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Introduction Contexte Industriel

Au cours des dernières décennies, l'industrie aéronautique a connu une forte expansion, qui l'a amenée à développer des processus de plus en plus automatisés. Une forte concurrence, ainsi que la prise de retard dans les livraisons de commandes et la sortie de nouveaux modèles d'avions, ont poussé les constructeurs et les fournisseurs de sous-ensembles à utiliser des robots pour des tâches nécessitants une très bonne répétabilité et une grande flexibilité [START_REF] Anandan | Aerospace Manufacturing on Board with Robots[END_REF][START_REF] Dillow | Airbus now has $1 trillion worth of jets on order[END_REF][START_REF]The Future of Aerospace Automation[END_REF].

Une des premières tâches automatisée dans l'industrie aéronautique est le perçage. Il y a presque trente ans, des grandes machines spéciales assuraient ce processus. À partir du 21ème siècle, il a été utilisé des robots afin d'apporter une zone de travail plus grande, des suivis de trajectoires plus complexes, et la possibilité de travailler dans des zones plus restreintes et étroites. En revanche, à cette époque ces machines poly-articulées n'assuraient pas la précision de positionnement absolu demandée par les constructeurs aéronautiques (0.2mm -0.5mm). Pour résoudre cette problématique, les constructeurs de robots se sont intéressés à la réduction de cette erreur, et ont atteint des valeurs entre 0.4 et 0.7mm, et une répétabilité de facteur 10 ([0.04mm, 0.07mm]) [START_REF] Jaacks | Automated Circumferential Joint Assembly in Aircraft Production: Development and Assessment of a Production Process[END_REF].

Ces performances ne sont donc pas encore suffisantes.

Afin d'augmenter la productivité, la sécurité et de réduire l'impact environnemental de l'industrie aéronautique en Europe, plusieurs projets de recherche sont financés par l'intermédiaire d'organismes tels que CORAC (COnseil pour la Recherche Aéronautique Civile) [START_REF] Corac | Historique et présentation : CORAC Aéro Recherche -Aéronautique Civile[END_REF]. Ces dernières sont produites également en carbone mais de façon manuelle.

Monolithic Skin (Carbon Fiber) La position de l'axe du Col tenu par le robot doit également être identifiée. Un outil spécifique à la manipulation des trois pièces a été conçu. Avec l'utilisation de quatre pistons pneumatiques, cet outil garantit une répétabilité de l'ordre de quelques centièmes de millimètre de la position des Cols par rapport à la bride du robot à chaque prise. Désormais, cette position ne doit être mesurée qu'une seule fois pendant la calibration de l'outillage.

Une fois que les positions de l'axe du Col et de la MLGD sont connues, une couche de mastic doit être appliquée sur les surfaces qui vont être en contact avec la Trappe. Ceci aura un rôle très important dans la prochaine opération.

Le robot intérieur procède ensuite à une mise en contact des cols avec la MLGD. Le contact entre le Col2 (ou SF) et la peau de la Trappe, est le plus complexe à appliquer, il faut notamment limiter la force appliquée sur la MLGD. De plus, il est nécessaire que toutes les surfaces du SF soit en contact xxviii Résumé étendu homogène avec la peau de la Trappe à la fin du procédé. De même, la position du SF après contact doit respecter les tolérances géométriques par rapport au contour de la MLGD.

Étant donnée la difficulté de cette tâche, un chapitre de cette thèse est dédié à l'amélioration de la précision de positionnement du robot, et un autre aux stratégies garantissant l'interaction entre ces pièces.

Lorsque les Cols sont bien positionnés et en contact, le robot extérieur procède au perçage et à l'épinglage. Concernant le perçage, ce robot doit appliquer un effort sur la Trappe afin de garantir le contact avec la Trappe au cours du procédé. Cet effort génère une perturbation de la position du robot interne, laquelle doit être rejetée par ce dernier. Étant donné la complexité de l'assemblage du Col2, les expériences ont été concentrées sur celui-ci. Les méthodes développées sont aussi adaptées à l'assemblage des Col1 et Col3.

Contributions

Suivant l'analyse de l'assemblage des deux pièces de grandes dimensions, telles que celle du Col2 et la MLGD, trois problématiques principales pour assurer une précision de ±0.1mm ont été identifiées.

La première problématique concerne l'identification, c'est-à-dire la mesure de pièces de grandes dimensions. Même une faible erreur générée au cours de cette phase sera ajoutée à l'erreur de positionnement de la pièce à la fin de l'assemblage.

La seconde problématique est la nécessité de garantir que le robot rejoigne la position mesurée avec une erreur minimale, tandis que sa position est aussi ajustée en fonction des efforts ressenties sur la pièce. De plus, cette position doit être maintenue même si des perturbations se manifestent lors du procédé d'assemblage.

La troisième problématique concerne le contrôle de l'interaction de pièces de grandes dimensions sur plusieurs surfaces de contact. Ces interactions ne doivent pas dépasser des efforts maximaux, et il faut assurer un jeu quasiment nul entre les pièces.
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Résumé étendu

Ces travaux de thèse proposent une méthode et une stratégie pour chacun de ces sujets.

Certaines des architectures de contrôle proposées sont inspirées de la littérature. Dans ce cas, l'objectif est de montrer leurs performances sur un dispositif industriel comme celui présenté sur la Fig. 3b.

D'autres solutions sont proposées pour démontrer les inconvénients de certaines stratégies présentées dans la littérature. En outre, elles visent à démontrer qu'en appliquant les changements proposés dans cette thèse, la précision de la solution peut être considérablement améliorée, ainsi que leur efficacité dans l'espace de travail du système.

Cette thèse présente finalement une stratégie innovante pour des tâches d'interaction impliquant plusieurs contacts surface-surface, en utilisant des robots industriels ne pouvant être contrôlés qu'en position.

Organisation du manuscrit

L'organisation de ce travail de thèse est décrite ci-après :

Le Chapitre 1 détaille des méthodologies exposées dans la littérature pour améliorer la précision absolue des robots industriels. A partir des avantages, des inconvénients et des performances de ces méthodes, nous avons développé une stratégie de contrôle, dite sensor-based, c'est-à-dire basée sur les capteurs, afin d'évaluer et de quantifier la précision maximale qu'un robot à forte charge peut atteindre lors de mouvements en espace libre et sous-contraintes. En outre, deux différents types de robots ont été testés à l'aide de cette architecture, et leurs résultats sont présentés. Cette stratégie basée sur des capteurs a été utilisée pour développer un suivi en temps réel de la pose du robot en six dimensions. L'objectif est de l'intégrer au démonstrateur de la cellule d'assemblage pour assurer la précision de la position du robot intérieur lors de la cinquième opération. Cette opération est testée dans les conditions réelles d'assemblage et les résultats en terme de précision sont discutés.

Le Chapitre 2 propose une solution précise d'inspection robotisée, basée sur l'état de l'art de la métrologie à grande échelle. La comparaison avec les méthodes de calibration proposées dans la littérature permet de mettre en évidence les avantages de l'utilisation du système proposé dans l'amélioration de la précision de calibrations et de la performance du système. Plusieurs expériences utilisant divers robots industriels sont présentées pour valider la mise en oeuvre du système d'inspection. Enfin, l'utixxx Résumé étendu lisation de ce système pour la mesure du MLGD est discutée.

Le Chapitre 3 présente un état de l'art du contrôle de la mise en contact de surfaces en automatique. Étant donné qu'aucune des méthodes exposées dans la littérature ne répondait entièrement aux exigences du processus de pose du Col2 sur la MLGD, nous avons proposé une approche basée sur le contrôle en admittance appelée Multi-Surface Admittance Control ou MSAC. Elle nous permet de contrôler plusieurs contacts surfaciques ayant des comportements dynamiques différents. La théorie de cette stratégie de contrôle ainsi que sa mise en oeuvre sont présentées. Ensuite, nous discutons d'une méthode analytique pour calculer les paramètres du contrôleur, qui a été testée sur un modèle simplifié de l'interaction entre les pièces.

Enfin, le Chapitre 4 présente les conclusions qui résument les résultats de cette recherche et propose quelques pistes pour le développement de travaux futurs.

Étude de l'amélioration de la précision absolue des robots État de l'art L'utilisation des robots dans l'industrie aéronautique augmente continûment depuis vingt ans [START_REF] Anandan | Aerospace Manufacturing on Board with Robots[END_REF][START_REF] Dillow | Airbus now has $1 trillion worth of jets on order[END_REF][START_REF]The Future of Aerospace Automation[END_REF]. Par rapport aux machines spécialisées, ces bras manipulateurs sont capables de suivre des trajectoires plus complexes, d'effectuer des tâches dans des environnements encombrants, et même parfois d'assurer un volume de travail plus important. Cependant, les robots utilisés à l'époque n'étaient pas capables d'atteindre les niveaux des précisions demandés pour les processus d'assemblage aéronautiques : 0.05mm-0.5mm [START_REF] Kihlman | Affordable Automation for Airframe Assembly : Developing of Key Enabling Technologies[END_REF]. Pour répondre à cette problématique, les constructeurs ont amélioré leur positionnement absolu jusqu'à atteindre des niveaux de répétabilité entre 0.04mm et 0.07mm [2,48,82]. De manière générale, la précision absolue d'un robot peut être calculée comme dix fois sa répétabilité.

Toutefois, il y a encore des tâches nécessitant une précision plus importante dans l'industrie. En conséquence, différentes stratégies sont constamment proposées dans la littérature [START_REF] Jaacks | Automated Circumferential Joint Assembly in Aircraft Production: Development and Assessment of a Production Process[END_REF]. Deux familles de méthodes sont classiquement distinguées : les méthodes se basant sur un modèle et ceux se basant sur les informations de capteurs externes.
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Résumé étendu

La première méthode, aussi connue sous le nom de Calibration, cherche à identifier un modèle plus réel du robot, que celui utilisé par son contrôleur, et ainsi minimiser l'erreur de positionnement pendant la commande. Ce modèle peut être basé sur des paramètres physiques, ou être identifié au travers d'algorithmes d'intelligence artificielle [START_REF] Nguyen | A calibration method for enhancing robot accuracy through integration of an extended Kalman filter algorithm and an artificial neural network[END_REF]. Néanmoins, cette stratégie nécessite une grande quantité de données, rendant le calcul chronophage [START_REF] Chen-Gang | Review on kinematics calibration technology of serial robots[END_REF].

Les calibrations se basant sur des modèles paramétriques peuvent être classifiés comme cinématiques, et non-cinématiques. Les calibrations cinématiques utilisent des paramètres géométriques, tels que les longueurs de bras et les angles et distances entres les articulations du robot. Pendant que les calibrations dites non-cinématiques cherchent à identifier également des paramètres non-géométriques comme la rigidité des bras et articulations, les erreurs dans les chaînes de transmission, les frottements articulaires, ou même les effets de la température [START_REF] Roth | An Overview of Robot Calibration[END_REF].

Pour effectuer la calibration d'un robot, plusieurs étapes sont nécessaires. Une fois le modèle défini, il faut mesurer les robots suivant différents configurations, identifier les erreurs sur chaque paramètre du modèle, et finalement appliquer la compensation du modèle trouvé.

Les niveaux de précision atteints après calibration du robot varient en fonction des plusieurs facteurs comme : la méthode de calibration, les configurations choisies pendant la phase de mesure [START_REF] Klimchik | Identification of geometrical and elastostatic parameters of heavy industrial robots[END_REF][START_REF] Xiong | A product-of-exponential-based robot calibration method with optimal measurement configurations[END_REF],

les méthodes d'identification [START_REF] Chen-Gang | Review on kinematics calibration technology of serial robots[END_REF], le moyen de mesure [START_REF] Nubiola | Comparison of two calibration methods for a small industrial robot based on an optical CMM and a laser tracker[END_REF], et même le type de robot calibré. Le Tableau 1.1, exposé dans le tronc principal de cette thèse, montre une comparaison des niveaux des précision atteints par plusieurs auteurs en utilisant différents types de calibrations et robots.

D'autre part, les méthodes basées sur des capteurs, cherchent à améliorer la position du robot en mesurant directement la position courante de son extrémité ou de ses articulations. Pour diminuer l'erreur de positionnement des articulations du robot, des encodeurs supplémentaires en sortie de la transmission ont été implémentés dans des cellules robotisés pour l'industrie aéronautique [START_REF] Mikhel | Advancement of Robots With Double Encoders for Industrial and Collaborative Applications[END_REF].

L'utilisation de cette stratégie sur un robot hautement rigide à forte charge utile, peut conduire à une précision de perçage et assemblage de l'ordre 0.25mm [START_REF] Devlieg | Applied Accurate Robotic Drilling for Aircraft Fuselage[END_REF]. 

Correction par itérations (CPI) en-ligne de la pose des robots

En prenant en considération les méthodologies exposées précédemment, nous avons implémenté une stratégie de contrôle par itérations pour qualifier les performances maximales qu'un robot à forte charge utile pouvait atteindre en termes de correction de sa position et son orientation.

Pour cela, le set expérimental présenté sur la Fig. 5 Enfin, la troisième expérience montre que lorsque le robot est corrigé en milieu contraint, l'erreur moyenne de positionnement augmente. Nonobstant, la comparaison entre les résultats obtenus en utilisant deux orientations différentes du robot lors de l'application de l'effort, montre que la friction sur le plan de mouvement a un effet important sur le résultat de correction.

Pour conclure, nous avons démontré qu'en utilisant une méthode basée sur des capteurs, la précision de positionnement absolu d'un robot industriel peut être améliorée jusque aller au-dessous de la répétabilité annoncée par son constructeur. Concernant le robot utilisé, sa répétabilité théorique est de ±0.06mm, tandis que l'erreur maximale mesurée était de 0.025mm pour des positionnements sans contraintes. Cependant, quand des efforts sont appliqués de façon perpendiculaire aux axes de correction, la précision peut se voir détériorée en fonction de la friction générée sur les directions du mouvement.

De même le niveau de précision qui peut être obtenu après l'utilisation de ce type de méthodes dépend du moyen de mesure et du robot. Afin d'implémenter cette méthodologie de correction dans le processus d'assemblage de la MLGD, une architecture de contrôle de la position 6D en temps réel a été développée. Cette architecture a été conçue sur l'interface RSI de KUKA, permettant de commander le robot à une fréquence de 250Hz.
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Résumé étendu

Le système a été testé dans des conditions équivalentes à celles de l'assemblage, démontrant que ses performances étaient au niveau des exigences du processus.

Positionnement précis des objets de grandes dimensions dans des cellules d'assemblage robotisées [START_REF] Li | Hand-Eye Calibration in Visually-Guided Robot Grinding[END_REF][START_REF] Xu | TCP-based calibration in robot-assisted belt grinding of aero-engine blades using scanner measurements[END_REF]. Cependant, si la pièce est trop grande pour être portée par un robot et si l'objectif consiste à identifier la position de cette pièce dans l'espace, alors le robot porte le système d'inspection.

La position de ces grandes pièces peut être identifiée de façon relative (par rapport à la position courante du robot) ou absolue (par rapport à un repère fixe dans la cellule). Dans le cas d'une mesure relative, le système de mesure doit être capable d'identifier de façon locale une forme ou un marqueur sur la pièce à mesurer [START_REF] Qin | Precise Robotic Assembly for Large-Scale Objects Based on Automatic Guidance and Alignment[END_REF]. Néanmoins, dans les grandes structures aéronautiques, c'est souvent très compliqué de trouver ce type de références. De ce fait, des mesures absolues sont privilégiées.

Dans la littérature, l'utilisation de profilomètres laser [START_REF] Yin | Development and calibration of an integrated 3D scanning system for high-accuracy large-scale metrology[END_REF], ou de systèmes optiques 2D avec un laser ligne [START_REF] Li | Calibration of a multiple axes 3-D laser scanning system consisting of robot, portable laser scanner and turntable[END_REF][START_REF] Schmitt | Metrology assisted assembly of airplane structure elements[END_REF][START_REF] Yu | Simultaneous and on-line calibration of a robot-based inspecting system[END_REF] montés sur des robots industriels est très répandue lorsque l'objectif est d'identifier la position de pièces dans l'espace.

Pour calculer ces positions, les mesures doivent être projetées sur un même référentiel fixe. Plusieurs auteurs utilisent les coordonnées du robot à cette fin. Néanmoins, cette stratégie a une précision limixliv Résumé étendu tée en raison de l'erreur du positionnement du robot.

Afin de réduire cette erreur, certains auteurs utilisent le système de mesure pour calibrer le modèle géométrique du robot, et atteignent ainsi des valeurs de précision de l'ordre de 0.35mm [START_REF] Yin | A vision-based self-calibration method for robotic visual inspection systems[END_REF][START_REF] Yu | Simultaneous and on-line calibration of a robot-based inspecting system[END_REF].

D'autres auteurs, conscients de la nécessité d'avoir une précision plus importante lors de l'identification de ces objets, recommandent d'utiliser un système de suivi pour projeter les mesures. Le lecteur désirant approfondir sa connaissance des méthodes de mesure à grande échelle utilisées dans les système de suivi est reporté aux références [START_REF] Franceschini | Large-scale dimensional metrology (LSDM): From tapes and theodolites to multi-sensor systems[END_REF][START_REF] Franceschini | The evolution of large-scale dimensional metrology from the perspective of scientific articles and patents[END_REF][START_REF] Schmitt | Advances in Large-Scale Metrology -Review and future trends[END_REF]. 

(︃ R p C 1 )︃ = R T F F T S (︃ S p C 1 )︃ . ( 2 
)
Suivant la convention utilisée au chapitre précédent, F T S et S p C désignent respectivement la transformation à identifier et la position de la sphère dans le repère du profilomètre. Les composantes de S p C sont définies sur la Fig. 15 : celle-ci montre notamment que la composante suivant l'axe y s'écrit

S y C = ± √ R 2 -r 2 .
Le développement des produits des transformations décrites dans l'Eq. ( 2), utilisant des matrices de rotation et des vecteurs de position, aboutit à l'égalité suivante La plus part des méthodes d'étalonnage dites Hand-Eye s'effectuent en deux étapes de calcul : l'orientation puis la position du TCP sont déterminées.

R p C = ( R R F F R S S p C ) + ( R R F F p S ) + R p F . (3) 

Calcul de l'Orientation

La méthode proposée par Yin et al. [START_REF] Yin | A novel TCF calibration method for robotic visual measurement system[END_REF] est ici utilisée. Celle-ci suppose que la sphère est fixe dans l'espace, c'est-à-dire

R p C i = R p C j , (4) 
où i et j désignent les indices de deux mesures consécutives. Ensuite, l'injection de l'Eq. (3) dans l'Eq. ( 4) entraîne que

( R R F n F R S S p n C ) + ( R R F n F p S ) + R p F n = ( R R F n-1 F R S S p n-1 C ) + ( R R F n-1 F p S ) + R p F n-1 . ( 5 
)
Le TCP étant une liaison rigide, on suppose que le vecteur F p S est indépendant du temps. On suppose également que le robot garde la même orientation entre deux mesures (i.e.

( R R F n = R R F n-1 )). Avec xlvii
Résumé étendu ces deux hypothèses, l'Eq. ( 5) devient

F R S ( S p n-1 C -S p n C ) = R R F -1 ( R p F n -R p F n-1 ). (6) 
Cette dernière équation est finalement résolue à l'aide de la propriété d'orthogonalité de la matrice R R F , qui permet une décomposition de cette matrice en valeurs singulières.

A partir de l'Eq. ( 6), les sources d'erreur suivantes peuvent être identifiées :

• Erreur de la distance relative entre deux mesures au profilomètre

( S p C n-1 -S p C n ) :
la précision de ce calcul dépend de la reconstruction du cercle à partir du nuage de points mesuré par le profilomètre. Un très bon filtrage du nuage est nécessaire pour enlever les points provenant de reflets afin de minimiser l'erreur du calcul du cercle.

• Erreur de l'estimation de la matrice de rotation R R F : celle-ci est dépendante de la précision de positionnement du robot. Un mauvais positionnement entraîne l'invalidité de l'hypothèse de rotations identiques entre deux mesures, permettant de simplifier l'Eq. ( 5).

• Erreur du calcul de la position relative entre deux positions de mesure ( R p F n -R p F n-1 ) :

de la même manière que pour l'orientation, la précision de ce calcul dépend absolument de la précision du robot. L'introduction de cette nouvelle définition de F p S dans l'Eq. (3) permet de calculer l'offset ∆ F p S , avec la minimisation de la fonction objective suivante Cette nouvelle transformation à identifier est notée A T S . Ainsi, l'Eq. ( 5) est réécrite de la manière

Calcul de la position

f = n ∑ i=1 ( R p C -([( R R F F R S S p C ) + ( R R F F p S teo ) + R p F ] i + ( R R F i ∆ F p S ))) 2 , (7) 
suivante xlix Résumé étendu A R S ( S p C n-1 -S p C n ) = L R A -1 ( L p A n -L p A n-1 ) (8) 
De la même manière que pour l'Eq. ( 5), cette dernière équation fait apparaître la contribution du système de suivi par rapport aux trois sources d'erreurs analysées précédemment :

• Erreur de la distance relative entre deux mesures au profilomètre

( S p C n-1 -S p C n ) :
Cette précision n'est pas affectée par l'utilisation du système de suivi car elle dépend uniquement de la précision du profilomètre et du filtrage des nuages de points.

• Erreur de l'estimation de la matrice de rotation L R A :

La correction par itérations de l'orientation de l'effecteur garantit l'égalité L R A n = L R A n-1 avec une excellente précision.

• Erreur du calcul de la position relative entre deux positions de mesure 

( L p A n -L p A n-

Validation de la méthode

Afin de valider la méthodologie présentée et quantifier le gain de précision apporté, nous avons identifié le TCP du profilomètre trois fois en adoptant des orientations différentes. La Fig. 17 Pendant cette phase, la sphère est mesurée suivant plusieurs orientations afin de scanner une portion plus importante de sa surface. Ensuite, les profils sont projetés en utilisant la transformation identifiée, et en créant un nuage de points de toute la surface mesurée. Après, la meilleure sphère inscrite dans ce nuage de points est calculée au travers d'une méthode de minimisation. Les critères d'évaluation de la mesure sont : le décalage du centre (∆Pos.) et l'erreur du rayon de sphère calculé (∆Rad.).

Résultats et Comparaisons

Initialement, les trois TCPs identifiés sont comparés entre eux, et les erreurs moyennes entre leurs positions et leurs orientations sont calculées. Pour plus des informations concernant ce calcul, consulter la Section 2.2.2.3.

Les TCPs identifiés en utilisant le moyen de suivi 6D présentent une erreur moyenne de position de 0.15mm et de 0.17 deg en orientation. Alors que les TCP identifiés sans moyen de suivi, ont présenté une erreur moyenne de position de 1.74mm et 0.52 deg en orientation. Ces dernières valeurs montrent la forte relation entre la précision de positionnement du robot, et les performances de l'identification lii Résumé étendu du TCP atteints, sachant que la précision du robot utilisé est ∼ 1.5mm [START_REF] Kuka | The LBR iiwa. A new era of sensitive robotics is beginning[END_REF]. Concernant la précision de mesure du système, nous avons comparé les résultats de la reconstruction de la sphère sur les deux positions, en utilisant les trois TCP identifiés préalablement. Le Tableau 1 et le Tableau 2, présentent les erreurs de position et du calcul du rayon pour le système sans moyen de suivi et pour le système avec moyen de suivi, respectivement. 

Conclusion du Chapitre

Nous avons présenté une méthodologie pour l'identification du TCP d'un profilomètre laser en utilisant un système de suivi 6D. Sur la base des méthodes proposées dans la littérature, nous avons démontré leurs points faibles, et nous avons quantifié l'amélioration de la précision du processus au travers de la correction de l'orientation du robot.

Plusieurs expériences ont été menées en utilisant différents types de robots pour valider les performances de la méthode et du système de mesure. Il a été démontré qu'en corrigeant l'orientation du robot lors de la phase d'identification, une seule orientation peut être utilisée sans diminuer la précision de l'identification. De même cette précision s'est vue liée à celle pouvant être atteinte par le lvi Résumé étendu Après avoir calculé l'erreur de la force à appliquer, les matrices 

M d x ¨c + D d x ̇c + K d x c = f c (9) 
M d U i , D d U i et K d U i sont utilisées lviii Résumé étendu S Md S , Dd S , Kd S f d (a) S U 1 U 3 U n f d U 1 Md U1 , Dd U1 , Kd U1 Md Un , Dd Un , Kd Un U 2 f d Un f d U 2 f d U 3 (b)

Assemblage de la MLGD en utilisant le MSAC

Comme présenté précédemment, la mise en contact du SF avec la peau de la MLGD impose certaines contraintes, notamment le fait de garantir un appui réparti de façon homogène sur toutes les surfaces en contact. De même, il faut prévenir à tout moment les dépassements des limites de force afin de protéger les pièces d'endommagements.

Ce processus possède également quelques incertitudes qui font que cette tâche est très difficile à accomplir en utilisant un contrôle en admittance classique. Dû au processus de manufacture de la MLGD, la position et orientation de la courbure dans l'emplacement d'assemblage du SF possèdent une incertitude très importante. En conséquence, le contact initial entre le SF et la MLGD peut se produire sur n'importe quelle extrémité du SF en utilisant toujours la même trajectoire du robot. Sachant que la rigidité du SF sur ses extrémités est considérablement différente, l'utilisation d'un seul jeu de paramètres d'admittance ne pourrait pas garantir la même réaction du système dans les deux scénarios de contact. D'autre part, le MSAC est capable de garantir la stabilité du système peu importe le scénario de contact.

Malgré les incertitudes de position et orientation de la courbure de l'emplacement de contact entre le SF et la MLGD, les constructeurs de ces pièces garantissent que les formes de ces deux pièces correspondent à la perfection. Ainsi, si le contact des surfaces aux extrémités est garanti, le contact du reste des surfaces l'est également. Dans ce contexte nous avons défini un MSAC composé de deux Cette architecture de contrôle a été complètement développée sur l'interface RSI (Robot Sensor Interface) de KUKA. Cette interface permet de récupérer les mesures du capteur d'effort, faire les calculs nécessaires, et commander la nouvelle position du robot, tout cela à une fréquence de 250Hz. Aucun ordinateur externe au contrôleur du robot n'est nécessaire pour l'application du MSAC. Afin d'éviter les dépassements des limites de force et garantir les contacts surface-surface, nous avons implémenté la notion de paramètres d'admittance variables inspirés par la littérature [START_REF] Khansari | Adaptive human-inspired compliant contact primitives to perform surface-surface contact under uncertainty[END_REF][START_REF] Lai | Improving the transient performance in robotics force control using nonlinear damping[END_REF][START_REF] Roveda | High-accuracy robotized industrial assembly task control schema with force overshoots avoidance[END_REF]. Ceci consiste à augmenter les paramètres d'inertie, amortissement, et rigidité de chaque surface, de façon linéaire en fonction de la diminution de l'erreur de force mesurée. La Fig. 25 montre la réponse du système lors des deux scénarios de contact en utilisant différents jeux de paramètres. lxi Résumé étendu [START_REF] Franceschini | Large-scale dimensional metrology (LSDM): From tapes and theodolites to multi-sensor systems[END_REF] -Application du MSAC au processus de la mise en contact du SF Les jeux de paramètres P 1 et P 2 sont constants pendant tout le processus de contact. L'inertie, amortissement et rigidité de P 1 sont inférieurs à ceux de P 2 . D'autre part P v est le jeu de paramètres variables. Au début du contact, P v possède les mêmes valeurs que P 1 , et à la fin, des valeurs supérieures à celles de P 2 .
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En comparant les résultats, il est possible d'apprécier qu'en utilisant les paramètres du jeu P 1 , la force de contact rentre en oscillation sans converger sur la valeur désirée. En outre, la réponse obtenue en utilisant les paramètres de P 2 est stable et permet la convergence sur la consigne d'effort.

Cependant, un dépassement du couple en x U 6 est aperçu dans les deux scénario de contact. D'autre part, en utilisant les paramètres variables de P v , les consignes de force sont atteintes plus rapidement que dans les cas précédents, tout en garantissant aucun dépassement des consignes. De plus, les performances de la réponse du système sont très similaires dans les deux scénarios de contact. 
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Résumé étendu

Les raideurs utilisées dans ce modèle ont été mesurées expérimentalement. Puis, un coefficient variable est appliqué sur chaque raideur en fonction des surfaces qui se trouvent en contact. Ces coefficients permettent de simuler la contribution de la déformation du SF dans le calcul de la force de contact ressentie.

