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General introduction

Over the last decades, industry has evolved in order to increase productivity, improve quality and reduce dangers involving the employees. In that sense, the use of robots has varied through time, but always acquiring more and more importance, thanks to their accuracy, enhanced strength and their possibility to repeat movements with almost no error. It is natural to imagine robotic manipulators working on a production chain, doing a repetitive movement (for instance, to assemble a car). Nevertheless, as technologies move forward, it is also possible to imagine new challenges and more difficult tasks that could be required for the robots. With that perspective, Industry 4.0 aims to allow robots to work autonomously, being aware of their surroundings and take decisions based on the current situation [START_REF] Ustundag | Industry 4.0: managing the digital transformation[END_REF]. In order to achieve that goal, many technological issues have to be tackled along with some considerations and concerns related to how this new trend in robotics might affect the employees. To begin, there is the need of better trained workers to manage the more complex technologies, and the interaction between devices. Then, some tasks could be completely fulfilled by robots, raising concern about the place of the workers to be replaced. This problem remains an open issue, being also a sensitive topic due to the well known fears to the development of autonomous robots and artificial intelligence.

Within this complex scenario, where not only the performance of a robot has to be considered, but also the perception and the acceptability it will get from the society, is that multiple research topics are being explored simultaneously, from basic robotic manipulators, to underwater mobile robots, autonomous cars and humanoid robots. A common aspect in those topics is that, as robots are no longer isolated and they can be found in a wide range of environments, the possible interactions between a person and a robot should be correctly handled. These interactions could be divided into physical (i.e. when there is a physical contact, expected or not, between the robot and person) and non physical (e.g. detection of face gestures for robotic purposes or identification of peoples movement in a crowd for the navigation of a robot). But particularly, for the case of physical interaction, an important field that appeared is known as physical Human-Robot Interaction (pHRI) [De Santis et al., 2008]. As a challenging but promising domain for robotics, it has evolved considerably in the last decades [START_REF] Ajoudani | Progress and prospects of the human-robot collaboration[END_REF].

With respect to robotic manipulators, an interesting feature of pHRI is that it conceives a workspace where a person and a robot can work together with different levels of interaction. In that context, the person is still needed and important for the task, but considerations have to be done in both sides (human and robot) to be able to, as a minimum request, share the workspace harmoniously. From that point, more complex tasks can be developed where the person and the robot would work together and in coordination to accomplish the task. The advantage is the use of the experience and decision-making capabilities of the person, along with the force and precision of a robot. Nevertheless, it is a challenging field as the robot should be able to follow and coordinate its movements with the person, without knowing beforehand about the person's goal or the trajectory to perform.
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Besides, ensuring that the person is not in danger despite the level of interaction expected, is crucial. In order to achieve that, improvements have been made in the robot's structure (lighter robots, softer joints, adapted wheels), in the sensors used (force/torque sensors, vision sensors, radars) but also in the software, as information should be transferred at higher rates to allow a fast decision-making process. Particularly as the interaction between the person and the robot is more complex, ensuring the safety and well being of the person becomes more challenging, subject that is widely discussed with the regulations, motivations and issues in [De Santis et al., 2008].

In this thesis, the interaction between the person and the robot is more challenging, as the concept of physical Human-Robot Collaboration (pHRC) is used. The person and the robot (particularly, a robot manipulator) should be able to work in continuous physical contact, to perform a task, but also simplify it for the person. A key element is to ease the task for the person, by reducing the efforts that would otherwise be necessary, if the robot were not involved. This thesis aims to improve the performance of the controllers when the payload is not known or when it changes (even during the task) to obtain a better collaboration while moving an object. Improving the load sharing capabilities in robotics for collaborative scenarios might have a significant impact in the way of conceiving regular tasks in the industry, such as assembly tasks, moving boxes in a warehouse, drilling or sawing operations. For that purpose, the controller should also ensure a compliant behavior when interacting with the human and a good performance in trajectory tracking to perform the robot-alone tasks (without contact). Therefore this thesis proposes an adaptable controller capable of handling both cases under the same control law.

The framework for a convenient, flexible collaboration for a robotic manipulator along with a person is stated, as well as the control scheme to achieve the desired behavior. Through this thesis, the case of a load being carried by both the person and the robot is studied. Particularly, the case where the load of the object is not known (or it changes) is analyzed and evaluated with collaborative robot Kuka LBR iiwa 14 R820. The rest of the thesis is organized as follows:

1. Chapter 1: A deep and meaningful state of the art about the evolution of physical Human Robot Interaction is presented, by illustrating the path from classical robotics to the field of physical Human-Robot Collaboration, while situating it with respect to other possible branches of the wide field of human-robot interactions.

Chapter 2:

The theoretical and technical bases for the compliant control, necessaries for a suitable collaboration, are given. The model used for the robot manipulator is presented, as well as the basis of Impedance and Admittance control, to handle physical interaction. Furthermore, the classical approaches to deal with continuous collaboration between the person and the robot are shown along with their advantages and limitations.

Chapter 3:

The main contributions of the thesis are stated and developed in this chapter. The proposed Robust Variable Admittance Control is presented to co-manipulate an object with a person, at any moment, and with unknown load at the end-effector level.

The improvements are presented by simulations done over a novel simulated framework, designed for object co-manipulation in the context of pHRC.

Chapter 4:

The contributions, developed and tested in simulations in Chapter 3, are experimentally evaluated on a real Kuka LBR iiwa 14 R820. The simulated framework is compared to experiments to evaluate its accuracy to represent the real collaborative task. The proposed Robust Variable Admittance Control is experimentally evaluated, in simple experiments, to illustrate its advantages to co-manipulate objects of unknown load. Finally the contributions are used to tackle a use-case scenario, emulating a possible industrial task.

Chapter 5:

The quality of the collaboration obtained in Chapter 4 is evaluated and discussed. Two main aspects are considered, the performance (evaluated through quantitative metrics), and the safety (evaluated by the passivity of the system). Conclusions about the performance and conditions for passivity are stated, followed by a discussion about their use in the design of the controllers. An alternative method, considering the energy of the system, is presented for the design of a passive controller.

General conclusion and perspectives:

Finally, a conclusion is given to summarize and highlight the contributions proposed in this work. Advantages of the proposed method, results obtained and limitations are discussed. Based on these limitations or possible improvements, several perspectives are presented to improve, even further, the possibilities for object co-manipulation in pHRC.

