents

the results.
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FIGURE 3.7: Restricted motion under constant time-delaysraogingobject.

The impact moment is perfectly reproduced, and furthermore, while maintairerforite, the
human operator is able to feel the moves of the object. The force oscillatierggvan by the
sinusoidal move of the virtual wall.
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Scenario4. As it was presented in the beginning of this section, a perturbation will be also
added on the position feedback (used in the Smith predictor) in order to teatltiezability in
case of uncertainties. FiguBe8 presents the results.
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FIGURE 3.8: Restricted motion under constant time-delays/ingobject and uncertain feed-
back.

It is important to mention that the uncertain wall is shifted from the “real” walldose the
information is also affected by time delays, as it was presented in the zoom wkeRd.

Similar to the previous cases, the impact moment is perfectly provided and alsbjdut’s
moves are felt by the human operator. The presence of the perturbatiaresduwibration
that can be slightly felt by the human operator. The vibrating effect is visikdetaldhe large
thickness of the force, caused by the fast oscillations. For larger patioms ¢ +10 mmj), the
vibrations will also increase, providing an unpleasant manipulation. It is woethtioning that
in real life situations, this case has a small probability of occurring.

For the last three examples of this subsection, a more complex virtual scene witididered.
More precisely, airtual box, as it was presented in Figudetd, will be used.

Scenaridb. Figure3.9exposes the random moves insid@raual box.

The main objective of this experiment is to point out the method capabilities fastehanges
conditions. Since the moves are made inside the box, there exist many switmmegede to
restricted motion and viceversa, and also many multi-point contact situations. Adhiémen
in Figure3.9, the results appear to be consistent with the reality constraints, the huntatoope
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FIGURE 3.9: Randonmmoves inside a virtual box under constant time-delays.

can feel accurately all the impagtsand the force depends directly to the speed at the contact
moment, providing a realistic behavior.

Scenariob. This example will point out the case when more virtual objects from the scene ar
moving. In order to illustrate this situation, the walls of the virtual box will move sinuslyid
Figure3.10presents this case.

Haptic & virtual X position Haptic & virtual Y position Haptic & virtual Z position
mm mm mm
500 w 100 100
50 50
450
0 : 0
s haptic
400 I virtual /\/\/\/\/\/ =50 : -50
wall -100 -100
350
2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10
Haptic & virtual X speed Haptic & virtual Y speed Haptic & virtual Z speed
600
mm/s|[ - mm/s mm/s
50 haptic 400 500
virtual
200
0 0
-200
-400
-500
-600
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10
Haptic Force X Haptic Force Y Haptic Force Z
2 ljl 5 20
N1 10 N
10
5
0 0 0
-5
-1 -10
-10
-2 -15
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10

FIGURE 3.10: Randommoves inside a virtual box under constant time-delays raogling
walls.

3The impacts correspond on the graphic at each exceed of the virtlidihvies

135



Chapter3. Smith Predictor with distance feedback

Here, the goal is to test the method in more realistic dynamical situations. The ohtedud
are consistent with the reality in the sense that the impact can be felt in aticdalisy and also
the multi-point contacts situations are correctly provided. It is worth mentioning ttie force
is maintained (see Figu10 Z axis starting fronr 1.3 to ~ 6 seq, the user is able to feel the
moves of the virtual objects, i.e. in this case, the sinusoidal moves in all dmedioy, z).

Scenario?. In this example, a perturbation will be added on the feedback. Figdrkintro-
duces this case.
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FIGURE 3.11: Randommoves inside a virtual box under constant time-delaysyingwalls
and uncertain feedback.

As expected, the impact feeling is correctly provided and the switching betie&wo motions

is guaranteed. Similar to the scenadjavhen the force is maintained (see FigGr&l, Y andZ

axes starting from b to 5seq, there appears some vibrations (visible on the graphic due to the
large thickness of the force ahandZ axes) which is slightly felt by the human operator. Apart
this vibration which can become critical for larger perturbations{10 mnj, all the desired
performances are guaranteed.

This subsection presented the experimental results under constant timefdekach proposed
scenario. Since this situation corresponds to an ideal case, these resulis wilhsidered
as reference results, and will be considered as a starting point for xhexpgeriments under
non-constant time-delays. In order to point out the improvements offgretis approach, it

is important to consider the long time oscillating behavior of the Smith predictor in its bas
form, presented in Figuré.1 Also the method guarantees the performances not ordinmple
situations (restricted motion over a fixed virtual wall), but also for more complex emigats
with dynamical changes and under feedback perturbations.
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3.4.2 Uncertain time-delays: constant uncertainty

Based on the theory presented in Subsec?i@n6.l a complete experimental exemplification
is presented here. The backward and forward delays of the systerhendbnsidered to be
constant and equal to 58s The delay used in the Smith predictor will be considered to be
different from the system’s delay.

In each example, two situations will be addressed, depending on the uncevtdirgy
e first, the uncertainty is considered to Bd.0 msfor each forward and backward delay,
resulting in a 120nstime-delay on the predictor side,
e second, the uncertainty is considered to-H# mg resulting in a 8nstime-delay used

in the predictor.

The following controller’'s gains are used for all the experiments predentéhis subsection,
corresponding to the constant uncertainties cases:

Kp=1200N/m,  Kg=60Ns/m,

and the system’s time-delays = 7o = 50 ms These gains were chosen in order to obtain the
closestperformance to thleal case, while respecting the stability region from Figr&8

Scenarial. Figures3.12and3.13present the free motion case for the two uncertainties (120
and 80msrespectively).
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FIGURE 3.12: Free motion under constant uncertairty= 120ms.
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FIGURE 3.13: Free motion under constant uncertainty 80 ms.

As in the first case, whems = 120 ms the predictor is acting as movement compensator
since the force and velocity have the same sense (see RdiZéorce and velocity for each
axis). More precisely, in this case, the forcdedpingthe human operator in moving the haptic
interface. This phenomenon can be explained by the phase advandeapiiears when the
delay considered in the Smith predictor is larger than the system’s delay.

For the second case, wheg= 80 ms the Smith predictor is workingormally, with a force
feedback smaller than§ (except some peaks due to direction changes at high velocities).

In the first case 15 = 120 mg, there exists no viscosity effect, more precisely the predictor
acts as a friction and mass compensator. In the second ase80 mg, the viscosity effect

is larger than in the case of constant delays, but it islst¥l (< 5 N), providing an agreeable
manipulation.

Scenario2. In this example, thsimplerestricted motion case will be presented. Figu3eist
and3.15illustrate this scenario for the two uncertainties (h28and 80msrespectively).

In the first casets = 120mg), the impact sensation /more “violent”, since the force is helping
the human operator until the impact, and then is changing the sense instastaieouder to
reflect the impact (see FiguBel4Y andX axes).

In the second cased = 80 mg, the impact phenomena is typical for a haptic system, i.e. there
is asmallviscosity effect before the impact, since the force is acting in the opposie séthe
velocity.
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FIGURE 3.14: Restricted motion under constant uncertaingy< 120msg.
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FIGURE 3.15: Restricted motion under constant uncertaingy={ 80 ms.

In both cases, the impact sensation is correctly provided and close to theadeal The only
difference between the two uncertainties consideree-(120msand1s = 80 mg is the speed
at the impact moment, which results in a more important difference between tleebieiare

and after the impact. This phenomenon is the result of the phase advahesfio$t case. The
overall performances are consistent in both cases, and the model ubedSmith predictor is
correctly provided in free motion, as well as in restricted motion.

Scenarid3. This example presents the restricted motion, corresponding to the two uncertainties
when the virtual object is considered to be moving, i.e. a sinusoidal variatidmerconsidered.
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Figures3.16and3.17show the results for this case.
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FIGURE 3.16: Restricted motion under constant uncertaingy 120mg and moving virtual

object.
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FIGURE 3.17: Restricted motion under constant uncertaimgy= 80 mg and moving virtual
object.

Similar to the previous scenario, in both cases, the impact moment is correctigguio In

the first casets = 120 m9, the phase advance phenomenon (visible on the graphic due to the
same sense between the force and velocity), provides a more important ipsatien since

the difference between the forces before and after impact is largeiittimthe second case

(ts = 120mg. Furthermore, if the human operator is maintaining the force (as both Figures
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illustrate), the moves of the virtual object are felt at the haptic end, explathmginusoidal
shape of the force.

Scenario4. Now, some perturbations will be added on the position feedback, while pieger
the same conditions from the previous scenario (restricted motion, corresgdndhe two
uncertainties when the virtual object is considered to be sinusoidally ¥gnfigures3.18and
3.19present the results for this case.
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FIGURE 3.18: Restricted motion under constant uncertaingy= 120ms and moving virtual
object and uncertain feedback.

For both uncertainties, the impact moment is correctly provided, similarly to tivéopsecases.
As expected, in the steady state position (as FigBr&83.19show on all three axes) the sinu-
soidal moves of the virtual walls appear to be consistent with the reality, inasscillations of
the force are correlated with the virtual wall position. The difference betvieis scenario and
the previous one comes with the thickness of the force. The large thicknésfofce (Figures
3.183.19 forces on all three axes) illustrates the vibration induced by the perturbaijiec
on the feedback. The vibrations are similar to the ones encounteredinfetdease. The hu-
man operator may feel these vibrations, but since there arelquité< +5 mm), the effect is
not disturbing. For larger perturbationis (10 mn), the vibrations may increase substantially
resulting in an unpleasant manipulation.

For the last examples of this subsectionjréual box - Figure3.4.d, will be used.
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FIGURE 3.19: Restricted motion under constant uncertainty= 80 mg, moving virtual
object and uncertain feedback.

Scenariob. Figures3.20and3.21 present the results for this scenario for taedommoves
with and without contacts inside thvétual box
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FIGURE 3.20: Randommoves inside a virtual box under constant uncertaingy< 120ms.

From these two examples, it is important to notice that the Smith predictor is workingcty
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FIGURE 3.21:Randonmoves inside a virtual box under constant uncertaingy< 80 mg.

under fast changes, and the single/multi-point contacts are provideddituhway. The con-
tacts can be seen in both Figu®20-3.21onY andZ axes every the the virtual wall limits are
exceeded. The end user is able to feel correctly that Wweikinginside a box.

Scenarios. In this example, a closed varying virtual environment will be used, i.e. the wills
the virtual box will sinusoidally move. Figurés22and3.23illustrate this case.
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FIGURE 3.22: Randommoves inside a virtual box under constant uncertaimgy={ 120 mg
and moving virtual object.

The main goal of this example is to show that the proposed method is able to hastdiednges
from free to restricted motion or viceversa, under a virtual scene wherebjkets’ positions
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FIGURE 3.23: Randommoves inside a virtual box under constant uncertaingy=80mg and
moving virtual object.

are varying. This case is interesting since ireal world environment the objects’ positions
may vary. The obtained results are consistent with the reality, the systefdgsdhe human
operator with a realistic interaction, and the moves of the virtual objects frorsddige are
correctly felt at the haptic end. Also in case of maintaining the force, Figl32Y axis from
~ 2.5to~ 4 ms and Figure3.23Y andZ axes fromr 4 to =~ 6.5 msthe user is able to feel the
sinusoidal moves of the virtual walls, since the forcaagkingthe position.

Scenario?7. This last example introduces the perturbed case of the virtual box with gilaliso
movingwalls. The results are illustrated in Figui@24and3.25

For both uncertainties, the impact moments are correctly provided, similarly tor¢veops
cases. Compared to the previous example, in the steady state position @Rdiré andZ

axes from~ 4 to ~ 7.5 msand Figure3.25 Y andZ axes from~ 3.5 to ~ 6.5 m9g the haptic
interface is providing a vibrating response, due to the perturbations appliee teall position
(similar to theideal case). Resuming, the end user is able to feel correctly the contacts (single
or multi point), as well as that he is working inside a box, the only inconvemi@mies in long

time (> 0.5 seg steady states when the vibrating response is revealed.

In this subsection, the results corresponding to fixed uncertainties wesergged. The overall
performances are consistent with the reality, and the impact moments aretlggorevided in
all situations and for both uncertainties. It is worth mentioning that in free motion, Wieen
delay used in the Smith predictor is larger than the system’s one (first cdbsdararios), there
appears a phase advance resulting in an effect of mass and friction csatgren
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FIGURE 3.24: Randommoves inside a virtual box under constant uncertaimgy= 120 ms,
moving virtual object and uncertain feedback.
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FIGURE 3.25: Randommoves inside a virtual box under constant uncertaimg= 80 ms,
moving virtual object and uncertain feedback.

3.4.3 Uncertain time-delays: uniform distribution

Starting from the theory presented in Subsecf2oh6.2 the results corresponding to an uni-
form distributed time-delay for different scenarios are presented bdlothe next examples,
the backward and forward delays of the system will be considered ® thawariation shape
presented in Figur8.26 corresponding to uniform distribution. The delay used in the Smith
predictor will be considered to be constant.
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Delay variation
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FIGURE 3.26: Delay variation shape corresponding to uniform itistion.

The following controller's gains are used for all the experiments predentthis subsection,
corresponding to the uniform distributed delays case:

Kp = 1000N/m, Kg =15Ns/m,

and the time-delay delay used in the Smith predictece 100ms

These gains were chosen in order to obtain dlusestperformance to thédeal case, while
respecting the stability region from Figu2el9

Scenariol. In Figure3.27the free motion scenarios is presented for uniform distributed time-
delays.

It can be noticed that, as in the previous subsection, when the delay usedSmitth predictor

is larger than the system’s delay, there appears a phase advant&geasumass and friction
compensation. This phenomenon can be noticed in Figi¥écorresponding to the interval

1, = T = 35 ms when the force and velocity are acting in the same sense, while for the other
interval 1, = 17, = 65 msthe force and velocity sense are opposite. The overall performarees a
respecting the desired requirements, i.e. the viscosity effect isdo/N, except some peaks
resulting from sense changes at high velocities) and the system is pleaszantipulate.

Scenario2. Next, Figure3.28presents theimplerestricted motion case, when the time-delays
are uniformly distributed.

The impact moment is provided in a realistic way, since the force increasesttasut creating
any preliminary damping. It worth noting that the impact sensatidesisstiffer (=~ 60% from
the ideal case) due to the small values of the gains (espekig)lyAn interesting test proposed
in this scenario was the transition from one delay to anothet (T, = 35msto 1, = T, = 65ms
and viceversa) around the impact moment which guite delicatesituation (see for example
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FIGURE 3.27: Free motion under uniform distributed time-delays.
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FIGURE 3.28: Restricted motion under uniform distributed timéagts.