La Fig. 3.18 et la Fig. Cependant, la dynamique de réponse du système pourrait être améliorée en utilisant des paramètres qui varient en fonction de la posture du robot, ouvrant des perspectives pour de futurs travaux.

• La mesure précise de la position des objets de grandes dimensions dans l'espace Un système de mesure 3D composé d'un profilomètre, d'un système de suivi 6D et d'un robot, a été proposé en s'inspirant de la littérature. Ce système permet d'identifier la position de pièces de grandes dimensions dans l'espace avec une erreur de positionnement inférieure à 0.15mm.

Il a été démontré que l'utilisation d'un moyen de suivi pour corriger l'orientation du robot lors de l'identification du TCP du système de mesure, permet une amélioration 10 fois supérieure de la précision d'identification. De plus, une seule orientation du robot est nécessaire pendant ce processus pour garantir une identification précise du TCP.

Plusieurs tests, effectués sur des robots différents, ont permis de valider les performances de la méthode d'identification, ainsi que la précision de mesure du système.
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Résumé étendu

Si la mesure de la position de la MLGD dans la cellule d'assemblage reste en perspective, la procédure de mesure en a été présentée dans ces travaux.

• Le contrôle automatique de la mise en contact de plusieurs surfaces simultanément Afin de répondre au besoin de contrôler la mise en contact en automatique de plusieurs surfaces d'une pièce simultanément, tout en garantissant le non dépassement des consignes d'effort de contact, nous avons proposé une stratégie de contrôle appelée MSAC (Multi-Surface Admittance Control). L'utilisation de cette stratégie de contrôle pour la mise en contact du SF avec la MLGD s'est avérée performante. Les paramètres de cette application ayant été réglés de façon expérimentale, une méthode pour le réglage analytique a été proposée dans le but de généraliser l'application du MSAC.

Cette méthode analytique a été testée sur un modèle simplifié du contact entre le SF et la MLGD. Ce modèle a été démontré représentatif par rapport à la réponse du système réel.

Parmi les perspectives de ce travail, une estimation en temps réel de la raideur ressentie de l'environnement est envisagée afin de modifier de façon optimale les paramètres du contrôleur.

Introduction Industrial Context

In the last decades, the aerospace industry has experienced a significant expansion, which has led it to develop more and more automated processes. The fierce market competition, as well as the orders' delivery delays, and the release of new aircraft models, have forced the OEMs (Original Equipment Manufacturer) and their third suppliers to use robots for tasks requiring high repeatability, and flexibility [START_REF] Anandan | Aerospace Manufacturing on Board with Robots[END_REF][START_REF] Dillow | Airbus now has $1 trillion worth of jets on order[END_REF][START_REF]The Future of Aerospace Automation[END_REF].

Within the assembly processes, Drilling and Fastening were one of the firsts tasks to be automated for the aerospace. Almost 30 years ago, large dedicated machines guaranteed these processes. Then, since the beginnings of the 21st century, industrial robots have started to be considered in the automation. In comparison to the large dedicated machines, the industrial robots had a larger workspace, more flexibility, and the ability to follow more complex trajectories and to work in more constrained environments. However, at that time, these industrial manipulators could not ensure the most common aerospace requirements in terms of absolute accuracy (0.2mm -0.5mm) [START_REF] Jaacks | Automated Circumferential Joint Assembly in Aircraft Production: Development and Assessment of a Production Process[END_REF]. To solve that, the robot's manufacturers focused their forces on improving their robots' absolute accuracy. Today, their manipulators leave the factory, ensuring 0.05mm or more on repeatability, and an accuracy of ∼ 0.5mm. Still, there are some assembly processes for which these values are not enough.

To push forward the aircraft's security, environmental impact, and especially the competitivity of the French aerospace industry, the French government through entities like CORAC ("COnseil pour la Recherche Aéronautique Civile") funds many research projects. These projects join industrial integrators with research laboratories to find the best solutions answering the current aerospace requirements.
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In that context, the APROCHE project (Automatisation des Procédés par la RObotique, la Cobotique interagissant avec l'HommE), was launched in 2016, involving almost all the major players in the French aerospace production, and some industrial integrators. This project has two main research topics: Industrial Robotics for Assembly and Cobotics and Light Automation. Inside the Industrial Robotics for Assembly topic, a subproject is in charge of the intelligent automation of the assembly of aircraft parts. Three companies were selected to develop it in partnership: DAHER, Dassault Aviation, and KUKA Systems Aerospace France (KSAF). Their principal goal is to develop methods and strategies for the robotic placement and assembly of aircraft's interface parts, which need to respect a positioning accuracy of ±0.1mm to guarantee their interchangeability between different aircraft.

Reaching these accuracy levels in the assembly of large-scale parts using an industrial robot is a very challenging task. Hence, looking to face this challenge, this thesis subject was born in cooperation between the LISPEN Laboratory of Arts et Metiers Institute of Technology and KSAF.

The aircraft's part studied in this work is the Main Landing Gear Door (MLGD) of the Airbus A350 XWB, which is designed and manufactured by DAHER in Tarbes, France.

This part is one of the few in a commercial aircraft that is a structural and a moving part at the same time. Among the biggest moving parts, this must guarantee an impeccable performance under all flight conditions and contingency actions in the case of an aircraft power loss or landing-gear failure [START_REF] Sloan | Main landing gear doors designed for all contingencies[END_REF]. Fig. 30 illustrates this part, its properties, and principal components.

The MLGD is a large part (4m x 2.2m), mostly flat and rectangular, except for a 0.9m full curved "spoon" located at the opposite of its open-close rotary axis [START_REF] Blogjfa | Daher-Socata designed and builds the A350 XWB Main Landing Gear Doors "warped[END_REF]. Its solid laminate skin is manufactured by carbon fiber placement using a Coriolis System mounted on a KUKA robot [START_REF]Coriolis: Industry • Coriolis Composites[END_REF]. A set of other objects, also made of composite material, are laid into the skin to stiffen it widthwise. They are called Omegas due to their shape. The rest of the skin's components are metallic and have a structural or a functional purpose, or both. ∼ 0.18m
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∼ 0.17m ∼ 0.17m ∼ 0.18m ∼ 2.3m ∼ 0.60m Col1 Col2 Col3
Figure 31 -Presentation of the MLGD's parts that define the rotary axis for the door's opening and closing movement. The Col2 is also called SF in this thesis

The alignment accuracy between these parts is crucial for the MLGD's interchangeability. At the end of their final assembly with the rest of the MLGD, the required centering tolerance between them is ±0.1mm. A set of surface-shape tolerances of the skin's edge defines the position of the Cols.
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The Col2 is the first to be assembled since the origin of the coordinate system {N}, which defines the surface-shape tolerances, is located at the center of the Col's ball joint. Then, the Col1 and the Col3 are positioned to guarantee the centering tolerances imposed by the Col2's pose. Fig. 32 presents the principle of the geometric tolerances defining the Cols's poses. The precise value of the tolerances can not be revealed due to confidentiality reasons.

X Y Z X Y Z X Y Z X Y Z X X X Y Z X Y Z Alignment Axis A B {N} A-B
Figure 32 -Definition of the MLGD's geometric tolerances, which determine the position of the three Cols Currently, the assembly of these parts is semi-automatic. Initially, the MLGD is attached to an automatic-support, which is equipped with several line laser sensors to measure the surface of the MLGD's edge at different places. Then, the support can rotate and translate the MLGD relatively to the sensor's frame. In that way, it is positioned to be aligned with another calibrated-support that holds the three Cols. These parts are placed in the support guaranteeing the required centering tolerances.

Once the MLGD is well-positioned, an operator proceeds to put the three Cols in contact with the door, guided by the supports that hold all the parts. Just before the contact happens, the Cols' surfaces, which are going to be in contact with the MLGD, are covered by an aerospace sealant to avoid Introduction any physical or chemical reaction between the materials.

The drilling and temporary assembly of the Cols to the MLGD are made manually using grid-guided tools.

In summary, the whole assembly process accuracy is based on the employment of calibrated supports and toolings, which are specific to an MLGD's reference. Any change in the design of the part could affect the conceived supports, leading to significant investments. Therefore, it is a costly strategy that lacks flexibility.

The requirements of the project are based on three main aspects: the respect of the product requirements (interchangeability accuracy), the cost of the robotic cell allowing an ROI (Return on Investment) compatible with the production constraints, and high robustness of the proposed solution.

At the same time, the partners expect that the new robotic cell eliminates the arduousness of the assembly tasks, and increase their productivity and competitiveness.

These improvements are measured on: • Tooling's production time and cost • Easiness and fastness of adaptation to slight modifications on the production.

• Operations' time • Production's cycle time • Workshop area occupied
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MLGD's Assembly Robotic Cell Proposal

Based on these factors, we have proposed a solution system composed of two industrial robots, one placed in front and the other back to the MLGD. The robot at the MLGD's inside is in charge of the Cols's manipulation to place them in contact with the door. The other one is responsible for the drilling and the temporary fastening of the Cols with the MLGD. Fig. 33 shows a comparison between the current assembly station of the production line and a prototype of the proposed solution.

This prototype, as of today, has a TRL (Technology Readiness Level) between 5 and 6.

The illustration of the current assembly station shows the automatic-support with the laser line sensors pointing to the MLGD's skin. When it is the moment to drill and fasten the skin, an extension of the scaffolding is joined to let the operators reach the upper work positions.

In this context, the station's cycle time could be reduced significantly by implementing the proposed robotic solution, since much less time would be consumed in logistics and manual work. 2. Measurement of the MLGD's edge to identify its position within the robotic cell.

3. Col's positioning inside the robot's end-effector.

4. Putting of aerospace sealant on the Col's surfaces.

5. Bringing in contact the Cols with the MLGD.

Drilling and fastening of the parts in contact

Figure 34 -Illustration of the main operations of the assembly process

In the first step, the MLGD has to be positioned in the robotic cell, meeting specific requirements.

One of them is that the geometry of the part can not be constrained by the support holding it. Moreover, this last has to guarantee that, if the MLGD has to be displaced, it could be replaced with high repeatability.

Considering these requirements, the support presented in Fig. 35 Then, for the second step, the edge of the MLGD's skin has to be measured to identify the position where the Col2 has to be laid. For this operation, an in-depth study of the different solutions to measure large-scale parts had to be made. We should remember that the measurement uncertainty of the chosen method should be much smaller than the geometric tolerances defining the Col's position. This subject will be discussed in one of these thesis chapters.

After measuring the MLGD's edge, the robot has to grasp the Col to be assembled. A specific endeffector was designed in KSAF to be able to manipulate the three parts with the same tool. It is presented in Fig. 36. The position and orientation of the Cols w.r.t. the grasping tool should be as repeatable as possible. It would avoid to calibrate and measure the part's pose every time it is grasped, which is a tedious and time-consuming task. Likewise, this error has to be considered in the calculation of the system's uncertainty.

We have measured the Col2's position after several grasping processes to calculate its repeatability.

After them, we could conclude that, even if it could be improved, it was much lower than the positioning required accuracy of ±0.1mm.

Before placing the Cols in contact with the MLGD, the first one has to be smeared with aerospace sealant. The importance of this operation for the conformity of the contact process will be demonstrated further.

Placing the Col2 (SF)in contact with the MLGD's skin is one of the most critical operations of this assembly. First, we should guarantee that at the end of the process, the calculated position after the MLGD's edge measurement was respected with the lowest error. Furthermore, it has to be ensured Introduction that the maximum contact forces during the process are not exceeded and that all the Col's surfaces are in contact with the MLGD's skin. This contact constraint is controlled by measuring the gap between each Col's surface and the skin manually. An acceptable contact happens when all the surfaces' gaps are less of 0.3mm.

Ensuring all these requirements during a robotized assembly is a very complex task. An entire chapter of this thesis will present the accurate positioning problem, while another will discuss the strategies to guarantee the interaction between the parts.

Finally, during the last assembly operation, the outside robot has to drill and fasten the MLGD and the Col. The positioning accuracy required for this task is around 0.5mm, which is guaranteed by the current KSAF's technology systems. However, to accomplish the drilling task, the outside robot has to clamp on the MLGD's external surface. It means that these forces could disturb the inside robot's position. This phenomenon has to be avoided by controlling the inside's robot during this process. This position's control will be discussed further, too.

Fig. 37 illustrates the fifth and sixth operations employing the robotic cell prototype. 
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Contributions

After the previous analysis of the assembly process of a large-scale part, as the MLGD's Col2, we have identified three main challenges to guarantee an assembly accuracy of ±0.1mm.

The first is the identification or the measurement of large-scale parts accurately. This operation is of great importance since it determines the accuracy of the final assembly pose identification for the part handled by the robot.

Then, it should be assured that the robot will reach the identified position perfectly during the process of bringing the handled part in contact with the environment. Therefore, once the contact has been achieved, the robot should guarantee that the grasped part's position will not change during the assembly process.

The final positioning error of the assembly would be the sum of the measurement and contact process errors.

Lastly, the third challenge is to control the interaction between large-scale parts during the contact process. The interaction forces allowed between most of the aircraft's parts are commonly very restrained. Besides, the shapes of large-scale parts lead to the requirement of guaranteeing the contact of several surfaces at the time.

This thesis work proposes a methodology or strategy to solve each of these challenges.

Some of the control architectures proposed are deeply based on the literature. In these cases, we sought to prove its employment and performances on an industrial setup like the presented before.

Other solutions are proposed to demonstrate the disadvantages of some solutions and strategies revealed in the literature. Besides, they aim to demonstrate that applying the changes proposed in this thesis, the accuracy of the solution could be significantly enhanced, as well as their effectiveness within the system's workspace. Finally, this thesis also presents an innovative strategy to use position-controlled industrial robots for interaction tasks involving several surface-surface contacts.
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This work led to two communications in conferences with review committee and one paper submitted to a peer-reviewed journal:

• S. Rendon-Fernandez, A. 

Outline

This thesis is organized as follows:

Chapter 1 presents an extensive overview of the methodologies exposed in the literature to enhance the absolute accuracy of industrial robots. Based on the advantages, disadvantages, and performances of these methods, we developed a sensor-based control strategy to evaluate and quantify the most important accuracy that a high-payload robot could reach during free space movements and constrained movements. The implementation of this strategy is explained in great detail. Besides, two different kinds of robots were tested using this architecture. The results of these experiments validate the facts illustrated in the literature that affirm that the correction accuracy using a sensor-based methodology can be bellow that the robot's repeatability. Then, this sensor-based strategy was employed to develop a real-time 6DoF tracking of the robot's pose. The purpose of this was to be integrated into the cell prototype to ensure the inside robot's position accuracy during the fifth operation. The control architecture was developed in the KUKA's interface RSI and was tested in the actual MLGD's assembly Introduction conditions. The performances of the solution in these conditions are discussed and concluded satisfying.

Chapter 2 proposes an accurate robotic inspection solution, based on the state of the art of the largescale metrology, which is presented at the beginning of this chapter. Comparing with the calibration methods proposed in the literature, we demonstrate the advantages of integrating an external tracking system to the inspection solution. We show that the TCP identification accuracy can be increased almost ten times by correcting the orientation of the robot's EE during the identification process. Besides, it allows the user to employ just one EE's orientation during the TCP identification, without losing accuracy substantially. At the same time, the accuracy of the inspection solution is demonstrated to be constant inside the whole working volume, guaranteeing an identification accuracy of part's positions below 0.15mm.

Several experiments using various industrial robots are presented to validate the implementation of the inspection system. Finally, the employment of this system in the measurement of the MLGD is discussed.

Chapter 3 presents a state of the art of interaction control. However, given that none of the methods exposed in the literature met the requirements of placing the Col2 in contact with the MLGD entirely, we proposed an approach based on admittance control. We called it the Multi-Surface Admittance Control approach or MSAC. It allows us to control multiple surface contacts having different dynamic responses. The theory of this control strategy, as well as its implementation during the Col2's placing operation, are presented. The results proved the conformity of the application of the method to the assembly requirements of the process. Then, we discussed an analytical way to calculate the controller's parameters, which has been tested on a simplified model of the part's interaction.

Lastly, Chapter 4 presents the conclusions that summarize the achievements of this research and presents some suggested directions for the development of future works.

Chapter 1

Robot's Absolute Accuracy Enhancement Survey 

Absolute Robotic Accuracy Enhancement

This chapter presents a survey of strategies to enhance the absolute accuracy of industrial robots.

Initially, an overview of the methods based on Models and based on Sensors is exposed in detail.

Then, based on the advantages and disadvantages of these methods, we chose to employ the sensorbased method during our assembly process. Using this strategy, we implemented a control architecture to evaluate the maximum accuracy that, a robot apt for our assembly process, could reach. It was found that the absolute error obtained in free space motions, was lower than the repeatability of the robot. Different robots were tested using this strategy, and the results were proved comparable with the literature. Finally, we use the theory of online correction to design and integrate a control architecture to command the robot's position in real-time. This architecture was fully coded in the KUKA's interface RSI, and the industrial setup of the prototype cell was employed for the experiments. The controller's performances were tested in free space and constrained space.

Absolute Robotic Accuracy Enhancement

Since a little less than 30 years, the automation of drilling processes in the aircraft manufacturing has been carried out. But it is only since the beginning of the 21st century when robots have been integrated for this purpose. In comparison to the ancients "large dedicated machines", robots have larger working-space and are capable to follow more complexes trajectories also into tight spaces. However, at this period of time (90's decade), the simple robotics systems did not satisfy the aerospace requirements, especially in terms of absolute positioning accuracy (Aerospace Requirement: [0.05; 0.5]mm [START_REF] Kihlman | Affordable Automation for Airframe Assembly : Developing of Key Enabling Technologies[END_REF]; Robot accuracy: few millimeters [START_REF] Chen | Positioning Error Analysis for Robot Manipulators with All Rotary Joints[END_REF]). Even if over the last years the robot's absolute positioning accuracy and repeatability have been highly increased ([0.4;0.7]mm and [0.04;0.07]mm respectively [2,48,82]), these are not enough. In consequence, some strategies have been developed in order to close the gap [START_REF] Jaacks | Automated Circumferential Joint Assembly in Aircraft Production: Development and Assessment of a Production Process[END_REF]. These strategies could be broadly divided into two categories: The non-parametric one obtains the robot model using artificial intelligence methods (i.e. Neural Networks) without defining physical parameters [START_REF] Nguyen | A calibration method for enhancing robot accuracy through integration of an extended Kalman filter algorithm and an artificial neural network[END_REF]. The biggest drawback of this method is the lack of large training samples to obtain accurate results, reflecting a more expensive time cost and more difficult iteration convergence [START_REF] Chen-Gang | Review on kinematics calibration technology of serial robots[END_REF]. In contrast, the parametric one is classified by the kind of parameters modeled.

Kinematic Calibration or Level 2 calibration [START_REF] Roth | An Overview of Robot Calibration[END_REF] uses the geometric parameters solely, like the arms lengths and the real angles between the joints [START_REF] Gao | Structural parameter identification for 6 DOF industrial robots[END_REF][START_REF] Santolaria | Laser tracker-based kinematic parameter calibration of industrial robots by improved CPA method and active retroreflector[END_REF][START_REF] Xiong | A product-of-exponential-based robot calibration method with optimal measurement configurations[END_REF]. This Calibration is composed of four steps: Then, the measuring step is one of the most challenging and time-consuming. The goal is to identify the error between the reached position and the commanded one. Many authors like Xion et al. [START_REF] Xiong | A product-of-exponential-based robot calibration method with optimal measurement configurations[END_REF], and Klimchik et al. [START_REF] Klimchik | Identification of geometrical and elastostatic parameters of heavy industrial robots[END_REF] proved that the Calibration's quality highly depends on the measurement configurations. Besides, it is also conditioned by the accuracy of the measurement system.

• Modeling • Measuring • Identification • Compensation 1.1. Absolute Robotic Accuracy Enhancement
Different solutions are used in the literature: inertial measurement units [START_REF] Du | An online method for serial robot self-calibration with CMAC and UKF[END_REF], contact sensors [START_REF] Joubair | Non-kinematic calibration of a six-axis serial robot using planar constraints[END_REF], vision and optical coordinate-measurement machines [START_REF] Du | An online method for serial robot self-calibration with CMAC and UKF[END_REF][START_REF] Jang | Calibration of geometric and non-geometric errors of an industrial robot[END_REF][START_REF] Qiao | A novel calibration method for multi-robots system utilizing calibration model without nominal kinematic parameters[END_REF], theodolites [START_REF] Chen | Positioning Error Analysis for Robot Manipulators with All Rotary Joints[END_REF][START_REF] Duelen | Robot calibration-Method and Results[END_REF], and laser trackers (LT) [START_REF] Besset | Advanced calibration applied to a collaborative robot[END_REF][START_REF] Gong | Nongeometric error identification and compensation for robotic system by inverse calibration[END_REF][START_REF] Kamali | Elasto-geometrical calibration of an industrial robot under multidirectional external loads using a laser tracker[END_REF][START_REF] Klimchik | Identification of geometrical and elastostatic parameters of heavy industrial robots[END_REF][START_REF] Nguyen | A calibration method for enhancing robot accuracy through integration of an extended Kalman filter algorithm and an artificial neural network[END_REF][START_REF] Nubiola | Robotics and Computer-Integrated Manufacturing Absolute calibration of an ABB IRB 1600 robot using a laser tracker[END_REF][START_REF] Santolaria | Laser tracker-based kinematic parameter calibration of industrial robots by improved CPA method and active retroreflector[END_REF].

The identification step consists of calculating the error amount on each parameter from the endeffector's pose error measured before. The most common algorithm used in the literature is the least-square algorithm; however, some authors use filtering algorithms like the Extended Kalman Filter [START_REF] Nguyen | A calibration method for enhancing robot accuracy through integration of an extended Kalman filter algorithm and an artificial neural network[END_REF] or Unscented Kalman Filter [START_REF] Du | An online method for serial robot self-calibration with CMAC and UKF[END_REF].

Absolute Robotic Accuracy Enhancement

Finally, the identified parameters have to be integrated into the robot's model. Nevertheless, most of the industrial robot's controllers do not allow to change it. A solution is to command the robot in joint space using an IK (inverse kinematics) model integrating the corrected parameters.

On the other hand, Non-Kinematic Calibration or Level 3 Calibration model the effects of joint compliances, clearance, and friction, also, backlash in gear transmissions, link flexibility, and temperature effects [START_REF] Roth | An Overview of Robot Calibration[END_REF]. Some authors affirm that the contribution of non-geometrical errors is only about 10 percent of the total error [START_REF] Alvarez | An Overview of Robot Calibration[END_REF], while others reported than they are as significant as kinematic errors [START_REF] Whitney | Industrial Robot Forward Calibration Method and Results[END_REF].

Nevertheless, it should be noted that the accuracy level reached after a calibration procedure also depends on the robot's size, workspace, and its available payload. Table 1.1 the accuracy results obtained by different authors, using different robots. In most of the cases, the accuracy obtained with high-payload robots is less for classical calibration methods, in comparison with medium or smallsize robots. It could be understood since joint-errors in a more significant structure would give bigger errors in the Cartesian space.

To resume, Fig. 1.3 represents the different levels of Calibration and their contribution to the final total error in the commanded pose. Note that there is an amount of error generated by random faults, also called repeatability, which can not be corrected by anticipation or modeling [START_REF] Olabi | Amélioration de la précision des robots industriels pour des applications d ' usinage à grande vitesse[END_REF].

Even if we have seen that the calibration method improves the robot's absolute accuracy considerably, it is a strategy that is very expensive in time cost. Besides, the results rely upon the machine to be calibrated as well as the charge carried by the robot. It is why we decide to do not implement this methodology to enhance the position accuracy of our robotic cell, considering that it should be flexible, agile, and satisfy extremely high accuracy requirements. Figure 1.3 -Sources decomposition of the robot's absolute positioning error. Note that there is an amount of error which can not be corrected by calibration. [START_REF] Olabi | Amélioration de la précision des robots industriels pour des applications d ' usinage à grande vitesse[END_REF] 1.1. Absolute Robotic Accuracy Enhancement

Absolute Robotic Accuracy Enhancement

Sensor-based Compensation

In contrast to the precedent strategy, this one seeks to compensate for the robot's positioning error using additional sensors. The advantage of this method is the possibility to measure the actual position of joints or the robot's end-effector (EE) directly.

One approach which has been implemented by some Robotic Integrators in the Aerospace Industry is the equipment of secondary encoders on load sides of the robot's joints. Fig. 1.4 shows an example of an axis equipped with a secondary encoder. In that way, it is possible to measure the real displacement of the load attached to each joint and use this information in three possible ways: for identification, control, or like torque sensors [START_REF] Mikhel | Advancement of Robots With Double Encoders for Industrial and Collaborative Applications[END_REF]. In the identification procedure, it provides information about the elasticity and backlash of the joint. Klimchik et al. [START_REF] Klimchik | Robotic manipulators with double encoders : accuracy improvement based on advanced stiffness modeling and intelligent control[END_REF] use this information also to compensate for the errors caused by the link's elasticity. From the control's point of view, we could use this information to increase the repeatability of each joint, almost to zero error [START_REF] Jaacks | Automated Circumferential Joint Assembly in Aircraft Production: Development and Assessment of a Production Process[END_REF]. Thus, joining this technology to a highly rigid robot (links), we could obtain a robot with repeatability in Cartesian Space about less than 0.05mm, and able to drill and fasten with 0.25mm of accuracy [START_REF] Devlieg | Applied Accurate Robotic Drilling for Aircraft Fuselage[END_REF]. However, this approach needs to develop a specific controller with a proper Model for each robot. Then, it is not viable for our robotic cell. 

Absolute Robotic Accuracy Enhancement

As well as the MLGD's assembly process discussed above, some industrial processes require assembly tolerances below 0.1mm at the end of the line. It means that the whole Metrologic chain has to sum less than that. Then, to integrate a robot in this type of production line, it has to ensure a positioning accuracy around its repeatability. Achieve it using the methods described before is almost impossible, and the most insignificant The tiniest modification in the robot's mechanics would oblige to recalibrate everything. Moreover, even the environment temperatures could make deviate the robot's position of 0.2mm [START_REF] Gharaaty | Online pose correction of an industrial robot using an optical coordinate measure machine system[END_REF].

A solution to this problem is to use high accurate external sensors, like Laser Trackers (LT) or Optical Coordinate-Measurement Machines (CMM), to measure the position and the orientation of the robot's end-effector. Thus, obtaining the error between the commanded pose and the achieved one, it is possible to correct it iteratively. Table 1.2 presents the accuracy results obtained by some authors, which employs the sensor-based approach to correct the robot's position or its path. Most of the robots used in their experiments are high-payload robots, and their measured errors are almost all below 0.1mm. Fig. 1.5 illustrates some of the setups implemented by the cited authors. To conclude, it is remarkable that the sensor-based strategy provides a better positioning accuracy than the model-based strategy. Therefore, considering that it is also more flexible and adaptable to 
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Inspired by the literature exposed in Section 1.1, we desired to quantify the maximum pose accuracy that a KUKA high-payload robot could reach implementing sensor-based strategies. In the aerospace assembly, it is common to use robots with a payload between 200kg and 500kg, e.g., at KSAF, we use a KR210 R3300 Ultra K in most of their multifunction assembly machines. The KUKA robot's nomenclature specifies its maximal payload, followed by its maximum reach (in mm) in its name. In this regard, the industrial robot used in this research is the 210kg KUKA robot mentioned just above. It holds an ALEMA MFEE (Multifunction End-Effector), the standard tool used for the drilling and fastening applications, which weights around 200kg.
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Due to its high measurement accuracy and ample workspace, we equipped our experimental setup Three correction scenarios are considered to identify the robot capabilities concerning our assembly processes. During the first scenario, only the cartesian coordinates x,y,z are corrected from the robot's pose. Then, during the second one, the whole 6DoF cartesian posture of the robot is enhanced. We should note that in both scenarios, the robot moves in the free space without force constraints apart from the tool payload. consists of applying a force normal to a plane using the "nose" of its drilling tool. Then, the cartesian pose of the robot is adjusted on this plane (x and y coordinates only).