Chapter 1

Physical Human-Robot Interaction 1.1 Introduction

Robotics is a concept known and used for the last 70 years, that has gained great importance in the modern industry. From the first primitive robots developed like Unimate in 1961 by Unimaton, to the well known nowadays Atlas from Boston Dynamics c1 , the design, purpose and potential of the robots have evolved considerably. A history of the beginning of robotics can be found in [START_REF] Gasparetto | From the unimate to the delta robot: the early decades of industrial robotics[END_REF].

In this chapter, the advances in robotics manipulators until recent years are shown, focusing on the latest years, and the trend on human robot interaction. The motivations, issues, technological challenges as well as modern results are presented. This chapter intents to provide a perspective on possible situations of interaction between a person and a robot, to better understand how a physical interaction should be handled. Leading at the end to the main problem addressed in this thesis, the concept of human-robot physical collaboration, in order to ease a task for the person. In Figure 1.1, the scheme presents the path from the general wide concept of robotic manipulators (involving concepts such as robot control [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF], trajectory planning [START_REF] Piazzi | Global minimum-jerk trajectory planning of robot manipulators[END_REF], mechanical design [START_REF] Bischoff | The kukadlr lightweight robot arm-a new reference platform for robotics research and manufacturing[END_REF]), passing through Human-Robot interaction (particularly for physical interaction [De Santis et al., 2008]), to the specific and concrete field of Physical Human Robot Collaboration (pHRC). Also, by following the diagram from left to right, the level of physical interaction between the person and the robot increases. 

Human-Robot Interaction

From Classic robotics to physical Human-Robot Interaction

The evolution of the robots and how they are conceived depend mainly on the task to be performed and the available technology to fulfill its development. In the beginning, as technology evolved, more robots were included in the industry for automatizing the production chains. Their accuracy, force and ability to repeat tasks were some of the main qualities used to improve those production lines. This conception, as a classical approach for robotics, can be represented by the typical situation of a great number of robot manipulators performing repetitive tasks (e.g. assembly, painting). During the last decades, the trend in communication and Internet of Things has gained a notorious importance. This has led to the adaptation of robots to be a part of the interconnected network, for instance by allowing real time data acquisition and communication with other devices, robots became more than just a tool that repeats a task, but an important agent in the industry process.

In that sense, it is possible to control one or multiple robots in a network to perform a common or different tasks. Several interesting issues arises from this concept such as coordinate the handling of a single object with multiple arms [START_REF] Yoshikawa | Coordinated dynamic hybrid position/force control for multiple robot manipulators handling one constrained object[END_REF] or leading to new challenges in the development of decentralized controllers for robots such as for mobile robots [START_REF] Lawton | A decentralized approach to formation maneuvers[END_REF]. As for the robotic manipulators, the field of teleoperation, where robot manipulators can be remotely controlled, has grown considerably. A survey can be found in [START_REF] Hokayem | Bilateral teleoperation: An historical survey[END_REF]. Nevertheless, until very recently, robots were still conceived to be in a cage, separated from operators to avoid any possible damage. In order to allow a more flexible and dynamic paradigm of work, this limitation had to be overcome, introducing the concept of a shared workspace between a person and a robot.

With this new approach of a shared workspace, the person becomes another element of interaction for the robot while, in the beginning, these interactions were mainly with other objects, or other robots at the most. There is a remarkable difference in involving a person in the loop (w.r.t. a regular object), since the person is not only an independent dynamic element, but it can also react to the robot's behavior and take decisions that will variate from one time to the other. In this sense, it is impossible to have a complete and perfect model of the person (either as an employee or an external person), forcing developers and researchers to focus the goal in ensuring that the robot will never harm the person, no matter the situation or task to be performed. mation can be used). In this way, developing flexible strategies that may work on different scenarios seems difficult or even impossible. This problem, can be partially mitigated by the acquisition and processing of information of the environment during the task. As it was mentioned before, the possibility of treating data in real time is one of the main features of modern robotics. Therefore, the use of modern sensors to get information of the environment and analyse this data to have a better comprehension of how the robot should behave is vital for human-robot interaction. Since the definition of robots, sensors have played an important role, being part of what makes the concept of a "robot". However, for a task where the workspace is shared with a person and the environment is unstructured, the data acquisition and treatment in real time, becomes fundamental. As the uncontrolled environment evolves over time, it is essential to gather information, obtained through the sensors, to understand the current state of the workspace.

One example is the use of vision sensors, like cameras, that provide rich information of the environment. They are widely used in mobile robotics like in [START_REF] Pire | The rosario dataset: Multisensor data for localization and mapping in agricultural environments[END_REF], a survey on vision used for navigation of mobile robots can be found in [START_REF] Desouza | Vision for mobile robot navigation: a survey[END_REF]. For the particular case of robotic manipulators, vision sensors have been mainly used for two reasons. The first one is identifying the task to be accomplished or the needed tool to share with the person. For instance in [START_REF] Lamon | Towards an intelligent collaborative robotic system for mixed case palletizing[END_REF] visual feedback is used to detect boxes and the localization of the pallet in a warehouse, for moving and placing object with a mobile arm manipulator. In [START_REF] Cherubini | Collaborative manufacturing with physical human-robot interaction[END_REF] the vision sensor is used to monitor a collaborative assembly process and detect the stage of the task. The second reason is for collision detection and avoidance, a field that has had an important growth based on the use of cameras. As stated, safety of the person while sharing a workspace should be ensured, and the first step is to allow the robot to avoid possible collisions [De Luca and Flacco, 2012]. The field of collision avoidance studies how to make the robot to adapt its predefined trajectory to avoid collisions with dynamic obstacles (humans or objects) [START_REF] Flacco | A depth space approach to human-robot collision avoidance[END_REF], Schmidt and Wang, 2014, Chen and Song, 2018, Safeea and Neto, 2019].