Figure3.28 X andY axes around .3 seq, as well as, while the force was maintained (see for
example Figure8.28 Z axis from= 6.5 to the end). As it can be seen from the graphic, the
system behavior is appears to be consistent with the reality, providindjsticeaanipulation.

Scenario3. In the sequel, anovingobject will be considered in order to test the system’s
capabilities of transmitting to the end user the moves of the objects from the vicer¢s
Figure3.29presents the results.

The goal of this scenario is to test if the moves of the virtual object can fveatty felt by the
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FIGURE 3.29: Restricted motion under uniform distributed timéagte andmovingobject.

human operator and the haptic end. Thus, while maintaining the force, a® Big@9 shows
from =~ 2 secto the end, the human operator is able to feel the moves of the virtual wall. This
phenomenon is also revealed by the synchronized oscillations of the fattcehe variation

of the wall position (visible on all three axes in Figu8e&9. Furthermore, orY axis, the
transition from free to restricted motion was realized while passing from one tiekayother

(1, = 12 = 35 msto 11 = T, = 65 Mg in a completely transparent way to the user. Also, while
the force is maintained (starting from 2 secto the end on all axes) the time-delay changes are
completely imperceptible by the end user. Finally, the impact moment is reproduced lgimilar
to the previous case without any additional phenomenons.

Scenariod. In this example, while maintaining the same conditions from the previous scenario,
a perturbation will be added on the position feedback (used in the Smith prgdictoder to
test the vulnerability in case of uncertainties. FigBrg0presents the results.

This example points out the influence of a possible perturbation on the distseutzatk used in
the Smith predictor. Compared to the previous example where there were ndagots, the
difference can be seen while the force is maintained by the large thickhisforce denoting
the presence of the vibrations in the haptic interface (see F@3@®@ Y axis from~ 2.5 to

~ 5 ms andZ axis from~ 2 to ~ 5 msand~ 8 msto the end). As already mentioned, these
vibrations are felt by the human operator without a disturbing effect. Resusimgar to the
previous cases, the impact moment is correctly provided and also the objests are felt by
the human operator. The presence of the perturbation induces a vibraéibonathbe slightly
felt the human operator. For more important perturbations-(0 mm) the vibration will also
increase, providing an unpleasant manipulation.
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FIGURE 3.30: Restricted motion under uniform distributed timdagte moving object and
uncertain feedback.

In the next examples of this subsection, a more complex virtual scene will be catside. a
virtual box, as it was presented in Figu3ekd, will be used.

Scenarioh. Figure3.31exposes the random moves inside the “virtual” box.
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FIGURE 3.31:Randonmoves inside a virtual box under uniform distributed timedagys.
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The main objective of this experiment is to point out the method capabilities festehanges

from free to restricted motion or viceversa and uncertain time-delays. Mexgsply, in free

motion the viscosity effect is low (<), depicted in Figure8.31 when there are no virtual
wall limits exceeds. On the other hand, any contact situations are correcthyféie human

operator through the haptic interface, illustrated in FigBiwherever there is any virtual wall
limit exceed. Concluding, the results are consistent with the reality, the hupsaator can feel
accurately all the impacts (single and multi-point) in a realistic manner.

Scenariob. This example will point out the case when more virtual objects from the scene ar
moving. Figure3.32illustrates this case for a virtual box with sinusoidally moving walls under
uniform distributed delays.
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FIGURE 3.32: Randonmoves inside a virtual box under uniform distributed tinetags and
movingwalls.

Compared to the previous scenario, here the main goal is to the test the sygiahilites

to reproduce the virtual objects moves through the haptic interface uasieswitches from

free to restricted motion or viceversa. The first objective was to providalstie impact with
moving objects illustrated by any limit exceed of the virtual wall. The second tvgawas to
reconstruct the object moves while the force is maintained depicted in RBg@2enY andZ

axis from= 4 to 7.5 sec Similar to the previous case, the obtained results are respecting the
desired performances in free and restricted motion, and furthermore, if teifomaintained,

the user is able to feel the moves of the virtual objects, i.e. in this case, ts®iglabmoves on

Y andZ axes.

Scenario/. The last example of this subsection introduces the perturbed feedbackrigses-
3.33
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FIGURE 3.33: Randommoves inside a virtual box under uniform distributed timedags,mov-
ing walls and uncertain feedback.

As expected, the impact feeling is correctly provided and the switching betivedéwo motions

is guaranteed. The only inconsistency of this case is the vibrating respidhsehaptic interface
when the force is maintained, illustrated by the large thickness of the fored-{gere3.33 Y
andZ axes fromr 2 to ~ 5 seq. It is worth mentioning that in this case the vibrations are not
very disturbing, but for more important onesX0 mn) these vibrations may become annoying.
In real life circumstances, such situations do not appear as being nélgassdistic.

The minimum and maximum delays considered in this example are the equivalert3iRa
delay variation. It is worth mentioning that an increase of the limits will penalize more the
stability zone by reducing the maximum value of #g gain. As mentioned previously the
impact feeling is correctly provided, i.e. the force is increasing fast, batdéer (= 60%
from the ideal case) due to the important decrease dfghgain (1100 compared to 1800 in the
ideal case). Also, a small value Kf, gain will result in a more important steady state error in
restricted motion. As a general conclusion, this distribution offers the bedisoln terms of
controllers gains when the only information available regarding the delay eraitiimum and

the maximum limits, without any constrains on shape.

3.4.4 Uncertain time-delays: gamma distribution with gap

Based on the theory presented in Subse@idn6.3 this subsection presents the examples cor-
responding to a gamma with gap distributed time-delay for different scenatesdelay shape
corresponding to this distribution was presented in Figui€® Similar to the previous subsec-
tion, the delay used in the Smith predictor will be considered to be constant.
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The following controller’'s gains will used for all the experiments preseirigtlis subsection,
corresponding to the gamma distribution with gap case:

Kp=1100N/m,  Kg=55Ns/m,

and the time-delay used in the Smith prediato= 100ms

Similar to the previous cases, these gains were chosen in order to obtelogbsperformance
to theideal case, while respecting the stability region from FigRr&2

Scenarial. Figure3.34presents the free motion case under gamma distributed delays with gap.
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FIGURE 3.34: Free motion under gamma with gap distributed timengel

As expected, the overall performances are consistent with the realitihe.@iscosity effect is
low (< 5N, except some peaks resulting from sense changes at high velocitiefeasybtem
is pleasant to manipulate.

Scenario2. Next, Figure3.35 presents the restricted motion case, when the time-delays are
gamma with gap distributed.

The impact moment can be accurately felt due to the fast increase of tiee doitin a “stiffer*
way compared to the uniform distribution (70% compared to 60% from the idea).cawo
impacts are made on each axis in order to cover all the delay variations. Theedbtasults
confirm the methods capabilities of guaranteeing the performance unckatain time delays,
and transparent to the user.

Scenario3. Next, Figure3.36 presents the results in the case of hard contacts mviking
objects.
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FIGURE 3.35: Restricted motion under gamma with gap distributedtdelays.
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FIGURE 3.36: Restricted motion under gamma with gap distributegtitlelays andnoving
objects.

As mentioned before, this scenario points out the hard contacts with movingibjene im-

pact moment is reproduced similarly to the previous case, and furthermaite,ti force is
maintained (on all axes starting from-2.5 secto the end), the system is ablettansmitto the

end user the moves of the objects from the virtual scenes. The moves @@sublized by the
synchronized oscillations of the force with the varying position of the virtudil wa

Scenario4. In this example, the position feedback (used in the Smith predictor) will be per-
turbed in order to test the vulnerability in case of uncertainties. FigLépresents the results.
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FIGURE 3.37: Restricted motion under gamma with gap distributee tdelaysnovingobject
and uncertain feedback.

As expected, similar to the previous cases, the impact moment is correctly guicad also
the object’s moves are “correctly” felt by the human operator. The poesefithe perturbations
induce a vibration in the haptic interface (visible on the graphic due to the lagkaéss of the
force on all three axes), which can be slightly felt the human operatolaFger perturbations
(> £10mn) the vibrations will also increase, providing an unpleasant manipulation.

In the last examples of this subsectiornvjidual box - Figure3.4.d, will be used, in order to test
the method for more complex virtual scenes.

Scenaridb. Figure3.38shows the random moves inside thigual box under gamma distributed
time-delays with gap.

As mentioned previously, the purpose of this experiment is to demonstrate the Bedibtor-
based solution unddast changes between free and restricted motions. According to Figure
3.38 the viscosity effect in free motion (illustrated by the non-exceeded virtual limalis)

is low (< 5 N), while in restricted motion (illustrated by the exceeded virtual wall limits) the
impacts are provided in a stiff way. The results are consistent, i.e. all the isn{siagle and
multi-point) are accurately provided to the human operator, as well as a loasitiseffect is
guaranteed.
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FIGURE 3.38: Randommoves inside a virtual box under gamma with gap distribuiee-t
delays.

Scenarios. This example presents the case when more virtual objects from the scenevare mo
ing. Based on the same circumstances as the previous scenaaddingmoving walls, Figure
3.39illustrates this case.
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FIGURE 3.39: Randommoves inside a virtual box under gamma with gap distribuiee-t
delays ananovingwalls.

In this scenario the main purpose is to test the method capabilities of providewgjistic be-
havior under fast switches between the two motions (free and restricteith tiadnobjects from
the scenes havamovingpositions. From Figur8.39 it can be seen that the impact is correctly
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provided without any constraint on the position of the moving walls. Furthernifdies force
is maintained (see Figu@39n from ~ 2 to 55 seq, the user is able to feel the moves of the
virtual objects, i.e. in this case, the sinusoidal move¥ @mdZ axes.

Scenario?. In this last example of this subsection, Fig@d0introduces the perturbed feed-
back case of the virtual box with moving walls.
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FIGURE 3.40: Randommoves inside a virtual box under gamma with gap distribuiee-t
delays,movingwalls and uncertain feedback.

Compared to the results from the previous scenario, the main differences edmea the force

is maintained, see Figu®40 axesY andZ from ~ 3 to 6 sec More precisely the increased
thickness of the force denotes the vibrating behavior of the haptic inter&ioee the pertur-
bations were considered to B& mm the effect felt by the human operator is acceptable, but
as previously mentioned for more important perturbations-(L0 mnj, the vibrations increase
resulting in an unpleasant behavior. On the other hand, the impact feelingesttpprovided
without any constraints regarding the virtual object position, and the swittl@tvgeen the two
motions is guaranteed. Similar to the previous cases of this scenario, the ormya@nant is

the vibrating response of the haptic interface when the force is maintained.

In this subsection the experimental results under gamma with gap distributed deles/ pre-
sented. As a general conclusion, the obtained results confirm the metbalilitees for this
case, since the desired performances are acquired. Studies on tlemadblzontrolling ob-
jects over communication network$g7] pointed out that, in this case, the time-delays can be
modeled by a gamma distribution with gap (s&27] for further details).
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3.4.5 Uncertain time-delays: normal distribution

According to the theory presented in SubsecRoh 6.4 this subsection presents the examples
corresponding to normal (Gaussian) distributed time-delays for diffex@@marios. The delay
shape corresponding to this distribution was presented in FRj@de Like in the previous two
subsections, the delay used in the Smith predictor will be chosen to be constant.

Since from the gains’ tuning point of view, this case comes toidkal case, the controller’s
gains, used for the experiments presented in this subsection, were chbsesrjgal to the ones
used in the ideal case:

Kp = 1800N/m, Kg =80Ns/m,

and the time-delay delay used in the Smith predictoe 100ms

Scenariol. In Figure3.41the free motion case is presented.
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FIGURE 3.41: Free motion under normal distributed time-delays.

As expected, the results aséghtly similar to the ideal case, i.e. the viscosity effecki2 N
compared to the: 0.5 N in theideal case (except some peaks when the direction is changed at
high velocities), explained by the delay variations.

Scenario2. Next, Figure3.42 presents the restricted motion case, when the time-delays are
normal distributed.

The impact moment can be accurately felt in a stiff way, close todia case & 90% from the
ideal case). Since the gains are identical to the ones used in the ideal cagdyttigference is
made by the delay variations. From the end user point of view the diffesdrateveen thedeal
case and the normal distributed delays are basically non-distinguishable.

157



Chapter3. Smith Predictor with distance feedback
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FIGURE 3.42: Restricted motion under normal distributed timeags!

Scenario3. In the sequel, Figur8.43 presents the results in the case of contacts mitlving

objects.
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FIGURE 3.43: Restricted motion under normal distributed timeaglelandnovingobjects.

In this scenario, the main objective is to test the method capacity of reprapgtienvirtual
object move through the haptic interface. More precisely, when the ferosintained the
force oscillations are following the exact moves of the virtual object, in this tas sinusoidal
trajectory (see Figur8.43 all axes starting fromx 2 to the end). Similar to the previous
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scenario, the impact moment is reproduced correctly and in a stiff wayidimguo the human
operator a pleasant and realistic way of manipulation.

Scenario4. Figure 3.44 presents the results when the position feedback (used in the Smith
predictor) is perturbed.
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FIGURE 3.44: Restricted motion under normal distributed timeaglemovingobject and un-
certain feedback.

In addition to the previous case, the presence of the perturbations resultibiating behavior
of the haptic interface. As mentioned, this effect can be observed on tpkig@ue tot the
large thickness of the force. Similar to the previous cases, the impact momemtestly
provided without any influence from the perturbation. The presence opdh@rbation &
+5mn) induces a vibration, that can be slightly felt the human operator. For largeripations
(> +£10mn) the vibration will also increase, providing an unpleasant manipulation.

The last examples of this subsection will be carried out usingtaal box - Figure3.4.d, in
order to test the method for more complex virtual scenes.

Scenaridb. Figure3.45shows the random moves inside theual box under normal distributed
time-delays.