The programming of these scenarios, the robot movements, the Laser's positioning, and the measurements triggering, are all commanded from the same software interface. This software, called Metrolog X4 iRobot from the company Metrologic Group, was created to develop robotic inspection and the automation of metrology measurements. Connected to the robot and the LT, it is capable of synchronizing the robot's movements, and the positioning of the Laser beam into the reflector or the T-Mac carried by the robot. Besides that, it supervises when the robot movement has finished, to trigger the 3DoF or the 6DoF measurement. To command the robot's actions, Metrolog X4 establishes an Ethernet protocol thanks to the KUKA's module Ethernet.KRL. Similarly, it uses an Ethernet/IP protocol to communicate with the Laser. A more ample explanation of the control protocol will be presented in Section 1.2.3.
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Coordinate Systems Definition

There are four coordinate systems employed during the first two scenarios: the Laser's frame {L}, the robot's base frame {R}, the robot's flange frame {F} and the tool's frame {T }. The last is positioned whether at the reflector's center (RRR 1.5in) or the T-Mac's, according to the scenario. Through the rest of this chapter, we will frequently use the homogeneous transformation notation [START_REF] Waldron | Kinematics[END_REF] to describe the position and orientation of a coordinate system w.r.t. another. When the transformation is rigid, i.e. when one CS is fixed w.r.t. to another, it is notated with the bold-capital letter T.

Hence, a rigid transformation from a frame {P} to a frame {Q} is notated as P T Q . On the other hand, the transformations between frames that can translate and rotate w.r.t. others will be denoted with the bold-capital letter X.

These homogeneous transformations are composed with a position vector p, and a rotation matrix R. Therefore, the position and rotation of a frame {B} w.r.t. a frame {A}, are notated A p B and A R B respectively.
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The rigid transformation between {L} and {R} ( L T R ), as well as between {F} and {T } ( F T T ) have to be identified previously. A common identification method used by robots constructors to find {R} consists of identifying the robot's axis one (A1) and two (A2) by measuring the circles generated when each axis turns independently. For that, the Laser is trigged automatically during the movement every 100ms. Then, using the geometric construction tools of Metrolog, and the theoretical geometric model of the robot, we create a frame with the axis z following A1, y axis following A2. Its origin is placed at the intersection between A1 and A2, and then, it is translated following the A1's direction of the geometrical theoretical value. We should note that it is advised to realize this identification strategy with the robot unloaded. Thus, the errors provided by the joints' compliance are minimized during the axis measurement.

A similar strategy exists to identify F T T . It consists of identifying the intersection between the robot's fifth and sixth axis by measuring the displacement while they are turning independently. Then, using the geometrical information of the robot and the identified axes, the robot's flange coordinate system can be reconstructed following the same strategy as for its base frame. Then just by measuring the T-Mac or the reflector w.r.t. {F}, the transformation can be calculated.

There exist other calibration methods [START_REF] Hallenberg | Robot Tool Center Point Calibration using Computer Vision[END_REF], which involves the absolute accuracy error of the robot.

They try by optimization methods to find the best rigid transformations L T R and F T T , minimizing the error between several pairs of robot's poses projected to the same coordinate system.

Once these transformations are calculated, we have to declare them into the Metrolog software and the TCP ( F T T ) into the robot's controller. The robot's pose calculated by its controller, as well as the measurement acquired by the Laser, are notated as R X T c and L X T m , respectively. Fig. 1.8 also illustrates the transformations between these frames, making the distinction between the measured and the calculated ones.
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Error Calculation

To calculate the robot's pose error, we need to project the estimated pose R X T c , the desired pose R X T d , and the measured pose L X T m w.r.t. the same coordinate system. In this case, the robot's base frame {R} is used as the reference frame. Hence, the projection of the Laser's measurement into the {R} is calculated as follows

R X T m = R T L L X T m (1.1)
where R T L is the rigid homogeneous transformation between the robot's base frame and the Laser's frame. Note that the inverse of a homogeneous transformation is defined as

( j T i ) -1 = i T j = (︃ j R T i -j R T i j p i 0 1
)︃ Thus, the position error is computed as the subtraction between the desired 3DoF position and the one measured by the Laser projected on {R}, as follows

R p T err = R p T d -R p T m (1.2)
Fig. 1.9 presents the block diagram of the control loop for the correction of the robot's position. This approach is called control by iterations to emphasize the fact that after each correction, the robot stops completely, and the LT waits some seconds to trigger the next measurement of the robot's position. It is illustrated in Fig. 1.9 by the dashed line between the robot and the Laser.

We should also note that the position commanded to the robot has to be expressed in absolute coordinates. Thus, the position commanded at the i th iteration ( R p T c i ) is calculated as the sum of the one commanded in the previous iteration and the current error, as follows

R p T c i = ( R p T c i-1 ) + R p T err (1.3)
To calculate the orientation error, we choose to operate using the rotation matrices instead of the Euler angles, to avoid representation singularities. Hence, it is computed like Then, to calculate the new pose's orientation to be commanded to the robot, we apply the same principle as for Eq. (1.3). The difference is that here we operate with rotation matrices instead of position vectors, between the different entities of the experimental setup. Note that if the whole pose error has to be calculated, it can also be computed using the transformation notation like

R R T err = ( R R T m ) -1 R R T d (1.4)
R R T c i = ( R R T c i-1 ) R R T err (1.
R X T c i = ( R X T c i-1 ) R X T err , where R X T err = ( R T L L X T m ) -1 R X T d (1.6)
For the third scenario, the error calculation is a little more tricky. A new coordinate system appears in the setup: {P}. This new frame represents the origin and orientation of the coupon serving to the clamping process. We use the LT to identify the rigid transformation between its coordinate system and the coupon's ( L T P ). Thus, using R T L , we can calculate the relationship between {R} and {P} like: R T P = R T L L T P .

The desired robot's pose, as well as the position error, are defined w.r.t. the clamping coupon's frame {P}. In this way, the robot movement can be constrained to the clamping force's normal plane. This plane is defined as the xy-plane of the clamping coupon.

The robot is capable of displacing parallel to this plane without losing contact, thanks to its drilling tool. The tool's tip called the "nose" is attached to the rest of the engine using a sliding joint. This joint can be fixed to the current position, or released to allow the rest of the engine sliding of some millimeters while the tip is in contact with the environment. Fig. 1.11 shows a schema of this mechanism, as well as the location of the coordinate systems considered for this third scenario.

Hence, the position error w.r.t. the robot's base should be computed like

(︃ R p T err 1 
)︃ = R T P (︃ P p T err 1 
)︃ (1.7)

Where P p T err follows the same principle than Eq. (1.2) but w.r.t. the frame {P}, and

(︃ P p T m 1 )︃ = ( L T P ) -1 (︃ L p T m 1 )︃ (1.8)
We should note that P p T err keeps only the x and y coordinates for the Eq. (1.7). 
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Measurement Protocol

Like it was mentioned before, the software Metrolog X4 iRobot operates like the master entity in the control of the whole setup during the tests. It gives the possibility to create a program composed of sequences of instructions and calculations. In that way, each scenario has its program, which includes the adapted error calculation for the sought purpose. However, every application starts asking the operator the Cartesian Coordinates of the desired robot's pose. It is considered as the first commanded pose ( R X T c = R X T d ) because the error is initially zero. Then, Metrolog transfers the movement command to the robot using its Ethernet.KRL protocol. When the robot stops, the LT is positioned pointing the robot's TCP based on the theoretical position value. Although, like these coordinates are not perfect, the Laser has to relocate its beam using a seeking algorithm called Powerlock.

Once it is ready, the measurement is triggered. It has to be noted that like we take static measures, it exists three kinds of measurement modes provided by the Laser: Fast, Standard, and Precise. Since the goal of the experiment is to find the accuracy limits of the robot and the correction strategy, we interest in having the best accuracy that the Laser can provide. Thereby the LT measures the target during 3s (in Precise mode) to give the Cartesian coordinates of the TCP's position. Wait Robot finish Laser measure:

L X T m
Wait Laser finish Error calculation: 

R X T err = ( R X T m ) -1 * R X T d Iteration <10 No Yes Iteration ++ R X T i c = R X T i-1 c * R X T err
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After it finishes, the software proceeds to the error calculation and stock of it. Finally, the iteration number is evaluated to determine if it is lower than ten. If it is, we increase its value of 1, and the next robot commanded pose is calculated using the last pose and the new calculated error.

Since the correction is done using static measurements, we do not mind about the implementation of a specific controller for closing the loop. The dynamics of the robot are not considered either since we wait until it stops to measure the TCP's pose. Fig. 1.12 shows a flowchart resuming this protocol.

Experimental Validation

To validate the accuracy level which our high-payload can reach during assembly tasks, we designed the three scenarios mentioned above. The first one has the purpose of verifying that the final Cartesian error obtained after "n" iterations is approximately the same, independently of the robot's pose inside its whole workspace. The second one seeks to evaluate the evolution of the position error after each iteration when the orientation is corrected at the same time. Finally, the third one tries to evidence the ability of the robot to be corrected in the operational space, through a plane perpendicular to the main task of clamping.

In the three scenarios, each robot's pose is corrected using the same number of iterations to be able to compare the results between them. Based on the literature [START_REF] Jin | A robot assisted assembly system for small components in aircraft assembly[END_REF][START_REF] Yang | Online absolute pose compensation and steering control of industrial robot based on six degrees of freedom laser measurement[END_REF], we expected that the robots reached maximum accuracy after the third iteration. However, curious about the evolution of the error after the minimum reached, we fixed the maximum iteration number to ten.

3DoF Correction

To accomplish this first scenario's purpose, we defined 27 robot's poses, which locate the robot's end-effector in a volume of 2, 10m * 1m * 1, 70m. These poses were also chosen to drive the robot near its joint limits. Fig. 1.13 shows some commanded configurations (pictures in the watermark), as well as the volume occupied by the whole set.

It also presents the position error obtained after each iteration for all of the robot's poses. Here, we can appreciate that after the third iteration, the maximum error obtained for the most of configurations is less than 0.02mm. 

Online Robot's Pose Correction by Iterations

Online Robot's Pose Correction by Iterations

There are just two positions (Pos. 20 and Pos. 23) that required more iterations to converge to an error lower than 0.02mm. These positions correspond to joint configurations that locate the robot's EE near to the base, following a vertical axis, as it is illustrated in Fig. 1.13. We guess that at these robot's configuration, there could be some joints that were submitted to some backlash or friction phenomena, which were less stimulated in other configurations.

The values of the position errors presented in Fig. 1.13 are calculated as the norm of the vectors containing the errors at each Cartesian coordinate. Analyzing these values at the tenth iteration for all the positions, we could claim that it is possible to correct the Cartesian position of our KR210 R3300 to a mean error of 0.0105mm with a standard deviation of 5µm. Based on the workspace volume measured, we would affirm that the obtained results are valid within the whole robot's workspace.

6DoF Correction

For this second scenario, we used five robot poses for the analysis of the error evolution of the endeffector's position and orientation. Fig. 1.14 illustrates the five robot configurations implemented, as well as the errors' evolution. As can be seen, these robot's configurations cover almost all the horizontal movement of the robot. These joint configurations are the nearest to those that should be adopted during the MLGD's assembly process.

Similarly to the calculation of the position error discussed in the previous experiment, the orientation error is calculated as the norm of the vector composed with the measured Euler angle offsets from the desired orientation at each robot's pose.

Analyzing the results, we can notice that the position error evolves in the same way that during the first scenario. At the fourth iteration, the position error decrease bellows 0.03mm, and the orientation error follows the same behavior reaching a maximal value of 0.003deg. However, we could appreciate a slight deterioration of the performances in the positioning error at the tenth iteration.

For the five poses, we obtained a mean error of 0.0141mm with a standard deviation of 5.8µm for the position, and a mean orientation error about 0.001 deg with a standard deviation of 0.35 * 10 -3 deg. 
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We should note that in this 6DoF correction experiment, the measured frame and the commanded TCP were the same. The case when the TCP can not be measured continuously by the LT, but the EE's pose is measurable at another frame, will be addressed in Section 1.3.3.

2DoF Correction during Clamping

At last, during the third scenario, we implemented the correction of the tool's position for two sets of nine robot configurations. All the robot poses of each set keep the same orientation at the end-effector, and between the sets, we impose a rotation of 90 degrees around the z axis of the tool's frame. Fig. 1.15 illustrates the two TCP's orientations used during the experiment. The purpose of choosing these is to evaluate the influence of the planar joint friction in the correction error evolution.

We guessed that by changing the orientation of the end-effector, the friction produced by the planar joint mechanism could modify the correction performances.

The results presented in Fig. 1.15 show that, in comparison to the first and second scenarios, the maximum error obtained after ten iterations is not less than 0.035mm.

Furthermore, the convergence speed through the smallest error is slower than the previous scenarios.

It is just until the seventh iteration that the error starts to stabilize. We also notice that for the orientation N°2 (Fig. 1.15b) the mean error obtained was higher than for the orientation N°1 (Fig. 1.15a), as well as the error deviation. Thus, we can affirm that the friction created by the clamping forces has an important impact on the correction accuracy. The maximum error obtained during a correction in free space is two times less than in constrained space. Moreover, using the MFEE, the friction through the planar joint varies according to the tool's orientation. 
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6DoF Pose Tracking in Real Time

In the precedent section, we proved that the absolute accuracy of a high-payload robot, obtained by implementing a sensor-based compensation, could reach values lower than the robot's repeatability when it was moving in free space. The performance of this correction approach decreased when the robot's end-effector was constrained. However, the maximum positioning error, obtained after several corrective iterations, was always lower than the positioning tolerance requirements of the assembly process motivating this work.

Apart from these results, this methodology by iterations is not well adapted to be integrated into the robotic assembly process. Having to wait for the robot to stop at each iteration makes of this approach a slow solution and not advisable when physical interactions can occur in parallel.

In this section, a strategy to correct the robot's position in real-time is developed. This strategy is designed to be compatible with control schemes involving interaction forces like it is required during assembly processes. The difference between a 3DoF and a 6DoF feedback loop is discussed. It will be shown that choosing one or another could make a difference in the accuracy reached when the measure can not be made directly in the controlled TCP.

The control architecture, the communication protocols between the elements, and the definition of the coordinate systems are different w.r.t. the previous section. Hence, they are re-discussed again.

Coordinate Systems Definition

Before discussing the protocols of measure, communication, and error calculation, the definition of the employed CS has to be made. Fig. 1.17 illustrates the placement and the relationships between the frames which identify the different elements composing the robotic cell. The sensor implemented was the Laser Tracker (LT) Leica AT960-MR, and it is identified with the frame {L}. The robot's base is positioned in the space using the frame {R}, and its flange's pose with the frame {F}.

Additionally, it is necessary to determine three more coordinate systems in the robot's end-effector.

The first, {T }, is the one describing the T-Mac's pose. This last is a 6DoF probe that is attached to the robot's end-effector to be able to measure its whole pose using the LT. The second one, {S}, is the frame describing the pose of the 6DoF force sensor frame that connects the robot's flange with the rest of the end-effector. Lastly, the third one, {B}, identifies the pose of the part grasped by the robot.

According to the application, {S} or {B} are employed as the robot's TCP. For instance, during the assembly process of the grasped part, {B} is used as the TCP as we seek to guarantee its accurate location w.r.t. the robotics cell.

Once the different elements are identified with a CS , the spatial relationships (position and rotation) between them have to be calculated. We use the same notation as in Section 1.2. Note that the transformation between {L} and {R}, as well as all the transformations between {F}, {S}, {T }, and {B}, are rigid.
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To calibrate L T R , and F T T , we can use the methodology exposed in Section 1.2.1. The transformation between the grasped part's frame and the T-Mac, T T B , has to be made by tactile proving of the part using the LT. F T S was initially calculated using the theoretical CAD model of the end-effector's mounting. However, if a more precise transformation is needed, it can be computed using the information provided by the force sensor when the position and orientation of the applied effort are known.

The effort's pose can be measured by tactile probing using the LT, and the measures provided by the T-Mac.

Knowing F T S , F T T , and T T B , the transformation between {S} and {T }, as well as between {F} and {B} can be calculated as

S T T = ( F T S ) -1 F T T (1.9) F T B = F T T T T B (1.10) 
Fig. 1.17 shows that the T-Mac's pose can be obtained in two ways. First, the discontinued red line represents the T-Mac's pose measured by the LT w.r.t. its frame {L} ( L X T m ). Then, the discontinued purple arrow presents the transformation R X T c , which is the T-Mac's pose calculated by the robot's controller using its forward kinematics. Notice that the robot's geometrical model, used by the controller to calculate R X T c , has not been calibrated after the factory expedition.

Control Architecture

As it was presented in Fig. 1.17, the setup is composed of three entities: a 6DoF pose sensor, a high-payload industrial robot, and an external computer. The last acts like the Master entity of the setup. It guarantees the communication between all the interactive entities, including the human operator. The KSAF 's software, V7000, installed in this machine, provides the HMI and allows the operator to set the robot's desired pose and to launch the control application. To set the application's parameters, and to manage the application's state (play, pause, resume), the V7000 communicates with the robot's controller via the KUKA.Ethernet KRL package. This package establishes a communication based on the TCP/IP protocol, where XML files are exchanged.
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On the other hand, the control application, which turns in the robot's controller, uses the Robot-SensorInterface (KUKA.RSI) to modify the robot's pose employing an external sensor's information.

The main advantage of this interface is its sample time of 4ms. Appendix B presents an overview of the RSI control application. the output of the robot's controller, which is transferred to the manipulator, is set using the KUKA's convention. This convention uses the Z-Y-X Euler angles (A, B,C) T to define the frame's orientation.
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This control application does not seek to synchronize the LT's measurements with the error calculation perfectly. However, to guarantee proper error computation, only the last measurement obtained by the UDP connection is considered. Besides, if the Master does not respond after ten cycles (40ms or ten missed packages), the program stops. The LT's measurements are sent to the Master with a frequency of 250Hz (worst case), but the frequency to transfer this value to the controller varies aleatory according to the task running in the Master's background. Still, it has been proved that the missed packages do not exceed three.

Error Calculation

All the computations needed during the control process are done inside the RSI. Apart from the projection of the LT's measurement. The Master does this last.

The programming inside this interface is Block-Based. Every essential mathematical operation has to be made using a block. So, we have to optimize the operations for the error calculation.

Previously, we have used homogeneous transformations to present the relationships between frames because of its compact notation. However, it is not computationally efficient since it introduces several multiplications by zeros and ones, and it has 16 elements to compute. Hence, for the error calculation, the frames' position and orientation will be expressed using a 3D Cartesian vector p, and a unit quaternion ε , respectively. The quaternion representation was chosen since it does not experiment representation singularities as the Euler angles do [START_REF] Waldron | Kinematics[END_REF].

Concerning the RSI program's inputs, the LT gives the T-Mac's pose to the Master in spherical coordinates and unit quaternions. Then, after projecting it into the robot's base frame, the Master transfer the position in Cartesian coordinates and the orientation in unit quaternions. Finally, the operator enters the desired orientation in Euler angles for a better comprehension of the desired instruction. So it was necessary to create conversion blocks inside RSI, to pass from Euler angles to unit quaternions and vice versa. Also, because the pose commands have to be transferred to the manipulator in Euler angles after the error calculation. A table containing different conversions between some orientation's representations is joined in the Appendix A. Initially, this calculation is going to be presented using homogeneous transformations to explain the computation principle between the rotations and positions. Consider the TCP's measured pose as
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p err = R p B d -R p B m (1.11) ε err = R ε ˜Bm R ε B d (1.
ε ˜= ε ˜ε = 1. {R} {B d } {B m } R p Tm {T m } {T d } R p B d R ε B d R ε Tm p err ε err T p B T ε B Rigid Link Input Measurement Computation Calibrated
R T B m = R T T m T T B (1.13)
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(︃ R R B m R p B m 0 T 1 )︃ = (︃ R R T m R p T m 0 T 1 )︃ (︃ T R B T p B 0 T 1 )︃ (1.14)
Eq. (1.14) discriminates the homogeneous transformations of Eq. (1.13) in their position vectors p and rotation matrices R. Hence, developing the matrix product, R p B m and R R B m can be written

R R B m = R R T m T R B (1.15) R p B m = ( R R T m T p B ) + R p T m (1.16)
Eq. (1.15) defines the measured TCP's orientation like the product of the T-Mac's orientation and the rotation between this last and the TCP. This product can also be expressed in quaternions as

R ε B m = R ε T m T ε B (1.17) 
To find out more about the properties of the quaternions product, see Appendix A.

Eq. (1.16) can also be computed using quaternions instead of rotation matrices. Consider writing a position vector p as a unit quaternion with a zero magnitude as p = p x i + p y j + p z k. The rotation of this vector about the direction of a quaternion ε , can be written as ε p ε ˜. Hence, rewriting Eq. (1.16), is obtained

R p B m = ( R ε T m T p B R ε ˜Tm ) + R p T m (1.18)
Finally, replacing Eq. (1.18) and Eq. (1.17) in Eq. (1.11) and Eq. (1.12), respectively, the position and orientation error between the desired and the current TCP's pose can be computed entirely. Once this last obtained, a control strategy has to be set to control its evolution and its convergence to zero.

Once the position and orientation errors' equations are set, it is easier to demonstrate why a 6DoF control allows us to have lower position errors at the TCP when it can not be measured.

Suppose that the EE's orientation is not measured using an external sensor because the orientation accuracy provided by the robot's controller is enough to the task. However, the position of the TCP is crucial in this case. Also, suppose that it can not be measured directly, so the measure is done at another point of the tool.
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In these conditions, if we take the Eq. (1.16), the measure of the TCP's position has to be calculated using the orientation provided by the robot. Consider that the orientation error of the robot is noted as δ R. Thus the measured orientation in Eq. (1.16) can be replaced by

R R T m = R R T c δ R as R p B m = ( R R T c δ R T p B ) + R p T m (1.19)
This new equation shows us that the measured position of our TCP would have an error coming from δ R whose norm can be calculated as

∥δ p∥ = ⃦ ⃦ (δ R -I) T p B ⃦ ⃦ (1.20)
where I is a 3-by-3 identity matrix.

Unfortunately, we could not quantify exactly how much error this could have generated using our experimental set-up. However, it will be done in future works. Just note that bigger is the distance between the measured frame and the TCP, bigger ∥δ p∥ will be.

6DoF Controller in KUKA.RSI

The KUKA RobotSensorInterface allows the user to influence the manipulator's motion by applying pose deviations to the commanded setpoint. These deviations can be expressed in joint space as well as in Cartesian space. However, since we interest in an assembly process where the task is specified in the operational space, the Cartesian correction method was adopted. Besides, the deviations have to be expressed using the task orientation, so this of the TCP. Hence, the error calculated in Eq. (1.11) has to be modified as

B p err = R ε B p err R ε ˜B (1.21)
where R ε B , the TCP's orientation w.r.t. {R}, is provided by the robot's controller based on the current TCP's pose.
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Once this error computed, it has to be multiplied by a gain, which allows it to be applied every 4ms to the robot, and guarantees its convergence to zero. If a large offset is applied at one control step, two undesired scenarios can occur. At best, the program fails because the robot's axes can not provide enough energy to move the structure as demanded. At worst, the robot moves extremely fast, producing high-amplitude vibrations in the control loop and mechanical damages to the robotic system. Moreover, note that the user can not modify the parameters of the control loop, which drives the robot's joints. Hence, the Cartesian error controller has to consider the robot dynamics.

The simplest controller, which can be implemented, is a proportional gain. However, a low gain well adapted for significant initial errors could generate very slow convergence. Thus, we proposed to employ a variable proportional gain, which increases while the error decreases. This strategy allows us to decrease the acceleration peak at the beginning of the motion, and to increase the convergence speed gradually. One proportional gain is computed for each controlled axis as

k p = k min + (k max -k min ) e -λ σ i σmax (1.22)
where k min and k max are the minimum and maximum value of the proportional gain, σ max is the computed error at the beginning, σ i is the current error, and λ is the sharpness of the exponential raising. 
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The orientation error computed in quaternions is converted into Euler angles before been multiplied by the proportional gains. Then, the tuning of these parameters was made experimentally. For this purpose, we used a robot's joint configuration, similar to the one required during the assembly process. The value of k min was set to guarantee that at the beginning of the control, the robot moves smoothly. The maximal error (σ max ) is defined as the obtained when the robot reaches the setpoint using its inner position control loop. Next, k max and λ are set to optimize the convergence time, avoiding vibrations in the loop.

However, we noticed that the tuned gains did not ensure the same robot's response when the orientation of the end-effector varied, and therefore, its joint's configuration as well. For instance, a set of gains that were well tuned in a configuration, produced vibrations when the TCP was orientated entirely differently. This phenomenon could be explained by the fact that the error is computed w.r.t.

the frame attached to the TCP. Hence, according to its orientation and the robot's configuration, the same commanded offset could activate different robot's axes. An experiment was made to prove this hypothesis. Taken two TCP's orientations, the robot was asked to turn around the same axis of 0.01deg while the current orientation was recorded. The relative angular displacement of the TCP is presented in Fig. 1.22 for both initial orientations. Note that
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at subfigure (a) the robot overshoots almost 90 percent, and finish with a steady-state error. While at subfigure (b), after an initial peak, the setpoint is reached with an overdamped behavior. These very different robot's responses proved that if the same proportional gain is applied in both cases, the system's response could not be the same. To solve that, the controller applied to the error should be a function of the robot configuration, and depend on the joint's dynamics. The expression of the computed error into joint coordinates requires the calculation of the robot's inverse kinematics. However, this task may become very complicated to program inside RSI. Hence, the development of this strategy is considered as a perspective for the future implementation of a 6DoF position controller using a different plant's architecture. Note also that using a calibrated geometrical model of the robot, the joint's error calculated through the inverse kinematics will be more just, and the system's convergence will be faster.

6DoF Pose Tracking in Real Time

Experimental Results

We carried out different experiments to test the performances of the proposed position control loop, especially during two operations of the MLGD's assembly process. First, when the full contact between the parts is reached, the 6DoF position control loop has to maintain this robot's pose while another robot is clamping the MLGD's skin. Then, during the process of bringing the two parts in contact, the position control loop should command the SF's pose through some coordinate axes of the task's CS .

The experiment to emulate the first situation consisted of commanding the robot to reach a desired pose in the space. Then, the 6DoF control loop was activated, and the position and orientation errors were corrected. Finally, when the measured set-point was reached, the control loop kept active to reject eventual disturbances. 
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Moreover, it can be appreciated that at the beginning of the correction, the gradient of the error is low thanks to the proportional gain proposed before. Then, when the motion has started and the error decrease, the correction gradient increase.

Then, to evaluate the performance of the loop to reject disturbances, we tried to apply an effort to the arm in a direction tangent to its first axis (A1). Fig. 1.24 illustrates it. It shows that the system was able to reject these disturbances. It can be seen that it took just one second to converge after the effort was applied, as well as when the effort was released. The presented disturbance was produced by applying an effort to the robot's structure. Note that the most complaint direction is the one that is tangent to the first robot's joint. The backlash at this joint could explain this behavior The same test was made in the real assembly conditions. This time, it was another robot that applies an effort to the position-controlled robot through the MLGD's skin. Fig. 1.25 illustrates the plant during this experiment and the controlled system's response. Note that the time between the processes of clamping and unclamping was about 12s, and the disturbance rejection took almost two seconds each time. Here, the position error maintained at each Cartesian axis is lower than 0.025mm. These results allow us to affirm that this strategy can guarantee that the robot can reach a well known desired position with an error lower than 0.1mm, and above all, it can hold it.

To evaluate the controller in the second situation, i.e. when the robot does not move in free space but in a constrained space, we implemented a hybrid position/force control using admittance control and the position loop proposed above. In a hybrid position/force controller, the operational space is Further explanation about hybrid and force controllers can be found in Chapter 3. Look that when the efforts applied to the end-effector produced slow displacements and rotations, All these experiments showed that the developed 6DoF position tracking loop satisfied the requirements of the studied assembly process in terms of position accuracy. In free space, it has been demonstrated that the reached error was lower than 0.1mm. When it was required to hold a position, it showed the performances to reject disturbances coming from the environment. Finally, when some Cartesian axes had to be commanded in position while others react to the environmental forces, it demonstrated that if the dynamic of the efforts was not too high, the tracking error remained stable.

Conclusion of the Chapter

Conclusion of the Chapter

The most common methods to enhance the absolute positioning accuracy of a robot were discussed in this chapter. Considering the requirements of an industrial application, and most specifically, these of the studied assembly process, we discarded the model-based methods. We found that they are not flexible enough since complex calibrations have to be carried regularly, which are very time consuming. Moreover, the literature has proved that the accuracy level reached by a calibrated high-payload robot is not enough to guarantee a positioning error lower than 0.1mm.