In particular, collision avoidance based on 3D depth camera (Microsoft Kinect) was explored [START_REF] Flacco | A depth space approach to human-robot collision avoidance[END_REF], Schmidt and Wang, 2014, Chen and Song, 2018]. In these works, it is usual to retract the robot from the scene to detect and track only obstacles. Authors in [START_REF] Flacco | A depth space approach to human-robot collision avoidance[END_REF] explored the depth space to compute distances between the robot and dynamic obstacles in real-time and then, the robot was controlled using virtual repulsive forces principle. The obstacle-robot distance estimation methods were more deeply explored in [START_REF] Flacco | A depth space approach for evaluating distance to objects: with application to human-robot collision avoidance[END_REF] by developing an improved and faster method for a real time application. However, using Kinect implies robot occlusion issues when the obstacle is between the robot and the camera. To overcome these issues, one approach might be to use multiple Kinects to increase the workspace representation [START_REF] Schmidt | [END_REF]Wang, 2014, Chen and[START_REF] Chen | [END_REF]. Nevertheless, the use of multiple Kinects, increases the calibration complexity between them and the computational cost and, as mentioned before, it is always important to be able to compute the information in real time. Other approach using one Kinect only, considered the obstacle with an infinite depth, called a gray area [De Luca and Flacco, 2012, Flacco et al., 2012, Flacco et al., 2015]. This approach prioritizes the human safety with a too conservative behavior, but highlighted efficient results when the robot is not hidden by the Physical Human-Robot Interaction obstacle. However, when the obstacle is placed between the robot and the camera, it will be considered close to the robot even when it is far from it in the depth axis, and thus it cannot deal with the case of obstacles that hide completely the robot from the camera's view. Indeed, since the robot is percepted by only the camera, when it is hidden, its posture can not be estimated. An image of our set up to study this issue can be seen in Figure 1.2, where a robotic manipulator is hidden (in the camera view) by a moving obstacle.

In the context of this thesis, we collaborated to solve this problem by proposing a different approach, that can be found in [START_REF] Nascimento | Collision avoidance interaction between human and a hidden robot based on kinect and robot data fusion[END_REF]. Our approach consisted on using not only the Kinect camera, but also the robot's own data (i.e. joint position measurements). By combining both the vision system with the robot's sensor, the position of the robot with respect to the camera is known and updated at all time, even when the robot is hidden from the camera view. From that point, the collision avoidance strategy can be improved by using only a safety contour around the object, instead of considering infinite depth. Results showed that with rough knowledge of the object's size (to define the safety contour) this method provides a good and smooth behavior of the robot to avoid collisions, even when it is hidden behind the object. Despite the fact that many collision avoidance strategies have
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Figure 1.2: Scenario for obstacle avoidance based on vision from a Kinect camera [START_REF] Nascimento | Collision avoidance interaction between human and a hidden robot based on kinect and robot data fusion[END_REF].

been developed and experimentally tested with good results, there are always limitations that might create a possible collision scenario (for instance, the velocity of the robot is limited by safety regulations, hence if the object moves faster than this limit, the collision strategies might fail). Therefore, it is always necessary to be able to handle collisions, in case they happen, as detailed in [De Luca and Flacco, 2012] where the authors described a framework considering collision avoidance, detection, reaction and a possible collaboration. Different from the classical concept of robotics where handling a collision means stopping the robot and the task in process, in the context of pHRI its meaning is much deeper as described in their work. While working along with a person, the idea is to accept collisions as possible part of the interactions, meaning that not only detecting them is important [START_REF] Haddadin | Robot collisions: A survey on detection, isolation, and identification[END_REF], but also the behavior of the robot must be compliant in order to do not harm the person or the robot when a collision appears. A study about the effect of those collision on the person, in the context of pHRI, has been done in [START_REF] Haddadin | Collision detection and reaction: A contribution to safe physical human-robot interaction[END_REF]. The authors provided a formal study of the quantitative effects of those impacts against the arm and chest of a person.

In general, this compliant behavior has been mostly achieved through compliant control strategies, including force control and Impedance control [Hogan, 1984, Hogan, 1985]. The main reason lies in the fact that we can consider the forces exchanged with the environment, while performing a task. Doing so, the robot will intent to perform the desired trajectory but, if a contact or external forces appear, the task will somehow be adapted, giving a certain degree of compliance to the robot's behavior. [START_REF] Roveda | Optimal impedance force-tracking control design with impact formulation for interaction tasks[END_REF] proposed a combination of methods to generate a compliant control, without overshooting, to manage contacts at the robot's end-effector with a not predefined environment (for example for a polishing task). With a similar goal, the authors in [START_REF] Salehian | A dynamical-systembased approach for controlling robotic manipulators during noncontact/contact transitions[END_REF] proposed an approach for handling the moment when passing from no-contact to contact with a surface, and the possibles instabilities that might arise for a manipulator.

Another approach to complement the compliant behavior in the presence of an unknown environment is to use learning methods, such as in [START_REF] Li | Learning compliance control of robot manipulators in contact with the unknown environment[END_REF], where repeating the task allows to learn and adapt the control to have the desired Impedance-like behavior, despite the unknown environment to interact to. This approach can be useful if tasks are repetitive, since the robot can learn from previous repetitions, nevertheless, it might be considered as a limiting method since, as mentioned, environments can change (specially if a person is involved). Also the possibility of adapting online the trajectory based on the forces applied to the end-effector has been studied in [Losey and O'Malley, 2017] and in [De Santis et al., 2006] for a mobile manipulator.

In the context of rendering the robot compliant by the control law, having the interactions with unknown objects or with a person can be seen as a similar issue. In both cases the task should be adapted to do not damage the robot or the object and specially do not harm the person. Nevertheless, a particular difference can be pointed out as, in general, it is possible to have a good knowledge of the objects of the environment and eventually their movements are rather slow. The same cannot be stated about a person, their movements are rather unpredictable and might be fast, forcing the robot to depend more on its own behavior and less on the knowledge of the environment. This is particularly interesting for the case of collaborations between a person and a robot, where the contact is expected and should be handled continuously. There are already existing fields where the continuous physical collaboration between the robot and a person might have clear applications, such as teleoperation, in order to control and have feedback of the robot using an haptic device [START_REF] Hokayem | Bilateral teleoperation: An historical survey[END_REF] or the use of exoskeletons to enhance the force capabilities of the person [START_REF] Lee | The technical trend of the exoskeleton robot system for human power assistance[END_REF]. Moreover, robotics devices have been used for the rehabilitation or re-education of the person's limbs [Vallery et al., 2008, Qian andBi, 2015]. In our work, the continuous collaboration is addressed for the case of a robot manipulator and a person collaborating to move objects.

Performance:

The collaboration should improve the development of the task, in comparison to the person doing it alone. Otherwise, it would be pointless to include a robot in the loop. This could be, for instance, by the robot doing the dangerous part, carrying the heavy load, or providing precision to the task.