As mentioned previously, the main objective of this experiment is to point outapabilities
of switchingfrom free to restricted motion or viceversa, untsstchanges conditions. The free
motions (when there are no exceeds of the virtual wall limits), as well as thetedtmotions
(when the limits of the virtual wall are exceeded) are correctly providelfelh to/by the end

159



Chapter3. Smith Predictor with distance feedback

Haptic & virtual X position Haptic & virtual Y position Haptic & virtual Z position
mm mm mm
AN NS al
W\W 50 . 50 N
450 N 0
AW | ST W) et
virtual -50 v -50
400 wall ~100 V 100 V
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10
Haptic & virtual X speed Haptic & virtual Y speed Haptic & virtual Z speed
200
1000 1000
mm/s| haptic mmls mm/s
100 virtual 500 500
0 0 0
-100 -500 -500
-1000 -1000
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10
Haptic Force X Haptic Force Y Haptic Force Z
2 30
N 20 N
1 N 20
10 10
0 —‘-——WM 0 0
4 -10 -10
~20 -20
-2
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10

FIGURE 3.45: Randonmoves inside a virtual box under normal distributed tim&ge

user. The obtained results atlvsedto theideal case, due to the identical gains used in the
controllers.

Scenariob. In this example, the case when more virtual objects from the scene are moving is
presented. Figur8.46illustrates this case for a virtual box with sinusoidally moving walls.
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FIGURE 3.46: Randommoves inside a virtual box under normal distributed timége and
movingwalls.

As already pointed out, this scenario highlight the method capabilities of actingctgrin dy-
namical complex environment under fast switches from free to restricted nattbmiceversa.
In addition to the previous example, the main purpose is to test the impacts with moyaietsob
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as well as the capability of transmitting to the end user the virtual object movee. pfecisely,

in Figure3.46 axesY andZ starting from~: 3.5 to 7seg the force is maintained, and it can be
seen the that the force is tracking the virtual wall oscillations, and thus pngvildrough to the
human operator the moves of the virtual object on bondZ axes. The impacts are correctly
provided as well as the transitions from free to restricted motion and viceversa.

Scenario/. The last example - Figui247introduces the perturbed feedback case under normal
distributed delays.

Haptic & virtual X position Haptic & virtual Y position Haptic & virtual Z position
mm 150 100
400 mm mm
500 100
w 380 M " 50
450 360 50 0
= haptic 6 7 8 0
virtual -50
400 —!
"real" wall 50
250 uncertain wall -100 -100
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10
Haptic & virtual X speed Haptic & virtual Y speed Haptic & virtual Z speed
100 - mm/s
mm/s haptic 500 s
50 virtual
0 0 0
-50
-500 -500
-100 X
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10
Haptic Force X Haptic Force Y Haptic Force Z
2 20 N
N N 20
1 10
10
0 ”e A vy 0 O
-10
-1 -10
-20
5 -20
0 2 4 6 8 sec 10 0 2 4 6 8 sec 10 0 2 4 6 8 sec 10

FIGURE 3.47: Randonmoves inside a virtual box under normal distributed timé&ge mov-
ing walls and uncertain feedback.

As the previous cases, the impact feeling and virtual object moves aeetgprovided. Sim-
ilar to the previous cases, the vibrating response of the haptic interfacetivaéorce is main-
tained is the only inconvenient of this case. The vibrations can be obseyvé® important
thickness of the force, see FiguBel7, axesy andZ starting from~ 1 to 4sec As mentioned for
other cases, the effect felt by the human operator is acceptable,rbabfe important pertur-
bations ¢ +£10mm), the vibrations increase substantially, resulting in an unpleasant behavior.

In this subsection, the experiments for all the scenarios correspondingioimal distribution
were presented. It is worth mentioning that this distribution gavelibsestresults to thedeal
case among all the others. This is because the gains used in the contrglierfactly identical
to the ones used in thideal case at further more the medium delay variatioalimostfully
compensated by the Smith predictor.

This subsection ends the experimental validation of the proposed method. lexthgection,
some discussions and concluding remarks will point out the main ideas ohtyses.
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3.4.6 Discussions

In this section, a complete experimental validation was presented. Based onrtheacpre-
sented at the beginning, several delay types were tested based on ttyepiiesented in the
previous chapter.

As already mentioned, the reference case. ideal case, is considered to be the constant
delays one, when the use of the proposed method projects the problenireetod delay case.
Table3.1resumes the time-delays considered for each circumstance, where téna slgdays
corresponds to the forward/backward time-delays, while the total delagpiissented by the
sum of the two.

Time-delay circumstance (fsoyr\s,\t,g:g /tt;r;]slz\(/jv?% Smith predictor time-delay
Fixed time-delays 50 msedfixed) 2x50 mse(fixed)
. . , 2x(504 10) msec
Fixed uncertainty 50 msed(fixed) (-20% uncertainty)
Uniform distribution 504 15 mseq+30% variation) 2x50 msed(fixed)
Gamma with gap distribution [40, 70| msed~ 25% variation) 2x50 msed(fixed)
Normal distribution 50+ 15 mseq(+30% variation) 2x50 mseq(fixed)

TaBLE 3.1: Time-delay values for each circumstances.

Analyzing now the performances of each scenario:
Free motion

Compared to thedeal case where the feedback force (viscosity effect) is almokt (< 0.5N)

at high velocities, closed performances are also obtained for the norchglaamma with gap
distributed delays, i.e< 2 N and< 4 N respectively, at high velocities. For the other types of
delay (uniform distribution and fixed uncertainties)the performancedidr@ssistent with the
reality, and the system remains agreeable for manipulatiof N at high velocities.

An interestingphenomenon appears when the delay used in the Smith predictor is larger than
the overall system’s delay. The predictor is not only compensating the defffgsts, but also

the mass and friction of the interface. This can be explained by the phasecadwhich is the
effect of larger delays used in the predictor than the system’s delays.sithation appeared

in the case of a more important uncertaintg £ 120 mg and for the uniform distribution

(11 = 12 = 35m9. In both cases the stability is guaranteed by the way of modeling the system
delays and uncertainties, since the “everything” is taken into accoun tgecontrol law is
elaborated In the case of uncertainties, once the gains are fixed for a constanti¢iang-a
simpleway to find the delay’ limits is the method proposed in Subse@idii3 which gives a
stability dependency between the system’s and the Smith predictor delaysetbPID gains.
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Restricted motion

In the first two cases of restricted motion - with fix and moving objects, the castagiroduced
accurately and the impact sensation is naturally provided to the human op&eapending on

the values of the PD gains, the steady state errordee or lesimportant. This phenomenon
comes naturally since for some situations the stability limitations permit to have higher gains
while for others the gains are more restrictive. More precisely, the impact masn&ccurately
provided since the force is increasing fast, while the response stiftiegends directly to the

Kp gain. For uniform and gamma with gap distributions the force felt repres@ftsathid 70%
respectively from thédeal case, while for the fixed uncertainties and normal distribution the
force represents 80% and 90% respectively.

In the third case considered for restricted motion - with moving object and pedudeedback,
there exist no problems linked to the impact feeling, the only inconvenient is thetividy effect

in steady state. This vibration can be slightly felt by the human operator in thargzenonsid-
ered here. Fohigher perturbations¥ 10 mm) the vibration will also increase, providing an
unpleasant manipulation. It is worth mentioning thateal life situations, this case has a small
probability of occurring, since here the wall position is randomly changirgyemwillisecond.
This scenario was presented in order to give an experimental over¥iedvad happens if this
feedback is perturbed.

Virtual Box

As mentioned before, these scenarios were elaborated in order to testthioel ro@pabilities at

high velocities under fast changes from free to restricted motions and xseevanother im-
portant point of these scenarios was the multi points impacts and contacth,iwbigr opinion
represents a challenging problem. As the results showed, the perfoshaneguaranteed in

all tested situations. The impact sensation is clearly provided, even if it is fiast aontact

or along timesteady state. In the case of long time steady states, like in the case of restricted
motions, the steady state error is varying depending on the gains’ valudsdffar values of

K, the error issmallerand viceversa).

For all three scenariossimple movinganduncertainbox, the human operator was able to feel
that he is limited in all directions. Furthermore, for thvingcases, the moves of the walls
were also accurately provided and felt by the human operator.

Analyzing now the performances of each time-delay case:
Constant time-delays

This is the mostlesiredcase, the use of the Smith predictor projects the problem in the free-
of delays case. The proposed method for improving the Smith predictor iratieeat haptics

4high level of transparency and system stability.
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solves the problem of switching from free to restricted motion. The perforesafur this case
arebasicallyidentical with the free-of delays case.

Constant uncertainties

This case illustrated the situations when the delay chosen in the Smith predibighés or
smallerthan the system’s delay. When the delay from the Smith predictor is smaller than the
system’s delay, the compensation of the delay will be partially reached. On thehathd, if

the delay from the predictor is higher, than there will be an effeeintitipationwhich results

in a mass and friction compensator. As mentioned, this can be explained by tleegolvasce
which is the effect of larger delays used in the predictor than the systetagsd

In all situations the system'’s performances and stability are guaranteed (@tjhatd controller
tuning) in both free and restricted motions corresponding to each scemadrldr to avoid the
instability situations, the time-delay limits must be correctly included in the elaboration of the
stability regions. The method proposed in Subsecfigh3represents aimplealternative to

find the delay’ limits between the system’s and the Smith predictor delays for Bikegdains,
previously determined for a given time-delay.

Uncertain delays: uniform distributed time-delays

This distribution coverdasicallyall the situations within a given interval. More precisely, if
the delay is varying between a minimum and a maximum, the use of this distributiomtpesa
the system stability. In terms of haptics performances, since the gaiamatierthan the other
cases, the impact moment is accurately provided, but under a more importaiyt state error
compared to other cases. In free motion the viscosity effestilidlow (< 6 N), guaranteeing a
transparentmanipulation.

Uncertain delays: gamma distributed time-delays with gap

In this case, the shape of the time-delay must be known in order to be chaedttel his
distribution represents a particular case of the previous one, and this ithe/syability region
is bigger. According to the literature, this is one of the mpgpular delay distribution for
communication networks.

The performances obtained in this case lagter (=~ +10%) than the previous one, since the
gains are closer to the ideal case.

Uncertain delays: normal distributed time-delays

The normal distribution characterizes fast varying delays. As presentdhisectior2.4.6.4
this distribution comes to the ideal case, and implicitly the performances are slighilycale
to the constant time-delay case. Resuming, if the mean value of the delay®wasalosed
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to the value of the delay used in the predictor, and if the variationsaatenough, then the
system’s characteristics will biBosedto theideal case.

3.5 Conclusions

This chapter presented an original control method, base on Smith predietigned for hap-
tics. In haptics, like in teleoperation, the usesihple Smith predictor for compensating the
time-delays’ effects will solve the problem in free motion, but not for the resttimotion case.
Everything is caused by the model inconsistency when passing from foeeestricted motion.
In haptics there is more information available which can be used to improve thensy gter-
formances. The virtual reality can provide precise information about tlghinerhood of the
controlled object in order to anticipate the contacts, i.e. the model switchingcérieal idea
of the proposed method is the use of the additional information available in thel\\ceae
in order to maintain the accuracy of the model used in the predictor when gdissim free to
restricted motion or viceversa. By using this method, the system performamceseased,
i.e. the transparency level is guaranteed.

The tuning of the controller must be made taking into accountdbal case which represents
the best performances that can be obtain in terms of end user perceptiegl] as the stability
limitations of each case. Thus, the basic idea is to find the closest gains to theaisieavhile
respecting the stability domain for each case.

In Section3.4, a complete experimental validation is presented starting from constant to un-
certain delays tested in different scenarios from free and restricted nvaitiofix and moving
objects to virtual box with moving sides and uncertain feedback. As it wesepted in Sub-
section3.4.6 the method provides interesting results in all situations, and in most of the cases
closedto theideal case.

As a general conclusion, in the case of uncertain time-delays, a speaiicattis required for

the behavior/shapef the delay. In the case of uncertain time-delays, a special attention is re-
quired for thebehaviorof the delay, since it can be modeled in order to choose more efficiently
the controller’'s parameters. The choice of the controller's gains can be ondess important
depending on the distribution type. Thus, the largest choice of gain paramstailar to the
ideal case, is obtained for the normal distribution, while for the uniform digioh the choice

is the most restrictive one. This comes as a normal consequence, sitive tmiform distribu-

tion only the limits (minimal and maximal) must be knownbAdgesolution is represented by
the gamma distribution with gap, which may be applied if the delay shape satisfiesdd® n
sary conditions (less restrictive then the normal distribution, but more preasétib uniform
distribution. Resuming, in the case of varying time-delays, with limited informationtaheu
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delay shape, the uniform distribution appears to offer the best solution, thibilese of gamma
distribution with gap or normal distribution requires more information.

In the next Chapter, based on the conclusions from Chdptarsecond control strategy for
increasing the performances of haptic systems will be presented.
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Chapter 4

PD with gain scheduling depending on
the distance

4.1 Problem analysis

As previously mentioned, in haptics, like in teleoperation, the problem of time-slalay their
effects on stability and transparency remains open. Let us remind thaplicshthere are two
time-delay sources: the communication channel and the processing time forttiaé reality
environment. More precisely, in free motion the delay effect can be felt byitlwesity phe-
nomenon (high force feedback felt at the haptic interface end), ane itetbe of a hard contacts
with the environment, the impact effect will not be stiff, or the most unwantedtgitués to
loose the system stability due to the delays. Therefore, the delays must harekaccount
and included in the control laws.

Chapterl highlighted that the first iteration to solve this problem wagdd the algorithms from
teleoperation into haptics. Methods as Proportional Derivative (PD) with thssipation, PD

with passivity observer, PD with passive set-point modulation, etc. wer@ppatelyadapted

from teleoperation to haptics framework. As pointed out in the previoustehap our opin-

ion, the second step will be to use the additiomahilable datafrom thevirtual environment

i.e. information can be extracted from the virtual environment about the distaetween the
objects, possible collisions and many other details regarding the systeneintoichprove the
control algorithms. In this chapter,a second method using the additional datdHeovirtual

environment is proposed.

Let us remind the haptic system objectives:

(i) position tracking erroras small as possible between the haptic interface and the virtual
object,
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(i) high degree oftransparencyi.e. in free motion, the force feedback felt at the haptic
interface end must be as small as possible and in case of hard contacfsesstise is
desired.