On the other hand, the sensor-based methods exposed in the literature proved to fill our expectations in terms of position and orientation accuracy. Some authors were able to reach position errors, sometimes bellow the robot's repeatability. To prove this phenomena, we developed a control strategy, which we named control by iterations (CBI). The results of the experiments conducted employing this strategy were very encouraging. We demonstrated that it is possible to obtain absolute position errors lower than the robot's repeatability in free space using a high-payload industrial robot. However, the values of the minimum error and repeatability are correlated, as it was confirmed by comparing the errors obtained with two different robots. Moreover, we showed that this accuracy level could be affected when the robot is moving in a constrained space. We also pointed out that the obtained accuracy depends on the measurement system too.

Once the sensor-based principle proved to be useful for our context, a real-time 6DoF tracking architecture has been developed. The integration of a Leica Laser Tracker's measurements into a KUKA.RSI program, in real-time, was a significant achievement. We proposed a control algorithm, fully coded in the KUKA.RSI, which was able to correct dynamically the position and orientation of a not measurable TCP in free and constrained space. However, the proposed architecture was not perfect. Since the calculated error was applied w.r.t. the TCP's frame, we saw that the controller parameters depended on the robot's configuration. Hence, when the robot's pose changes drastically, especially the orientation, the system's response could not be the same. Moreover, it was seen that the velocity to reject disturbances was enough when low dynamical efforts were applied to the system.

Thus, face to higher dynamics, the disturbance rejection could take more time.

Conclusion of the Chapter

In general, the performances of the proposed tracking loop guaranteed all the requirements of the studied assembly process. Even during hybrid position/force control, the dynamic tracking performances are sufficient since the contact strategy seeks to be smooth enough to do not produce force overshoots. Besides, the convergence time after the perturbations, coming from the outside robot, is below 1.5s, which does not penalize the assembly cycle time significantly. Therefore, this architecture can be implemented as is in the final industrial program.

Still, we have some perspectives for future works. First, we would like to correct the TCP's position using a controller in the joint space. In that way, the controller parameters can be tuned analytically by identifying the response of each axis to the same command. Moreover, it could guarantee that the system response remains constant, no matter what the robot's configuration is. Also, using a calibrated model of the robot to calculate its inverse kinematics, the tracking loop could be more accurate, and fast.

Knowing that we are now able to correct the position and orientation of our robot accurately, in the next chapter, we will interest in a method to identify the pose of the objects in the workcell very precisely. This method will be used to determine the position of the MLGD, and therefore, the SF's theoretical location for the assembly. This chapter presents the calibration procedure and performances of an online inspection system for large-scale objects. An overview of the most employed industrial and non-industrial systems for large-scale metrology is detailed. Based on this overview, we proposed an inspection system composed of a laser profilometer and a 6DoF tracking system. We seek to demonstrate and quantify how inaccurate an inspection system, similar to the proposed one but without a tracking system, can be. We propose a profilometer's TCP identification procedure, using the tracking system, to improve its performance based on the calibration algorithms exposed in the literature. This procedure shows that the TCP identification accuracy could be highly improved by correcting the orientation of the robot's EE during the identification process. Then, this procedure is tested employing three different robots, and the results are discussed. Finally, a methodology to measure a Main Landing Gear Door
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(MLGD) using the proposed inspection system is presented.

Large-Scale Industrial Metrology Solutions

For most robotic assembly processes, it is essential to know the exact, or sometimes, the approximate position of the parts to be assembled, as well as the desired position after assembly. When the assembly process allows it, the employment of robots capable of "feeling" their environment is commonly used. They use their axes positions, as well as force sensors or their motors' current, to identify the positions where contact happens in its working space. This strategy lacks accuracy since it includes the absolute error of the robot in the computation of the contact's position. Besides, there is an amount of time between the contact sensing, and the robot's pose record, which can not be neglected. Therefore, this strategy is well adapted when the environment's objects do not need to be identified with high accuracy, and it is possible to apply unexpected forces to them. Otherwise, non-contact metrology systems should be employed.

In the parts' production for the aerospace industry, the geometrical conformity, as well as the strict focus on avoiding the part's deformation, leads to the preference for the use of non-contact large-scale metrology technologies.

The International Bureau of Weights and Measures, in 2004, defined the metrology as "the science of measurement, embracing both experimental and theoretical determinations at any level of uncertainty in any field of science and technology." During the last few years, challenged by decreasing tolerances in the manufacture of large parts, large-scale dimensional metrology (LSDM) has been highly developed. This branch of metrology concerns the inspection of the geometry and the position of parts whose dimensions vary from one meter to one hundred meters. Other of its attributes are [START_REF] Schmitt | Advances in Large-Scale Metrology -Review and future trends[END_REF]:

• The non-negligible dependence on gravity for the measured objects.

• It is commonly used in production environments, which are not often stable in terms of temperature, luminosity, and vibration.

• It is implemented in production lines of small quantities, requiring good results from the first batches.
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The implementation of the LSDM in production lines can be done in two main ways. When the part to be inspected is small enough to be carried by the robot, the inspection system is fixed in the cell.

This method is commonly used for inspection of part's geometry [START_REF] Li | Hand-Eye Calibration in Visually-Guided Robot Grinding[END_REF][START_REF] Xu | TCP-based calibration in robot-assisted belt grinding of aero-engine blades using scanner measurements[END_REF]. However, when the part is too big to be carried by a robot, and the principal goal is to define the parts' position inside the robotic cell, the robot carries the inspection system.

It is possible to define these objects' position, relative to the current robot's position, or in absolute coordinates w.r.t. a fixed CS .

In the "relative" way, the inspection system has to identify, locally, the position of a representative geometry or a marker. This marker or geometry should be accurately defined w.r.t. the part's CS .

Qin et al. [START_REF] Qin | Precise Robotic Assembly for Large-Scale Objects Based on Automatic Guidance and Alignment[END_REF] use an arrangement of two 2DoF cameras and three laser points placed in the robot's end-effector (EE), to guide the robot's position according to the measure of a panel's edge. On the other hand, the identification of the absolute part's pose needs to project the tool's measurements to a fixed CS .

In the literature, many authors propose inspections systems composed of a 2DoF camera and a line laser [START_REF] Li | Calibration of a multiple axes 3-D laser scanning system consisting of robot, portable laser scanner and turntable[END_REF][START_REF] Schmitt | Metrology assisted assembly of airplane structure elements[END_REF][START_REF] Yu | Simultaneous and on-line calibration of a robot-based inspecting system[END_REF], or use industrial profilometers [START_REF] Yin | Development and calibration of an integrated 3D scanning system for high-accuracy large-scale metrology[END_REF]. Fig. 2.2 presents the implementation of the system presented by Schmitt et al. [START_REF] Schmitt | Metrology assisted assembly of airplane structure elements[END_REF].
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In the literature, there are several technologies employed to track and measure positions in largescale volumes. An analysis of the advantages and disadvantages of the most-used industrial tracking systems employed in the academic and industrial fields is presented hereunder. These systems are also illustrated in Fig. 2.3. If the lecturer desires to learn more about how the different technologies of LSDM work, we propose to consult [START_REF] Franceschini | Large-scale dimensional metrology (LSDM): From tapes and theodolites to multi-sensor systems[END_REF][START_REF] Franceschini | The evolution of large-scale dimensional metrology from the perspective of scientific articles and patents[END_REF][START_REF] Schmitt | Advances in Large-Scale Metrology -Review and future trends[END_REF].

The Laser Tracker

The most modern systems of this kind usually combine the IFM (Relative-Displacement-Measuring

Interferometer) and the ADM (Absolute Distance Measurement) technology to measure the distance of a reflective target (SMR). The mix of these technologies makes the laser more practical to use since it is not necessary to return its SMR to the home position at each beam cut-off.

Besides, some lasers include a camera that uses an automatic focus system to localize SMRs (Spherically Mounted Reflectors) in the space and to measure the orientation of different 6DoF

probes [33,[START_REF] Moeller | Real Time Pose Control of an Industrial Robotic System for Machining of Large Scale Components in Aerospace Industry Using Laser Tracker System Jörg Wollnack[END_REF]. A well-recognized exponent of this kind of system is the Leica AT960-MR. Its advantages and disadvantages are presented in the following table.

Advantages Disadvantages • Measurement Volume (∅): 40m(3D) -20m(6D)

• Accuracy: U x,y,z = 15µm + 6µm/m

• 3D Measurement Frequency 1kHz

• Traceable 6DoF probes in option

• Mono-target measurement.

• Price : 80kC-150kC

Camera-based Triangulation System

This technology consists of using the measurements of three separate fixed cameras to identify the position of defined targets in the space. Each camera defines one angle, and thus, one plane to constraint the targets. The position is defined thereby as the intersection of the three planes.

The main advantage of this technology is that it allows us to track several objects at the same time, as long as they are within the field of view of the three cameras [START_REF] Cuypers | Optical measurement techniques for mobile and large-scale dimensional metrology[END_REF]. One of the most used systems of this kind in the literature is the Nikon's K-Series Optical CMM [START_REF] Gharaaty | Online pose correction of an industrial robot using an optical coordinate measure machine system[END_REF][START_REF] Gharaaty | Accuracy Enhancement of Industrial Robots by On-line Pose Correction[END_REF]. However, to measure the parts concerned by this work, the measurement volume of just one system is not enough. The following table presents the Nikon's system properties.
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Advantages Disadvantages

• Multi-target measure (1024pts max. 50-750 Hz)

• Traceable scanner in option (+10µm)

• Price: 20kC-100kC

• Measurement Volume: (3.7m * 2.7m field of view at 6m from the sensor)

• Active LED targets needed

• Accuracy: 70µm + 25µm/m@3m and 170µm + 25µm/m@6m 3. Indoor-GPS « iGPS »

This system is composed of a network of transmitters, a control master, and wireless receivers.

The transmitters have inside an infrared laser turning on its axis. When the laser crosses a receiver, the angle between them is recorded. Finally, by knowing the position of each transmitter, the position of the wireless probes can be computed. The main advantage of this technology is that it can work in cumbersome and large volumes since multiple transmitters can measure the targets simultaneously. Hence, if one of them is unavailable, or its field of view is obstructed, the others can guarantee the measurement [START_REF] Muelaner | Verification of the indoor GPS system, by comparison with calibrated coordinates and by angular reference[END_REF][START_REF] Norman | Validation of iGPS as an external measurement system for cooperative robot positioning[END_REF][START_REF] Yang | Distributed Optical Sensor Network with Self-Monitoring Mechanism for Accurate Indoor Location and Coordinate Measurement[END_REF]. The properties of the iGPS system commercialized by Nikon are summarized in the following table.

Advantages Disadvantages

• Highly scalable measurement volume (Function of Number of transmitters)

• A probe does not need to be measure by all the transmitters all the time • Measure of multiple probes at the same time

• Accuracy: ∼ ±0.2mm

• Price >150kC and could raise according to the number of transmitters Most of these tracking systems can be bought with a laser line inspection system or a photogrammetry inspection system in option. However, it can become costly, and sometimes the artifact is too big to be integrated easily within an end-effector devoted to manipulating parts.

In further sections, an online 3D positioning system composed of a profilometer, a 6DoF probe, and a laser tracker will be presented. We have chosen the laser tracker technology principally because of its measurement volume and its accuracy. Using optical CMM for our assembly task would force us to employ two artifacts, which would be more expensive than using a laser tracker, and the accuracy level would be lower. Also, this decision is based on the results obtained in the previous chapter and the literature. Similarly, the profilometer technology was chosen based on the literature results, and because it is already employed in the current assembly line.

Online Accurate 3D
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As it was shown previously, the implementation of profilometers, or systems composed of a line laser and a 2DoF camera, is commonly adopted in the literature to develop large-scale inspection systems [START_REF] Li | Calibration of a multiple axes 3-D laser scanning system consisting of robot, portable laser scanner and turntable[END_REF][START_REF] Boyé De Sousa | 3D metrology using a collaborative robot with a laser triangulation sensor[END_REF][START_REF] Yin | A novel TCF calibration method for robotic visual measurement system[END_REF][START_REF] Yin | A vision-based self-calibration method for robotic visual inspection systems[END_REF].

In this section, we focus on the analysis of the source of error of this inspection system and propose strategies to enhance its accuracy. This source of error can be divided into the measurement accuracy of the profilometer, the accurate identification of the system's TCP, and the absolute positioning accuracy of the robot in its workspace.

The measurement accuracy of the scanner is conditioned by the technology of its components, while the scanner's TCP identification is a widely studied subject in the last years. Yin et al. [START_REF] Yin | A novel TCF calibration method for robotic visual measurement system[END_REF] presented a TCF (tool control frame) calibration using a criterion sphere, where the TCF orientation problem is solved by singular value decomposition and the TCF position by an iterative method of optimization (Levenberg-Marquardt nonlinear optimization). However, the calibration error is not discussed, such as the method limits. Li et al. [START_REF] Li | Calibration of a multiple axes 3-D laser scanning system consisting of robot, portable laser scanner and turntable[END_REF] also proposed a Hand-Eye calibration entirely solved by nonlinear least-squares algorithms. Still, no quantification of the measure's position accuracy has been revealed.

Xu et al. [START_REF] Xu | TCP-based calibration in robot-assisted belt grinding of aero-engine blades using scanner measurements[END_REF] developed a TCP-based calibration using a Hand-to-eye calibration. Unlike the other works, they showed the factors affecting measurement accuracy. Even if they do not identify the contribution of the robot positioning accuracy in the error calibration value, they present a comparison of the calibration results according to the repetition of different measurement paths. The Shibin and Ren team [START_REF] Yin | A novel TCF calibration method for robotic visual measurement system[END_REF][START_REF] Yin | Development and calibration of an integrated 3D scanning system for high-accuracy large-scale metrology[END_REF][START_REF] Yin | A vision-based self-calibration method for robotic visual inspection systems[END_REF] proved the influence of the robot accuracy into TCP calibration processes, presenting two methods that optimize the kinematic parameters of the robot while the TCP is identified. The first method reduced the position error from 2.839mm to 0.387mm and the second one from 1.822mm to 0.604mm

In this context, we aim to present below, how the robot's absolute position accuracy affects the calibration process of the scanner's TCP, and how it can be improved using an external tracking system.

Several experiments will be presented to demonstrate the effectiveness of the method against the calibration method without using online tracking. Then, the principle of the method is to identify the position of an object in two different coordinated systems. In this case, the criterion sphere's position is used. The choice of using a sphere is commonly made in the literature since from a single profile measured using the scanner, the sphere's position can be calculated.

In this regard, the equation Eq. (2.1) is considered.

(︃ R p C 1 )︃ = R T F F T S (︃ S p C 1 )︃ (2.1)
where R p C is the position of the criterion's center in the robot's coordinate system, the R T F is the homogeneous transformation between the robot's coordinate system and the robot's Flange. In other words, the robot's pose. Finally, S p C is the position of the criterion's center in the scanner's coordinate system.

If we develop the product of the homogeneous transformations R T F and F T S , expressing them into their rotation matrices R R F , F R S , and position vectors R p F , F p S , we obtain the following equations 2.2. Online Accurate 3D Positioning Robotic Solution for Large-Scale Assembly

(︃ R p C 1 )︃ = (︃ R R F R p F 0 1 )︃ (︃ F R S F p S 0 1 )︃ (︃ S p C 1 )︃ (2.2) R p C = ( R R F F R S S p C ) + ( R R F F p S ) + R p F (2.
3)

The sphere position in the scanner coordinate system S p C = [ S x C , S y C , S z C ] T , is determined by defining the position of a circle ( S x C , S z C ). Fig. 2.5 illustrate the measure of the criterion profile and the circle generated. The radius of the circle is calculated using the least square minimization method on the point cloud measured. Then, S y C can be calculated like:

S y C = ± √ R 2 -r 2 .
The component sign is defined arbitrarily according to the profile position regarding the scanner coordinate system. Note that the radius (r) calculated using the scanning point cloud has to be smaller or equal to the radius of the criterion (R). Then, if r > R, the solution for S y C is complex, and the profile measured has to be discarded. 

y C = ± √ R 2 -r 2 .
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Orientation Determining

This method, presented by Yin et al. [START_REF] Yin | A novel TCF calibration method for robotic visual measurement system[END_REF], suppose that the criterion sphere is fixed during all the calibration, then

R p C i = R p C j (2.4)
where, i and j are the index of two consecutive measures (n and n + 1), then

( R R F n F R S S p n C ) + ( R R F n F p S ) + R p F n = ( R R F n-1 F R S S p n-1 C ) + ( R R F n-1 F p S ) + R p F n-1 (2.5)
Knowing that the link between the robot's Flange (F) and the scanner (S) is infinitely rigid, we can suppose that F p S is constant. Moreover, if the robot keeps the same orientation between both measures

( R R F n = R R F n-1
), we can obtain the following equation from Eq. (2.5)

F R S ( S p n-1 C -S p n C ) = R R F -1 ( R p F n -R p F n-1 ) (2.6)
Since R R F is orthogonal, and repeating the scanning procedure, we can formulate the problem like

F R S M = N (2.7)
where

M = (︂ ( S p C 1 -S p C 2 ) ( S p C 2 -S p C 3 ) • • • ( S p C n-1 -S p C n ) )︂ N = (︂ R R F -1 ( R p F 2 -R p F 1 ) • • • R R F -1 ( R p F n -R p F n-1 ) )︂
Finally, the equation is solved using the singular value decomposition method [U , S, V ] = svd(M N T ).

Where F R S = V U T .
More profiles are measured, more accurate results can be obtained. However, it is important to ensure that the vectors composing M and N are linear independent.
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Analyzing the sensitivity of Eq. (2.6), we can identify possible sources of errors in the calculation of F R S :

• The relative distance between the scanner's measurements

( S p C n-1 -S p C n ):
It is highly dependent on the circle reconstruction of the profiles measured. Hence, an excellent point cloud filtering is necessary before the implementation of the least square method to determine the circle.

• The rotational matrix R R F (Robot's Orientation at each measurement):

It depends on the absolute positioning accuracy of the robot, which holds the scanner. A robot's low accuracy skews the hypothesis made to passe from Eq. (2.5) to Eq. (2.6).

• The relative distance between the robot's positions

( R p F n -R p F n-1 ):
Driven by geometric and non-geometric errors on the robot's architecture, the position gave by it is not perfect.

Position Determining

Like it was presented by Li et al. [START_REF] Li | Calibration of a multiple axes 3-D laser scanning system consisting of robot, portable laser scanner and turntable[END_REF], the reconstruction of the sphere shape is independent of

F p S .
Then, if it is decomposed like F p S = F p S teo + ∆ F p S ; and supposing that we know the TCP position approximately ( F p S teo ), we can rewrite Eq. ( 2.3) as

R p C = ( R R F F R S S p C ) + ( R R F ( F p S teo + ∆ F p S )) + R p F (2.8) R p C = ( R R F F R S S p C ) + ( R R F F p S teo ) + R p F + ( R R F ∆ F p S ) (2.9)
Analysing Eq. (2.8), the sphere position in the robot's coordinated system can be represented as

R p C = R p C teo + ∆ R p C , where ∆ R p C = ( R R F ∆ F p S ).
Finally ∆ F p S can be determined via the minimization of the following objective function

f = n ∑ i=1 ( R p C -([ R p C teo ] i + ( R R F i ∆ F p S ))) 2 (2.10)
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Where n is the number of scannings effectuated keeping a constant orientation between two successive profiles. R p C is obtained precisely using a high accuracy measurement method i.e. a Laser Tracker. R p C teo is the position of the calculated sphere using F p S teo and the TCP's orientation calculated previously.

This calculation has the same source of errors than the orientation ( F R S ) calculation.

Hand-Eye Calibration Method with a 6DoF Tracking System

Known that using a 6DoF tracking system, we can correct the position and orientation of a robot's end-effector bellow its repeatability in free space, the architecture illustrated in Fig. 

(︃ L p C 1 )︃ = L T A A T S (︃ S p C 1 )︃ (︃ L p C 1 )︃ = (︃ L R A L p A 0 1 )︃ (︃ A R S A p S 0 1 )︃ (︃ S p C 1 )︃ L p C = ( L R A A R S S p C ) + ( L R A A p S ) + L p A (2.11)
Where L p C is the position of the sphere's center measured by the Laser Tracker, and the matrix L R A and the vector L p A are the orientation and position of the 6DoF probe in the Laser's coordinate system.

If the Eq. (2.6) is rewritten using this architecture, the following can be obtained

A R S ( S p C n-1 -S p C n ) = L R A -1 ( L p A n -L p A n-1 ) (2.12)
Using this new equation, we can make another sensitivity analysis of this calibration method, similar to the one presented in Section 2.2.1.1:

• The relative distance between the scanner's measurements

( S p C n-1 -S p C n ):
This calculation is not affected by the proposed architecture because it only depends on the scanner's measurement accuracy and the point cloud filtering. The scanner's accuracy is proper of the sensor's technology, but the filtering can be improved by calculating the best circle passing through most of the points recursively.

• The rotational matrix L R A (Robot's Orientation at each measurement):

Like it was presented in Section 1.2, we can use the measurements of the T-Mac's orientation to correct the robot's EE pose iteratively. Hence, we can satisfy to the maximum the hypothesis

that L R A n = L R A n-1 .
However, the best accuracy that can be reached using the CPI strategy depends on the robot's capabilities (linked to its repeatability).

• The relative distance between the robot's positions

( L p A n -L p A n-1 ):
The accuracy of this part of the equation depends only on the LT's measurement uncertainty, which is very low (±15µm + 6µm/m).
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To sum up, the meaning of the proposed architecture is to remove the robot's accuracy from the TCP's calculation and to show how much we can increase the performance of the robotic scanning using this calibration. Besides, the proposed architecture would allow keeping the same orientation of the end-effector during the whole calibration, without compromising the accuracy of the calculation.

TCP Measurement Strategy

To acquire the sphere's profiles, necessary to calculate the TCP using the proposed architecture, we implemented the following protocol:

1. The criterion sphere is measured accurately using the LT. This operation returns the position of its center and the reconstructed radius in the LT's CS .

2. We choose an EE's orientation to be able to measure the T-Mac during all the calibration procedure. It should remain the same for all the profile measurements.

3. Using the T-Mac's orientation defined in the last step, and the estimation of the transformation between the T-Mac and the scanner, we construct a virtual CS at the center of the sphere {C} following the scanner's direction. It will be used to determine the robot's trajectory during the scanning.

4. Placing the estimated TCP at the center of the sphere, and moving in the y direction of {C}, we choose the first and the last position through this axis to measure the criterion sphere (y 1 and y 2 , respectively). We base the choice on the quality of the smallest profile obtained at each pose.

5.

Having the boundaries through the y axis of {C}, we divide the distance between y 1 and y 2 to have 50 coordinates equidistant. The coordinates in the x and z axes are defined randomly offsetting the center's coordinates between -10mm and +10mm. Fig. 2.7 illustrates this strategy, which has the purpose of minimizing the linear dependency between the vectors of M and N on Eq. (2.7). 

Online Accurate 3D Positioning Robotic Solution for Large-Scale Assembly

Method's Validation Experiments

The validation experiments are all made with and without the tracking system to prove that TCP's calibration depends on the robot's absolute accuracy. Besides, to show the low dependence of the robot's pose chosen for the calibration, we use three different orientations for each calculation. Then, we place the criterion sphere in two positions inside the robot's workspace to scan it and reconstruct its position and radius using the different calculated TCPs. The results of these scannings will demonstrate that using the proposed approach, the calculated TCP gives the same performances inside the whole workspace of the robot, contrary to those computed using the classical method. Fig. 2.9 illustrates the criterion's position used for the reconstruction scanning.

Position N°2 Position N°1 Figure 2.9 -Positions of the criterion sphere employed to validate the calibrated TCPs inside the robot's workspace. Note that they were chosen to solicit the robot in two very different configurations
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The reconstruction scanning is composed of 5 scans of the sphere using one different orientation and 20 profiles by each one. The goal to use different directions to scan the criterion is to cover most of its surface. To calculate the sphere's position and radius, we have to project all the point clouds obtained from the scannings to the same CS . For the tests using the tracking system, we use the Laser's CS {L}, and for those which not, we use the robot's CS {R}. After projection, they are filtered like for the TCP identification. Then, we calculate the best sphere passing by all the points projected, using a minimization method.

Criterion Measured by LT Criterion Reconstructed Scanning Point Cloud Figure 2.11 -Example of the criterion sphere's reconstruction using the point cloud obtained after the five scans. Note the very close match between the sphere palped using the LT and the sphere product of the measured point cloud's projection.
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The evaluation criteria for the reconstruction are:

• The center's position error (∆ Pos.).

• The radius error (∆ Rad.). Fig. 2.11 shows an example of a reconstructed sphere. It should be pointed out that the better is the orientation of the TCP used to project the point cloud, the better is the radius obtained (considering perfect filtering of the point cloud). In contrast, an error on the TCP's translation produces an offset in the position of the reconstructed sphere.

Results and Comparison

The calibration performances were evaluated in two times. First, we seek to validate that the TCPs, each one calibrated using a different orientation, were almost the same. Then, we compared the spheres obtained from the projection of the scans employing these TCPs. The center and radius of these spheres are compared with those of the measured using the LT.

TCP Comparison Fig. 2.12 illustrates the position and orientation in the space of the three different TCPs, identified using the robot's configurations showed in Fig. 2.8. The plot at the left represents the TCPs calibrated using the proposed architecture with the 6DoF tracking (Fig. 2.6), and the plot at the right, the TCPs calibrated using the architecture mostly employed in the literature without the tracking system (Fig. 2.4).

The mean error in position and orientation between the different TCPs were calculated using

E = 1 n n ∑ i=1 √︂ ∆p 2 x + ∆p 2 y + ∆p 2 z , n = 3 Q = 1 n n ∑ i=1 √︁ α 2 + β 2 + γ 2 , n = 3
where ∆p x , ∆p y , and ∆p z are the difference per axis between two TCP's position, while α, β , and γ are the Euler angles obtained from the rotation needed to pass from one TCP to another [START_REF] Xu | TCP-based calibration in robot-assisted belt grinding of aero-engine blades using scanner measurements[END_REF].
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The mean position offset between the TCPs calibrated using the proposed architecture was of 0.1551mm, while the obtained between the TCPs calibrated using the classical architecture was almost ten times bigger. Likewise, the mean orientation offset was significantly lower when the TCPs are calibrated using the proposed architecture. It decreased from 0.52 deg to 0.17 deg.

These numbers show the strong relationship between the robot's accuracy and the results of the TCP's identification. The absolute accuracy of the LBR iiwa turns around 1.5mm (ten times its repeatability [START_REF] Kuka | The LBR iiwa. A new era of sensitive robotics is beginning[END_REF]), the same order of magnitude than the mean offset between the TCPs identified using the architecture without tracking.

Similarly, we should note that the mean position and orientation error between the TCPs identified using the proposed solution, are conditioned by the minimal orientation error that can be corrected using this robot (σ = 0.05 deg), as well as the LT's and the profilometer's measurement accuracy.

Hence, we can expect better results by employing a robot whose orientation can be corrected below 0.05 deg. Figure 2.12 -Comparison of the calibrated TCPs employing the three different orientations. Each TCP is plotted in the cartesian space as a frame. (a) TCPs calibrated using the tracking system. Note that they are all inside a sphere of r = 0.1mm. (b) TCPs calibrated employing the robot's coordinates. They are all of them outside the sphere rose of r = 1mm 2.2. Online Accurate 3D Positioning Robotic Solution for Large-Scale Assembly TCP Validation Table 2.1 and Table 2.2 present the radius and position's offsets between the spheres measured with the LT and those scanned using the proposed inspection system. Table 2.1 exposes the results obtained using the system without tracking, and Table 2.2, those obtained employing the system with tracking. Each table compares the offsets at the two criterion positions (Fig. 2.9), and those computed using the TCPs calibrated using the three orientations (Fig. 2.8). As expected, the TCPs identified using the system without tracking give, all of them, very different values of the sphere's positions and sphere's radius after its scanning. The best positioning error found was 0.661mm, and the worst was 4.174mm. Identically, we found a considerable offset between the positioning errors of the spheres measured in the first position and those measured in the second position. It can be explained, once again, by the low absolute positioning accuracy of the LBR-iiwa.

The further is the calibration pose from the one adopted during the measure; the more inaccurate projections will be generated during scans reconstruction.

3D Online Positioning using High-payload Robots

On the other hand, the results exposed in the Table 2.2 prove that the TCP identified with the tracking system, guarantees the same scanning performances inside the system's measurable space. It can be seen in the very similar values obtained between the offsets at the Position N°1, and the Position N°2.

In the same way, the differences between the positioning errors calculated using the different robot orientations are in the same order of magnitude. Then, the suggested system guarantees that employing only one delivered robot configuration during the TCP calibration, the scanning performances can be ensured.