The first point, regarding safety of the person, involves different aspects such as the current safety legal standards of the industry, the development of softer robots and grippers and how to handle the control of the robot, when the environment cannot be fully controlled [De Santis et al., 2008]. The development of the robots has been adapted, for instance avoiding loose cables outside the robot, reducing size and load of the robots, adapting the robot's morphology and limiting working velocities. Authors in [START_REF] Haddadin | Requirements for safe robots: Measurements, analysis and new insights[END_REF] gathered several previous works on human robot impacts and collisions to draw conclusions over the risks for the person and the comparison with current standards. They studied properties for several robots, showing the important progress reached with the light-weighted robots, for the reduced inertia, fast response to collisions and the use of torque sensors. They studied the big influence of the velocity on the possible impact, but at the same time, restricting at all the time the robot's velocity might be an over-conservative approach, limiting the performance of the robot.

From the control point of view, stability is considered one of the most important aspects that should be ensured, for instance to avoid unstable behaviors for an Impedance control [START_REF] Kronander | Stability considerations for variable impedance control[END_REF]. However the convergence of the system to the desired state might not be enough when dealing with human interactions, since there is an external agent interacting. Avoiding risks for the person is as important as avoiding oscillations. For this reason, an important condition required for robot control in the pHRI context is the passivity of the whole system, with the goal of ensuring that no "active behavior" might appear from the robot. This last topic, is treated and discuss in the context of this thesis in Chapter 5.

As for the performance, it is a wide topic that includes multiple aspects, sometimes depending strongly on the task to be performed. A common point is that the collaboration should ease the task for the person, or allow him to do it in a better and safer way. Nevertheless, to achieve that, the first step is to allow the person to collaborate with the robot in a comfort and easy way. For that reason, several studies have focused on understanding what kind of movements should be performed by the robot (or a robot-like system) while working with a person [START_REF] Corteville | Human-inspired robot assistant for fast point-to-point movements[END_REF], [START_REF] Noohi | A model for humanhuman collaborative object manipulation and its application to human-robot interaction[END_REF].

Performance and safety are two important aspects in order to achieve a beneficial collaboration. Nevertheless, one of the main challenges is that there is a trade-off between them [De Santis et al., 2008, Grafakos et al., 2016, Aydin et al., 2018, Bitz et al., 2020]. For that reason, ensuring stability or passivity under all possible scenarios might limit the controllers (or its parameters) that can be implemented. An intuitive explanation is that, by giving the robot a more powerful or active behavior, the risks tend to increase for the person (as the robot takes the initiative). On the other hand, a more passive controller of the robot would imply less risks, but the capabilities of the robot decrease, narrowing the collaborative applications. The desired goal is to achieve a good compromise where the performance allows to ease the task for the person, but without putting the person at risk.

In the following sub-sections, the different aspects that play a key role in the collaboration are analyzed. From the abstract level of defining what is the role of the robot in the collaboration, passing through how the robot should behave so that it feels natural to the person, to finally discuss the need of making the task easier for the person with the help of the robot.

Role assignment

The first question that appears in a collaboration, in spite of the robot used and the task to be done, is what should be the role of the robot? Should the robot be just a slave, a simple follower? or could it eventually take the leadership in the collaboration? This field is known as role assignment, a modern review can be found in [START_REF] Jarrasse | Slaves no longer: review on role assignment for human-robot joint motor action[END_REF] where some of the most meaningful topics (e.g. use of human-human collaboration to design the human-robot collaboration or how the shift in the role influence the collaboration) are discussed.

The authors in [START_REF] Mörtl | The role of roles: Physical cooperation between humans and robots[END_REF] studied the role assignment while co-manipulating a heavy table with an important size. Those features are important since the geometry and the dynamic properties of the table will influence the decisions and perception of movements at both sides. In their work the authors compared two dynamic role assignment techniques with a constant role assignment and analyzed the quantitative measurements to draw conclusions on the perception of the person during the task. One interesting point is how the different strategies for role assignment could depend strongly on the experience of the person and the task to be performed. Besides, the change in the role assignment during the task might be another point of study since it could decrease the intuitiveness from the human's point of view. In a similar context of manipulating large objects, the authors in [START_REF] Dumora | Robot assistance selection for large object manipulation with a human[END_REF] allowed the robot to choose from a preset of possibles assistances. The use of a library with previously developed methods allowed them to estimate online the assistance type that best suits based on the human's behavior.

Active

As shown in those examples the choice of how the robot should adapt its role, is strongly dependent on the task to perform. This might be the reason for the use of a varied set of predefined type of assistances. Another example of this strong dependency is the work done in [START_REF] Peternel | Robot adaptation to human physical fatigue in human-robot co-manipulation[END_REF], where the authors achieved good results for collaborative sawing and polishing. In this work the role of the robot change through the task as it starts as a follower to learn the movement patron, and when the person starts showing signs of muscular fatigue, the role of the robot becomes more active. With this framework, the authors gave the robot time to learn the task during its passive phase, and only when the person needs help, the robot start reproducing the previous movement.

The important choice on the role or level of assistance provided by the robot (as shown in the schema of the Figure 1.3) is rather difficult and has been defined case by case. In the context of pHRC the role can be seen as how active the robot is during the collaboration, with respect to being a simple follower. In the work of [START_REF] Corteville | Human-inspired robot assistant for fast point-to-point movements[END_REF] the authors studied how the knowledge of the velocity profile in human movements, can be used to enhance the robot's performance, while accomplishing a joint movement. They showed how a certain degree of assistance, can reduce considerably the human's effort. Nevertheless their study considered a one degree-of-freedom system in a point-to-point movement, which is a quite controlled environment (aside from the presence of the person). In [START_REF] Thobbi | Using human motion estimation for human-robot cooperative manipulation[END_REF] the reactive-proactive difference is clear as the robot has a basic reactive follower behavior, but if the online predictions of movement are accurate, a proactive behavior (i.e. taking the initiative) is included. Those results show how an active behavior from the robot might help improving collaborations for the person, which is one of the main features in pHRC. However, if this active behavior is based on some knowledge from the person, the non-accuracy of this information might lead to worst results for the collaboration than a simple robot-follower (e.g. unnatural or non-comfortable behavior for the person). Even more, since people do not behave equally and they might have different level of expertise on the task, the generalisation of an appropriate active-passive behavior is not easy, and should be considered according to the person and the task to accomplish.