This chapter proposes a gain-scheduling PD control approach degesdthe distance until

a possible collision. To the best of the authors’ knowledge, the majority ofadsthroposed

in the literature provide additional guarantees of stability, but in terms of eedpgsception
(transparency), there are no major differences. In order to impreveatiormances with respect

to the end user, different values for the controller gains should be (&iede theclassicPD
control is thecore of all methods, this one was selected as the starting structure for variable
gain implementation. Chaptdrhighlighted that interesting performances in free motion can
be obtained usingmallgains, while forgoodperformances in restricted motidmgh gains are
needed. The basic idea is to ussmaallgain in free motion in order to obtain a low viscosity
movement and highgain in restricted motion for achieving the desired stiffimpact. The change
between the two gains is achieved depending on the distance between themahipulated
object and the other virtual objects present in the scene.

For a clear presentation, some aspects already presented in the préapters will be re-
minded. The equationd ()-(1.2), representing the starting point, are given by thessical
dynamic (nonlinear) equations of motion for two similar robots in the haptics framework

M (Xh)%n(t) + Bn(Xn, Xn)Xh = —Fn(t) 4 Fop(t), (4.1)

My (Xv) %y (t) + By (X, Xv) %y = —Fy(t) + Fe(t), (4.2)

wherex,, Xy are the haptic interface/virtual object positidip, Fe are the human/environmental
forces,F, F, are the force control signalsl,, M, are the symmetric and positive-definite inertia
matrices, andy,, B, are the Coriolis matrices of the haptic interface and virtual object systems,
respectively. The controllers’s equatior’s4)-(2.5) of the system, illustrated in Figu2, are

given by:
Fr(t) = Ka, (1) =Xu(t = T2)) +Kp, (X (t) —Xu(t — T2)), (4.3)
delayed D-action delayed P-action
Fu(t) = Ka, (% (t = T1) —%(t)) +Kp, Ot = T2) —x(1)), (4.4)
delayed D-action delayeEi,P-action

whereTty, 7, are the forward and backward time-delays &pg, , K, ,, are the PD control gains,
corresponding to the haptic and virtual side respectively.

From Figure2.2, the equations describing the system respoBs®-(2.7) are reminded:
Xn(s) = Ph(S) (Fop(s) —Cn(s) (Xn(s) — & ™Xu(9))) (4.5)

X(S) = RS)(—Fe(s)+Cu(S) (—Xu(S) +€ ™Xn(9))), (4.6)
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whereX;,(s) denotes the Laplace transform of the time sigga)(t); similarly for Fyp(s) and

Fe(s).

Based on the equation®.8)-(2.11), the characteristic equation of the feedback systersl2(

is recovered:

(1+P(s)C(s))* — (P(S)C(s))?e (1t — 0, (4.7)

Using the stability results for constant time-delays from Sec#8d) Figure4.1 presents the

stability regions for different values af andt, (forward and backward time-delays).

Ky (N/m)

2500

2000

1500

1000

500
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T = Tp = 60 .

20 40 60 80 100 120 140 160 180 200
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FIGURE 4.1: Stability regions for; = 1, = 40,50,60 ms

In green is thebasic stability region, and then each color highlights the new ayaiaedin

addition to the previous one. The most restrictive stability area is the one poniag to the

the biggest time-delay considered;-= 1, = 60 ms and the largest one corresponds to the

smallest delay consideredr = 17, = 40ms

In order to highlight the problem, the cases free of and with time-delay will bausiéed in

detalil.

Case without delays

This case is the starting point of the analysis, i.e. the time-delays are assureeztjieatbto zero.
In order to illustrate the theoretical development, an experimental platformevilskd, which
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was presented in Subsecti8r8. Let us remind that for guarantying a full control of the com-
munication delays and processing time, all the control algorithms (for haptic iceévfeual
object) and virtual environment simulations will be run on the same computer.

The system (which is considered to be the first degree of freedom ekgeimental platform
presented) will be analyzed in free and restricted motions. Fig@depicts such a behavior.

Haptic & virtual speed Haptic & virtual position

haptic 2001 haptic

virtual virtual
mm

100

10 0 2 4 6 8 gsec 10
Haptic Force Haptic Force

-20 | | | |
0 2 4 6 8 gec 10

o 2 4 6 8

sec 10

a. Free Motion. b. Restricted Motion.
FIGURE 4.2: Non-delayed Haptic System Behavill(= 2200N/mandKy = 75Ns/m).

As largely discussed in Sectidn3, in free motion, there is a small feedback force, force which
is not felt by the human operator. In case of hard contacts (wall cohthetorce increases
very fast providing the contact perception in a very accurate way. In ¢ehs the tracking
error is very small.

Delayed Case

Next, the communication time-delays = 1, = 50mswill be considered. Based on thgeal
behavior, the PD gains were tuned for the two cases respectively asgpfidfilling stability
results summarized in Figudel

e best performancen free motion case, Figu# 3, obtained folK, = 150N /mandKg =
65Ns/m.

e best performance in restricted motion case, Figu#eobtained forK, = 1200N/mand
Kg = 65Ns/m.

1The behavioclosesto the ideal case.
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FIGURE 4.3: Best performance in free motion cakg & 150,Ky = 75).
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FIGURE 4.4: Best performance in restricted motion casg+ 1200,Ky = 75).

In the first case best performance in free motion casee performances are recovered for the
free motion, while for restricted motion the impact feelingp@or and the steady state error is

important.

In the second casebest performance in restricted motion cagee performances are recovered
just partially for the restricted motion, i.e. the steady state error is similar, but thetifegding
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is soft instead of being stiff due to thmogressivancreasing of the force. In free motion, the
viscosity effect is important, resulting in an unpleasant manipulation.

Generally, in free motion it is required to hakg- described by equatiord (3), as small as pos-
sible and in restricted motion as high as possible. Here there is a contradiction, iDissitvip
to obtain the desired performance in both cases with the same gains.

Based on the ideal behavior the gains were tuned in order to obtain thpdyésimance for
each specific case (free or restricted motion) with the price of loosing therpenfice for the
other case.

Generally, a compromise is made in order to obtaintibst possibléehavior in both cases
using the same gains.

4.2 Proposed solution

In the previous section it was shown that interesting results can be obtainedreftke motion,
either in restricted motion. In this section a method to switch the gains according to the type of
motion is proposed as a gain-scheduling approach.

Many different notions can be viewed or interpretedyas-scheduling The main idea is to
switch or blend the gain values of controllers or models according to diffeqgerating con-
ditions, or according t@resettimes. As the termswitchingand blendingalready indicate,
gain-scheduling may involve either continuous or discrete scheduling of cordgroienodel
dynamics §7]. Among the literature many techniques of tuning can be foli8i41].

When using the gain-scheduling control, the natifftcult decision is the moment of switching
and how to switch. In most cases, all the approaches return to the Linean@&ar Varying
(LPV) theory, for more details, se6, 34, 10§. In other words, based on the value of a
parameter, the controllers and/or the models are modified in real time.

Starting from the basic concepts of gain-scheduling control, a control ate@aptic systems
will be presented.

4.2.1 Proposed algorithm

As mentioned, the virtual environment offers additional information that canskd in the
control algorithm. More precisely, like in the case of 8mith predictor with distance feedback
the distance between the controlled virtual object and another virtualtdigecthe scene will
be used in order to improve the system performances. The principle is tddvato the gain
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used in free motion to the gain used in restricted motion and vice versa. The changeemust
completely transparent to the human operator. The gain changing will beveghietwo steps:

e first, the PD gain on the virtual side will be changed.

e second, after the time-delay, the PD gain on the haptic side will be updated.

Figure4.5resumes the approach above. The main idea is to update the gain on thesuigual
based on the distance between the virtual object and the virtual envirbrineenwhen the
controlled virtual object ixloseto an impact, the gain will be switch frosmallto high gain,
while if the object is further the a given limit, the gains will be switched back)sdsiaon the
update made on the virtual side, the controller gains on the haptic side argechafter the
communication delay.

t - Xn(t -
Human xn( )IHarr;tm (1) CHatptII(I: ' o
Operar, erocs, T contoler =) | §
(0| Masteng, () E
2
T8
L
(0]
F.(t E(t &
virtual <Y Virgan |4 Coml| 5
Env. L Object Pon oterl i &
x,(0) &, () [(PPeontrol, (r — 7))

FIGURE 4.5: Scheme of PD control with gain-scheduling dependintherdistance between
the virtual object and the closest collision object from tireual scene.

Figure4.6presents the workflow of the proposed algorithm. The increase g+ (Kp . —
Kpmin) * 0.4 2wal was chosen in order to obtain an exponential growth of the gain.

Remark4.1 The theory developed here is made under the assumption that the virtualpvall re
resent the positivéimit ob the virtual object movement. More precisely, before the impact
Xwall > Xy > 0, and after impact, > Xya > 0. For negative values the theory is applied vicev-
ersa.

Figure4.7illustrates the dependency betwaepnandx, — Xya Under the above remark. This
why thelimit is considered to be negative. The key of the algorithm is to chooskntiiteof
switching. More precisely thémit represents the distance from which begins the gain changing.
During this position interval th&, gain will have different values betweég, ,, andKp_ ...
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FIGURE 4.6: Algorithm workflow.
4.2.2 Discussions

For the free motion case, small K, gain is used in order to guarantee low viscosity effect
without loosing the position and speed coordination between the haptic intenfd¢ecavirtual
object. For the restricted motionhaégh K, gain is considered in order to confer a stiff response
to the human operator at the haptic end.

As already mentioned, the tuning regarding #imeall gain (K,,,) must be chosen as small as
possible in order to obtain the desired tracking error and respecting thigystadine based on

the time-delay type (fixed or uncertain). In the sequel, the tuning offigiegain Kp,,,,) must

be chosen as big as possible respecting the stability constrains. If n@ededkr to fulfill the
stability conditions also thKy gain could be switched between the two values corresponding to
free and restricted motion.

The gain tuning, i.esmallandhigh gains is made in order to loseto theideal case (free-of
delay) in free and restricted motion respectively. More preciselysithall gain Kp,;,) should
be chosen as small as possible in order to guarantee the desired trackinig &ee motion,
while respecting the stability constrains. As for thigh gain Kp,.,). it should be chosen as big
as possible with respect to the stability conditions.
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FIGURE 4.7: Dependency betweddy andx, — Xwail.-

With these considerations, both gains are chosen based on the end naggtipe and with
respect to the theoretical results presented in Figuteccording to the theory developed in
Section2.3. The following gain values are finally selected:

Koxin = Koymn = Kpzsn = 150  N/m,
prmax = KDYmax = KpZnax = 1200 N/I’T]7
Kix = Koy = Kigz = 65 Ns/m,

and the time-delayst; = 12 = 0.050sec
The most challenging part of this solution is the switching part, there are sewvexditions that
must be met simultaneously:
e When passing fronsmallto high (Kp, ... — Kp,,): @ smooth transition must be reached
which also provides the desired stiff response.
e When passing frorhighto small(Kp,,,, — Kp....): thesticking effect must be avoided.
e In case of changing the directibduring the transition phase, the system must be able to

react in a smooth and transparent way.

All these conditions will be now detailed. The first situation is switching from free motion
to restricted motion, i.e. from themall gain to thehigh one. According to the experimental

2The so-calledstickingeffect is the resistance felt in free motion until thigh gain is switched to themallone.
More precisely when passing from restricted motion to free motion, thstaese is suddenly changed due to the
gain switching and then the effect is felt like a release, similar to a peaflefa¢hment).

3A direction change defines the reverse move just before or in the mafiempact in the case of free to restricted
motion, while in the case of restricted to free motion the reverse move is vizlersa
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results, in order to obtain ‘pleasant” manipulation in terms of end user, the transition must
be made when the impact momentnisar, but far enough to ensure the gain changing at the
haptic side at the impact moment. If the passing is too early, the user will feeigbesity
effect and the collision will be smooth instead of stiff, see FiguBa (F-R), where the dashed
zone represents the moment when the system becomes viscous and the impastifé If

the passing is too late, the feedback will be vaggressivedue to the high forcesf 95 N,
double than a normal feedback), giving an unreal way of feeling the callisee Figurd.8.b.
Furthermore, if the passingéxtremelate, the system will strongly oscillate risking to become
unstable, see Figu#8.c. Even if the conditions seem restrictive, it still remains a large range
of possibilities depending on the time-delay.

Figure4.10a depicts the desired behavior (close to the ideal case) of the systenswilhering
from free motion to restricted motion, i.e. from temallgain to thehigh one. This behavior
was obtained based on the conditions depicted above.

The second situation considers switching from restricted motion to free motion, i.e.tliem
high gain to thesmallone. This is a more complicated problem because in the first case there is
a chronological order, but in this case the user must begin the reversamant; the switching

will be first made on the virtual end, and then will be also made on the hapticBiding this

time the user will feel the viscosity effect and at changing the gain will feticiingeffect, see
Figure4.8.d (R-P°). More precisely, while the user passes in free motion, the viscosity effect
is still important until the haptic controller gains are updated flugh to smallvalues. This
period depends directly on time-delay and the viscosity effect increasehaitrelocity, i.e. for
slow motion the viscosity effect is lower, while at high velocities is more important. Feor th
moment this effect cannot be completely eliminated but it can be reduced byaiast and
smooth gain changing, see Figurd Qb.

Finally thelast momenthanges during the transition must be taken into account. More pre-
cisely, the system must be able to switch back to the previous situation in case afgech
during transition without loosing the transparency. This condition is linked to thégueones
(smooth transition and no sticking effect), generally if the transitions from freestoicted mo-

tion and viceversa are correctly achieved, then the last moment changiSorooomes as a
consequence.

Figure4.9.a illustrates the situation when the user decides to switch from restricted to free mo-
tion, and in the last moment it returns in restricted motion. OnKperaphic from Figure
4.9.a, the gain is switched fromigh to smallfor a short period of times 0.2 sec- the dashed
zone) and then restored. Next, Figur®.b illustrates the last minute change from free to re-
stricted motion. Actually, the user touches the wall, fact that triggers out thehsmgtprocess

4F-R - Free to restricted motion
5R-F - Restricted to free motion
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FIGURE 4.8: Different effects linked to gain switching.

from smallto high gain (see Figurd.9.b - the dashed zone). In both cases there appears an
unexpected gain switch. In the first case (last moment change from tredttecfree motion
- Figure4.9.a), the effect felt by the end user is almost insignificant, since the facaton
due to the gain switching is not important. In the second case (last momentechamgfree to
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restricted motion 4.9.b), the force variation is more important resulting in a damping effect of

short duration4 0.05 sec- time needed for update).
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FIGURE 4.9: Last moment changes.
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FIGURE 4.10: Optimum transitions.
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Based on these conditions the switching parami@tdt was tuned experimentally in order to
obtain the best performance in all situations. The gains are updated onxéacidapendently.
For example if there is a collision 04 axis, ahigh gain will be used only for this axis and
for the others themallgains will be maintained. Sectigh3 presents a complete experimental
validation of the method and further discussions.