3D Online Positioning using High-payload Robots

After the validation of the proposed Online 3D positioning system, mounted in a compliant and low payload robot, we were interested in testing the system performances when high payload robots carry the system. It will be the case during the studied assembly process. For these experiments, two types of robots were chosen. Those are presented in Fig. 2.13. At the left, there is a KR210 R3300 Ultra K, and at the right, a KR480 R3330 MT. Remembering the KUKA's nomenclature, we can deduce the robot's properties from its name. For instance, the KR210 is capable of carrying a weight of 210kg at a maximum distance from its base of 3300mm. Similarly, the KR480 is capable of carrying a load of 480kg at a maximum distance of 3330mm.
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Both robots were initially designed for very different tasks, and their repeatability can make proof of it. The repeatability of the KR210 is of ±0.06mm, while this of the KR480 is of ±0.08mm. The first robot is commonly used for more precise applications, like drilling and fastening operations in the aerospace industry, while the second robot is employed mostly in high payload milling and foundry applications thanks to its strength and rigidity. To evaluate the actual performances of these robots, in particular, for their orientation's correction, the Fig. 2.14 shows a comparison between the CBI's results obtained for both robots. Fig. 2.14a presents the results for the KR210 and Fig. 2.14b the results for the KR480.

It can be appreciated that the KR210's orientation errors are less scattered than those of the KR480, which can be expected looking at their respective repeatability.

However, if these results are compared with those obtained from the LBR iiwa (see Fig. 1.16), it can be affirmed that these high payload robots can be corrected to a lower orientation error. This property can allow us to obtain a more accurate calibration of the proposed system, and therefore, more accurate 3D measurement reconstructions.

3D Online Positioning using High-payload Robots

Table 2.3 -Comparison of the criterion's position and radius errors obtained after the scanning of the criterion sphere in two positions using the KR480 R3330 MT. The results are comparable with those in Table 2.2 since they are obtained employing the same inspection system and measurement protocols.

Position N°1 Position N°2

Or First of all, it is remarkable that the positioning error, as well as the radius error, decreased w.r.t. the results exposed in Table 2.2. Also, it can be seen that the positioning error remains reasonably stable between the criterion's positions, as well as between the different TCPs. Note that the variations between these errors are less than the sum of the measurement system uncertainties (LT + profilometer

≈ 29µm + 6µm/m).
These results confirmed again that the accuracy of the profilometer's TCP calibration is highly dependant on the absolute orientation accuracy that can be guaranteed by the manipulator. A robot, whose orientation can be corrected more accurately, can provide better reconstruction results.

Further on, we will show how the rigidity of the manipulator can also affect these performances.

3D Online Positioning employing a K210 R3300 UltraK

The experiments conducted with the KR210 differs slightly from the previous ones, in the criterion's positions employed during the TCP's identification and validation. Fig. 2.16 illustrates 4 criterion's positions inside the robot's workspace. One of them was used during the calibration procedures and the other three for validation purposes. With this disposition, we wanted to include most of the robot's workspace, submitting the robot's structure to some low stiffness configurations. Note that at the validation position N°3, the robot is almost fully extended, and at the validation position N°1, the robot is very near to its base.

3D Online Positioning using High-payload Robots

Table 2.4 presents the results of the criterion reconstruction in the three validation positions using the different calibrated TCPs.

First, look that the results obtained employing the TCP calibrated with the first orientation, are more accurate than the obtained with the other two. It can be explained by the fact that the measurements at the first had less reflection than those of the other calibrations. Then, if we compare the results between criterion positions, it can be appreciated that the performances decreased from the position N°1 to position N°3. At the same time, the robot is further from its base at position N°3, then at position N°2, and the nearest is the position N°1. Thus, we could infer that there is a correlation between the scan performances and the robot's workspace, which would be against the conclusions presented above.

However, there is a reason to explain this phenomenon without breaking the conclusion that the performances of the system remain stable within the robot's workspace. It is based on the vibrations of the robot's structure during the validation scanning. When the arm is mostly extended, the amplitude of the vibrations produced after the robot's motion is more significant than when the arm is retracted.

Hence, to avoid this phenomenon, we should wait a little more time after each robot movement to trig the measurements when the robot is near far limit configurations.

Comparing with the results obtained with the KR480, they are homogeneous at the first validation position, since in this robot's pose, both robot's structure behaves with the same rigidity. Finally, we can conclude that respecting a good stabilization time according to the robot's pose;

we can guarantee that our inspection system will provide stable performances within the whole workspace.

To prove the reconstruction performances in other than a sphere, we scanned a countersink hole (∅6mm), which is commonly used in the aerospace assembly as a positioning reference. 

D ′ T D = ( L T D ′ ) -1 L T D D ′′ T D = ( L T D ′′ ) -1 L T D
This procedure is made one time during the calibration of the robotic cell. It does not need to be repeated after each assembly process since the MLGD's displacement is considered repeatable.

The measurements acquired of each side of the MLGD are initially projected to the frame corresponding to each MLGD's position like it is presented in Fig. 2.20d. These projections can be computed as follows according to the visibility or not of the T-Mac:

• When the T-Mac can not be measured

D ′ p i = D ′ T L L T R R T A A T S S p i (2.13) 
• when the T-Mac can be measured

D ′ p i = D ′ T L L T A A T S S p i (2.14) 
Finally, these local projected scans are multiplied by the transformations between the MLGD's measurement positions and the original one (

D ′ T -1 D and D ′′ T -1 D ).
After that, the optimization to find the best-reconstructed position of the MLGD is computed.

Conclusion of the Chapter

Conclusion of the Chapter

This chapter addressed the issue of the position identification of large-scale objects in the space.

The inspection architectures, the most employed in the literature, have been discussed. The privileged one consists of a visual inspection system mounted on a robot, most specifically a 3D laser profile sensor or profilometer. Most of the previous works that employed this kind of system used the robot's coordinates for its TCP identification process, as well as for the projection of the profiles measured.

It has been presented in the previous chapter how inaccurate the absolute position of a robot can be. However, the authors using these robot's coordinates profited from the inspection system to calibrate the geometrical model of the robot, and like that, obtain a position error around 0.35mm of the scanned objects. Still, some of them were conscious that if more accuracy is required, the inspection system should be tracked using an external sensor.

In that context, we propose to use a profilometer attached to a 6DoF tracking probe, as the inspection system mounted in our robot. With this, the purpose is to identify the MLGD's pose placed in front of our robot.

Based on the calibration methods exposed in the literature, we distinguished the sources of errors acting directly in the equations. It was shown that the identification error could be decreased by correcting the orientation of the EE using the tracking system during the identification process.

Moreover, we have proved that it is possible to use only one EE's orientation during the calibration measurements, and the performances of the system will remain reasonable stables (error < 0.15mm).

Similarly, it was exposed that the accuracy of the system is not directly affected by the robot's workspace. On the contrary, the same accuracy level can be guaranteed within the whole working volume of the system. However, it was remarked that the rigidity and stability of the robot play a significant role during the scanning.

Multiple experiments were done using different kinds of robots, which proved the facts cited above.

Conclusion of the Chapter

Finally, the implementation of the proposed inspection system during the scanning of the MLGD was discussed. A strategy to be capable of measuring the entire MLGD's edge without using a linear track was presented.

Likewise, we discussed the fact that the 6DoF tracking probe (T-Mac) could not be visible during the whole scanning process. The possibility to calibrate one T-Mac's TCP for each scanning-zone of 50cm 2 was proposed to minimize the robot's absolute positioning error at the interested scanning poses.

Experimental results have to be carried to quantify precisely how accurate the inspection system can be by using the robot's coordinates to project the measured profiles. Furthermore, the final positioning error, after the best fit of all the projected profiles, has to be quantified.

In the next chapter, we will present a method of placing the Col in contact with the MLGD, using the scanned position of the last one. 

Interaction Control Introduction

This chapter proposes an approach to use admittance control schemes to perform automatic multiple surface-surface contacts without force overshoots. It is organized as follows: Section 3.1 presents an overview of the Interaction Control literature to explain the bases and principles of the proposed approach. Then, Section 3.2 exposes the theory of the proposed approach, the Multi-Surface Admittance Control (MSAC). Next, Section 3.3 develops the implementation of this controller in the MLGD's assembly process and illustrates the results. In the continuity, Section 3.4 presents an analysis of the robustness and repeatability of this implementation. Later, to demonstrate a methodology to tune the controller's parameters analytically, Section 3.5 proposes a simplified model of the contact between the parts, and Section 3.6 exposes a strategy to calculate these parameters. These parameters were tested in simulation, and the results are also exposed in Section 3.6. Finally, Section 3.7 summarizes the presented work and concludes about it.

Interaction Control Introduction

Commonly, the assembly of large-scale parts, especially in the aerospace industry, requires high accuracy control of contact forces. It has to be guaranteed that the forces during the contact process do not exceed the limits, and also that there would not be clearance between the parts in contact.

In this context, guiding the robot's movements only by position during an automatic assembly process is not usually recommended. The smallest error or uncertainty, in the position of the handled part or of the environment, could produce undesired forces warping or damaging the parts in the assembly. Thus, since the early '80s, another control strategy, named Interaction Control, started to be widely studied to respond to these requirements.

Initially, it is classified as active or passive. Passive Interaction Control provides compliance by the deformation of the robot structure (links and joints), or by using the mechanical compliance of the robot's end-effector. The mechanical compliance is the most applied strategy inside the passive interaction control. Known as Remote Center-of-Compliance (RCC) [START_REF] Ciblak | Design and Analysis of Remote Center of Compliance Structures[END_REF], these compliant end-effectors are specially designed for one industrial application, making this strategy very inflexible. Moreover, even if the response of the passive system is faster than an active one, it can not guarantee that a force limitation will not be exceeded [START_REF] Villani | Force Control[END_REF]. On the other hand, active interaction control allows the user to
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control the desired contact force, usually thanks to the feedback of a force sensor. This sensor makes the strategy more expensive and slower to disturbance rejection. However, by adding a passive compliance degree to the system, the response of the interaction control can be faster and more robust [START_REF] De Schutter | Compliant Robot Motion II. A Control Approach Based on External Control Loops[END_REF].

At the same time, active interaction control is divided into direct and indirect force control. The difference between those lies in that the indirect one uses motion control to achieve force control without force feedback, while the direct one needs of this feedback to guarantee the desired amount of force and torque.

Indirect Force Control

Compliant control has been defined as "the control technology to produce compliant motion" [START_REF] Calanca | A review of algorithms for compliant control of stiff and fixed-compliance robots[END_REF].

This control has the property to shape the mechanical impedance of the robotic system, and thus to allow it to interact safely with its environment. Consequently, this compliant control is called "Interaction Control" in the literature [START_REF] Calanca | A review of algorithms for compliant control of stiff and fixed-compliance robots[END_REF].

There are two methods for the implementation of this interaction control, according to the causality of the controller. They are named "Impedance Control" and "Admittance Control". Even if initially Hogan [START_REF] Hogan | Impedance Control: An Approach to Manipulation: Part I-Theory[END_REF] referred to both as impedance control, it is imperative to make this distinction. In Admittance Control, the robot behaves like an impedance, which means that it is a system that accepts motion inputs and generates force outputs; and the controller behaves like an admittance, which means that it accepts force inputs and yields motion outputs. Conversely, in Impedance Control, the robot is an admittance, and the controller is an impedance [START_REF] Ott | A Hybrid System Framework for Unified Impedance and Admittance Control[END_REF].

This work focus on robotic assembly applications using traditional industrial robots. Usually, this kind of manipulators is only position-controlled. Therefore, the admittance schema is a common choice when using them for applications involving contact with objects.

The objective of this control schema is to define a second-order relationship between the spatial force f c acting on the system, and its pose deviation x c . Eq. (3.1) illustrates this relationship: where x c is the deviation of the robot's pose x, from some commanded pose x 0 at the equilibrium. 

M d x ¨c + D d x ̇c + K d x c = f c (3.1)
x c = (x -x 0 ) (3.
g i (s) = 1 m i d s 2 + d i d s + k i d (3.3)
Thus, using force feedback, a controller schema like the exposed in Fig. 3.1 can be designed to guarantee a desired spatial force f d . It should be noted that this method controls the pose of the handled object only at the robot's TCP.

This force control approach has been widely used in the literature for interaction tasks, or to command robots through a constrained space [START_REF] Gamez | Sensor Fusion for Compliant Robot Motion Control[END_REF][START_REF] Li | Adaptive Hybrid Impedance Control of Robot Manipulators with Robustness against Environment ' s Uncertainties[END_REF][START_REF] Martín-Martín | Variable Impedance Control in End-Effector Space : An Action Space for Reinforcement Learning in Contact-Rich Tasks[END_REF][START_REF] Ott | A Hybrid System Framework for Unified Impedance and Admittance Control[END_REF][START_REF] Roveda | High-accuracy robotized industrial assembly task control schema with force overshoots avoidance[END_REF]. However, the stability of this kind of controller is highly dependent on the environment dynamics and the nature of the contact, which are very difficult to identify correctly. Many strategies are presented to solve this problem: Li et al. [START_REF] Li | Adaptive Hybrid Impedance Control of Robot Manipulators with Robustness against Environment ' s Uncertainties[END_REF] used a control based on an input-output relationship with an inner and outer loop to track the position of a 2DoF robot while it applies a force. Gamez et al. [START_REF] Gamez | Sensor Fusion for Compliant Robot Motion Control[END_REF] used data fusion from joint encoders, a
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wrist-mounted 6DoF force sensor, and an inertial sensor, to better estimate the environmental forces and torques, neglecting the end-effector inertial and gravitational forces. Martin et al. [START_REF] Martín-Martín | Variable Impedance Control in End-Effector Space : An Action Space for Reinforcement Learning in Contact-Rich Tasks[END_REF], used reinforcement learning to teach the robot how to adapt the impedance gains according to the specified task and the phase of it. Ott et al. [START_REF] Ott | A Hybrid System Framework for Unified Impedance and Admittance Control[END_REF] proposed a Hybrid controller system based on impedance and admittance to guarantee contact stability by switching between the methods. Roveda's team has also used impedance control to perform assembly tasks with force-tracking control in uncertain environments. In [START_REF] Roveda | Deformation-tracking Impedance Control in interaction with Uncertain Environments Loris[END_REF], Roveda et al. tracked desired environment deformation, through the estimation of its stiffness using an extended Kalman filter. In [START_REF] Roveda | Impedance Control based Forcetracking Algorithm for Interaction Robotics Tasks : An Analytically Force Overshootsfree Approach[END_REF], Roveda et al. proposed a method to track the desired forces avoiding force overshoots, and in [START_REF] Roveda | High-accuracy robotized industrial assembly task control schema with force overshoots avoidance[END_REF] Roveda et al. applied this approach in an industrial assembly task using an industrial robot.

Nevertheless, neither of the cited works addressed the problem of guaranteeing surface-surface contact, and the authors are not concerned in multiple contacts with different environments' stiffness.

Then Khansari et al. [START_REF] Khansari | Adaptive human-inspired compliant contact primitives to perform surface-surface contact under uncertainty[END_REF] presented a complete strategy inspired by human observation to achieve surface-surface contact. In comparison to previous works [START_REF] Finkemeyer | Placing of objects in unknown environments[END_REF][START_REF] Shekhar | Force Strategies in Real Time Fine Motion Assembly[END_REF], this strategy does not depend on the estimation of a contact point, neither a sequence of contact types (point-point, point-edge), to achieve a surface-surface contact. However, it has been tested only on small parts, having one surface in contact, and the contact force is not controlled in a closed-loop.

Direct Force Control

Oppositely from indirect force control, this method needs to define the interaction task according to the environmental constraints. A widely used strategy is the hybrid force/motion control approach.

In this approach [START_REF] Gao | Hybrid position / force control of 6-dof hydraulic parallel manipulator using force and vision[END_REF][START_REF] Le Flohic | Application of hybrid force/position control on parallel machine for mechanical test[END_REF][START_REF] Raibert | Hybrid Position/Force Control of Manipulators[END_REF], the given task specifies two orthogonal sub-spaces to separate the position and force control. The distinction between the cartesian axis commanded by force, and those commanded by position, is made by a selection matrix S. It is a diagonal matrix formed by ones and zeros according to the controlled space. Nevertheless, some tasks can not be modeled using a single Cartesian frame to separate motion and force control. Consequently, Featherstone et al. [START_REF] Featherstone | A general contact model for dynamically-decoupled force/motion control[END_REF] proposed a general model for any frictionless contact between two rigid bodies. An experiment involving force control through two separate contacts, while the robot followed a specified trajectory, was presented. However, only rigid environments were considered, and the robot was torque-controlled.

Subsequently, Park et al. [START_REF] Park | Multi-contact compliant motion control for robotic manipulators[END_REF] applied Featherstone's model to control multiple compliant contacts
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and used a modified Kalman estimation to compensate for modeling errors. Still, their experiments did not involve contacts with environments with very different stiffness. Besides, the type of contacts guaranteed between the robot and the environment were point-surface instead of surface-surface.

Scientific Contribution

We propose an approach to use admittance control schemes to perform multiple surface-surface contacts. It allows defining several dynamics behaviors at different surfaces of the same object to interact with an environment with different stiffnesses. Moreover, inspired by literature strategies, it ensures the achievement of the surface-surface contact without producing force overshoots. Thus, this controller is designed for position-controlled manipulators, which is the case of most of the industrial robots.

Multi-Surface Admittance Control (MSAC)

In some interaction tasks, the environment's properties are not well known, like its position, orientation, stiffness or even its dynamics. These uncertainties, mixed with complex shape handled parts, and large-scale objects, make multi-surface contact tasks hard to achieve.

In this regard, a new strategy to control the pose (position and orientation) of the robot's end-effector is proposed, taking into account the exerted forces on each surface of the handled part. This property allows to model the contact at each surface with a second-order mass-spring-damper system. The parameters of this system are defined according to the environment stiffness and the desired contact dynamics. Summarizing, one admittance control schema is created for each of these surfaces. Fig. 3.2 shows the comparison between an admittance control approach implemented on the TCP {S} of a robot (Fig. 3.2a), and our Multi-Surface admittance control (MSAC) approach (Fig. 3.2b) which allows to implement n admittance controller systems. The one implemented on the TCP calculates the object's position/velocity using one set of stiffness, damping an inertia constants at one point, which is well adapted for small handled objects. By contrast, our approach will employ different sets of constants, one set at each contact surface, to achieve the desired contact between the prominent and complex-shaped object and the environment. To simplify calculations, the force sensor's coordinate system {S} is used as the robot's TCP. Now, consider the definition of a coordinate system {U i } for each contact surface, in which the z axis is set to be normal to the contact surface, and its origin is placed at the center of the surface. Then, the rotation matrix U i R S , and the vector U i p S are calculated. These describe the orientation and the position of the robot TCP's {S} relative to {U i }, respectively.

In this work, six-dimensional vector notation is used to describe spatial forces and velocities. This notation is more compact than three-dimensional vectors and more powerful than 4x4 matrices, regarding the number of operations to obtain the same result [START_REF] Featherstone | Dynamics[END_REF]. In this way, the coordinate vector representing the spatial force, acting on an object w.r.t. any frame {O}, is given by

f O = (︃ n O f )︃ (3.4) (︃ ω υ O )︃ (3.5)
where, f = (︁ f x f y f z )︁ T is the force acting on a line passing through {O}'s origin,

n O = (︁ n x O n y O n z O )︁ T
is the moment of the force system about {O}, ω = (︁ ω x ω y ω z )︁ T is the body's angular velocity, and

υ O = (︁ υ x O υ y O υ z O
)︁ T is the body's linear velocity of the body-fixed point at {O}'s origin.

As this control schema is based on an admittance controller, it is needed to calculate the desired spatial force acting on the concerned surface (f d U i ) to achieve the interaction task.

Take the robot's handled object exposed in Fig. 3.2b as an example. Consider the goal of the interaction task to have a surface-surface contact between this object and the environment. At the end of a successful interaction task, the spatial force (f d S ) measured by a force sensor in the frame {S}, would be the desired spatial force applied to the rigid-body. Therefore, to calculate the desired spatial force acting at each surface, f d S is transformed into the surface's coordinate system {U i }. Hence, for the i th surface, the desired spatial force can be computed like

f d U i = U i T f S f d S (3.6) 
where U i T f S is a 6x6 transformation matrix for spatial forces from a frame {S}, to a frame {U i } [START_REF] Featherstone | Dynamics[END_REF]. This matrix is defined as

B T f A = (︃ B R A S( B p A ) B R A 0 B R A )︃ (3.7)
for any two frames {A} and {B}, where S(p) is the skew-symmetric matrix that satisfies S(p) f equal to the cross product between the 3-D vectors p and f . This matrix is defined as

S(p) = ⎛ ⎝ 0 -p z p y p z 0 -p x -p y p x 0 ⎞ ⎠ (3.8)
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The definition of f d U i can change according to the interaction task and the strategy of control.

Thus, the calculation of the commanded spatial force f c U i for the admittance controller of each surface, is given by

f c U i = f d U i -U i T f S f e (3.9)
where, ( U i T f S f e ) is the resultant spatial force acting on the whole rigid-body, measured by a 6-D force sensor {S}, and transformed to the surface's coordinate system {U i }, using the equation (Eq. (3.7)).

Having f c U i , the spatial velocity of the rigid-body at {U i } is calculated using the second-order model described in Eq. (3.1). In this case, the matrices M d U i , D d U i , and K d U i will produce a customized dynamic behavior at the surface in question. Their purpose is to keep the system's stability, considering the dynamics of the contact w.r.t. the commanded surface. For instance, if the resultant stiffness of the contact w.r.t. one commanded surface is stiffer than w.r.t. another one, the first surface will tend to have a K d stiffer than the last one.

To refer these parameter sets, we will employ the following nomenclature

P d U i = {M d U i , D d U i , K d U i }
The attribution of these parameters will be further discussed in the following sections.

Once the spatial velocity calculated, the controlled axes, related to the "operational space" of the surface, are selected using the (6x6) diagonal selection matrix S. Its main diagonal is composed of the elements of a binary 6-tuple vector (s) that specifies which degrees of freedom are controlled or not. For instance, if s = (︁ 1 0 0 0 0 1 )︁ T , then only the linear velocity following z axis, and the angular velocity around x will be applied to the robot. Eq. (3.10) shows the resulting spatial velocity to be commanded, related to {U i }.

˜︃

x ̇cU i = S x ̇cU i (3.10)

Multi-Surface Admittance Control (MSAC)

The last step is to transform ˜︃ x ̇cU i to the TCP's coordinate system {S} [START_REF] Featherstone | Dynamics[END_REF], like

x ̇cS = S T m U i ˜︃ x ̇cU i (3.11)
where

S T m U i = (︃ S R U i 0 S( S p U i ) S R U i S R U i )︃ (3.12)
Because the robot is position-controlled, x ̇cS has to be integrated to obtain the desired displacement of the rigid-body (x c S ) relative to the robot's TCP {S}. The process of placing the SF in contact with the MLGD's skin demands that six surfaces of the SF are entirely in contact with the skin. Fig. 3.5b shows a side view of these surfaces. After a successful assembly operation, the maximal clearance allowed between the skin and each of the SF's surfaces is 0.3mm. Currently, it is manually inspected before drilling the parts.

Moreover, the spatial force applied by the SF must be uniformly distributed through all the surfaces in contact. Fig. 3.5b illustrates the desired contact between the parts as well as the position of the force sensor. All the forces interacting between the SF and the MLGD's skin are measured related to the sensor's coordinate system {S}.

Study Case: Assembly of a Main Landing Gear Door (MLGD)

cording to the contact-scenario. Therefore, we decided to implement the MSAC approach to achieve this assembly task. It allows us to modify the controller's stiffness behavior, according to the SF's stiffness at each surface, and thus, guarantees its stability at the first contact, and the success of the task.

Problem Definition using MSAC

Summarizing, the requirements to ensure the conformity of the contact between the SF and the MLGD's skin could be spelled out like:

• The spatial force applied by the SF to the skin has to be uniformly distributed over all surfaces.

• The force applied perpendicularly to each surface can not be higher than 100N.

• The gap between the surfaces in contact has to be less than 0.3mm.

Knowing the above, and considering that the MLGD's constructor guarantees that the shapes of the SF and the skin match perfectly between them, it can be told that: If the SF's upper and bottom surfaces are entirely in contact with the skin, the rest of the SF it is.

In this way, and using the MSAC approach, one admittance controller can be implemented at each of both surfaces to ensure the contact through the whole body. Besides, if force overshoots are avoided at both controllers, it can be guaranteed that the movement is never reversing when the full surfacesurface contact is near to happen. {S} and follows the same orientation. One admittance controller is defined at each {U i } with its own

controller constants {︂ M d U i , D d U i , K d U i }︂ .
The calculation of f d U 1 and f d U 6 was made assuming that, at the end of the task, a force of 80N is applied perpendicularly at each surface. Each force (f d U i ) was computed projecting the resultant desired spatial force, measured at {S} (f d S ), using the Eq. (3.6) and Eq. (3.7).

Study Case: Assembly of a Main Landing Gear Door (MLGD)

These sensor's signals are used to compose the spatial vector f m illustrated in Fig. 3.4.

However, the F/T sensor does not measure only the interaction forces between the SF and the MLGD's skin, but also the weight of the system coupled to it. Hence, to distinguish the contribution of the contact from the sensor's measurement, the F/T generated by the gravity has to be computed and deducted at every cycle step. It is defined as f g in Fig. 3.4.

The calculation of f g needs the precise weight and center of gravity of the system coupled to the F/T sensor. Both of these values can be obtained experimentally. Initially, the sensor is tared, and its orientation w.r.t. the robot's base {R} is recorded. We consider that the z axis of {R} is parallel to the gravity direction. The first sensor's orientation will be named R R S 0 , and it will be used in the rotation matrix notation.

Then, we move the robot's EE to adopt different orientations, which are also recorded ( R R S j ), as well as the F/T values given by the sensor. These signals will be separated in the vectors: f m j for the forces, and n m j for the torque, at the j th EE's pose.

Study Case: Assembly of a Main Landing Gear Door (MLGD)

Using the recorded information, we can calculate the gravity force f w using a nonlinear least-squares solver, which minimize the following function h(f w )

h(f w ) = k ∑ j=1 f m j -( R R S j f w -R R S 0 f w ) (3.13) 
where f w = (︁ 0 0 m g )︁ T , m is the EE's mass, and g the gravitational acceleration.

To calculate the center of gravity (CoG), we also used a nonlinear least-squares solver to find the vector x cog that minimizes the following function h(x cog )

h(x cog ) = k ∑ j=1 n m j -(S(x cog ) f m j ) (3.14)
where x cog are the Cartesian coordinates of the CoG w.r.t. the sensor's coordinate system, and S(x cog )

is the skew matrix presented in Eq. (3.8) to compute the cross product between x cog and f m j .

Finally, gravity's spatial-force acting on the sensor's measurement, at every j th cycle step, is calculated as

f g i = (︃ n g i f g i )︃ (3.15)
where

f g i = ( R R S i f w ) -( R R S 0 f w ) (3.16 
)

n g i = S(x cog ) f g i R R S i
is the current orientation of the F/T sensor w.r.t. the robot's base, R R S 0 is the sensor's orientation when it is tared at the beginning of the program. Once f w and x cog are identified, f g is calculated at every controller cycle step inside the RSI program using the current robot's pose.

Then, two initial robot poses are defined to recreate the two contact-scenarios discussed previously.

These are established based on the theoretical desired position of the SF when the contact is successfully achieved. Then the robot is orientated so that when it approaches the skin, the upper or the bottom surface gets first in contact. This first contact is considered when the F/T sensor detects a force of magnitude higher than 15N. After that, the MSAC is triggered, and the full surface-surface

Study Case: Assembly of a Main Landing Gear Door (MLGD)

contact is reached automatically. When the steady-state error of the desired spatial force is lower than a σ value, we consider that the contact process is well done, and the MSAC is turned off.

Parameter Sets Determination

To establish the inertia, damping, and stiffness parameters of each admittance controller, we got inspired by the literature. Two essential constraints had to be respected to accomplish the assembly task: guarantee surface-surface contact through the entire part, and prevent force and torque overshoots. Using [START_REF] Khansari | Adaptive human-inspired compliant contact primitives to perform surface-surface contact under uncertainty[END_REF][START_REF] Lai | Improving the transient performance in robotics force control using nonlinear damping[END_REF][START_REF] Roveda | High-accuracy robotized industrial assembly task control schema with force overshoots avoidance[END_REF] as a reference, it could be affirmed that to comply with that kind of requirement, one or more controller parameters should be modified during the process:

In [START_REF] Khansari | Adaptive human-inspired compliant contact primitives to perform surface-surface contact under uncertainty[END_REF], Khansari et al. found that the human being decreases the angular velocity before surfacesurface contact by estimating the orientation of the environment. Consequently, they implemented exponential variable damping, which increases when the estimated angle between the surfaces is close to zero. Besides, the torque applied to the system is multiplied by an exponential modulation factor to soften the discontinuity at full contact.