Transparency in Human-Robot Collaboration

From the analysis of the robot's role during the collaboration, one of the important points that appears is that despite the role of the robot, the collaboration should feel "natural" for the person. This notion refers to the fact that the process of adaptation for the person to work with the robot should be as easy and faster as possible. To allow that, the collaboration should be similar to what the person is used to, while doing the task alone or collaborating with another person. Therefore, one of the most studied aspects of pHRC is rendering the robot transparent for the human. This means that the collaboration should be intuitive for the person, giving the human the freedom to move without adding an extra load because of the robot's own movement. For instance, the person should feel as if the robot is light and with a small inertia, no vibrations and the robot should react rapidly to the person's directives. All those considerations have been generalized as the transparency of the robot.

Since the focus is to ensure that the robot does not disturb the person's own movement and goal, the cases of study used are simple (i.e. no important interaction efforts, no heavy objects) with the purpose of allowing the person to accomplish the task while manipulating the robot's end-effector (e.g. a drawing task [START_REF] Kosuge | Control of a robot handling an object in cooperation with a human[END_REF]). The development in [START_REF] Duchaine | Safe, stable and intuitive control for physical human-robot interaction[END_REF] evaluated the capacity of a person to follow a labyrinth-like path with a pen attached to a three degrees of freedom parallel robot. In their work, as well as in a previous one, [START_REF] Duchaine | General model of human-robot cooperation using a novel velocity based variable impedance control[END_REF], they adapted the control law of the robot based on the perception of the human's intention. In the later, it is detailed how, if the velocity and rate of force have the same sign, the person's intention is to accelerate, differently if the signs differ, the person's goal is to decelerate or even stop the movement. Those assumptions were used along with the information obtained through the force and position sensors to adapt the robot's behavior. The results were once again validated with simple, yet effective, experiments, like pick and place task and following a labyrinth-like path with a pen. In both cases it is shown how adapting their control law, using the assumptions mentioned, provides faster and more accurate results, meaning that the person is less disturbed by the robot while Physical Human-Robot Interaction accomplishing those easy tasks. In [START_REF] Ficuciello | Variable impedance control of redundant manipulators for intuitive human-robot physical interaction[END_REF], the parameters of the controller of the robot are adapted according to the velocity, with the assumption that during fast and long movements, the robot should accelerate and move easily, but changing for a more damped behavior to ensure an accurate positioning (low velocity movements).

A common aspect from those works is the use of assumptions based on forces and position measurements. It is also possible to do other assumptions based on the profile of human's movements. For instance, the early work of [START_REF] Flash | The coordination of arm movements: an experimentally confirmed mathematical model[END_REF] has been used as starting point for assumptions on human's movement. Many useful notions have been extracted from their work based on the minimum jerk concept for human's movement. Examples are the point-to-point movement, where the minimum jerk leads to make the smoothest possible trajectory, and described by a bell shaped curve of velocity. Considerations are also presented for curved trajectories and the mathematical model to represent how the person achieves those movements with their arms. In [START_REF] Rahman | Investigation of the impedance characteristic of human arm for development of robots to cooperate with humans[END_REF], a study about human's parameters is conducted using some assumptions like minimum jerk trajectories. The robot is first used as a leader to identify the behavior of the person as a follower to then, use this information to design the controller of the robot to be a follower with similarities to the behavior of a person. In [START_REF] Ikeura | Optimal variable impedance control for a robot and its application to lifting an object with a human[END_REF] the optimal damping for the robots behavior is proposed based on experiments done to replicate the minimum jerk trajectory. Recently, in [START_REF] Li | Force tracking control for motion synchronization in human-robot collaboration[END_REF] the authors analysed the scheme of human robot collaboration with no object between them for three different type of movements performed by the human (point-to-point, periodic, arbitrary), and by proposing variations to the compliant controller to enhance the performance of the collaboration.

As the robot is interacting continuously with a person, it is understandable to use information from the person's movements, another step would be to propose and use models of the human arm in an attempt to consider the person in the loop for the model of the collaborative problem. For instance, in [Erden and Billard, 2014a], the authors studied the parameters of the human arm, conceived as an Impedance model while performing a welding task. Differences between novice and trained workers are presented and how the robot's parameters could be adapted to improve the collaborative task. Also, in [START_REF] Erden | End-point impedance measurements across dominant and nondominant hands and robotic assistance with directional damping[END_REF] a complementary work analyzed the end-point Impedance parameters but comparing the dominant and non dominant hand of the person, for a collaborative airbrush painting task. Those works used the robot's end-effector to generate stimulus and measure responses in order to identify the human's end-point Impedance model. Another possibility is the use of sensors on the person's arm to measure muscular electrical activity during movements. The use of electromyography (EMG) sensors can be used combined with kinematic and dynamics model of the arm to identify the end-point Impedance parameters such as in [Ajoudani et al., 2018a].

In all these works the goal was to analyze what are the robot's behaviors that are the most appropriates for a human-robot collaborative task. The results and improvements obtained are oriented on allowing the person to have an intuitive collaboration with a robot to perform trajectories, however, the impact on a person in terms of task simplification is not evaluated. In fact, being intuitive or transparent for the person does not imply that this methods are
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optimal to help the person perform a difficult task or carry heavy objects. One recent example of the current focus (of also including the task to be performed along with the transparency) can be found in [START_REF] Bazzi | Goaldriven variable admittance control for robot manual guidance[END_REF]. In their work the control of the robot is adapted, not only according to the state of the movement, but also with respect to the position goal. The idea behind this approach is that the robot might softly guide the person's towards the objective. With a similar conceptual idea, the authors in [START_REF] Kang | Variable admittance control of robot manipulators based on human intention[END_REF] proposed to consider a direct intention to adapt the parameters of the controller based on the human current movement and force, but also an indirect intention. This last concept is related to the person trying to follow a certain path (e.g. a curve or a straight line) but due to measurement errors, human inaccuracies the movement might get away from that path. Therefore, the authors proposed to allow the robot to guide softly the person based on that indirect intention.

This concept that the robot should not only be intuitive and transparent, but also improve and help the person in the task, is the main focus of the following sub-section

The purpose of the collaboration

The collaboration between a person and a robot involves a high level of complexity, requiring to consider and handle multiple aspects, as it was previously detailed. Therefore, the question of why should a robot be used to physically collaborate with a person is relevant. In [START_REF] Tsumugiwa | Variable impedance control with regard to working process for man-machine cooperation-work system[END_REF] the control of the robot is adapted regarding the working process, differentiating the initiation of the movement, the movement itself, and the final positioning. In their work, that might represent a collaborative positioning of an object, they improved the behavior of the robot by considering the different states of the task, as well as the forces exerted by the person.