4.3 Results and analysis

In this section, the gain-scheduling approach will be experimentally testedreafygkzad for
different scenarios and under different types of time-delay.

The experimental platform that will be used, was previously describeddtich3.4. Let us re-
mind that the main objective of this platform is to guarantee a full control of éhencunication
time-delays.

Like in the case of th&mith predictor with distance feedbaakl the experiments are carried
out by a human operator, explaining why the conditions will not be exactly dheesn all
experiments.

In the same spirit as in the previous chapter, in order to create an efficéggnof testing the
proposed method, multiple scenarios were defined:

1. free motion (random motions on each axis),

2. maintained restricted motion (continuous wall contacts on each axis for more fegn 5
and returning in free motion,

3. random motions inside a virtual box i.e. random motions with or without contactsbn ea
axis and multi-point contacts.

The first two scenarios will point out the basic functionalities of haptic systesisg the pro-
posed control method under different types of delays. The last Soggraposes a monealis-
tic experiment, since the complexity level of the environment has been incrandddst gain
changes are required. The purpose is to test the proposed methadastddanges switches
from free to restricted motions and viceversaimallspaces.

Based on the analysis of the PD control used for haptic systems, prsergection2.3, and
considering the analyzed types of delays, three experimental time-delesy wdkbe used in
each scenario:

e constant time-delays,
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e uncertain delays: uniform distributed time-delays,

e uncertain delays: gamma with gap distributed time-delays.
4.3.1 Constant time-delays
In this case, the time-delays are considered to;e 1, = 50 msand the controller’s gains used

for all the experiments presented in this subsection, corresponding tortkanbtime-delays
case, are given by:

KpXmin Kpymin Kpzmin 150 N/mv
Kp)‘max KDYmax KpZnax = 1200 N/m7

Scenariol. Figure4.11presents the free motion case under constant time-delays.
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FIGURE 4.11: Free motion case under constant time-delays.

From Figure4.11it can be seen that the viscosity effect is low% N, except some peaks due
to direction changes at high velocities), providing an agreeable manipulatime tBere are no
motion changes, the gain is maintained for all the duration of the experiment.

Scenario2. In Figure4.12the restricted motion case is illustrated for th constant time-delay
case.
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FIGURE 4.12: Restricted motion case under constant time-delays.

Here, theK, gains are switched based on the type of motion - free or restricted. As the figur
shows, the impact feeling is correctly provided (the force increases &sl)the end user is
able to feel the contact in a stiff way. Whegturningfrom restricted to free motion, the sticking
effect is felt for asmallperiod time (the dashed zone of the force graphics on each axes), without
any particular inconveniences. The overall behavior of the systewnide® performances a
realistic feeling as well a pleasant manipulation.

Scenario3. For this example, a virtual box - Figufe4, will be used as virtual environment.
Figure4.13presents the results for this case.

As mentioned, the purpose of this scenario is to test the proposed methadasidavitches.
The restricted motion situations can be seen on the graphics by the exceededifigievall
limits on each axes. As it can be seen there exist many changes kip tfaéns, especialliast
momentchanges, which are not perfectly managed. More precisely, due ® fdmstsswitches,
the effects felt by the human operator are not very clear. Occasionaly #ie some unnatural
increases of viscosity effects, while other times the impact is providedaftavay.

In this subsection, under constant time-delays, the three scenarios reeented in order to
highlight the performances of the proposed methodcléar situations, free motions or long
time (> 1 seq restricted motions, the systems provides accurate perceptions. Also, singular
last moment changes can lmanagecdcorrectly. The insufficiency appears when fast successive
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FIGURE 4.13: Random moves inside a virtual box under constant tielays.

changes appear, as illustrated in the last scenario, when due to time-delaystém is not able
to update the gains fast enough in order to provide a realistic situation.

4.3.2 Uncertain time-delays: uniform distribution

In the sequel, the time-delays are considered to have a totally random valiatiseen a min-
imum and maximum value; hemg, 72 € [35ms 65 mg. The controller's gains used for all the
experiments presented in this subsection are given by:

Kp)‘min - Kp)/min - Kpzmin = 150 N/m7
KpXmax = KPYmax = szmax = 1500 N/mv

These gains were tunned in order to obtain the best performances in teemd wser percep-
tions, while respecting the stability constrains corresponding to the unifornibdigtd time-
delays case, illustrated in Figu2ell

Scenariol. Figure4.14presents the free motion case for uniform distributed time-delays.
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FIGURE 4.14: Free motion case under uniform distributed timeydela

Compared to the previous case, here the time-delays are changing (as illListrEtre4.14),
but the viscosity effect remains low:(4 N) in all situations, providing an agreeable manipula-
tion.

Scenaria2. Next, in Figure4.15the restricted motion case is highlighted.

In addition to the previous case, since K., value is bigger, the impact feeling is provided in
a stiffer way & +15% force increase for the same steady state error). On the othenttzamd,
passing from restricted to free motion, the sticking effect is felt for a similar timegebut
with asmallincrease in terms of force due to the bigger value oithe, (~ +10%).

Scenario3. The last example of this subsection proposes a virtual box - Fgdres virtual
environment. Figurd.16presents the results for this case.

As expected, similar to the constant time-delay case, due to the fast swit@hkaman operator
perceptions are not clear due to the often switches between the small angaingh More
precisely, the fast changes are causing a frequent gain switchiakjirgsn an ambiguous
perception since sometimes temall gain (K;,,,) is used in restricted motions, while other
times thehighgainKy, . is used in free motions.

In this subsection, the three scenarios were presented under unifdributiési time-delays,
case which corresponds to a wide range of possible delays shapes@arthinties. Similar
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FIGURE 4.15: Restricted motion case under uniform distributectohelays.
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FIGURE 4.16: Random moves inside a virtual box under uniform distad time-delays.
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to the constant time-delays, the performancesléar situations (free or restricted motion for
more than kecand even singular last minute switches) are respecting the desired paré@sna
providing a realistic manipulation. The loss of performances comes with theHasges in
short time periods (more than 2 per second), since the strategy is directly tmkethys.

4.3.3 Uncertain time-delays: gamma with gap distribution

In this last subsection, the time-delays are considered to have a variation ahaescribed

in Figure2.1Q with 1 = 1, = T +nT, whereT =40ms n= 1 andT = 10 ms(as described

in Subsectior?2.3.3.3. The controller's gains used for all the experiments presented in this
subsection, corresponding to the gamma with gap distributed time-delays ¢geee-12 are
chosen as follows:

Koxin = Kpymn = Kpzmn = 150  N/m,
Kp)‘max = Kmeax = szmax = 1800 N/m7
Kix = Koy = Kgz = 65 Ns/m

Similar to the previous cases, these gains were tunned in order to obtairsthpefermances
in terms of end user perceptions, while respecting the stability constrainsponding to the
gamma with gap distributed delays, presented in subse2i®A8.2

Scenariol. The free motion case for uniform distributed time-delays is illustrated in Figure
4.17.

In this example, the time-delays are changing randomly, respecting the gamma witiutin
and having a similar shape as the one presented in FRye Similar to the previous case,
the viscosity effect remains low<(5 N) (as illustrated in Figur&.17) providing the desired
performances in free motion.

Scenario2. In this example, the restricted motion case is presented in Fiyd&: following
the second scenario presented in the beginning of this section.

The use of éigh value forK,,_ ., provides apowerfulimpact feeling, i.e.~ 25% and~ 10%
compared to the constant delays and uniform distributed delays respecdiisén the other two
examples, when passing from restricted to free motion, the sticking effect feltsimilar
time period, but with an increased force compared to the previous ones thegshorease of the
Komax 921N (& 17% compared to the constant delays ant0% compared to uniform distributed
delays).

Scenario3. In the last example, a virtual box - FiguBe4, is used as virtual environment. The
results for this case are presented in Fighid,
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FIGURE 4.17: Free motion case under gamma with gap distributed dieheys.
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FIGURE 4.18: Restricted motion case under gamma with gap dis&tbtitne-delays.
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FIGURE 4.19: Random moves inside a virtual box under gamma with gstpiltited time-
delays.

Similarly to the previous cases, the human operator perceptions are notlokedo the fast
switches.

This subsection presented the three scenarios under gamma with gap ditiibetelelays, a
common distribution for communication networks. The main objective was to test theaneth
capabilities under random variations of time-delays. The next sections widlyagiscuss the
obtained results.

4.3.4 Discussions

For all three time-delays circumstances considered, the performances imdtion are consis-
tent with the reality, providing a correct manipulation, untbev viscosity effect & 5N). Itis
worth mentioning that, the performancessihplefree motion case are not influenced by delay
variations. Basically in all situations, the small galiy,(,,) must be chosen as small as possible
in order to fulfill the stability conditions and to assure the desired tracking bgtween the
haptic interface and virtual object.

In restricted motion (when passing from free to restricted), the impact feeljprgvéded in re-
alistic way in all cases. Itis worth pointing out that, depending on the time-dekynaximum
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value of theK, . can be increased, providing a stiffer impact sensation and a lower sti2éely s
error. The best results are obtained for the gamma with gap distribution, whilleef constant
time-delay, the results are tip@orest On the other hand, when switching back from restricted
to free motion, thestickingeffect is also directly proportional with the values of g, .. More
precisely, the lowest sticking effect is obtained in the case of consthaytsdend the biggest one
is obtained for gamma with gap distribution. The uniform distribution presents giebtpro-
mise between the three cases analyzed, from the point of view of the trag'séftects. With
these considerations, the performances in restricted motion (more preciselypagsing from
free to restricted motion and maintained the force for at leastjlare directly influenced by the
delay variation type which gives the maximum value of tiigh gainKp, ... Furthermore, the
stickingeffect which appears when switching back from restricted to free motiondaslalsctly
influenced by thd,, ., value, i.e. for bigger values &, thestickingeffect will also increase.

The last scenario - the virtual box, pointed out some inconveniencesg gitiposed approach.
Due to thetiny size of the virtual box, the last moment changes were highlighted. The situations
are similar for all three time-delays considered. The unwanted increagsaafsity in free
motion, as well as the decrease of stiffness in restricted motion, conduct to afl deerease

of performances under fast or last moment changes. The problem is tmklee algorithm of
switch, which is based on a fixed distance limit for switching between the gainsormal
condition§ the method is working correctly, but for fast switches the ggidatingis cannot
assure the desired performances.

4.4 Conclusions

This chapter presented a study of the possibility of using a gain schedulmmgaag in hap-
tics. Since there exist two functioning situations, and implicitly two corresponding tsining
gain scheduling approach seems to be appropriate for such a situation. THersyuiteethod
proposed here improves the overall performancedgar situations, i.e. transition from free to
restricted motions or viceversa latv frequencies The experiments carried out, for an overall
time-delay of 100ns pointed out the improvements, as well as the limitations of the method in
case offastswitches. It is worth mentioning that the choice of the switcHingt was made in
order to cover the velocities cdbmmormmanipulations.

As already mentioned, the tuning regarding #imeall gain (K,,,) must be chosen as small as
possible in order to obtain the desired tracking error and respecting thigstadne based on
the time-delay type (fixed or uncertain). In the sequel, the tuning offigiegain Kp,,,,) must
be chosen as big as possible respecting the stability constrains. If n@ededkr to fulfill the

8Here,normal conditiongefer tosimplefree to restricted motion while the force is maintained for at leasscl
or vice versa case, as well as for singular last moment changes@metthan one in $eq
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stability conditions also thKq gain could be switched between the two values corresponding to
free and restricted motion.

The method works correctly faelatively small communication delays<(20 mg, while for
bigger ones¥ 25mg there appears a loss of performances, especially under fast ordastnt
changes. A possible solution for the method improvement is the use of a more cayapiex
changing algorithm based on velocity, and time-delay values. More predmehhigh velocity

the limit of switching can be increased in order to change the gain faster, fehilesmaller
velocity the limit should be decreased in order to complete the updating procestlosides

by the impact moment. This could be formalized also as a optimization problem in finéing th
optimumlimit depending on velocity and time-delay in order to complete the updating process
in the impact moment. Another point which can be added in order to decreasteckiegeffect
which appears when switching from free to restricted motion, is to take into attwat once

the user is moving in the opposite side of the wall, the gain on the haptic side magreasad
before receiving the information from the virtual controller. Resuming, radyicallimit for
each axis depending on the velocity may reduce substantially the limitations of thedneth

Compared to the method presented in the previous chapter - Smith predictor waticdiseed-
back, the performance obtained here are less interesting, since the PDawitecgeduling
method is strongly related to velocity and time-delay. Another aspect is egpieesby the loss
of performances under fast switches (from free to restricted motion asderia). The reason
which makes the difference between the two methods is that the Smith predictatistihce
feedback acts like a predictor (as the name says), while the gain schedttbngased on the
present actions without any anticipation. The improvement perspectivegfgaih-scheduling
approach presented above result also in a sort of predictor, sintmthis tunned dynamically
in order to have the updating process achieved in the impact moment. Resumingj, g@on
two methods discussed in their present form, the Smith predictor-baseshappgives better
results. It is worth mentioning that with further improvements also the PD with ghedsding
could provide better results.

This chapter ends the work presented in this thesis. In the last chaptergemeral conclusions
and discussions are presented in order to complete the overall work.
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Conclusions and Perspectives

The main objective of this thesis was to provide new solutions in order to impreveetior-
mances in terms of end user perception for haptic systems affected by coratimmiime-
delays. As previously mentioned, the main problems of haptic systems in thegeasdime-
delays are: on one hand, the viscosity effects in free motion, and on thehatidrthe non-stiff
response in case of hard contacts.