In [START_REF] Lai | Improving the transient performance in robotics force control using nonlinear damping[END_REF], Lai used a similar approach to Khansari's. In this work, the controller is composed of a linear constant damping, and a non-linear one. The non-linear one evolves exponentially according to the force and torque error. The purpose of it, contrary to Khansari's work, is to prevent overshoot and oscillatory behavior while keeping a system responsive to changes in the force and torque reference.

In [START_REF] Roveda | High-accuracy robotized industrial assembly task control schema with force overshoots avoidance[END_REF], Roveda et al. modified the online equivalent stiffness of the closed-loop system to avoid force overshoots when the robot is in contact with the environment. The relationship between the equivalent stiffness and the force error presented in this work is linear.

In view thereof, and taking into account that if the force tracking of all the surface's controllers is guaranteed simultaneously, the surface-surface contact of the whole part is also ensured; we proposed to modify all the controller parameters as follows where k 0 is the initial parameter value, and k v is the variable value which depends on the F/T error e.

k d = k 0 + k v (e) (3.17 
The relation between the last and k v is given by

k v (e) = (k m -k 0 ) ( σ k -|e| σ k ) (3.18)
where k m is the maximum value that the parameter can take, and σ k is the absolute value of the F/T error from which the parameter value starts to increase.

Doing this we reduce the displacement created by each admittance controller at each step when they are near to reach the setpoint.

Experimental Results

This strategy has been tested in the assembly process described above. The same experiment was made using two constant parameter sets (P 1 , P 2 ), and our variable parameter set (P v ) to prove the benefits of using the variable one. Besides, the same parameters were employed for the two contactscenarios to show that the system's response using an MSAC approach can be very similar, even to very different environment dynamics. .9 -Relationship between the parameters sets P 1 , P 2 , P 3 , and the absolute force/torque error. Note the evolution of the P v when the error decrease Fig. 3.9 shows the relationship between the different parameter sets and the torque errors.

Study Case's Contact Evaluation

Study Case's Contact Evaluation

Since it has been proved the employment of the MSAC approach for the process of placing the SFin contact with the MLGD's skin, we should demonstrate that it is repeatable and that the gap between the surfaces is below the tolerances.

Initially, to evaluate the repeatability of the contact process, several experiments were done using three different orientations by contact-scenario. Fig. 3.11 illustrates these orientations. They will be called, Right Or., Normal Or., and Left Or. When we compared the forces and torques registered by the F/T sensor at the end of the contact process, using the same initial orientation, we found that they were very repeatable. However, when we compared the results between the different orientations, we can notice important variations in the forces f x and f y , and therefore in the torques n y and n z especially. Also, there were significant offsets between the measured forces and the theoretical desired forces in a successful contact. Fig. 3.12 shows the comparison between these results for both scenarios.

Analyzing the sensor's frame orientation w.r.t. the contact between the SF and the skin, we can see that the forces f x and f y correspond mostly to the friction forces created between the SF's surfaces and the MLGD's skin.

Thus, to check if these force offsets came from the friction between the surfaces, we calculate a new theoretical desired spatial force considering a friction force at each surface. Note that according to the orientation took at the beginning of the contact, the friction force would have a different direction. It can be seen, also in Fig. 3.13, that the calculated theoretical forces, after full contact, considering the friction between the parts, match much better with the results obtained experimentally. There is still a small offset between the theoretical and the experimental forces. However, it is understandable since the calculation of the theoretical forces uses an approximation of the friction coefficient and the direction of the friction force.

Therefore these experimental results can give us a good sign that, after the contact process made with the MSAC, every SF's surface is in contact with the skin, and applying the same amount of force.

This friction phenomenon during the contact is not expected to happen in the real assembly process. That is because a layer of aerospace sealant is applied to the SF's surfaces before getting in contact with the MLGD's skin. In this way, the SF is not more in contact with the skin directly, and the friction coefficient between the parts would transform into the shear coefficient of the sealant. The sealant commonly used for this process has a cure time of one or more hours. It means that its shear coefficient would be very low during the contact process.

To prove this theory, we perform one experiment by initial orientation and contact-scenario, using sealant on the SF's surfaces. Fig. 3.14 presents the forces and torques measured at the end of each experiment, and their comparison with the expected theoretical forces without considering friction.

Besides, the photos of the sealant marked in the skin after each experiment are exposed.

We should note that we could not guarantee the same cure conditions of the sealant applied during all the tests, for experimental reasons. Hence, it is expected that the results could vary a little between the experiments. However, it can be seen that all the measured forces and torques match well better with the theoretical when the sealant is employed. Especially the forces f x and f y , and the torques n y and n z are, reduced since there is less friction between the SF and the MLGD's skin.

It can also be noted that all the SF's surfaces got in contact with the skin in both scenarios, and using the three initial orientations. To gain in simplicity and to consider the worst-case compliant scenario (no damping), it is assumed that the interaction between the MLGD's skin and the SF can be approximated by that derived from several ideal one DoF springs [START_REF] Villani | Force Control[END_REF], connected between the surfaces in contact. Fig. 3.16 illustrates the construction of this interaction strategy. Two coordinate systems by SF's surface in contact are defined using the part's geometry. One marks the equilibrium position of the spring {U i eq }, and the other the current position of the surface {U i }. Fig. 3.16a shows both of these frames, and the scenario when there is no contact between the parts yet.

Study Case Simulation

Hence, the force exerted at each surface in the presence of a positive infinitesimal displacement of {U i } w.r.t. {U i eq } (δ z U i ), can be calculated as

f z U i = k e U i δ z U i (3.19)
where k e U i is the stiffness value of the spring. The above model holds when δ z U i is positive, which means that the parts are in contact. Fig. 3.16a Fig. 3.16b and Fig. 3.16c illustrate the progression contact.

Knowing that the most significant interaction forces are perpendicular to the surfaces, the model does not seek to recreate friction or slipping forces, and neither the torques applied to the surfaces.

Hence the springs are placed perpendicular to the surfaces.

In that vein, the spatial force calculated at each i th surface (f m U i ) has just one component, f z . Then, the resultant spatial force applied by the whole SF projected in {S} is computed as

Study Case Simulation

z y x f m U 6 S U 1 S T f U 1 f m S f m U 1 f m U 3 k e U 1 δ z U i = 0 δ z U i > 0 δ z U i < 0 (a) (b) (c) f m U i Equilibrium Pose x eq S x d S
f m S = 6 ∑ i=1 S T f U i f m U i (3.20)
The deformation of the equilibrium pose at each surface is calculated projecting this offset measured at {S} as ). The input of the system is the commanded SF's pose actualized by the MSAC (x d S ), and the outputs are the current pose (x a S ) and the calculated spatial force applied by the SF w.r.t. the force sensor's Coordinate System {S} (f m S ). The Model is provided with two constants values: x eq S , which is the theoretical SF's pose for a perfect alignment with the skin, and x 0 which is the SF's pose at the beginning of the simulation.

δ x U i = U i T m S δ x S ( 3 
To be able to use the stiffness matrix to calculates the forces exerted at each surface in contact, all the local deformations δ z U i have to be regrouped in one vector x cn , and therefore the local forces f z U i into another f cn . It yields the following notation

f cn = K e x cn (3.23) 
Fig. 3.17 shows that to obtain x cn the projections of the deformation into each surface's frame, have to be multiplied by a matrix A U i to meet the following equation:

x cn = 6 ∑ i=1 A U i δ x U i (3.24)

Study Case Simulation

Similarly, the forces contained on f cn has to be expressed in the spatial force notation to be projected in {S} to compute f m S . This is done through the product of f cn with a matrix B U i which is calculated for each surface differently. So the spatial force applied at {U i } is computed as

f m U i = B U i f cn (3.25)

Model Validation

To test the contact model described above, and to verify that it can respond similarly to the real system, a simulation, based on Fig. 3.15, was made employing the hand-tuned parameters of the MSAC and the K e obtained experimentally. The model and the simulation were run in Matlab/Simulink using a fixed-step ode5(Dormand-Prince) solver. Its fundamental sample time was set to 4ms since it is also the robot's controller sample time during the real application. It can be appreciated analyzing these results, that when the deformation was not considered in the first contact-scenario (Fig. 3.18a), the torque error around {U 6 x } overshoot, while when the deformation was taken into account (Fig. 3.18b), this overshoot disappeared. Also, it is remarkable that while considering the deformation, the forces applied at each surface at the end of the assembly came more close to the initial set-point of 80N.

In comparison to the real system response, the simulations using K ′ e presents very similar characteristics. For instance, in the first contact-scenario, there is a first step in the torque error's curve at {U 6 }, which remains almost constant, until the error at {U 1 }, starts to decrease. Furthermore, both errors converge almost at the same time in the simulation, as well as in the real experiment. Also, it can be appreciated looking at the second contact-scenario, that the simulated n x U 6 presented almost two stages during its convergence, as the obtained experimentally. Besides, in both, simulation and real system, n x U 1 converges faster than n x U 6 . Concerning the convergence time, it is not elementary to compare the simulation to the real experiment since we could not recreate the same initial SF's pose. Besides, even if the deformation was considered for the force calculation, it is not in the computation of the current surfaces' position. This fact can explain the difference in time between the moments when the torque errors start to decrease.

For example, in the second contact-scenario, in the real experiment, n x U 6 takes longer to start decreasing, as well as n x U 1 in the first contact-scenario.

Finally, considering all the expressed above, it can be concluded that the Contact Model, which employs the variable stiffness matrix, recreates the system's response quite similar to reality. Thus, it can be used to validate an analytical tuning strategy for the optimal MSAC parameters. Just note that 

MSAC Parameters Analytical Tuning

To generalize the implementation of the MSAC and to guarantee the controller's stability, a method to tune its parameters analytically, have to be defined.

In the context of the MLGD's assembly, an optimal tuned parameter set has to guarantee a stable interaction between the assembled parts, force overshoots avoidance, and the shortest assembly time.

The strategy adopted to define these sets of parameters consists of studying each controller of the MSAC independently and analyzing each DoF separately. For this study case, only the torque around

x axis of the admittance controllers are considered.

Simplified Model

Take Fig. 3.20a as the model of one pivot position-controlled, which aims to create a desired torque τ d when its extremity gets in contact with a compression spring with a stiffness k e 1 . The distance between the pivot and the spring is named R 1 .

R 1 k e 1 k e 1 f e f z 2 k e 2 k e 1 τ d k e 2 k e 3 d d m d k d f z 1 f z 2 f z 1 f z 3 R 2 R 1 R 1 R 2 R 3 θ c τ d d d m d k d θ c τ d d d m d k d θ c (a) (b) (c)
Figure 3.20 -A simplified model for a one DoF torque-controlled system. The torque generated by the contact forces f z i depends on the number of surfaces in contact, and their distance to the pivot (R i ). The desired torque applied (τ d ) is related to the angular displacement (θ c ) using an admittance behavior with the parameters: inertia (m d ), damping (d d ), and stiffness (k d )

MSAC Parameters Analytical Tuning

Thus, considering small angular displacements, the torque exerted by the spring when the axis turns of θ c can be calculated like

τ e = R f e = R (k e δ x 1 ) = R [k e (R θ c )] = θ c (R 2 k e ) (3.26) 
Then, to ensure the control of the desired torque, the desired displacement of the link at each iteration is computed using the admittance like

m d θ i ¨+ d d θ i ̇+ k d θ i = τ d -τ e (3.27) 
where m d , d d , and k d are the inertia, damping and stiffness of the admittance controller respectively.

Note that θ i is a relative displacement, so, to calculate the absolute displacement of θ c , which deforms the spring to produce the desired torque τ d , each relative displacement is summed iteratively like

θ k c = θ k-1 c + θ i (3.28)
Fig. 3.21 represents the block diagram of the closed-loop system to control the torque exerted by the pivot. Note that it is necessary to add a unit delay for the sum loop of the commanded angle θ c . Considering that the time constant of the looping system is short enough (4ms), the unit delay e -T r s was approximated like 1 T r s+1 . In that way, the system's transfer function in open-loop can be computed like

H OL (s) = τ e e τ = (k e R 2 )(s + 1/T r ) s (m d s 2 + d d s + k d ) (3.29)
And the transfer function in closed-loop is defined like

H CL (s) = τ e τ d = (k e R 2 )(s + 1/T r ) m d s 3 + d d s 2 + (k d + k e R 2 )s + (k e R 2 /T r ) (3.30)
For practical purposes, the product k e R 2 will be notated with the capital letter G. So, Eq. (3.30) can be written like Hence, the aim is to find m d , d d , and k d that makes the roots of the Eq. (3.31)'s denominator negative to ensure stability. However, the calculation is made to find a specific behavior. Here the system is expected to converge in few seconds with zero percent of overshoot. With these criteria, the T r value, and a given G, a transfer function can be computed using the Matlab Tools for the design of control systems (Control System Designer App). Thus, the admittance' parameters can be calculated as a function of G. Therefore, having an initial parameter set which had been computed using a given G 1 , another set can be calculated for a second G 2 like

H CL (s) = G (s + 1/T r ) m d s 3 + d d s 2 + (k d + G)s + (G/T r ) ( 3 
m d 2 = G 2 G 1 m d 1 , d d 2 = G 2 G 1 d d 1 , k d 2 = G 2 G 1 k d 1 (3.32)
In that way, an analysis of the evolution of the gain G during the assembly process is needed to calculate the appropriate parameter sets.

Contact Stiffness Analysis

Based on Fig. Each controller is considered as an independent system, and the perceived gain G U is calculated like

G U j = k ∑ i= j j R 2 i k e i (3.34)
Where j is the index of the controller's surface in question ( j = 1 or j = 6), i is the index of the first surface in contact, and k the index of the current surface in contact. Note that during the second scenario, when the first contact happens at surface 6, the k decreases instead of increase.

There are some details to consider after analyzing Fig. 3.22: At the beginning of each scenario when just one surface is in contact, there is one of the gains that are zero. More specifically, it is the gain of the surface where the contact is happening ( j R 2 j = 0). Also, the gains reach the same value at both scenarios when all the surfaces are in contact. However, according to the scenario, the gain of each controller evolves differently. When the first contact is happening on the surface in question, its gain evolves exponentially, and the other one evolves more logarithmically. Otherwise, looking at 3.6. MSAC Parameters Analytical Tuning Fig. 3.18 and Fig. 3.19, it can be appreciated that the progression of the surfaces which are getting in contact has not a linear dependency with the progress of the torque error.

Considering the above, and the fact that the admittance parameter sets should be calculated according to the gain G perceived by each controller, it is difficult to define a parameter set that evolves linearly according to the torque error. Besides, it can not ensure the optimal desired system's response. Then, to guarantee, at least to avoid the torque overshoot during the assembly process, it is proposed to calculate the parameter sets of the controller using the maximum value of G.

However, this simplified model does not consider the forces generated by the other controllers different from the one which is modeled. Fig. 3.23 shows a model where the two pivots contribute to the forces applied to the surfaces. When just one surface is in contact, the simplified model is valid, but when there are several, the contribution of both controllers should be taken into consideration. 

MSAC's Force Contribution Observer

Developing the same reasoning that in subsection Section 3.6.1 for a coupled system between multiple surface' controllers, will generate a system with various inputs and outputs. Hence, the definition of the admittance parameters would need a more complex method to be resolved. So, to keep the simplified model presented previously, a strategy to decouple the action of the different surface' controllers is proposed.

MSAC Parameters Analytical Tuning

This strategy is based on the estimation of the contribution of each surface's controller to the state of the spatial force measured in the next iteration. An Observer inside the MSAC is proposed to make this calculation. Fig. 3.24 presents the integration of such observer into the MSAC.

P U 1 P U 6
Figure 3.24 -MSAC's block diagram implementing an observer to modify the spatial force used as input for each surface's controller. This observer uses the geometric information of the parts, as well as the theoretical contact model and the admittance parameter sets, to predict the contribution of every controller to the spatial force, which will be applied at the next cycle by the robot Initially, it takes the current spatial error perceived at each surface's controller (f err U i ), and using their admittance parameter sets (P U i ), the estimate of the pose deviation is computed by surface (x p U i ).

Then, using these deviations and the theoretical Contact Model between the parts, the estimation of the generated spatial force is calculated (f U i p S ). After that, this force is projected in all the controller's frames (f U i p U j , where {U i } is the controller's frame of the contributor, and {U j } is the frame of the controller to which the contribution is made).

Finally, the decoupling factor is calculated by dividing the vectors term by term as following (3.35) This factor represents the percentage of the estimated contribution of the controller at {U i } to the force error state at {U j }. Fig. 3.25 shows the implementation of this observer to our study case's architecture. If more than two controllers integrate the MSAC, a sum of all the γ U j should be made. 3.17, while the transformation matrices are described in the Eq. (3.7) and Eq. (3.12) Back to Fig. 3.24, it is remarkable that to implement the decoupling factors into the MSAC, the gains V U i multiply the spatial force errors at each controller. These gains are computed as follows

γ U j = f U i p U j f U j p U j
V U i = β -γ U j (3.36)
Notate that using β < 1 in the calculation, V U i seeks to give more importance to the other controllers in the contribution to its force error compensation. By experimental analysis, it was proved that the best commitment between robustness and convergence time was achieved using β = 0.8 Fig. 3.26 illustrates the system's response while simulating the assembly process using the parameter sets calculated with the strategy presented in Section 3.6.1 and Section 3.6.2, and implementing the observer described above. Both contact-scenarios are presented, and as it can be appreciated in the surface's forces graphics, the contact model with variable stiffness is used during the simulation. Response in Scenario No.2. Note that the simulation was tested using the variable stiffness matrix K e , which takes into account the SF' deformation. It could be appreciated the similarity of the system's response in both scenarios.

Analyzing these results, the first point to remark is the absence of any torque overshoots for n x U 1

and n x U 6 , which was our first requirement. Then it can be seen that the controller performances are very similar in both scenarios. The gap between the convergence times is lower than 8 seconds. In contrast, if we compare the performances in simulation of the system using the hand-tuned parameters, the convergence time's gap between scenarios turns out to be more than 20 seconds.

It should be noted that in this experiment, the observer used the Contact Model with the constant stiffness matrix (without considering deformation). It means that the force contribution of each controller is overestimated to calculate the decoupling factor. It is reflected in a slower and more damped response of the system. , in this simulation, the stiffness matrix K e was constant. However, it can also be appreciated the similarity of the responses between the scenarios, without missing the torque overshoot avoidance.

However, to guarantee that even when the overestimation is not done, we continued avoiding overshoots; the assembly process was simulated using the same contact model that the used by the observer. Fig. 3.27 presents the simulation' results. It can be appreciated that even without the overestimation, the torque overshoots continue to be avoided. Besides, the convergence time's gap between the scenario remains lower than 8 seconds. It is also remarkable that the system response is faster in general, as it was expected.

Another experiment was simulated to evaluate the robustness of the approach when the identified environment's stiffness has an uncertainty of up to 200 percent. The results are illustrated in Fig. 3.28.

However, even if the responses in both scenarios are sharper than in the previous simulations, they continue to be stable, and most of all, the torque overshoots still prevented. 

Conclusion of the Chapter

Conclusion of the Chapter

This chapter proposes a Multi-Surface Admittance Control approach, which offers the possibility to control multiple contact ports using different dynamic responses at each of them. It has been successfully implemented in an industrial assembly process of two large-scale parts. It proved that the methodology is well adapted when it has to be dealt with multiple surface-surface contacts with various dynamic properties.

Initially, successful results using hand-tuned parameters, and a strategy inspired by the literature to avoid force overshoots, were presented. However, to be able to generalize the approach and to guarantee its stability, robustness, and reproducibility, an analytical method to determine the MSAC parameters was needed. Hence, a model of the contact behavior between the parts was developed to simulate the system response. The identification of the local stiffness at each contact, and the part's geometry, were needed to create this contact model. Then, a simulation using the hand-tuned parameters was carried to validate the similarity between the simulated system and the real one. A strategy of switching between various diagonal stiffness matrices was adopted. It aimed to emulate the contribution of the part's deformation to the calculation of the measured force. It has been shown that using this strategy, the simulation sticks more to reality.

For the analytical determination of the MSAC parameters, a simplified model of one DoF was studied by decoupling the controller's contribution. It was presented that the definition of the admittance parameters depended on the perceived stiffness of the environment (gain G). Hence, they can be computed using a representative value of G to obtain a fast and over-damped parameter set. Then, by calculating the real perceived stiffness during the assembly process, this set could be recalculated to face the highest values.

However, to keep this model valid, a method to decouple each controller's contributions to the others, had to be implemented. An observer was developed for this purpose. This last, based on the current force errors perceived at each controller, computes the position offset using the chosen MSAC parameters. In that way, it calculates the percentage of the other controller's contribution to the force error perceived at each controller. Then, the force error used as the MSAC's input is updated using The simulation results using these analytical-tuned parameters shown the method's effectiveness according to the process requirements, and also, an improvement of the system's response performance.

Besides, the robustness of the parameters' definition has been tested, by implementing them in a simulation with two times stiffer contacts, without considering it. The results showed that, even if the error convergence was not as smooth as before, the system's response remains stable, and the force overshoots still avoided.

The repeatability of the forces and torques applied at the end of each assembly experiment was also proved. We found that when there is no sealant applied on the surfaces, friction forces between the SF and the MLGD's skin appears. However, this phenomenon disappears when the sealant is well employed. Moreover, it was proved that the implementation of the MSAC approach for this assembly process, guarantees the full contact of the parts, no matter which contact-scenario is considered, neither the initial SF's orientation.

Further works could be focused on testing the analytical-tunning approach in the experimental setup, and on demonstrating the generalization of the whole MSAC approach for the assembly of large-scale objects with different shapes.

Moreover, we could integrate the estimation of the currently perceived stiffness in real-time. In that way, the MSAC's parameters can also be adapted in real-time, and therefore, we would be dispensed of the previous stiffness analysis. Another alternative to that is the implementation of artificial intelligence methods to recognize the contact stiffness and to adapt the MSAC's parameters. A pre-training of this AI model can be done by repeating the contact process with the same parts. Then, it could be continuously trained every time that a new set of parts is assembled. 

Conclusions

Conclusions

Nowadays, several achievements in the robotic field are being made continuously. However, if a robotic assembly requiring a positioning accuracy of ±0.1mm is still a hazardous task, it is, even more, when large-scale parts are involved in the process. In the context of the assembly of a Main Landing Gear Door (MLGD), this thesis work discussed three main essential axes to achieve the assembly task meeting all its requirements. They were divided in:

1. The absolute position accuracy of industrial robots 2. The accurate position measurement of large-scale parts within a robotic cell 3. The automatic control of multiple surfaces-surfaces contacts One chapter of this manuscript was dedicated to the exploration of each of these topics. Every chapter started presenting the subject's basis and previous major works founded in the literature. Based on that, we employed and tested some of these methods, and also proposed different ones to improve their performances. We could summarize them using the axes division presented above.

The absolute position accuracy of industrial robots

Considering the results devised in the state of the art of methodologies to enhance the robot's absolute accuracy, we chose to adopt the sensor-based approach to test the maximal performances of our high-payload industrial robots. In that context, we employed a control architecture by iterations, using the 3DoF and 6DoF measurements provided by a laser tracker, to correct the position and orientation of these robots.

After several experiments, we could conclude that the manipulators are capable of positioning with an error lower than its repeatability when they move in a free-space. Besides, after carrying the same experiment on different robots, we appreciated that the robot's minimum error and its repeatability are correlated. Conversely, we showed that this accuracy level could be affected when the robot is 4.1. Conclusions moving in a constrained space and that the obtained accuracy also depends on the measurement system.

After probing that the sensor-based method could meet the positioning requirements of our assembly process, we developed a real-time 6DoF tracking architecture. It was fully coded in the KUKA's real-time interface RSI, and the integration of a Leica Laser Tracker's measurement directly was a significant achievement. This control architecture allowed us to correct the position and orientation of a not measurable TCP dynamically, reaching errors lower than 0.1mm.

The accurate position measurement of large-scale parts within a robotic cell

Studying in great detail the most accurate, and the most commonly used inspection systems for massive objects, presented in the literature and available in the industry, we have chosen a system composed with a laser line sensor, and a 6DoF laser tracked system mounted on a robot.

The authors using just the laser line sensor and the robot coordinates to reconstruct the objects' positions, obtained maximum errors around 0.35mm, and they served of the TCP's calibration data to recalibrate the robot's geometric model. We demonstrate that using a tracking system, instead of the robot's coordinates, we could minimize the errors coming from the robot's inaccuracy in the TCP's calibration algorithms. It was proved that employing one EE's orientation during the calibration measurements, the performances of the system will remain reasonable stables, ensuring a positioning error lower than 0.15mm within the workspace of the system. Several experiments using different kinds of robots were carried to validate this result.

The automatic control of multiple surfaces-surfaces contacts

The works presented in the literature of interaction control met only a part of the requirements to place the SF in contact with the MLGD's skin. They could not guarantee multiple surface-surface contacts, avoiding force overshoots, and controlling the robot using its position at the same time.

Hence we proposed an approach based on admittance control, which we called Multi-Surface Admittance Control approach or MSAC. This strategy allows the user to define one admittance behavior at each interaction port of the grasped part. In that way, we could control the interaction or complex-4.2. Perspectives shaped objects, which could have different mechanical properties at each interaction port. The placement of the admittance controllers combined with intelligent management of the controllers' parameters, can guarantee the achievement of multiple surface-surface contacts.

Inspired on the theory of modifying the controller's rigidity or damping during the evolution of the contact, we implemented the MSAC approach in the real process of placing the SFin contact with the MLGD's skin. The controllers' parameters were tuned experimentally, and it was proved that using a linear law to raise these values when the force errors decrease, all the SF's surfaces were entirely in contact with the MLGD's skin, without exceeding the desired forces. Besides, it was demonstrated the repeatability of the contact process, as well as its performances in the actual process conditions using the aerospace sealant.

Finally, to find an optimal way to define the MSAC's parameters analytically, we proposed a simplified model to simulate the contact between the SF and the MLGD, and therefore validate the method. Thus, a strategy using experimental values of the parts' stiffness, was exposed. It calculates the admittance parameters, which makes each controlled axis converge in three seconds with zero percent of overshoot. These calculations are done considering all axes decoupled. Then, to keep valid this hypothesis, an observer is proposed to adapt the input of each admittance controller according to the influence that could have the other controllers in the modification of its perceived force error. The performances of the system employing this observer were proved to be very robust in simulation, especially avoiding overshoots of the designed torques. Besides, it showed to be faster in all the contact scenarios comparing to the experimentally-tuned solution.

Perspectives

At this stage, there is still scientific and engineering work to do to achieve the entire MLGD's assembly process and to enhance the individual operation's performances to be useful during other large-scale assembly processes.
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  Dans ce cadre, le projet APROCHE (Automatisation des Procédés par la RObotique, la Cobotique xxiii Résumé étendu interagissant avec l'HommE) a démarré en 2016. Son but est également de développer l'industrie du futur aéronautique. Les deux thématiques de ce projet sont la "Robotique Industrielle d'assemblage" et la "Cobotique et l'Automatisation légère". La Robotique Industrielle d'assemblage est en charge de l'automatisation de la pose de pièces. Pour son développement, un partenariat entre DAHER, Dassault Aviation et KUKA Systems Aerospace France (KSAF) a été mis en place. L'objectif de se partenariat est de développer des stratégies et des méthodes pour la pose et la fixation de pièces interfaces d'avions demandant une précision d'interchangeabilité de l'ordre de ±0.1mm. Atteindre ce niveau de précision pour un assemblage robotisé de pièces de grande envergure représente un défi technologique ambitieux. C'est ce défi que propose de relever ce travail de thèse , qui s'inscrit dans le cadre d'une collaboration entre KSAF et le Laboratoire d'Ingénierie des Systèmes Physiques et Numériques (LISPEN) de l'École des Arts et Métiers au campus de Lille. La Fig. 1 illustre la pièce emblématique dont l'assemblage est étudié dans cette thèse. Cette structure est la Trappe du train principal d'atterrissage de l'AIRBUS A350 XWB, aussi appelé Main Landing Gear Door (MLGD) en anglais. Cette pièce est fabriquée par dépose de fibres carbone par robot. Elle est ensuite détourée par des machines spéciales, puis rigidifiée à l'aide de pièces en carbone et métalliques. Les pièces rigidifiant transversalement reçoivent le nom d'Oméga en raison de leurs forme.