In the work of [START_REF] Cherubini | Collaborative manufacturing with physical human-robot interaction[END_REF] a collaborative robot is used to improve an assembly task for the person. The task in question is the assembly of an homokinetic joint of a car. This task is considered to be complicated, specially for the ball insertion in the joint, that is done manually, posing an issue for the persons health. In their work, the inclusion of the robot helps improve the conditions for the person by adapting the work-cell for this particular process. The robot has a predefined movement but also being compliant to the forces applied by the person.

For instance, another interesting reason to include the robot might be to help moving an object (as shown in Figure 1.4), either because of its size, its load or both. In an early work, [START_REF] Ikeura | Cooperative motion control of a robot and a human[END_REF], authors studied the way two people manipulate an object, to then use that information in [START_REF] Ikeura | Variable impedance control of a robot for cooperation with a human[END_REF] to adjust the controller of the robot to manipulate an object along with a person. Finally in [START_REF] Ikeura | Optimal variable impedance control for a robot and its application to lifting an object with a human[END_REF] an optimal damping behavior is proposed for that task. Similarly, in [START_REF] Hayashibara | Assist system for carrying a long object with a human-analysis of a human cooperative behavior in the vertical direction[END_REF] an experiment is conducted with two persons, one being the master and the other the slave, to obtain a behavioral pattern that will be used afterwards to design the behavior of the robot as a follower. In their work they concentrated their study in a vertical movement, with the goal of keeping the object in an horizontal position. More recently, in [START_REF] Noohi | A model for humanhuman collaborative object manipulation and its application to human-robot interaction[END_REF], a deep study on the forces Physical Human-Robot Interaction exchanged in a dyadic manipulation of an object by two persons and by only one, using both hands, was done. The authors analyzed the efforts to differentiate interaction forces from the movement-related forces to then propose models for this collaboration that might be useful for human-robot collaboration. The intention of keeping an object horizontal was also studied in [START_REF] Thobbi | Using human motion estimation for human-robot cooperative manipulation[END_REF] for a humanoid robot. The authors designed the control of the robots to combine a reactive and a proactive (based on a prediction of the person's movement) control of the robot while lifting a table. Nevertheless, in their study, they considered the table to be light-weighted, therefore not considering the influence of the load in the collaboration. As mentioned, one problem while sharing an object is its size and geometry. The coordination of the movement to allow a correct and synchronized movement is important and should also be handled, specially when no vision sensors are involved. In [START_REF] Wojtara | Human-robot collaboration in precise positioning of a three-dimensional object[END_REF], this problem is faced, as the authors developed a theoretical framework to study and control the coordination between the person and the robot to precisely pose an object for an assembly task. In their work, several issues are tackled, such as the difficulty for the person to concentrate on his side of the object but also the robot's side, or the complications that might appear for the robot to understand whether the person intends to perform a translation or a rotation. The authors proposed several solutions to perform this coordinated task, that may help in the industry to improve tasks that cannot be fully automated (due to the need of a person's experience, lack of image/proximity sensors, or a varying environment). A more general framework for multiple robots and multiple persons manipulating a bulky object is proposed in [START_REF] Lawitzky | Load sharing in human-robot cooperative manipulation[END_REF]. The proposed framework for the coordination between all the agents involved in the task are analyzed and the possible constraints imposed by the environment discussed, as another possible issue for pHRC.

𝑃𝑎𝑦𝑙𝑜𝑎𝑑

Another problem that appears while co-manipulating an object is its payload. The authors in [START_REF] Al-Jarrah | Arm-manipulator coordination for load sharing using compliant control[END_REF] explored how the payload is shared in a collaborative task while the person and the robot manipulate an object together. They analyzed the distribution of the load on the person and the robot while the person is guiding the end-effector of the manipulator in a simple trajectory. Their study is interesting as the weight of the object is considered unknown, which might be a recurrent case while doing objects co-manipulation. In [START_REF] Maeda | Human-robot cooperative manipulation with motion estimation[END_REF] an interesting aspect of the collaboration is studied as the energy exchange between the person and the robot is analyzed while performing a collaborative task. The notion of unnecessary energy used is referenced as a parameter to improve a collaboration.

Recently, the authors in [START_REF] Roveda | Fuzzy impedance control for enhancing capabilities of humans in onerous tasks execution[END_REF], proposed an improvement in the control of a manipulator designed for pHRI in a collaborative lifting task. The authors proposed an adaptation of the robot's goal in an attempt to better assist the person while handling an onerous object. Their approach for identifying the human's intention is similar to [START_REF] Duchaine | General model of human-robot cooperation using a novel velocity based variable impedance control[END_REF], but as there is an important object in the middle, the authors used that information to also adapt the controller to improve the movement of the robot, allowing the task to be performed even with the payload. In the context of the same project, in [Roveda et al., 2018a] a different method for the adaptations of the robot's goal is presented. In this case the authors propose a framework for an assembly task, starting from the environment detection, grasping the object and a collaborative assembly. In this last part, again the goal is to relieve the person from the heavy load.

A different, yet interesting, study was carried out in [START_REF] Campeau-Lecours | Modeling of physical human-robot interaction: Admittance controllers applied to intelligent assist devices with large payload[END_REF], where a heavy 4-DOF mechanism is used to provide a better understanding of the limits of the typical controllers. Specially to understand limits to avoid vibrations and dangerous behaviors and how an important payload might impact those limits. Their device, that differs from a classical manipulator can be used to transport important payload along with a person, showing again that if a load is carried, this influence should be considered in the design of the controller for the robot.

Another ongoing issue in object co-manipulation is how to understand the intention of the person manipulating a long object on the other side [START_REF] Karayiannidis | Mapping human intentions to robot motions via physical interaction through a jointly-held object[END_REF]. As the object is long, and the forces and torques are sensed at the robot's end-effector, there might be an ambiguity on the intention of the person while manipulating the other end of the object. This is due to the torques not being big enough in comparison with the noise and bias of the sensor when applied far from the sensor, leading to the ambiguity of whether the person wanted a translation or a rotation. In their work the authors proposed different modes for the robot, translation and rotation. Then several switching policies are studied, using magnitude and direction of the force to help perform the adequate movement for the person.