The first step of this work was to analyze and experimentally test the most commondrmol
methods used in haptics (classic Proportional Derivative (PD) controf&scontrollers with
local dissipation, PD controllers with passivity observer, PD controllers passive set-point
modulation, wave scattering transform and Smith predictor). The experimestdts carried
out on one degree of freedom (one degree-of-freedom) haptioptafiresented in subsection
1.5.2.2 revealed that the main objectives of haptic system (low viscosity in free motidn an
stiff response in case of hard contacts) cannot be ensured simulsinéguany of the pre-
sented methods. The results showed that good performances may bedbttieein free or

in restricted motion only with the price of loosing the other case performances.

Next, the theoretical tools for analyzing the stability of the delayed systemdanatit config-
urations, as well as the physical limitations and tuning clues from a practicalqfoiilew were
presented in Chaptel. Since the PD control is the most common used controller in haptics
and teleoperation, a complete study of stability, as well as the fragility of sudhotiers for
systems affected by time-delays were presented. The study was made(btifie-delays as
well as for uncertain time-delays, modeled by the uniform and gamma with gaipuligns. It
is worth mentioning that, in the case of uncertain time-delays, a special attentiguiiserefor
the behavior of the delay in order to choose more efficiently the controllaeirssgThe specific
results for the haptic case, as well as some general examples werdguassng a geometrical
representation in order to give a clear overview about the stability regioe iREhgains param-
eter space. Furthermore, such a geometric approach allowed givingtary greatment for the
thesis.

The use of the Smith predictor was further analyzed in two distinct directiorsligtaegions
in controller’s gain parameters-space and stability in delay parametess-sipethe first case,
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for fixed or uncertain time-delays, an allowable stability region for the tunaigsgof the con-
troller (Kp, Kq) was drawn, similar to theimplePD control. For the second case, once the
tuning parameters of the PD controllé,( Kq) are set-up, a study of the variation dependency
between the system'’s delay and the Smith predictor’s delay was proposeéciic analysis of
the Smith predictor-based control in the case of uncertain delays wahprdsn detail starting
from the case when the uncertainty is fixed, then uniform distribution ancgaexma distribu-
tion with gap were analyzed, and finally, using a mean stability notion, the norntiabdisn
case was presented. lllustrative examples from haptics are inserted theipgesentation in
order to point out the theory.

In both casessimplePD and Smith predictor-based control) a special attention is required for the
behavior of the uncertain delay, since the controller's parameters agroken more efficiently

in terms of end user perception. As it was presented, depending on thdeyexdsdistribution
type, the choice of controller’s gains can be more or less restrictive.

Once the stability limits are driven, the tuning must be done in order to maximize thesend
perceptions in free and restricted motions. In this sense, some tuning cluesdnfspm our
practical experience have been presented taking into account also tibwes mygnamics as well
as the saturation limits.

Based on the analysis from Chapfeand with respect to the theoretical results from Chapter
2, two new approaches were proposed and tested on a three degreeduim haptic system in
order to improve the performances in terms of end user perception:

e The first method - Smith predictor with distance feedback, uses the informaton f
the virtual environment regarding the distance until a possible collisioneatbéek in
order to create an accurate model for the predictor. It is worth mentioninghéhatassic
Smith predictor compensates the delay only in free motion, while for restricted motion
the model is no longer accurate, resulting in an oscillating system. This method was
tested fromsimplesituations (free motion and restricted motion) to more complicated in
which impacts with moving objects and tiny virtual boxes were consideredr dixeel
and uncertain time-delays. In all situations, the Smith predictor with distancedeledb
approach provided the appropriate performances.

e The second method proposed - PD with gain scheduling, coatesally since good per-
formances may be obtained in one case using adequate gains with the mocepdétely
loosing the other case performances. As mentioned, the method wellksr relatively
small communication delays(20 mg, while for bigger ones> 25 mg there appears a
loss of performances, especially under fast or last moment changes.
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Among the two proposed methods in their present form, the best results tareeabfor the
Smith predictor with distance feedback. The difference comes from thegstrattéhe methods
since the first one acts like a predictor (as its name says), while the PD withajeduling acts
based on the present actions without any explicit anticipation.

Perspectives

For further improvement of the Smith predictor-based control with distarexdbiack, a passivity
observer or set-point modulation method may be added in order to providedaioma guar-
antee of stability in case of fast oscillations of the virtual environment or viglerturbations
on the distance feedback.

Furthermore, this new strategy could easily extended for haptic systems witlegige-of-
freedom and for more complicated virtual environments i.e. concave oragutar geometric
shapes.

The improvement perspectives for the PD with gain-scheduling approeatoanected to the
use of a more complex gain changing algorithm based on velocity, and time-dalag vislore
precisely, for ahigh velocity, the switching limit can be increased in order to change the gain
faster, while for a smaller velocity the limit should be decreased in order to letenine up-
dating process on both sides by the impact moment. As mentioned previously, tlisbeou
formalized also as a optimization problem in finding the optimumit depending on velocity
and time-delay in order to complete the updating process in the impact moment. Anaititer p
which can be added in order to decreasestitkingeffect which appears when switching from
free to restricted motion, is to take into account that once the user is moving in plositp
side of the wall, the gain on the haptic side may be increased before rectiemnformation
from the virtual controller. Resuming, a dynamitiaiit for each axis depending on the velocity
may reduce substantially the limitations of the method. It is worth mentioning that, witlefurth
improvements, also the PD with gain scheduling could provide better results.

In terms of applications, the next step may be the implementation of the control algofithms
collaborative systems. More precisely, in this work the haptic system v&grael for only one
human operator, while in future developments, the algorithms will be implementsgdtams
with more users interacting in the same virtual environment. Some ideas can klarig86] in
the context of aimpleSmith predictor case study.

Next, the algorithms presented here can be also implemented for supervisimatmms used
in teleoperation, systems which are also affected by time-delays resulting in siridems to

the ones dealt in this thesis. The super vision applications represent & agsistance for the
human operator in completing difficult tasks. Such systems use a virtual replaaalyze in

real time the remote environment where the slave robot is working and praditigonal help

in completing the tasks1B, 56].
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The time-delays variations analyzed here are similar to the Inf8roees, and thus, future
applications will be tested directly on Interfetin order to improve the algorithms, packet-loss
and networlcrasheswill be taken into account and implemented in the control strategies. Such
approaches are necessary when using the Inf@rasta communication line.
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Appendix A

Results’ Analysis for 10ms time-delay

This appendix completes the presentation in Chaht@here some comparison between several
methods is proposed. Two delay configurations have been considered, = 10 msand

171 = T = 50 ms The discussions concerning the first case study are given belowngiart
human operator fordg, = 7 N for the restricted motion cases is considered. The Smith predictor
case is not analyzed in this study.

The delays related to virtual reality simulations were not taken into accounbasieidea is to

set up an optimal tuning for restricted motion in order to have a minimal position traekiog
(close to thddeal case) and then to analyze it for free motion case. Next, the gains will be set
up in order to obtain a reduced viscosity (near toitheal case) and then the restricted motion
case will be analyzed. Based on tideal behavior, the gains were tuned for the two cases as
follows:

e best performance for position tracking error in the case of restricted mdigomesA.1
andA.2 (free and restricted motion), with:

— for the first four methods:
Kp=3200  Kg=100
— for the wave-scattering method:
Kp=2500 Kg=70, bh=02

e best performance for viscosity in the case of free motion, figlirggand1.23(free and
restricted motion), with:
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— for the first four methods:

Kp=1000  Kg =40,

— for the wave-scattering method:

Kp=500 Kg=60, b=03

TableA.1 summarizes the controller gains’ values for each method and case.

Optimal - Restricted motion

Optimal - Free motion

Method Ko (N/m) | Ky (N/m) || Kp (N/m) [ Ky (Ns/m)

Classic Proportional-Derivative (PD

Proportional-Derivative control

with local dissipation
Proportional-Derivative control 3200 100 1000 40
with passivity observer

Proportional-Derivative control

with Passive Set-Position Modulatioh
Wave-Scattering Transform 2500 70 500 60
TABLE A.1: Controller gains’ values.
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FIGURE A.1: Optimal error tracking - free motion, 10 ms delay.

In figure A.5 the maximum position tracking error and the average force feedback (redastu

a speed of 8 rad/sec) is presented for each method and each case.
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FIGURE A.3: Optimal viscosity effect - free motion, 10 ms delay.
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According to the experimental results, the differences between the matmds very slight.
It is obvious, that for the first five methods the stability is assured, furtbes the passivity
observer and the set-point methods provide an additional theoreticalmjeer The Smith pre-
dictor method is more sensible in terms of stability. On the other hand, none ofrtietkeds
can provide high degree of transparency and small position trackingietiee same time. The
compromise between transparency and position tracking error is obvioagrébence of time
delays deteriorates the system’s performances including disturbingsdffexviscosity, which
is directly linked to time delays.

For the first case - optimal tracking error, the best method in terms of posiéokirig error is
the PD control with local dissipation with an error of 0.512 rad, but in free matierviscosity
effect is significant (17.2 N). The best method, from the transpangoicy of view, is the Smith
Predictor, with a force feedback of 7.5 N, but in terms of position trackingy éne result is not
very good (0.832 rad).

The bestcompromise between transparency and position tracking error is assuthd BYD
control with set-point method with a position tracking error equal to 0.569 radaaforce
feedback of 11.2 N.

For the second case - optimal viscosity effect, which is more significant inatbe @f haptics
(the interest to have a low viscosity effect in free motion and a stiff responsasia of hard
contact is bigger than to have small position tracking error), the bestrpaafwe, i.e. the
smallest force feedback, is obtained for the PD control with set-point mibolulaethod (1.9
N) and a position tracking error of 2.336 rad. The smallest position trackmgisrassured by
the PD control with local dissipation (2.271 rad) like in the first case.

Thebestcompromise between transparency and position tracking error is assuresidigisbic
PD control with a position tracking error equal to 2.298 rad and a foratbfeek of 2 N.

It is worth mentioning that some of the methods (wave variables in the secoadarasee
and restricted motion, PD with passivity observer in first case for restricted mentidrsmith
predictor in the second case for restricted motion) induce significant noige sasponses.

Generally speaking, even if one is able to see small differences betweerethods, the optimal
tuning for one case will deteriorate the performance for the other one.
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Appendix B

Stability and transparency for
teleoperated systems

This section addresses the “trade-off’ between transparency arilitgtatsome specific bilat-
eral teleoperation systems including communication time-delays. Using a geometoacip,

a simple method will be derived for studying tfragility of the proposed controller for a gen-
eral 4-channel architecture for bilateral teleoperation with time-delaysthat the closed-loop
stability as well as the transparency are guaranteed for the overatheche

B.1 Preliminaries

A teleoperated system indicates operation of a robot/machine at a distanedirstimaster-
slave teleoperator was build in the mid 1940s by Go&s#, [and since then the systems have
been improved over and over in accordance with the new control teclsnana hardware.
Roughly speaking, the goal of teleoperation systems is to replace the direabhmanipulation

in order to prevent accidents, contaminations (like radioactivity or dus{,88feor just to get

in inaccessible places for humans, like, for example, the depth of the ofé&na particular
interest is granted to military and space applicatiadiigl] 192]. During the last years, more
teleoperated robots are used in surgery due to the needs of a highflgvetision and small
incisions fL82. In figure B.1 an example of a teleoperated humanoid robot is prese@gd [

The ideal teleoperation system must be perfedilgnsparentand must have real-time re-
sponse Transparency can be defined as telepresence sense betweeartiterggnd the envi-
ronment, see, for instancéfd]. More precisely, in case of contact on the slave side, the master
robot must reproduce exactly the same circumstances in order to providehorttan operator

the feeling that he is directly realizing the contact and no intermediary systeseds Urhe
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FIGURE B.1: Telepresent control of DLR’s Rollin’ JUSTIN

system stability must be assured for the free motion and contact cases and dtsmgfiery
state from one cases to another must be carefully analyzed becausgairthibe system is the
most vulnerable from the stability point of view. These two goals - transpgrend stability,
are generally conflicting and always a trade-off is needed. To the bisirs knowledge, there
are two approaches for handling transparency: a correspondetwedn the master and slave
position and forces (the so-callkohematiccorrespondencelp3 194, or a match between the
impedances of operator and environme | respectively.

An important factor which affects directly the stability and also the transpgrare the time-
delays. Modern teleoperated systems can have a long distance betwéenandsslave, they
can have different geographical locations. The communication medium ingsduce delays
that must be taken into account when the control law is elaborated.

For the sake of brevity, consider the block diagram of a general teletipesystem§7] as de-
picted in FigureB.2, where the concept of two port network is used to represent the ititarac
between the operator and the environment.

Operator Environment
Vh
-Zh Master +
:' + | Communication
Fh A ~ F:h Channel+
Slave

| Master-Slave |
Zt0'  Two-port Network ' Zte

FIGURE B.2: Teleoperation Block Scheme System

The operator and the environment are assumed to be in contact with the erastdave, and
they are modeled around their contact operating point in Laplace domain bynipeduunder
time-invariant (LTI) dynamicsg3, 149 as follows:
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Fn = Ry — ZaVh, (B.1)
Fe=Fo +ZeVe, (B.2)

whereZy, Ze, Vi, Ve, Fn, Fe, F; andFy" are the master and slave impedances and velocities, the
operator force on the master, the slave force on the environment, arxbtieEneus force inputs
generated by the operator and the environment, respectively.

There exist several possibilities to represent the network matrices diagemn the choice of
input/output of the network: 1/0O, impedance Z, admittance hybrid H and inverisgd G as
defined in [L, 69:

Vi
Pl _ Oy i Zly — 211 Z12 h 7 (B.3)
Fe 21 Z2| | Ve
Vi
h Oy =Yl — yir Yiz| | 7 (B.4)
—Ve Yo1 Yoo| |Fe
h h Y/
M Oy HIy — |M haz) |V ’ (B.5)
—Ve ho1 hoo| [Fe
Vi
h — 0g = Glg = O11 12| |Fn . (B.6)
Fe 021 Q22| |Fe

Here,F, and —V, will be considered as inputs aMj andF as outputs. In this case, equation
(B.5) will describe the considered configuration, whigei, j = 1, 2 are functions of the master
and slave dynamics and their corresponding control parameters.