FIGURE 1 -FIGURE 2 -FIGURE 3 -

 123 FIGURE 1 -Illustration et propriétés de la Trappe du train principal d'atterrissage d'un Airbus A350.Photo du A350[START_REF] Airteamimages | Airbus A[END_REF] 
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 4 FIGURE 4 -Opérations pour l'assemblage des cols sur la Trappe
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 567 FIGURE 5 -Set expérimental utilisé pendant les tests du Contrôle par itérations
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 88 FIGURE 8 -Définition des éléments utilisés pendant les tests du contrôle en temps réel
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 93010111213 FIGURE 9 -Représentation graphique du calcul de l'erreur
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 14 FIGURE 14 -Montage expérimental utilisé dans la méthode classique d'étalonnage Hand-Eye, et définition des référentiels utilisés. L'objectif de cette procédure est d'identifier la transformation F T S entre {F} et {S}
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 15 FIGURE 15 -Illustration de la mesure de la position de la sphère par rapport au référentiel du profilomètre {S}. Le centre du cercle reconstruit depuis le profil mesuré permet d'estimer les coordonnées x et z, tandis que la coordonnée y est donnée par l'équation S y C = ± √ R 2r 2 .
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 16 FIGURE 16 -Montage expérimental du système de mesure 3D utilisant un système de suivi 6D
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 1718 FIGURE 17 -Configurations du robot adoptées pour l'identification des trois TCPs
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 20 FIGURE 20 -Configurations du robots adoptées pendant les phases d'identification et validation des TCP avec le KR210 R3300 Ultra K
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 21 FIGURE 21 -Contrôle en Admittance Classique (a) vs. MSAC (b)
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 26 FIGURE 26 -Illustration du modèle de contact entre le SF et la MLGD
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 2829 FIGURE 28 -Schéma bloc de l'utilisation de l'estimateur dans l'architecture du MSAC
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 30 Figure30-Main Landing Gear Door (MLGD) illustration and properties. Aircraft photo's rights:[START_REF] Airteamimages | Airbus A[END_REF] 

Figure 33

 33 Figure 33 -(a) Current assembly station (Courtesy: DAHER) vs. (b) Proposed solution prototype (Courtesy: KSAF)
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 35 Figure 35 -MLGD's support design for the proposed robotic cell
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 36 Figure 36 -Robot's end-effector for the manipulation of the three Cols
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 37 Figure 37 -Operations five and six of the Col2's assembly process
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 11 Figure 1.1 -Classification of the Industrial Robots' Calibration
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 112 Fig. 1.2 shows some of the different kinds of models existing to recreate the rigid structure of the robot.
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 14 Figure 1.4 -Movement transmission schema of FANUC robot's axis provided of a secondary encoder[START_REF] Fanuc | Accurate robots for high-precision applications[END_REF] 
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 215 Figure 1.5 -Experimental setups in the sensor-based compensation literature. (a) Diaz et al. [16] used a LT with position reflectors. (b) Moeller et al. [56] used two lasers tracker, one for the command, and another to evaluate the positioning error. (c) Norman et al. [59] used a triangulation method called iGPS. (d) Gharaaty et al. [29] used an Optical CMM which measures reflective targets stuck on the robot's base and end-effector

  of a Leica AT960-MR, a LT able to measure the position of a reflector with a Maximum Permissible Error (MPE) of ±15µm + 6µm/m inside a volume of 120m of diameter. Besides, coupling it with a 6DoF probe called T-Mac (TMC 30-B), the Laser is capable of returning the position and the orientation of the object attached to this probe. It is possible thanks to the ten infrared LEDs distributed on the T-Mac's shape, and its reflector located at the center of the structure. To measure the probe's LEDs, the LT disposes of a vision system in addition to the ADM (Absolute Distance Measurement) and the Interferometry systems used for the distance's measurements.
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 116 Fig. 1.6 shows all the elements composing this experimental setup, and Fig. 1.7 illustrates the T-Mac composition and its coordinate system.
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 21 Figure 1.7 -T-Mac's Coordinate System definition. The LEDs' positions are calibrated w.r.t. the reflector mounted at the center
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 118 Fig. 1.8 illustrates the attribution of these coordinate systems, as well as the communication protocol between the setup's entities.
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 219 Figure 1.9 -Control diagram for the first CBI test (Only Position)
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 51101 Figure 1.10 -Control loop of the experiments correcting robot's pose in the 6DoF
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 111 Figure 1.11 -Schema of the coordinated system and the robot's displacement during the third control by iterations scenario
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 2 Online Robot's Pose Correction by Iterations
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 112 Figure 1.12 -Flowchart of the measurement protocol during the correction by iterations experiment
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 113 Figure 1.13 -Evolution of the Position error of a KR210 R3300 Ultra K at each iteration of the control. The mean error at the tenth iteration for the 27 positions is 10.5µm and the standard deviation 5µm.
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 114 Figure 1.14 -Evolution of the position error (Top), and orientation error (Bottom) during the CBI 6DoF test.
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 115116 Figure 1.15 -Evolution of the position error during the CBI clamping test. Two tool's orientation were used (a) Orientation N°1 (b) Orientation N°2. Note that the final mean error and standard deviation increases regarding the CBI 3DoF and 6DoF experiments
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 117 Figure 1.17 -Coordinate systems illustration of the entities composing the experimental set-up employed in the 6DoF pose tracking architecture.
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 118 Figure 1.18 -Data exchange between the entities of the 6Dof pose tracking experimental set-up.

Figure Fig. 1 .

 1 Figure Fig. 1.18 illustrates the information exchange between the setup's entities during the control application. Notice that the desired pose, set by the operator and transmitted by the Master to the robot, concerns the grasped part ({B}), while the measured pose concerns the T-Mac ({T }). Besides,

Fig. 1 .

 1 Fig. 1.19 is presented to illustrate the calculation of the position and orientation error of the robot's TCP ({B}). Mathematically, the position and orientation difference between the desired and measured poses are computed as
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 119 Figure 1.19 -Graphical representation of the error calculation during the 6DoF pose tracking. The end-effector's pose is measured not w.r.t. its frame ({B}), but w.r.t. the 6DoF probe attached to it ({T })
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 130120 Fig. 1.20 shows an example of the evolution of a proportional gain like the proposed. In the figure, k min = 0.001 and k max = 0.01, the maximal error is considered to be 10mm, and three sharpness values are used.
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 1121 Figure 1.21 -Major robot joints requested to rotate around the same TCP axis for two different robot configurations.
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 122 Figure 1.22 -Robot's response to the command of a single angular displacement around the TCP. The TCP's orientation was different between (a) and (b), and also the robot configuration.

Figure 1 .Fig. 1 .

 11 Figure 1.23 -6DoF position tracking results for a desired static robot's pose. The position error plotted concerns the TCP identified by the frame {S}. The frame {T } marks the T-Mac's CS . This last gives the position and orientation of the EE to calculate the error at {S}.
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 124 Figure 1.24 -Disturbance rejection of the 6DoF position tracking loop. The presented disturbance was produced by applying an effort to the robot's structure. Note that the most complaint direction is the one that is tangent to the first robot's joint. The backlash at this joint could explain this behavior
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 125 Figure 1.25 -Disturbance rejection of the 6DoF position tracking loop in the real assembly situation. The robot that clamps into the MLGD's skin generates the presented disturbances. Note that the Cartesian coordinate that is the most disturbed is z. It is logical since it follows almost the same direction as the clamping force. The controlled TCP is {S} again
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 1 Fig. 1.26 presents the relative displacement of the robot's TCP w.r.t. to its initial position during the experiment. The force controller's set-point was zero forces and torques. It means that the operator could modify the position and orientation of the robot by applying forces through the axes commanded in force. The position loop controlled the rest of the axes to hold the initial pose. The discrimination of the subspaces controlled by force or position are also presented in Fig. 1.26
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 3126 Figure 1.26 -Hybrid position/force control of the TCP {S}. The force control is presented as a handguiding motion based on admittance control. When the hand-guiding motion dynamics are high, the position loop can not compensate fast enough, and the tracking error becomes big. Still, when the operator guides the motions slowly, the position loop can track without significant errors
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 21 the experimental setup proposed by the authors.Nevertheless, inside the large aerospace structures, at the near assembly stages, there are not many representative markers or geometries to use as a continuous guide.
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 21 Figure 2.1 -Measuring system to adjust the robot's pose by relative measurements of the environment's pose[START_REF] Qin | Precise Robotic Assembly for Large-Scale Objects Based on Automatic Guidance and Alignment[END_REF] 

• Cumbersome probes 4 .

 4 Dual-camera Optical CMMThis technology uses image-based triangulation techniques to compute the position of the targets. The Creaform's C-Track specifically uses two accurate video cameras that provide dynamic tracking of reflective targets at the maximum rate of 29Hz. Its main advantage in comparison with the laser tracker's technology is the ability to measure multiple targets at the same time. Moreover, the Creaform's sensor does not involve the vibrations applied to the measurement equipment, since the measurements can be expressed w.r.t. a CS fixed in the cell.[START_REF] Cuypers | Optical measurement techniques for mobile and large-scale dimensional metrology[END_REF][START_REF] Gharaaty | Accuracy Enhancement of Industrial Robots by On-line Pose Correction[END_REF] 2.1. Large-Scale Industrial Metrology SolutionsAdvantages Disadvantages• Multi-target measurement• Measurement Rate 6600 reflectors/s• Portable Optical 3D Scanner in Option ("MetraSCAN")• Accuracy: C-Track 75µm+ MetraSCAN 78µm• Measurement Volume: 9, 1m 3 or 16, 6m3 
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 23 Figure 2.3 -Large-Scale Metrology Instruments. (a) Laser Tracker Leica AT960 with a 6DoF tracking device "T-Mac", (b) Optical CMM Nikon K-Series, (c) Nikon Adaptive Robot Control -iGPS, (d) Optical CMM Creaforme C-Track Elite + MetraSCAN 750
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 224 Figure 2.4 -Illustration of the Hand-Eye calibration setup, and the definition of the used Coordinate Systems. The goal of the calibration is to find the transformation between {F} and {S}: F T S
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 25 Figure 2.5 -Measurement of the criterion sphere's position w.r.t. the profilometer's frame {S}. The center of the circle reconstructed from the measured profile gives the x and z coordinates, and the y coordinate is given by S y C = ±
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 26 Figure 2.6 -Experimental Setup for a Hand-Eye calibration employing a 6DoF tracking system. The transformation to be found is this from the trackable frame {A} to the scanner's frame {S}
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 27 Figure 2.7 -Scanning path proposed for the Hand-Eye Calibration. The offsets through the x and z axes are random, while the offset through y axis is constant
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 2 Fig. 2.8 illustrates the postures adopted by the LBR iiwa during the calibration experiments.

2. 2 .Figure 2 . 8 -

 228 Figure 2.8 -Robot's poses for the TCP determination experiments. Each pose keeps a different scanner's orientation during the calibration procedure
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 2210 Figure 2.10 -Decomposition of the Scannings' point cloud employed for the validation of the calibrated TCPs. It is composed of 5 scannings taken using a constant orientation
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 213 Figure 2.13 -High payload robots
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 214 Figure 2.14 -CBI Orientation errors of the high payload robots presented in Fig. 2.13. (a) Performances of the KR210 R3300 Ultra K. (b) Performances of the KR480 R3330 MT
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 2 Fig.2.18 illustrates the projected point cloud obtained from 3 scans, as well as the computed hole and its center. The positioning error of the measured hole was 0.093mm, which is inside the performance's range of the inspection system.
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 2182 Figure2.18 -Reconstruction of a countersink hole by a scan done with the proposed 3D online positioning system mounted on a KR210 R3300 Ultra K. The position error obtained was of 0.093mm, after the optimization of the projected point cloud
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Figure 3 . 1 -

 31 Figure 3.1 -A block diagram of force control using Admittance Control. Here, x 0 corresponds to the current robot's pose, x d to the robot's pose set-point, and f c the difference between the measured spatial force (f e ) and the desired one (f d ).

2 )

 2 M d , D d , K d are 6x6 diagonal matrices, which their components (m i d , d i d , k i d for i=1,• • • ,6) are the inertia, damping, and stiffness of the desired dynamic response of the controlled system. Consider that the robot follows a quasi-static trajectory without tracking error (x = x d ), and the transfer function between each component of f c and x c , is indicated by:

3. 2 . 1 MdFigure 3 . 2 -

 2132 Figure 3.2 -Comparison between (a): an Admittance Control implemented at the robot's TCP{S} and (b): a Multi-Surface Admittance control

Figure 3 . 3 -Fig. 3 . 3 .

 3333 Figure 3.3 -A block diagram of the admittance control for one controlled contact (ACS) of the MSAC

3. 2 .Figure 3 . 4 -Figure 3 . 5 -

 23435 Figure 3.4 -A block diagram of the MSAC approach. Please refer to Fig. 3.3 for further information about ACS blocks.

Fig. 3 .

 3 Fig. 3.7 shows the definition of the coordinate systems {U 1 } and {U 6 } for the bottom and top surfaces, respectively. The robot's TCP is placed at the origin of the force sensor's Coordinate system
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 338 Figure 3.8 -Identification Method of the EE's Weight and Center of Gravity
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 3 Study Case: Assembly of a Main Landing Gear Door (MLGD)

  Figure 3.9 -Relationship between the parameters sets P 1 , P 2 , P 3 , and the absolute force/torque error. Note the evolution of the P v when the error decrease

Figure 3 . 11 -

 311 Figure 3.11 -Initial SF's orientations for the MSAC repeatability experiments

Figure 3 . 12 -Fig. 3 .

 3123 Figure 3.12 -Comparison of the F/T values obtained after the MSAC repeatability experiments. f d is the theoretical desired spatial force when all the surfaces apply a perpendicular effort of 80N

Figure 3 . 13 -

 313 Figure 3.13 -Comparison of the F/T values obtained after the MSAC repeatability experiments, with theoretical spatial forces considering friction.

Figure 3 . 15 -

 315 Figure 3.15 -Block diagram of the force tracking closed loop using an MSAC and a Contact Model of the aircraft parts.

Figure 3 . 16 -

 316 Figure 3.16 -Geometrical representation of the Contact Model between the MLGD's skin and the SF.

. 21 )

 21 δ x S is the result of the difference between the commanded SF's pose x d S and its equilibrium pose x eq S . Fig.3.15 illustrates the calculation of x d S . It is the sum of the MSAC's output x c S and the current SF's pose x a S . In turn, x a S is computed by the Contact Model as the sum between the initial pose of the SF (x 0 ), and the commanded pose at the previous iteration (x i-1 d S ).

Fig. 3 . 6 ∑Figure 3 . 17 -

 36317 Fig.3.17 presents the block diagram of the Contact Model. Note that in the center of the diagram, there is a matrix named K e . It is a rectangular diagonal positive-definite matrix. The matrix's main diagonal is composed of the stiffness coefficients at each surface in contact. These coefficients can be identified by applying a defined amount of force at the center of each SF's surface separately and measuring the vertical deformation locally. However, in reality, the force calculations at each surface

Fig. 3 .

 3 Fig.3.18 and Fig.3.19 present the simulation results for the first and second contact-scenarios, respectively. They show the forces applied at each surface ( f z U i ) during the assembly process, as well as the torque error at each controller of the MSAC (n x U i ). A comparison between the system's response when the deformation is taking into account (C.M. implementing K ′ e ), and when it is not (C.M. implementing K e ) is also illustrated by both Figures.

Figure 3 . 18 -

 318 Figure 3.18 -Comparison of the contact forces evolution during the assembly process for the first contact-scenario using the hand-tuned controller' parameters. (a) Deformation non-considered in the C.M. (b) Deformation considered in the C.M. At the top, the evolution of the force applied at each surface. At the bottom, the torque error at each controller of the MSAC

3. 5 .Figure 3 . 19 -

 5319 Figure 3.19 -Comparison of the contact forces evolution during the assembly process for the second contact-scenario using the hand-tuned controller' parameters.(a) Deformation non-considered in the C.M. (b) Deformation considered in the C.M. At the top, the evolution of the force applied at each surface. At the bottom, the torque error at each controller of the MSAC

.31) 3 . 6 .Figure 3 . 21 -

 36321 Figure 3.21 -Block diagram of the closed-loop torque control of one DoF. Note that the angular offset θ i is summed iteratively to calculate the absolute angular position θ c . The unit time delay used in this sum is approximated like e -T r s = 1 T r s+1 , considering T r = 4ms.

  3.20b and Fig. 3.20c, when several surfaces are in contact, Eq. (3.26) can be rewritten likeτ e = θ c ∑ i (R 2 i k e i ) (3.33)Hence, G is calculated as the sum of the product between the distance's square and the contact's stiffness. Using this calculation and knowing the part's geometry and the theoretical stiffness of each contact, it was possible to analyze the evolution of the gain G during the assembly process for the two 3.6. MSAC Parameters Analytical Tuning contact-scenarios. Fig.3.22 shows the progression of each controller' gain (G U 1 and G U 6 ), from one surface in contact, to the full contact of the SF to the MLGD's skin.

Figure 3 . 22 -

 322 Figure 3.22 -Analysis of the progression of the 1DoF system's gain for each i th controller. (a) first contact at the bottom of the SF. Note that the gain at {U 1 } starts in zero because it is the place of the contact. (b) first contact at the top of the SF. Contrary to (a), the gain at {U 6 } is zero in this case. Remark that G U 1 and G U 6 are the same at the end of both scenarios (when all the surfaces are in contact)
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 661166166116651565323 Figure 3.23 -Simplified model for the two admittance controller coupled. Note that when multiple surfaces are in contact, each controller produces a disturbance to the other.

3. 6 . 6 P U 1 Figure 3 .

 6613 Figure 3.25 -Observer's block diagram which calculates the decoupling factor (γ U j ) for each controller at the MSAC implemented for the studied assembly process. g(s) represents the admittance behavior at each DoF of the surface's frame, which depends on the parameter set P U i . The block named C.M. designs the Contact Model exposed in Fig. 3.17, while the transformation matrices are described in the Eq. (3.7) and Eq. (3.12)

Figure 3 . 26 -

 326 Figure 3.26 -System response (surfaces' forces, torque error at {U 1 } and {U 6 }) when the variable factor is applied to the torque error at each controller of the MSAC. (a) Response in Scenario No.1. (b)Response in Scenario No.2. Note that the simulation was tested using the variable stiffness matrix K e , which takes into account the SF' deformation. It could be appreciated the similarity of the system's response in both scenarios.

Figure 3 . 27 -

 327 Figure 3.27 -System response (surfaces' forces, torque error at {U 1 } and {U 6 }) when the variable factor is applied to the torque error at each controller of the MSAC. (a) Response in Scenario No.1. (b) Response in Scenario No.2. Note that in comparison to Fig.3.26, in this simulation, the stiffness matrix K e was constant. However, it can also be appreciated the similarity of the responses between the scenarios, without missing the torque overshoot avoidance.

Figure 3 . 28 -

 328 Figure 3.28 -System response (surfaces' forces, torque error at {U 1 } and {U 6 }) during the simulation implementing a Contact Model with an stiffness uncertainty of 200 percent. (a) Response in Scenario No.1. (b) Response in Scenario No.2. The observer, as well as the parameter sets, remain the same as those implemented during the previous experiments (Fig. 3.26 and Fig. 3.27).
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 7 Conclusion of the Chapter the decoupling factor.
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  Concernant la mesure de la position de l'extrémité du robot, plusieurs auteurs ont démontré qu'en utilisant des systèmes de suivi 3D et 6D comme des Lasers Tracker, ou de machines de mesures optiques (Optical CMM), la position du robot peut être corrigée, dans la plus part des cas, en dessous de sa répétabilité. Le Tableau 1.2 présente les erreurs obtenues par différents auteurs utilisant cette stratégie de correction. En comparaison avec le Tableau 1.1, nous constatons que les niveaux de pré-

Cependant, il est nécessaire de dévelopxxxii Résumé étendu per un système de commande spécifique pour ce type de structures. Ainsi, cette stratégie ne peut pas être utilisée pour la conception de la cellule d'assemblage proposée. cision atteints avec les méthodes de corrections utilisant des capteurs est significativement supérieure.

De plus, cette stratégie est beaucoup moins coûteuse en termes de temps de calcul, plus flexible et adaptable à n'importe quel changement dans la structure du robot ou de son usure.

  la fois de la précision et de l'incertitude de la mesure, mais aussi du robot utilisé, car un robot ayant une répétabilité moins importante atteindrait une erreur maximale de correction plus importante également. Ceci a été prouvé en comparant les résultats obtenus de la première expérience réalisée avec le KR210, et ceux obtenus lors de la même expérience réalisée avec un LBR iiwa 14kg dont la répétabilité est de 0.15mm[START_REF] Kuka | The LBR iiwa. A new era of sensitive robotics is beginning[END_REF]. Les résultats de cette dernière expérience sont exposés dans la Fig.1.16. 

	Résumé étendu
	Le seul calcul effectué par l'ordinateur externe est la conversion des signaux de position, des co-
	ordonnées sphériques à cartésiennes, et la transformation de la mesure du référentiel du Laser à celui
	du robot.
	xxxvii

Du moyen de mesure, car l'erreur minimale de positionnement du xxxvi Résumé étendu robot dépendra à Correction en temps réel de la pose 6D du robot Afin de pouvoir intégrer au processus d'assemblage de la MLGD la stratégie de correction basée sur des capteurs, il était nécessaire de développer ce type de contrôle en temps réel. Contrairement à l'architecture montrée précédemment, ce contrôleur est capable de surveiller et de corriger la position et l'orientation de l'outil du robot en continu. Par conséquent, le robot ne doit pas être à l'arrêt pendant la mesure, et la mesure 6D de l'extrémité du robot ne prend pas plus de 10ms à se faire. Pour assurer une correction dite « en temps réel », l'interface KUKA.RSI (Robot Sensor Interface) a été implémentée. Cette interface permet à l'utilisateur de commander la position articulaire ou cartésienne du robot, à partir des signaux provenant des capteurs, avec un temps de cycle de 4ms. Tous les calculs de la commande sont réalisés dans le contrôleur du robot sur RSI. Seul un ordinateur externe a dû être ajouté à l'architecture avec pour but de transmettre les informations entre le LT et le contrôleur du robot. Disposant d'une interface EtherCAT, le LT est capable de communiquer ces mesures à une fréquence de 1kHz pour la position, et 100kHz pour l'orientation. Cependant ces signaux ont une taille de 64Bits, les rendant incompatibles avec l'interface EtherCAT du robot, laquelle est capable de recevoir des signaux allant jusqu'à 32Bits. C'est la raison pour laquelle cet ordinateur externe entre en compte dans l'architecture de cette application. La communication entre le contrôleur et l'ordinateur externe est assurée par un protocole de communication UDP. Bien que ce protocole ne soit pas synchrone, l'interface RSI veille à ce que la mesure du LT utilisée dans le calcul courant, corresponde bien à celle reçue dans le cycle actuel. Cette vigilance se fait au travers d'un échange d'horodatage entre les agents communiquants.

  Une grande majorité des tâches d'assemblage robotisées nécessitent de connaître la position exacte des différents éléments dans leur environnement. Il existe deux principales méthodes d'iden-

tification de ces positions : les méthodes avec contact ou sans contact avec l'environnement. Les méthodes avec contact supposent que les pièces ou objets touchés ne sont pas susceptibles d'être endommagés par l'application d'efforts externes inattendus. Cependant, si l'environnement est tel qu'aucun contact non maîtrisé n'est possible, la mesure sans contact est la solution à choisir. Ceci est le cas de la plupart des applications d'assemblage aéronautique. Lorsque la pièce à inspecter est suffisamment petite pour être portée par le robot, le système d'inspection est fixé dans la cellule. Cette méthode est couramment utilisée pour mesurer la géométrie des pièces

TABLE 1 -

 1 Comparaison des erreurs de reconstruction de la sphère pour la solution sans système de suivi -Fig.2.4

			Position N°1			Position N°2	
		Or.1	Or.2	Or.3	Or.1	Or.2	Or.3
	∆ Pos. [mm]	2,851	1,508	0,661	4,174	3,646	3,455
	∆ Rad. [mm]	0,298	0,004	0,193	1,090	0,333	0,721
	TABLE 2 -Comparaison des erreurs de reconstruction de la sphère pour la solution avec système de
	suivi -Fig. 2.6						
			Position N°1			Position N°2	
		Or.1	Or.2	Or.3	Or.1	Or.2	Or.3
	∆ Pos. [mm]	0.129	0.119	0.109	0,138	0,135	0,115
	∆ Rad. [mm]	0,105	0,029	0,095	0,016	0,012	0,006
	En analysant les résultats du Tableau 1, un écart très important entre les erreurs obtenues sur la po-
	sition N°1 et la position N°2 est remarquable, ainsi qu'entre les différents TCP. Ce phénomène était
	attendu, dû à la faible précision du robot.				
	D'autre part, le Tableau 2 montre comment en utilisant le système de suivi, les erreurs de position
	et de forme restent stable peu importe où est placée la pièce dans l'espace, ou quelle orientation a été
			liii			

titude de mesure du LT et du profilomètre. Ceci réaffirme le fait que le système est capable de garantir FIGURE 19 -Montage expérimental utilisant le KR480 R3330 MT. La distance entre les deux positions de la sphère est de ∼ 1.2m une précision de mesure stable dans tout son espace de travail.

TABLE 3 -

 3 Erreurs de reconstruction de la sphère en utilisant les TCP identifiés avec le KR480 R3330 MT

			Position N°1			Position N°2	
		Or.1	Or.2	Or.3	Or.1	Or.2	Or.3
	∆ Pos. [mm]	0.055	0.055	0.079	0,055	0,053	0,044
	∆ Rad. [mm]	0,030	0,020	0,046	0,078	0,088	0,024
	Calibration Pose					
						Validation Pos. N°1
			Validation Pos. N°3		Validation Pos. N°2

TABLE 4 -

 4 Erreurs de reconstruction de la sphère en utilisant les TCP identifiés avec le KR210 R3300 Ultra K

		Or. N°1		Or. N°2		Or. N°3	
	∆ Pos. [mm] ∆ Rad. [mm]	∆ Pos. [mm] ∆ Rad. [mm]	∆ Pos. [mm] ∆ Rad. [mm]
	Pos. N°1	0.039	0.037	0.050	0,039	0,053	0,005
	Pos. N°2	0,054	0,031	0,081	0,028	0,095	0,013
	Pos. N°3	0,101	0,029	0,135	0,029	0,153	0,002
	robot lors de la correction de l'orientation, ainsi qu'au moyen de mesure et de suivi utilisés. L'erreur
	maximale de la mesure de la position d'une sphère a été de 0.15mm et le minimum de 0.039mm.
	Contrôle d'interactions pour l'assemblage de pièces aéronautiques com-
	plexes						
	En général, l'assemblage de pièces de grande taille, notamment dans l'industrie aéronautique,
	exige un niveau élevé du contrôle des forces de contact. Il faut garantir que ces forces ne dépassent
	pas les limites autorisées et que le jeu entre les parties en contact soit quasiment nul.	
	Automatiser cette tâche en utilisant uniquement un contrôle de la position du robot ne permettrait
	pas de garantir le respect des contraintes exposées. Afin de contrôler automatiquement les efforts
	lors du processus d'interaction avec l'environnement du robot, une stratégie nommée « Interaction
	Control » avait commencé à être étudiée depuis le début des années 80. Depuis, cette thématique a été
	largement développée, et plusieurs classifications ont été créées en fonction de la façon dont la force
	est contrôlée.						
	Plusieurs méthodes ont été proposées pour éviter le dépassement des consignes de force lors du
	contrôle [49,71]. D'autres travaux [41] proposent des méthodes pour garantir le contrôle automatique
	d'un contact de type surface-surface. De même d'autres auteurs [22,36] proposent des méthodes pour
	contrôler plusieurs contacts simultanément. Cependant, aucun de ces travaux ne garantit les trois pro-
	priétés en même temps.					
				lvii			

  Où M d , D d et K d sont les matrices d'inertie, amortissement et rigidité du comportement du système.