As it can be seen, the purpose of the collaboration is not only important to understand the reason behind the inclusion of the robot, but also as the expected behavior of the robot might change according to the task, it is important to consider the object to manipulate or the goal of the collaboration while designing the robot control.

Contribution of this thesis to pHRC

In the context described, with a growing trend on the subject of pHRI and particularly on pHRC, this thesis focuses on the issue known as object co-manipulation. As detailed in sub-section 1.3.3 for a joint manipulation of an object between a person and a robot manipulator, the geometry and the weight of the object are important and will influence the collaboration itself. For instance, in the work of [START_REF] Lamon | Towards an intelligent collaborative robotic system for mixed case palletizing[END_REF], a complete framework for moving and placing objects in a warehouse is presented. The authors proposed different possibilities for the collaborative task, where the boxes can be moved by the robot, the person, or both together if the object is either too big or too heavy. Despite the good results and the deep study on the policies and how to manage this flexible collaborative task, the joint collaboration for heavy objects was not fully analyzed. The behavior of the robot and how to improve this part of the task are not fully explored. Recently, in the work done in [START_REF] Tarbouriech | Admittance control for collaborative dual-arm manipulation[END_REF], a dual arm robot manipulator is used to move objects along with the person. The problem of the load, and its possible influence in the measured forces is tackled. Authors proposed a method to identify the mass of the object to differentiate its influence, from the intention of the person to guide the movement. In an early work done in the context of this thesis, [START_REF] Mujica | Evaluation of human-robot object co-manipulation under robot impedance control[END_REF], the influence of the object's payload with a state-of-the-art controller is analyzed while collaborating to move a box. The results showed an important degradation of the co-manipulation task when the payload of the object is unknown (compared to having the load fully identified). The main interest of this issue appears as a complete model of the tool to manipulate is not always easy. Even more, as in many working scenarios the tool or object to co-manipulate is not always the same, therefore some degree of flexibility in the knowledge of the object would be helpful. In [START_REF] Mujica | Evaluation of human-robot object co-manipulation under robot impedance control[END_REF], different loads were used in a vertical trajectory, comparing the efforts done by the person, and the profile of the movement. The box to manipulate was considered known (in load and geometry) but different payloads were added inside, modifying the total mass and inertia of the object (see Figure 1.5). From the results obtained, this thesis aims at contributing in improving the collaboration, when the load of the object to manipulate is not perfectly known. A scenario for pHRC is proposed for simulations in order to study the influence of the controllers. Enhancements for the classical control laws are detailed to move loads of unknown weight but also to make the robot capable of being a compliant collaborator for the person or to have its own task, under the same control law. Experiments are performed to validate the proposed approach, including a possible application for carrying objects from one place to the other. Finally quantitative criteria are presented for the collaboration in order to evaluate the proposed controller, its advantages and limitations.

The objective is to improve the performance of the controllers to allow a better collaboration in moving an object when the payload might change (even during the task). Improving the load sharing capabilities in robotics for collaborative tasks might have a great impact in the way of conceiving regular tasks in the industry such as assembly tasks, moving boxes in a warehouse, drilling or sawing operations.

Chapter 2

Robot Control for pHRC

Introduction

Despite the modifications done to make the robots less dangerous for the person, from the construction and materials point of view, the control of the robot in a compliant, non-dangerous, way is of great importance. As interactions with the environment are done mainly by exchanging forces, measuring and using them to control the robot is an interesting choice in pHRI, and even more in pHRC. The subject of force control is addressed formally and detailed in [Villani and De Schutter, 2008] where the authors divided the strategies in two categories: direct and indirect force control. The main difference between the two categories is whether the exerted force is regulated by an explicit force feedback loop, with a desired force as a reference (direct force control), or if the force is regulated by controlling the robot's motion (indirect force control). It should be pointed out that in the second category, there are cases where there is a force feedback, but not with the aim of explicitly comparing it with a desired reference, but rather to compensate the external efforts (for example to perform a linearization of the closed loop dynamics). This chapter will review the state of the art of relevant force controllers for robot manipulators, with special focus on how to implement them in the context of physical human robot collaboration. First the robot model is described since most controllers use this model to improve the behavior of the closed loop system, but also because it will be necessary for the passivity analysis of Chapter 5. Then, the force control laws that can be used in the context of pHRI are presented. Special attention is given to considerations and guidelines from recent works to improve several tasks and for a better collaboration with a person that has a leading role. The purpose is to settle the basis on which Chapter 3 will be developed, to improve the co-manipulation of an object by a person and a robot manipulator.

Robot models

In the context of pHRI, the main element that can be modeled with a certain degree of precision is the robot. For that reason, it is common to use the robot model, obtained through identification techniques [START_REF] Jubien | Dynamic identification of the kuka lwr robot using motor torques and joint torque sensors data[END_REF], Stürz et al., 2017], to improve the controller design. In the following sub-sections the Lagrangian and Hamiltonian formulation of a classic robot model, along with its use in robot control, are presented. Then, the extension 36 Control for pHRC to flexible joint robots is shown as well. Some other aspects that require discussion are detailed such as the case of redundant manipulators and singular configurations. The problems and possible solutions to handle a redundant robot, as well as possible advantages of the extra degree of freedom are presented. Finally, the behavior of the robot in singular configurations (or near them) is analyzed and some solutions are proposed to implement later in Chapter 3.

Lagrangian formulation

Similar to many mechanical systems, one of the most used methods to obtain the dynamical model of a robotic manipulator is through the Euler Lagrange formulation. Therefore, considering as generalized coordinates the joint angles q and the generalized velocities, the joint velocities q, the model obtained in the joint space can be represented by the dynamic equation: M (q) q + C(q, q) q + g(q) = u + τ e (2.1)

with M (q) as the Inertia matrix, that is symmetric and positive definite, C(q, q) q is the vector corresponding to the Coriolis and centrifugal terms, while g(q) is the gravitational vector. No friction is considered in the joints for this model. On the right hand of the equation, u is the input torque vector (generated through joint actuators) and τ e is the vector of torques that appear on the joints as a consequence of the interactions of the robot with the environment (a generic example with 3 d-o-f is presented in Figure 2.1). As in
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.1: Standard three link robot manipulator in interaction with the environment through its end-effector.