According to p7], the conditions for kinematic correspondeMge= Ve, as well as forimpedance
matchingZyg = Zie Or Zie = Zy must be examined. Considég andZ; defined as followsg7]:

Fe h11+ Zn
= — x_() = s B.?
Zie Ve IFi=o0 (h11h22 — h12ho1) + hooZy 8.7
M hi1+ (h11h22 — hioho1)Ze
= — _n — . B.8
Zo Vh |Fe =0 1+ hpoZe (B.8)

If the network parameters are not functiornZgfandzZe, the impedance matching can be obtained
if and only if [67]:

(B.9)

h11=h=0 Impedance Matching
hip=hyy=-1 Conditions.
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FigureB.3 presents a general 4-channel teleoperation control system whiclpanates com-
munication delays ' and appropriate feedback compensatof&,, KsF,, where:

Zm = Mps Mm, Mg linear mass models of the
Zs = MsS force actuated master and slave,

Km := Bm+Kkn/s local position
Ks:=Bs+ks/s controllers

K1, Ko, Kz andKy rational control transfer functions

+ g + . .
Zte 2o | >@<— Fe* Environment

Ks K3

y Fe Slave
+ +

A

K <
‘ P
Communication
Time Delay /" T Channel

Master

A
Fh*—> @< Zh H """ Zt0  Operator

FIGURE B.3: Block diagram of a general bilateral controller usetkieoperation

According to B7], the closed-loop equations from Figuse3 can be expressed as follows :

Zemh + Kge "™V = (1+ K )Ry — Koe™ PF, (B.10)
Ki€™ "™Vh — ZeVe = —Kze™ Ry + (1+Ks)Fe, (B.11)
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with:
Zem:=Zm+Kn, Zesi=Zs+Ks.

According to P6], by considering thaK;...Kg are not functions o0&, andZ, the transparency
is achieved, if and only if the following conditions holds simultaneously:

Kl = ch
Ko =1+Kg Perfect

(B.12)
Ks=1+Ks Transparency

\K4 =—Z:m Condition-set,

and Kz, K3) # (0,0) holds. This corresponds to the case whén Kg) # (-1, -1).

Consider now the equationB.(L0)-(B.11) and the transparency conditiorB.12). Then the
characteristic equation in the free-of-delay case can be written as follows:

Do = (KoZes+ KaZem) (Zn + Ze) = 0. (B.13)

This case was presented and largely discussed by Salcudean H83Jl. Now, in the case of
communication delays, the characteristic equation rewrites as follows:

A = (ZCS"‘ K3Ze)(zcm+ KZzh) - (ch— K3Zh)(zcm— Kzze)eizrs =0. (B.14)

In our opinion, the notion ofontroller fragility* is more appropriate for such a study, see, for
instance, 4, 85, 111]. Roughly speaking, the fragility describes the deterioration of closed-
loop stability due to small variations of the controller parameters. The purpdsedistect
non-fragile controllers by appropriate construction of the closed-lodplisyaregions in the
corresponding controller parameter-space. A deeper discussion efffebts induced by the
system’s parameters on the (closed-loop) stability of delayed systems framiden [116, 129.

A simple geometric argument, inspired by the ideas suggested@ 8, jwill allow to conclude

on the best controller’'s choice. It is worth mentioning that such an appreeat be adapted to
other controllers’ configurations. However, in the sequel, only the "sim@aisgcase will be
considered, that is:

(K57 KG) = (aaﬁ)v with (C(,B) # (_17_1)7 (B.15)

as mentioned above.

IHere, byfragility, it is simply understood the deterioration of closed-loop stability due to srg#tions of the
controller parameters (see, for instanee 85, 111] for further details on such topics).
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B.2 Scalar gains

It is well known that the stability of a closed-loop linear system is given by tbation of the
zeros of the characteristic equation. HAggfrom equation B.14) can be rewritten as:

Ar =Q(s,a,B)+P(s,a,B)e >, (B.16)

wherea andf are the controller parametensis the communication delay ai@l P are defined

as follows:
Q(s,a,B) = qus’ + pS* + 035 + QS + s, (B.17)
P(s,a,B) = p1s* + poS® + pas® + pas+ ps,
with:
ai(a,B) =01+ 20 + iz + a0, (B.18)

pi(a,B) = pi1+ Pi2d + piaf + piaaB,
andq;, pi: RxR — R, as in equationg.14).

According to [L15, a controller law &*, 3*) must be derived, and a positive valdeuch that
the control law stabilizes the given system for angnd satisfying:

J0@—az4(g-prz<d. (B.19)

In such a case the controllex{, 3*) define thebest non-fragile controlleguaranteeing simul-
taneously robust stability in closed-loop and transparency in the sefisedlby P6].

According to the continuity of zeros with respect to the system’s param&g@lrsthie number
of roots in the right half plane (RHP) can change only when some zepeaa@and cross the
imaginary axis {R). In such a frame, an useful concept is frequency crossing s¢fi23,
defined as the set of all real positive frequenciefor which there exist at least a paiw (3)
such that there exists at least one characteristic root on the imaginary axis

H(jw;a,B,1) = Q(jw;a,B) +P(jw;a,B)e *1® =0. (B.20)

The following proposition can be written:

Proposition B.1. For a givent € R* andw € Q C R, a crossing pointd, ) is given by the
solutions of the following system:

VRa+EB+yRaB = -,
(B.21)

Yia+yB+ynaB =y
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whereyR and y/, i = 1...4 are the corresponding coefficients for real and imaginary parts in-
cluding the free term of the equation.

Proof. First, remark that the stability is given by the localization of the zeros of the alosp
characteristic equatiofy;. Next, since the zeros are continuous with respect to the parameters
a andf (see, for instance9B]), this implies that the crossing points are characterized by the
solutions of the following system:

D(Aryspjw) ~ 0 (B.22)
D(AT]S:jw> ) (B.23)
which is preciselyB.21).

To guarantee the existencefand € R, the following constrains must be satisfied:
a# S/ a# o/ B#-K/AE B# W

B+ VBV — Ve — Vi) — A0EW — EV3) (8 — ¥ivh) > 0,
(e + VRV — VBV — Vi) — A05Ys — EV3) (0K — i) > 0,
(VYD + VaVE — V8 — YavD)? — 401 — VE) (1ol — V) > 0,
(VoY + VY5 — VolE — VaV5)? — 405 — VY5 (Vs — Vana) > 0.

Proposition B.2. Leta*, B* > Obe given. Lef,- g- denotes the set of all frequencies> 0
satisfying equationRg.14) for at least one pair ofd, ) in the rectanglea| < |a*|, |B| < |B*|.
ThenQ,- - consists of a finite number of intervals of finite length.

Proof. Using the modulus, equatioB (14) implies that:

|(Zes+ KaZe) (Zem+ KaZn)|s=jw = |(Zes— KaZh) (Zem— KoZe) |s=jw-

Next, using the fact thaa| < |a*| and 3| < |3*|, the above equality can be written as a
polynomial inequality, implying that there exists always a finite number of réalisns and, as
a consequenc&),- g- consists of a finite number of intervals of finite length.

When w varies within some interval;, (B.22) and B.23) define a continuous curve (see, for
instance, 115). Denote this curve by} and consider the following decompositions:

OH(jw;a,B,1)

RO+jIO:j Js ﬁjw’
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. OH(jw;a,B,T
R1+JI1:_ (J da B )‘kjw’

. OH(jw;a,B,1
F32-|-J|2=——(J B P >ij-

The following notations will be used:

N
T=Un. T ={(a,plwcar,
1=1

k(@) = (@(w),B(@)", K =(a*,p)".

In the same spirit aslfLy the following proposition is written:

Proposition B.3. The maximum parameter deviation froot( 8*), without changing the num-
ber of unstable roots of the close-loop equat{Bnl6) can be expressed as follows:

d= minwegf{H@—l?H} (B.24)

whereQ+ is the set of roots of the function fR, — R,

flw) 2 (k(T)ﬁ— F) ‘m (B.25)

dw

where “.” means the inner product.
The explicit computation of the maximum parameter deviatiocan be summarized by the
following algorithm:

STEP 1:Compute the “degenerate” points of each cufyve

e the roots ofRylo — Rol1 = 0;

e multiple solutions of B.14);
STEP 2:Compute the set d@+ defined by PropositioB.3 (i.e. the roots of equatiof(w) = 0,
wheref is given by B.25));
STEP 3:The corresponding maximum parameter deviatogiven by B.24).

Since this is the case of controller gains, it seems that the simplest choice isitdak 3 and
Ke=a.
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Considering now equation8(12) and B.15), then the control law becomes:

K]_ == ch, K4 - _ZCfTb

(B.26)
Ke=1+a, Ks=1+p,
with:
Zem = acm~+ DemS+ %7
Zes = acstbesS+ %’7
= Des+ &
Ze a€+ (5 + s (827)

Zn =an+bys+2,

Ko =(1+a),

Ks = (1+p),
whereacm(acs, e, an), bem(bes, Pe, brn) andcem(Ces, Ce, Cn) are constant, specific to the given
system and environment. For a giverand for a set of positive frequencies, the stability zone
given by controller parameters { 3) can be represented. Based on this, it can be decided if a
given controller idar or notfrom the boundary of the stability regions, as pointed out by some
of the examples proposed in the sequel.

B.3 lllustrative Examples

In this section four numerical examples will be presented. A significant simpiificaf the
environment dynamics can be obtained using linear impedance model.The dynanaictiote
can be described by the convenient and well-studied linear system model éinggechusality):

where: M represents a positive environment mass or ineBids the environment damping,
and finallyCg is the environment stiffness.

The operator’'s hand is assumed to be a constant-mass spring and dastgrangigh impedance

model, see, for instance34:
2000

Zy=70+058s+ —~ (B.28)

According to L6, the dynamic model for master and slave can be expressed as:
and the local controlleK,, andKs chosen as:

Km = Ks = 10+0.1/s. (B.30)
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Example B.1. Consider a soft environment impedance:
200
Zo =100+ 10s+ e (B.31)

It appears that there exist two solutions fmrand 8. In Figure B.4, the stability region for (Y,
BW anda?, B@ is presented. The stability zones correspond to frequeney[0, 100].

0 | -
0.2 N
0.4 N

r
0 6 |- i @ i -
(a*,57)
0.8 N
A+ 4
[T
121 il
| | | | | | | | | | |
-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

(0

FIGURE B.4: Stability ared” for a andf - soft environmentg™ = -0.683 ,4* =-0.352 ,d =
0.463, with: ® representing the non-fragile disc centeredan,(3*) and having the radiug.

Example B.2. Consider now a stiff environmerit2:

2
Ze = 10000+ 10005+ 02000. (B.32)

Similarly with the previous example, FiguBe5 depicts the stability regions far®, g0 and
a@, B@ corresponding to the stiff environment.

Example B.3. Next, as suggested b§7] consider a different local controller }{ and Ks:

Km = Ks = 80+ 1600/s. (B.33)

Figure B.6, presents the stability regions far®, B and a(®, @ with the new local con-
trollers and a soft environment.
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I I I I I I I I I I
-1.025  -1.02 -1.015  -1.01 -1.005 -1 -0995 -099 -0985 -0.98 a -0.975

FIGURE B.5: Stability ared” for a andp - stiff environmenta* =-0.99955 3* =-1.0543 d
= 0.00064, with:® representing the non-fragile disc centeredan,(3*) and having the radius
d.

FIGURE B.6: Stability ared” for a and - soft environmentg™ = 0.183,8* = -0.482,d =
0.55, with: @ representing the non-fragile disc centeredar,(3*) and having the radiug.
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Example B.4. Finally, a soft environment and two identical PHANTOM OMNI (for more ieta
please refer to 165) haptics devices (master and slave) were considered. AccordinG/d, [
the PHANTOM OMNI is modeled as a mass-damping-spring system as follows:

1
G(s) = m< 4 bs+k’

with m=50g, b= 3Ns/m and k= 20N/m.

(B.34)

In Figure B.7, the stability regions foor™V, B anda(?, @ are drawn, corresponding to the

configuration mentioned above.

0

B

A

FIGURE B.7: Stability ared” for a and 3 (PHANTOM OMNI master and slave and soft
environmentla* = 4.7415,3* = -1.712,d = 0.935. ® represents the non-fragile disc centered
in (a*, B*) and having the radiug.

RemarkB.4. It appears that in most of the examples considered (in particular, the firghjitthe
and the last one) there is a large choice of non-fragile controllers aedhé/ the“best” non-
fragile oneswere chosen to be represented. However, the second example p@exsstence

of some practical situations when corresponding stabilizing controllefeagite, i.e. extremely
sensitive to perturbations on the parameters.

More precisely, for any control parameter’( 3*) chosen inside thgreen(stable) zoné', there
exists a perturbatiolNo, AB) satisfying any constraint :

VAa?+AB2 > 0.00064
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leading to an unstable closed-loop behavior.

In general, for bilateral teleoperation systems it is very important to havehddwgl of trans-
parency. Furthermore, for end-users this is the most important charactexiskt, in order to
obtain good performances for closed-loop systems, the stability must bellyeaealyzed.

The method proposed here handles both concepts in the correspondinglleoparameter
space. Furthermore, the choice of non-fragile controller is proposeasioyy some simple
geometric arguments.
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Appendix C

Reduction of the stability conditions

Since(1+PC)~1is a stable transfer function, fror.(L3) it is worth mentioning that the feed-
back system is stableéand only if the following two equations do not have zero<n:

l1-e's Kp+ Kgs
1+G =0, where G(s) = —F c.1
+6(s) (1727 ~0. where G(s) = 2T c)
_ Kp+Kgs
1+T(s) e=0, where T(s)= P . C.2
Now define: K
Ky m
K:=-"% = =
b 7K, T
thenG(s) andT (s) can be re-written as:
G(s) = K ~ e (C.3)
O 14Tps '
T(s) = K(1+ 1cS) (C.4)
S+ (14 1eK)s+ K’ '
Further, a frequency normalization can be made:
and introduce new definitions:
1 2
L1 _ b | a::E:bKd’ h::L:(leLTz)b’ (C.6)
Ktp mK, Tp, MKy Tp 2m
so that the characteristic equatio®s1) and €C.2) can be re-written as:
1(1+as [1-eM
1+ - = 4
L 1+s < 5 0 (©.7)
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(1+a9)
(L +(L+a)s+1)

e =o. (C.8)

The next step is to find the controller parameteesida (which definek, andKy), as functions
of h, that place all the roots ofQ(7) and C.8) in C_. In what follows, without any lack of
generality, only the case whekg andKy are positive, i.el. > 0 anda > 0 is considered. Itis
worth mentioning that, in practice, such a situation occurs in most cases.