	Ces matrices sont des matrices diagonales et chaque composante de sa diagonale correspond à la
	propriété respective d'un axe cartésien du TCP contrôlé. Par conséquent, ce contrôleur cherche à
	commander la force exercée sur le TCP du robot.
	D'autre part, la stratégie de contrôle proposée, appelée MSAC (Multi-Surface Admittance Control),
	offre la possibilité de définir une relation de second ordre sur chaque surface à contrôler. La Fig. 21
	montre cette comparaison.
	Comme le montre la Fig. 21, un référentiel {U i } est défini pour chaque i eme surface contrôlée. Donc,
	les forces désirées, les paramètres d'inertie, amortissement et rigidité, et les déplacements calculés
	sont définis par rapport à {U i }.
	Pour calculer l'effort à commander à chaque itération, l'effort mesuré doit être projeté sur le réfé-
	rentiel de la surface contrôlé. La transformation A T f B est utilisé à ce propos, où {B} est le référentiel
	de la mesure et {A} celui sur lequel il faut la projeter.

  Ces résultats démontrent que l'utilisation du MSAC est adaptée pour cette tâche de mise en contact impliquant des pièces de grandes dimensions. Néanmoins, les valeurs des paramètres de P v ont été réglées expérimentalement et non pas analytiquement. Ainsi, pour pouvoir généraliser l'application du MSAC, une méthodologie de réglage des paramètres doit être proposée.

	Résumé étendu							Résumé étendu
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	FIGURE 25 -Évolution de l'erreur du torque sur chaque contrôleur du MSAC pendant la mise en
	contact du SF					
					lxii	lxiii	

Afin de tester les méthodes de réglage des paramètres, un modèle représentatif du contact entre le SF et la MLGD est nécessaire. Le modèle le plus simple pour définir un contact est celui d'un ressort en compression, où la force de contact est calculée comme le produit entre la déformation du ressort et sa constante de rigidité. Dans ce contexte, le modèle de contact entre le SF et la MLGD est composé d'un ressort placé de façon normale entre chaque surface en interaction. La Fig. 26 illustre ce concept. z y x

  3.19 montrent la réponse du système lors du processus de contact en utilisant le modèle proposé et les paramètres définis expérimentalement. Il est démontré que même si le modèle est très simplifié, le comportement obtenu lors des simulations est très ressemblant au réel.Cependant, pour que ce réglage analytique de paramètres soit applicable à l'architecture du MSAC, la contribution de chaque contrôleur doit être découplée des autres. Pour le faire, un estimateur de la modification de l'erreur de force apportée par chaque contrôleur est mis en place. Cet estimateur utilise les paramètres P de chaque contrôleur pour calculer l'offset de position demandé par chacun

Réglage analytique de paramètres

Pour simplifier l'analyse du MSAC, chaque contrôleur est étudié indépendamment. Ainsi le contrôle en boucle fermé du couple autour d'un axe d'une surface choisi est illustré dans la Fig.

27

. FIGURE 27 -Schéma bloc du contrôle du torque sur un dégrée de liberté Sur cette figure, R est la distance entre l'origine du contrôleur et le centre de la surface où l'effort est appliqué, et k e est la raideur du contact. Quand plusieurs surfaces sont en contact, le produit R 2 k e est transformé en G

= ∑ k i= j j R 2 i k e i .

En analysant l'évolution de ce gain G pendant le processus de contact du SF et la MLGD, il est observé que, en fonction du scénario de contact, l'augmentation des gains calculés depuis les différents contrôleurs peut être de forme exponentiel ou logarithmique, mais pas linéaire. Ces évolutions sont illustrés sur la Fig. 3.22. Connaissant les valeurs des G, il est possible de calculer les paramètres du contrôleur garantissant lxv Résumé étendu un comportement sur-amorti du système. Ce calcul peut se réaliser en utilisant des méthodes d'optimisation pour une valeur de G, puis pour d'autres valeurs un calcul d'un coefficient linéaire est envisageable. Ce coefficient est ensuite multiplié par tous les paramètres du contrôleur. d'entre eux. Ensuite, en utilisant le modèle de contact, l'estimation de la force appliquée au cycle suivant, produit de l'offset de position provenant de chaque contrôleur, est calculée. Cette estimation est projetée sur les repères de chaque contrôleur. Enfin, un pourcentage de l'apport de chaque contrôleur à l'erreur de force ressenti sur un autre est calculé. Ceci est utilisé pour modifier la consigne d'entrée de chaque contrôleur du MSAC. La Fig. 28 illustre ce principe. P U 1 P U 6

Table 1 .

 1 1 -Comparison of accuracy results found in the literature using different calibration methods, as well as different size of robots

	Author	Model-Based Method	Robot	Accuracy
	Du et al. [18]	Calib. Level 2	GOOGOL GRB3016	0.06mm-0.1mm
	Besset et al. [5]	Calib. Level 3	KUKA LBR iiwa 14kg	0.2mm-0.4mm
	Xiong et al. [86]	Calib. Level 2	Motoman MH80	0.2mm-0.6mm
	Nubiola et al. [60]	Calib. Level 3	ABB IRB1600	0.35mm-0.7mm
	Klimchik et al. [43]	Calib. Level 3	KUKA KR270	∼ 0.2mm
	Nguyen et al.	ANN Geo. Model	Hyundai	0.4mm-1mm
	[58]	ANN Non-Geo. Model	HH800	0.03mm-0.07mm

Table 1 .

 1 2 -Comparison of accuracy results found in the literature using different experimental setups

	Author	Sensor	Robot	Accuracy
	Diaz et al.	Laser Tracker	KUKA	< 0.1mm
	[16]	Leica AT901	KR210	< 0.2deg
	Shi et al.	Laser Tracker	KUKA	∼ 0.1mm Linear Paths
	[79]	FARO XI	KR5	∼ 0.2mm Circular Paths
	Jin et al.	Laser Tracker	KUKA	0.069mm max.
	[38]	Leica AT901-LR	KR360	0.013deg max.
	Moeller et al.	Laser Tracker	Mabi Robotic	0.08mm in 3DoF
	[56]	Leica AT960-XR	Max 150 (CNC Controlled) 0.02mm in 6DoF
	Gharaaty et al.	Optical CMM	FANUC	< 0.05mm
	[29]	CREAFORM CTrack 780	LR Mate 200iC	< 0.05deg

  [START_REF]Coriolis: Industry • Coriolis Composites[END_REF] where R p B m and R p B d are the measured and the desired TCP's position w.r.t. to the robot's base frame, respectively. Similarly, R ε B m and R ε B d are the measured and the desired TCP's orientation w.r.t. to the robot's base frame. Notice that R ε ˜Bm is the quaternion conjugate of R ε B

m . The conjugate of a quaternion represents the inverse rotation described by the original. Hence, P ε ˜Q = Q ε P is valid for any frames {P} and {Q}. Also, it is true that ε

Table 2 .

 2 1 -Sphere Reconstruction Error Comparison. System without tracking -Fig. 2.4

			Position N°1			Position N°2	
		Or.1	Or.2	Or.3	Or.1	Or.2	Or.3
	∆ Pos. [mm]	2,851	1,508	0,661	4,174	3,646	3,455
	∆ Rad. [mm]	0,298	0,004	0,193	1,090	0,333	0,721

Table 2 .

 2 2 -Sphere Reconstruction Error Comparison. System with tracking -Fig. 2.6

			Position N°1			Position N°2	
		Or.1	Or.2	Or.3	Or.1	Or.2	Or.3
	∆ Pos. [mm]	0.129	0.119	0.109	0,138	0,135	0,115
	∆ Rad. [mm]	0,105	0,029	0,095	0,016	0,012	0,006

Table 2 .

 2 4 -Comparison of the criterion's position and radius errors obtained after the scanning of the criterion sphere in three positions using the KR210 R3300 Ultra K

		Or. N°1		Or. N°2		Or. N°3	
		∆ Pos. [mm] ∆ Rad. [mm]	∆ Pos. [mm] ∆ Rad. [mm]	∆ Pos. [mm] ∆ Rad. [mm]
	Pos. N°1	0.039	0.037	0.050	0,039	0,053	0,005
	Pos. N°2	0,054	0,031	0,081	0,028	0,095	0,013
	Pos. N°3	0,101	0,029	0,135	0,029	0,153	0,002

1.4. Conclusion of the Chapter

Remerciements

List of Tables 1.2. Online Robot's Pose Correction by Iterations

Intermediary Conclusion

After analyzing all the experiment's results, we can conclude that the maximum error obtained by using a sensor-based correction method, is less than the constructor announced repeatability. In the case of our KR210-R3300, its theoretical repeatability is ±0.06mm [START_REF]Technical Information[END_REF], and the maximum error obtained was about 0.025mm. However, when this strategy is applied to constrained tasks, the forces acting through the axes position-controlled can modify the accuracy reached. Also, it should be noted that the minimum error obtained depends on the accuracy and uncertainty of the measurement system. Even if the mean error got in the first scenario is lower than the Laser's Maximum Permissible Error (MPE), that is because when the LT's "Precise" measurement method is implemented, the obtained measurement is computed like the average of 3000 instantaneous measurements. Therefore, measurement's uncertainty is reduced, and the results can be validated. Still, the obtained absolute position errors are almost the uncertainty error of the LT's measurements.

Apart from the measurement system's accuracy, the maximum error got after a sensor-based correction depends on the robot itself. A robot with worse theoretical repeatability would reach a higher maximum error during an online correction. For example, we repeated the second scenario using an LBR iiwa 14kg, which has a positioning repeatability value of ±0.15mm. Fig. 1. [START_REF] Diaz Posada | High accurate robotic drilling with external sensor and compliance model-based compensation[END_REF] shows the position and orientation errors got during 11 correction iterations, as well as the robot's poses measured.

These results expose that the maximum position value reached with this robot is around 0.08mm in free space, almost six times more than the KR210. We can also perceive that results are more dispersed between the robot's configurations.

In the next section, we will present the application of this sensor-based correction in real time. With this improvement, the pose of the robot could be corrected during dynamic tasks. Many of these works use the robot's pose to project the measures made by the inspection system to the robot's base frame. Being aware of the lack of accuracy of this method, most of the authors use the inspection system to calibrate the geometrical model of the robot, and thereby improve the accuracy of the projected measurement. Yin et al. [START_REF] Yin | A vision-based self-calibration method for robotic visual inspection systems[END_REF] employed a line-structured laser sensor to measure multiple targets distributed within the robot's workspace. Using the measurements from different zones of the workspace, the authors created multiple calibrated kinematics models. The results proved that the authors could reduce the measurement's maximal error from 2.839mm to 0.387mm, using a calibrated kinematic model considering the measurements of the whole workspace. Yu et al. [START_REF] Yu | Simultaneous and on-line calibration of a robot-based inspecting system[END_REF] presented a solution for the online inspection of the body-in-white (BIW) process in the automotive field. The authors proposed an optical scanning sensor composed of a 2DoF camera, a laser line, and a galvanometer scanner. Using this system mounted on a robot, they can calibrate its kinematic model periodically to guarantee a measurement error lower than 0.42mm, which is enough for the online inspecting of BIW.

Large-Scale Industrial Metrology Solutions

Other authors like Schmitt et al. [START_REF] Schmitt | Metrology assisted assembly of airplane structure elements[END_REF] and Yin et al. [START_REF] Yin | Development and calibration of an integrated 3D scanning system for high-accuracy large-scale metrology[END_REF], advise to employ an external tracking, instead of the robot's position, when a higher robot volumetric position accuracy is required.

Hand-Eye Calibration Method

We would like to note that when the terms TCP calibration or Hand-Eye or Hand-to-Eye calibration are employed, it refers to the process of identification of a TCP or a transformation between two rigid frames. It should be differentiated from the robot's model calibration methods discussed in Chapter 1, even if some authors employed the data recollected during a TCP calibration procedure also to calibrate the robot's geometric model.

Similarly, it is desired to clarify that the employment of the term inspection through this chapter refers mainly to the part's position measurement.

The differences between Hand-Eye calibration and Hand-to-Eye calibration lies in where the profilometer or the vision system is attached. In a Hand-Eye calibration, the measurement system is mounted on the robot. The transformation identified using this method is the one between a frame fixed to the robot's flange and the sensor's TCP. While in a Hand-to-Eye calibration, the sensor is fixed in the robotic cell, and the robot holds an object. This last will be measured employing the sensor to find the transformation between the robot's base and the sensor's TCP.

In the context of this thesis work, we seek to implement a Hand-Eye calibration method, since the robot carries the proposed inspection system.

Most of the Hand-Eye methods used by the authors cited previously divide the TCP's identification into two steps:

1. Determining the TCP's Orientation

Determining the TCP's Position

Generally, the authors use a setup like the one presented in Fig. 2.4. It is composed of a robot (LBR iiwa 14kg), an object to measure (criterion sphere with 19.05mm of radius), and a laser scanner (Keyence V7200). If we look at Fig. 2.4, the purpose of the calibration is to find the homogeneous transformation matrix ( F T S ) between the robot's Flange {F} and the scanner's coordinate system {S}.

3D Online Positioning using High-payload Robots

The experiments that will be presented hereunder, employing the robots illustrated in Fig. 2.13, have followed the same measurement protocols and calibration procedures that those used during the experiments done employing the LBR iiwa. The purpose of it is to be able to compare all the results in between. The only difference is that the high payload robots' orientations were corrected below 0.003 deg during the TCP's calibration protocol.

3D Online Positioning employing a KR480 R3330 MT

Just like in the previous experiments using the LBR iiwa, three TCPs were calibrated employing one different orientation during the scanning process. Then, after the calibration procedure, two scans of the criterion sphere were done. For the first scan, the criterion remained in the same position that the used during the calibration process. For the second scan, the criterion was moved almost 1.3m away from the first position. As in previous experiments, three TCPs were calibrated. Fig. 2.17 shows the orientations adopted by the robot during each calibration. Note at that the first orientation, the profilometer's laser is between the ceiling lighting and its camera. In that way, the profile measurements are less distorted by the lighting reflections in the criterion's surface. 

3D Online Positioning of an Aircraft Main Landing Gear Door (MLGD) -Perspectives

The ultimate purpose of developing the proposed 3D online positioning system was of being able to identify the current position of the MLGD during the assembly process. Remember that this operation is critical to know the actual coordinates where the Col has to be placed.

Considering the MLGD's dimensions, and the maximum reach of the robot, initially, we have designed the robotic cell with a linear track. This last would be used to translate the robot from one MLGD's end to the other, to be able to scan the MLGD's edge entirely. Fig. 2.19 illustrate this principle. Moreover, it was also considered that the robot's EE would hold four T-Macs, one at each side of the EE, to guarantee that the inspection system could be tracked during all the scan process.

In that way, all the profiles' point clouds acquired during the scan can be automatically projected to the LT's frame, using only the transformation between the current tracked T-Mac and the profilometer.

However, to reduce the robotic cell's cost, neither the linear track nor three of the T-Macs could be purchased. Thus, another solution to reach the entire Door's edge with the robot has to be envisaged. Also, we have to propose a strategy to guarantee the 3D online positioning system accuracy when the LT can not track it. These strategies, which will be discussed hereunder, remain perspectives of future works.

When the T-Mac is not visible by the LT during the scanning, the robot's coordinates have to be used to position the inspection system in the space. However, we have said that this solution is one of the biggest sources of error, especially when the robot's model has not been calibrated before. Hence, to use these coordinates without decreasing the system's accuracy drastically, we propose to identify the T-Mac's TCP w.r.t. the robot's flange in several times. The goal is to define one TCP by a scannable zone of 50cm. Submitting the robot to adopt several poses inside this zone, and acquiring the LT's measurements and the robot's flange Cartesian coordinates, it is possible to find the T-Mac's TCP employing nonlinear minimization methods. Doing this optimization, we try to minimize the robot positioning errors locally, and therefore, obtain the most precise absolute pose inside the considered zone. we expect to obtain a positioning error after the projection of the scanned Point Cloud, of the order of 0.4mm. Then each projected profile is used in the computation of the MLGD's position, which best fits according to its numerical model.

3D Online Positioning of an Aircraft Main Landing Gear Door (MLGD) -Perspectives

On the other hand, to provide a solution to be able to measure the entire MLGD's edge using our robot, we decided to translate the MLGD to two different positions. Fig. 2.20 illustrates this principle.

Initially, the support which holds the MLGD is identified by measuring several SMRs using the LT.

These SMRs are fixed all around the support's base, and their positions are known w.r.t. a CS fixed to the support ({D}). Hence, using these theoretical values, and the LT's measurements, the transformation between {L} and {D} can be computed. We make the hypothesis that the link between the MLGD and its support is infinitely rigid. Hence the frame {D} is also fixed to the MLGD. Then, Fig. 2.20b and Fig. 2.20c shows that the MLGD is moved to two different positions, and the identification procedure of the support's frame is done again. The position at the left of the initial one uses the frame {D ′ }, while the one at the right, {D"}. After this identification, the transformations between the different MLGD's positions can be computed like

Study Case: Assembly of a Main Landing Gear Door (MLGD)

Due to the uncertainty of the MLGD's curvature pose, the first contact with the SF could change from one MLGD to another, for the same robot's trajectory. Considering extreme cases, we will analyze throughout this study, two possible contact-scenarios between the SF and the skin. Numerical simulations were done to have an approximation of the deformation in both scenarios. The same perpendicular force, uniformly distributed, is imposed at each surface. Fig. 3.6 shows the scales of deformation for both cases. It can be noticed that the Structural-Frame is much more flexible at its upper region than at its bottom. It can be expected because its shape is considerably much thin at the last three surfaces than the first ones.

Because of the uncertainties and constraints explained above, the robot's trajectory has to be modified using force feedback during the contact process. However, due to the variable stiffness of the handled object, the implementation of a classical admittance approach could generate undesired responses ac-

Study Case:

Assembly of a Main Landing Gear Door (MLGD) 

Experimental MSAC Application

The robot used for this application is a KUKA KR340 R3330, and the 6DoF sensor, an HBM K-MSC10-100. Similarly to the online position controller discussed in Section 1.3, all the MSAC calculations are done in the KUKA's Interface: RSI (RobotSensorInterface). From the reception of the force/torque raw signal to the calculation of the new robot's pose setpoint, all the algorithms are computed in the robot's controller. The RSI program bloc of this application is presented in detail in Appendix C.

The external forces acting on the robot's EE are transmitted to the robot's controller via EtherCAT. It allows us to have the current values every 4ms, which is the sampling time of RSI. The measurements of this sensor have to be filtered to cut the values below the sensor's uncertainty. Moreover, it is tared every time at the beginning of the program. The EtherCAT protocol is also employed for this operation. However, in this case, it is the robot that sends the command to the sensor.

Study Case:

Assembly of a Main Landing Gear Door (MLGD) P 1 and P 2 are constant from the maximum initial error e i to the full contact. Contrarily, P v starts the contact having the same parameters as P 1 and increases linearly to P 3 when the absolute error is lower than σ k . The magnitude of the inertia, stiffness, and damping of P 2 are bigger than P 1 , but lower than P 3 .

The evolution of the torque error around the x axis during the assembly process using the different parameter sets is shown in Fig. 3.10. Fig. 3.10a presents the performances of the controller for the first contact-scenario, and Fig. 3.10b for the second scenario. It can be appreciated that when the parameters of P 1 are used, the system becomes unstable when it tries to track the desired contact at the bottom of the part. Then, when the parameters of P 2 were used, it can be seen that the first contact is stable at both scenarios, and when the full contact between the parts happens too. The full contact is considered when all the setpoints of the admittance controllers converge to zero. However, we can perceive that the torque error at {U 6 } overshoot for both scenarios using P 2 . Finally, using the variable parameters P v , we obtain the same early dynamic response than using P 1 but without the unstable behavior. On the contrary, we prevent the torque overshoots and the convergence time is highly reduced in comparison to the assembly using P 2 .

The experimental values of the parameter sets were defined empirically without a preliminary stability analysis. That is why further sections aim to give an analysis of the system to get an optimal parameter set that takes into account stability criteria. Considering all these results, we can conclude that the implementation of the MSAC in the process of placing the SF in contact with the MLGD's skin, is repeatable starting from several positions and orientations, and guarantees that all the SF's surfaces get in contact with the skin, respecting the assembly tolerances.

The next section presents a simplified model of the contact between the SF and the MLGD's skin. It is necessary to simulate the performances of other MSAC parameters sets, which can be calculated analytically. Note that it has been proved that the friction between the parts can be almost neglected. This fact will be considered in the proposed simplified model.

Study Case Simulation

Contact Modelling

To be able to test the effects of the MSAC parameters choice by simulation, it was necessary to create a model of the interaction between the MLGD's skin and the SF carried by the robot. The goal was to recreate and measure the forces generated by the contact between the structures giving a SF's pose. The diagram block of the controlled system is illustrated in Fig. 3.15. It can be seen that the input of the MSAC is the spatial force error f err s , which is the difference between the desired spatial force f d s , and the provided by the Contact Model f m s . to generate the pose offset of the SF.

Dynamic position control

The results of the response of the 6DoF position controller proved to be dynamic enough when it was used in a hybrid force/position control that does not require to track forces or positions very fast.

It is well adapted for this assembly application. However, it could not be for other uses.

We have seen that this constrained could be raised by adapting the controller's parameters according to the joint configuration of the robot. Thus, the dynamic response of the system could be directly linked to the joints drivers' properties. Besides, a calibrated geometric model could be used for this purpose, if it is already got. Hence, the controller's convergence performance would be enhanced.

From an engineering standpoint, the task frame that defines which axes will be controlled on position or force during the contact process, it is not identified yet. This calculation is based on the contact geometry and the required geometric tolerances.

Large-Scale Metrology

We have enounced the possible strategies that could be taken into consideration for the MLGD's measurement. They address two main problems: the measurement volume that the robot can cover in the inspection of a massive object, and the impossibility of the system to be tracked during all the inspection procedure.

The solution to the first problem does not require any particular scientific development, and the big lines were already explained in this work. However, the second problem could lead to interesting scientific further works. We have proposed to use the calibrated TCP (T-Mac to profilometer) combined with several transformations between the robot's flange and the tracking system, to minimize the robot's position error inside a small zone around the measuring pose. The method should be tested to demonstrate its validity and its performance regarding those already using a calibrated robot's model.

Multi-Surface Admittance Control

The application of the MSAC approach during the contact process between the SF with the MLGD's skin gave us the results needed to validate its implementation in the real assembly pro-

Perspectives

cess. However, to improve the performances of the system, and to be able to reuse it in another assembly process, an optimized way to define its parameters had to be employed.

The observer-based method that we presented to solve this problem proved well robustness and performances in simulation. Nonetheless, it should be tested with the real parts to complete its validation.

Besides, this method requires a stiffness model of the manipulated objects, which is not practical to determine in many applications. In that case, we could imagine to estimate it since the first contact of the parts, using a fusion of the data coming from the position and force sensors. This estimation could be done in real-time, even during the contact process. Or a model based on artificial intelligence can be trained at each assembly process.

To finish the MLGD's assembly process, we have to study the integration of the MSAC approach in a hybrid position/force control.

Appendices

Appendix A

Orientation and Rotation Representations

There are many representations concerning the orientation of a coordinate system. This appendix does not seek to summarize these representations. Hence, its goal is to present some properties and conversions between those employed through this manuscript (Rotation matrices, Euler angles and Unit quaternions).

A.1 Tables of Conversions

The conversions the most employed in this work are presented in the following tables. 

Z-Y-X Euler angles

Unit quaternions [START_REF] Anandan | Aerospace Manufacturing on Board with Robots[END_REF] -Conversions from the unit quaternions to the Euler angles and rotation matrix representations. Note that the unit quaternion vector, (ε 0 , ε 1 , ε 2 , ε 3 ) T , has to be normalized.

A.2. Quaternion product properties

A.2 Quaternion product properties

Quaternion's products are distributive and associative but not commutative. Therefore, considering a, and b two quaternions, their product is defined as

Considering the above, a unit quaternion is defined by the property of ε ε ˜= 1

Appendix B

RSI Program of the 6DoF Pose Tracking in Real-Time

This appendix presents a brief explanation of the RSI program developed to correct the 6DoF pose of a KUKA robot, employing the measurements of a LT Leica.

It is important to remember that RSI means Robot Sensor Interface, and it allows the robot's user to modify the Cartesian or Joint coordinates of the manipulator employing signals from an external sensor. This interface has a processing sample time of 4ms, which is three times faster than the KUKA robot's standard control interface.

As it was presented in Fig. 1.18, the RSI program receives from an external PC via UDP protocol, the LT's measurements of the T-Mac's pose w.r.t. the robot's CS . The desired final pose is also sent to the robot's controller from the external PC, but it is given to the RSI program as a program's parameter and not as a real-time signal. With this information and other controller's parameters, the RSI program calculates a new robot's pose setpoint every 4ms.

The purpose of this program is that the robot achieves a defined position accurately, and keeps it if some constraints are being applied to its structure. Hence, the control of the robot's pose does not stop until the operator shuts it down. 

Measured pose transformation

This block selection is used to project the LT's measurements, received from the external PC, to the TCP's coordinate system. Initially, the position and orientation signals are expressed w.r.t. the robot's CS . These calculations are done using the unit quaternions representation as it was presented in Section 1.3.3. The choice of the representation was made considering its efficiency of algebra calculations and its lack of singularity representations.

Controller's activation logic

These blocks fulfill the function of activating or deactivating the pose's correction according to the LT's measurement status or availability. The blocks at 3.1 evaluate the status. Then, the ones at 3.2 and 3.3, turn down the position and orientation correction respectively, according to the signal coming from 3.1. The block at 3.4 allows the user to select which axes are corrected or not.

Pose's error calculation

The blocks at 4.1 and 4.2 calculate the position and orientation error, respectively. The orientation error is computed using the quaternion's product, and then, it is converted into Euler angles.

Controller's gain product

The blocks at 5.1 and 5.2 receive the position and orientation error and compute the current position and orientation correction using the controller's gain described in Section 1.3.4.

Command of the new pose's setpoint

These blocks sum the current correction errors to those calculated previously to calculate the new robot's pose setpoint and send it to execution. 

F/T signals treatment

These blocks take the F/T signals and process them to obtain the current interaction forces between the parts in contact. Initially, the raw signals coming from the sensor are filtered to cut high-frequency noise. Then the gravity forces are calculated and subtracted from the filtered signals. Finally, this difference is transferred to the next blocks.

Controller's activation logic

These blocks seek to deactivate the MSAC controller when the F/T error becomes lower than the defined tolerance.

Control architecture at each commanded surface

The blocks' regions 3.1 and 3.2 constitute the control architecture exposed in Section 3.2 for each controlled surface. In this application, there are only two commanded surfaces, but if more is needed, the whole architecture could be copied as it was presented in Fig. 3 The first selection in this figure concerns the transformation of the measured forces, from the sensor's CS to the surface's one. Using these converted signals, and the desired forces and torques, the F/T error at this surface is computed. Also, this region includes a safety block, which stops the motion if the security force limits are exceeded w.r.t. to the controlled surface. Then, the second regions calculate the admittance behavior for each cartesian axis of the surface's coordinate system. The output of these regions is the desired spatial velocity of the handled part w.r.t. the surface's CS. After that, the selection of the axes to be commanded in force is made. The fourth region converts the spatial force w.r.t. the TCP, and the fifth region integrates it to obtain the desired pose's offset.

Pose offsets addition

These blocks are used to sum the offset outputs coming from each surface's controller.

Command of the new pose's setpoint

These blocks sum the current correction errors to those calculated previously to calculate the new robot's pose setpoint and send it to execution.

Monitor

This block allows the user to visualize the desired signals on a monitor. 

Abstract :

This thesis concerns the development of different methods and strategies to improve the accuracy of robotic assembly in the aerospace industry, in particular the assembly of a Main Landing Gear Door of the Airbus A350 XWB. The research addresses three main issues: the improvement of the industrial robot's absolute accuracy, the precise identification of the position of large-scale objects, and the robotic surface-surface contact between two large-scale parts. Concerning the industrial robot's absolute accuracy, we proved the efficiency of the sensor-based correction methods through the development of a 6DoF real-time control of a KUKA robot's pose. This controller was also implemented in a hybrid position/effort control. A new calibration strategy for a 3D measurement system mounted on a robotic arm has contributed significantly to improving the accurate identification of the position of large objects. Thus, it was determined that the robot needs to adopt a single joint configuration during the calibration procedure while guaranteeing the system's constant measurement accuracy throughout its entire working volume. Finally, a new admittance control strategy is presented to guarantee the contact of multiple surfaces on large-scale parts. This controller can be adapted to any position-controller robot and avoids any overshoot of its force/torque setpoint. A full-scale prototype of the assembly cell has been developed in collaboration with KUKA Systems Aerospace France and DAHER. It integrates all the strategies proposed in this work and demonstrates that it can be applied in the industrial environment.