Analysis of stability conditions of transfer functior.¢) and (C.8) are based on Nyquist Stabil-
ity Criterion. Let us consideiq.7) first. Sincele | = 1 for all w € R, the phase ofl — e 1"%)
is betweent-1/2 and—rt/2 for all w > 0 and:

: T
lim Z(1—e oy =4 —
o)l\lo+ ( ) +2
Therefore,
1—ehs
0<Zf(jw)<—m V weR  where f(§:= s (C.9)

This means that ir > 1, the phase o%f(jw) is always strictly grater thaf—rm) for all
w > 0. Thus, all the roots of§.7) are inC_ whena > 1, independent df andh. Furthermore,

whena = 1 the equation.7) reduces to
1

Note that whenevex f ( jw) = —mrthe following condition hold$f (jw)| = 0. This fact, together
with (C.9), implies that wheror = 1 all the roots of C.7) are inC_, independent of andh. In
conclusion, the analysis o€(7) becomes interesting only & < 1. In this case, all the roots of
(C.7) are inC_ if and only if the following condition is met:

2(1-a)
L g C.10
~ wi+1" ( )
wherewy is the smallesto > 0 satisfying:
~1 ~1 how
tan “(aw) —tan “(w) — - =T (C.11)

The condition C.10 gives an allowable region in ther,L)-plane for all the roots of.7) to
be inC_ whena < 1. Since,

_ @ jwh ; -
f(jw):1 ji)' :smir;ah)_j(l cz)s(wh))
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AppendixC. Reduction of the stability conditions

the following identity is derived, used ifC(11):

/f(jw) = tan L (cos(wh)—l)  hw 2m

sinlwh) )~ 27 v wel0, ),

by using half-angle formulas, followed by simplification using the trigonometridiecos’(wh/2) =
1—sir(wh/2).

Re-arranging the equatio@(11) for a < 1 as:

m— (tan (wp) —tan *(awp)) = hTwp (C.12)
It is easy to show that:
(i) = sin(hw,/2) _ 2(1-a)
Wp/2 \/(1— a)?aw3+(1+ awg)z.

Using this identity, after algebraic manipulations anddot 1, (C.10 is now equivalent to:

2(1-a)

L> —%
w§+1’

(C.13)

wherewy, is determined from@.12).

Now consider C.8). The cross-over frequenay. > 0 where:

‘ 1+ jawe ‘_
1-La@+j(L+a)w|

can be found as the feasible root of:

L2f <w§+ 1- 2(1[ a)> —0.

Clearly, this has a non-zero real solution if an only if:
21-a)>L (C.14)

in which case:
2(1—
o= 1] 2 - LY (C.15)

This means that if@.14) is not satisfied, thefT (jw)| is a uniformly decreasing function with

T(0) =1=||T |l which, by the small gain theorem, implies that all the rootd®8) are inC_
independent offi. Sincewy, is a positive real number, the conditia@.(3 also holds irregardless
of delay valueh when C.14) is not satisfied. To complete the analysis, now assutng4j is
satisfied andw, is as defined by.15. In this case, by the Nyquist criterion, all the roots of
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AppendixC. Reduction of the stability conditions

(C.8) areinC_ if and only if:
tan *(awe) —atan2 [(L+ o), 1—Lawf] —hax > —T1, (C.16)

where atan2(y,x)=Pr arg(xy)=Arg(x+iy).

To recapitulate, with the parameter definitions©fg), the feedback system described Byl{)
is stable independent &fif o > 1 and it is stable depending dnif 2(1—a) > L > 0. For every
fixed h > 0 the region of delay-dependent stabilizifgr,L) : 2(1—a) > L > 0} is determined
from the intersection of the condition€ (L0 and C.16).
Since C.15 implies:
2(1—a)

1+ o

fora <0and 21— a) > L, the condition C.13 can be re-written as:

Wp > . (C.17)

Let us now re-consideiQq.16). Using the notatiorh. = 2(1— a)/(1+ «?), then, after simple
algebraic manipulations, it is easy to see that:

tan (aw) —atar2 [(L+ )k, 1—Lw?] = —tan* < 2(1—a)w(1+ aw?) )

(1+ 0w2)?— (2(1— a)ux)?

= —2tan’! <8;§2§;) = -2 (tan H(ax) — tan Haw)) -

Thus the condition@.16) is equivalent to:

m—2 (tan () —tan(aw))
W

> h. (C.18)

Recall from C.17) and C.12 thatax is restricted to satisfy, > ., wherewy, is defined from:

2(m— (tan(wp) — tan(awp)))
Wp

=h. (C.19)

Resuming, the system is stable independent of deiéyr > 1; orif a < 1 andL > 2(1— a).
Furthermore, the analysis for the case< 1 and 21— a) > L > 0 reduces to the following.

Define:
() = m—2 (tan—l(xx— tan(ax)) |
6 = 2(m— (tanl(x))(— tan(ax))) |
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AppendixC. Reduction of the stability conditions

Clearly, gp andg. are uniformly decreasing functions agg(x) > gc(x) for all x> 0. So, if
wp is defined as the solution of the equatigy(x) = h and w, as the solution of the equation
gc(X) = h, thenw, < wp and hence, foo < 1and 21— a) > L > 0, the feedback system shown
in Figure2.2is stable if and only ity < wy,, Which is equivalent to:

2(1—a)

L>=— 2
14+ o

where «, > 0 is the solution of g¢(x) =h. (C.20)
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Appendix D

PD-like Controller

In [13€] a PD-like controller is proposed, having the block scheme presented in Hiyylire

Haptic

Xp Communication P-gain
E 4’@—' Interface detay : ]? 8
op +\ B, (3 ‘ e

F, | f Virtual
- . H t.,,, ‘ ——>{Controller
‘ aptic | i C
3 )LController ‘ ‘ . :
T Cy ‘ . PD-like Controller
P gain |, R R
Kph : 12 PV

. PD-like Controller |
FIGURE D.1: Bilateral Haptic System usingRD-like Controller.

Here, instead of using both - position and velocity errors, only the position @il be used in
the controller in order to guarantee the passivity of the system. The veldchg baptic inter-
facel/virtual object will be used with the D-gain for computing the commands fdndpéc and
virtual side, respectively. With this assumption, equati@4){(2.5 are rewritten as follows:

Fn(t) = Ka, Xn(t) +Kp, (Xn(t) —x(t — 12)), (D.1)
N——
D-action delayed P-action
Fu(t) = —Kag,Xu(t) +Kp, (xn(t — 1) —Xu(t)), (D.2)
——
D-action delayed P-action

Next, considering4.8)-(2.10, equationsZ.6)-(2.7) become:

Xa(s) = Ph(s) (Fop(S) —Cn(8)%n(s) — Kp,& X(3)) , (D.3)
Xu(s) = R(S)(—Fe(s) — Cu(S)Xu(S) + Kp, & ™Xn(9)) . (D.4)
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AppendixD. PD-like Controller

Rearranging.3)-(D.4), it follows:

1+ R(SICn(S)  —Kp,Ph(s)e = ] [ Xn(s) (D.5)

—R(s)Kp,e ™ 14+ PR,(s)Cy(s) Xv(s)

_ Ph(s)Fop(s)
—R(s)Fe(s) |

Therefore, with the definition®(8)-(2.10), the new characteristic equation of the feedback sys-
tem becomes:
(1+P(s)C(s))> — K3P(s)%e (n 125 = 0, (D.6)

which is equivalent to:

(1+P(s)C(s)+KpP(s)e ™) (14 P(s)C(s) —KpP(s)e °) = 1+ K s P(s) (E‘; + % + e_:> =0.

with T = 832,

Since(KpsP(s)) is positive real, in order to guarantee the stability, it is needed to guarantee:

Kg 1+e ™
0 <d+

0 C..
Ko >> , VseC,

Knowing that:

—jTw i
Re{Kd—|—l+e }_Kd_sm(rw)>Kd_T

Kp jw Kp w K
and: e
l-¢e
— | <1, VweR,,
jw

the stability is guaranteed if the following condition holds:

K
K—d >T & Kg>Kpt. (D.8)
p

The result obtained inl36], by using a different argument:

th Kd\, > Kthva]_Tz,

is exactly the same witHX.8), under the assumptio2.Q) andt; = 1o = T.
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Appendix E

Fragility analysis of PD controllers

Let us define:
Kpo 1= |Kp — kp(0)|

In tableE.1, the corresponding results obtained for exanipleare summarized after applying
the proposed algorithm in order to analyze the fragility for the contrékigrk;) = (3.25,1.65).

Frequency dy, Kio | Kpo | mMin{dr,Kdew,Kp,}
w =0.9017 | 2.3459
wp =2.7292 | 23.0540
w3 = 2.8228 | 23.0158
wy =3.1625| 203161
ws =3.5744 | 2.8603
ws =4.1134 | 10.6317 | 3.35 | 3.75 | 2.34598084836201
w; =4.6386 | 2.4229
wg =5.5736 | 28.3525
wg = 6.3485| 6.2916
wo=7.1127 | 30.5030
w1 = 7.8169 | 3.13656

TABLE E.1: Parameters deviation results without losing the Btalfor system @.47).

The fragility analysis for the PD-controller for the syste?@ are summarized in tab.2

TableE.3summarizes the fragility analysis for the controllkf, k) = (1.1021 0.2514) for the
system 2.49).
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Frequency dy, Kio | Kpo | Min{dr,Kde,Kp, }
w =0.9352| 8.2917
wy =1.9489 | 14.3176
w3 =3.9725| 9.8893
wy = 23.2533 | 288344 17.85 8.291787839
ws = 33.7137 | 27.1850
ws = 73.7534 | 479291
w7 = 95.1040 | 101249

TABLE E.2: Parameters deviation results without losing the btalior system @.48).

Frequency dy, Kgoo Kpo min{dr, Kgeo, Kpy }
w; =1.0388| 0.562
w, =1.8131| 0.804
w3 =27121| 0.491
oy =4.7540| 2.164 | 0.7486 | 0.5229 | 0.4910436777
ws =6.3137 | 0.609
ws =129703 | 1.217
w; = 16.1440| 14.602

TABLE E.3: Parameters deviation results without losing the Btalfor system @.49).
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Résumeé

Au cours des derniéres décennies, les environnementslgiga sont de plus en plus répandus et sont largementsitilisé
dans de nombreux domaines comme, par exemple, le prot@&ylaaigrmation a I'utilisation de différents outils/appas,
I'aide a la réalisation de taches difficiles, etc. L'intdfac avec la réalité virtuelle, ainsi que le retour d’eff@dnt assurés
par des interfaces haptiques. En général, ces systemeaffemiés par des retards de communication et de traitement,
entrainant une détérioration des performances. Danstbéde, une étude complete des méthodes existantes, lkss outi
théoriques et de nouvelles solutions sont proposés daaslte de I'haptique.

Dans un premier temps, une étude comparative, fondée stgsidtats expérimentaux obtenus sur un systeme haptique
a un degré de liberté, met en évidence les avantages et tewérients des algorithmes de commande les plus classiques
transposés du domaine de la téléopération a I'haptique. e®snite examinés les outils théoriques nécessairesalyam
de la stabilité des systémes a retard selon différenteatisiis, tenant compte des limites physiques des platesefor
expérimentales considérées. En plus du cas classiqueald weinstant, des incertitudes sont également considétées
modélisées par plusieurs types de distributions (digidhwniforme, normale et gamma avec gap).

Finalement, pour surmonter les inconvénients liés auxdstaeux nouvelles approches sont proposées. Tout d’abord
la commande de type prédicteur de Smith est reprise et undaokpécifique pour les systéemes haptiques est mise en
ceuvre. L'idée principale consiste a introduire dans le iptédr de Smith les forces liées a I'environnement en atilis
les informations complémentaires issues de la réalitéelig, en ce qui concerne les distances entre I'objet \ifileté
et d'autres objets présents dans la scene. Pour surmomtertéade performances induite par I'utilisation d'un gakefi
dans les correcteurs, commun a toutes les situations (mmnts libres ou restreints), la seconde approche propose un
correcteur Proportionnel Dérivé incluant une stratégies@guencement de gain en fonction de la distance jusqu’a une
éventuelle collision. Les deux approches sont validéegraxgntalement sur une plateforme haptique a trois degrés d
liberté, pour différents scénarios de complexité progvesgartant de situations avec des mouvements simplese-éib
restreints, des contacts avec des objets en mouvementapoar a des situations plus complexes - boite virtuelkecav
des murs fixes ou mobiles.

Abstract

During the last decades, virtual environments have becanepopular and are largely used in many domains as, for
example, prototyping, trainings for different devicessistance in completing difficult tasks, etc. The interactwith
the virtual reality, as well as the feedback force, is agsimehaptic interfaces. Generally, such systems are affdnte
communication and processing time-delays, resulting ietartbration of performances. In this thesis, a completdysof
the existing methods, as well as theoretical tools and néwtisns, are proposed for the haptic framework.

First, a comparative study, based on the experimentaltsesiolained on a 1-DOF haptic system, highlights the advan-
tages and drawbacks of the most common control algorithmtegdrom teleoperation to haptics. Next, the theoretical
tools needed in analyzing the stability of the delayed systm different situations, as well as the physical limdaas of
the experimental platforms considered, are examined.dBsshe standard case of constant time-delays, unceswani
also considered and modeled by different types of distobst(uniform, normal and gamma distribution with gap).

In the sequel, for overcoming the drawback of time-delays, iew approaches are proposed. First, the use of Smith
predictor-based control is addressed and a specific solftiohaptic systems is developed and discussed. The main
idea is to introduce into the Smith predictor the environtakforces by using the additional information from the wat
reality regarding the distances between the controllealiobject and other objects in the scene. To overcome #t lo
of performances induced by using a fixed gain in the contolier all situations (free or restricted motions), the seto
approach proposes a gain-scheduling Proportional Darévabntrol strategy depending on the distance until a piessi
collision. Both approaches are experimentally validateé &-DOF haptic platform, under different scenarios elateat
gradually from simple situations - free and restricted mticontacts with moving objects, to more complex situaion
virtual box with fixed or moving sides.
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