general the interactions with the environment happens at the end-effector level, it is common to consider the function that maps the joint position into the task space position, also named Cartesian space as:

x = f (q), (2.2)
where x is the vector of the end-effector's pose in the Cartesian space and is usually represented by a 6 × 1 vector containing the 3 components for the position and 3 for a minimal representation of the orientation (e.g Euler Angles). The function f (q) is called forward kinematics. For the same reason, it is also useful to define the Jacobian of the robot, allowing the mapping from the joint velocities to Cartesian velocities. Then, the Jacobian matrix of the manipulator is defined as follows:

ẋ = ∂f (q) ∂q q, (2.3) ẋ = J (q) q, (2.4)
and is a m × n matrix with m the degrees of freedom in the Cartesian space and n the degrees of freedom in the joint space (i.e. the number of generalized coordinates q)

In the case of physical interaction, using that definition, it is important to introduce a relationship between the forces and torques in the task space, and the joint torques. To do so, first we introduce a wrench h e that represents a 6 × 1 vector containing three forces and three torques in the task space due to the external interactions (forces and torques applied by the environment on the robot). The well known relationship can be obtained using the principle of virtual work as shown in [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF]]. Alternatively, it is possible to consider that the instantaneous power is preserved despite the space chosen for the representation, therefore:

ẋT h e = qT τ e , (J (q) q) T h e = qT τ e , qT J T (q)h e = qT τ e , J T (q)h e = τ e , (2.5) which presents the dual relationship through the Jacobian and its transpose. It is then useful to rewrite (2.1) as: M (q) q + C(q, q) q + g(q) = u + J T (q) h e , (2.6)

This last expression is the usually used [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF] since it links the joint dynamics, where the control torques are applied, with the external forces that, in general, appear in the task space. However, in that reference, h e describes the wrench applied by the robot on the environment, which means that is the reaction force of the one defined in our work. Since in the current thesis the forces applied by the person are of interest, the choice to use h e as the vector wrench applied on the robot is best suited than the one done in the reference mentioned.

Hamiltonian Formulation

Many physical systems can be described as port-Hamiltonian Systems (PHS), whose dynamics is written in the form [van der Schaft, 2000]:

   ẋ = [J (x) -R(x)] ∇H(x) + c(x)u y = c T (x)∇H(x).
(2.7)

where x, u an y are the state, input and output vectors, respectively. The matrix J (x) = -J T (x) describes the power-preserving interconnection structure of the system, the matrix R(x) = R T (x) ≥ 0 represents the dissipation and the function H(x) is the Hamiltonian, which represents the total energy of the system.1 An important property of the PH systems is that they are passive with input u, output y and storage function H(x) ≥ 0 [van der Schaft, 2000].

Besides the classical Lagrangian formulation to describe a robot model, it is possible to use a Hamiltonian formulation to derive the port-Hamiltonian system (PHS) from (2.1) using the Legendre Transformation [van der Schaft, 2000]. The resulting PHS is:

q ṗ = 0 n×n I n×n -I n×n 0 n×n ∇ q H ∇ p H + 0 u + τ e , ( 2.8) 
where the linear momentum p = M (q) q and Hamiltonian:

H(q, p) = 1 2 p T M -1 (q)p + V (q), (2.9) with potential function V (q), which verifies ∇ q V (q) = g(q)2 . In this case, the result obtained in (2.9) represents the system described by the Hamilton's equations.

The main interest of this representation with respect to the classic Lagrangian formulation is that the energy of the system is explicitly described in the model as the Hamiltonian function H(q, p). Also the interconnection of PHS preserves some important properties from the interconnection of passive systems (that will be treated in Chapter 5).

Visco-elastic joints

In the context of developing safer robots for pHRI tasks, a particular aspect that has appeared is the concept of flexible joints. In order to have a less rigid structure and to include torque sensors in the joint, the elastic or visco-elastic phenomena became a non-negligible aspect in the robot model. If we consider robotic manipulators where the flexibility of the joints and the apparent inertia of the motor cannot be neglected, and we use the model proposed by Spong in [Spong, 1987], it is possible to redefine the second order equation of (2.6) as: M (q) q + C(q, q) q + g(q) = τ a + τ e ,

B θ + τ a = τ m τ a = K(θ -q) + D( θ -q) (2.10)
where q is the link-side coordinate vector, θ is the motors angle vector, the control input τ m is the vector of motor torques, and τ e is the joint torques due to external forces. The dynamics of the link are characterised by the inertia matrix M (q), the Coriolis matrix C(q, q), and the gravitational vector g(q). The visco-elastic phenomena in the joints is described by the torque τ a , with stiffness and damping matrices K and D, respectively, and the inertia of the motors is represented by the matrix B. A scheme of the robot with flexibility in the joints based on the model proposed can be sen in Figure 2.2
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.2: Robot model with visco-elastic joints. The motor torques is applied to accelerate the motors inertia and the spring-damper produces the torque τ a to the joint on the link side.

The Euler-Lagrange dynamics (2.10) can be equivalently written in the PH form .11) where p = M (q) q, s = B θ, and Hamiltonian:

     q θ ṗ ṡ     =      0 n×n 0 n×n I n×n 0 n×n 0 n×n 0 n×n 0 n×n I n×n -I n×n 0 n×n -D D 0 n×n -I n×n D -D           ∇ q H ∇ θ H ∇ p H ∇ s H      +      0 0 τ e τ m      , ( 2 
H(q, p, θ, s) = 1 2 p T M -1 (q)p + 1 2 s T B -1 s + 1 2 (θ -q) T K(θ -q) + V (q),
(2.12) with potential function V (q), which verifies ∇ q V (q) = g(q).

Redundancy and Inverse of the Jacobian matrix

In the previous sub-sections, the model of the robot was presented for any generic robot (or for a basic 3 d-o-f in Figure 2.1), but depending on the manipulator this might change and some considerations are indeed needed in the model. For instance, modern robots are often designed to have more d-o-f than the ones required for the task (e.g. Kuka LWR IV, Kuka iiwa, Franka Emika, have 7 degrees of freedom, that is one more than the six needed to locally define a rigid body in free space). The intuitive explanation is that the robot would be able to accomplish any task space pose (i.e. a position with a particular orientation) with an infinite possible joint configurations. This feature can be explicitly seen in the Jacobian matrix. For a non-redundant manipulator, this matrix would be square with dimension n × n, but for a manipulator with n degrees of freedom, and m coordinates in the task space, the Jacobian becomes a matrix of m × n.

In multiple scenarios, the inverse of the Jacobian matrix is used in the control law of the robot, this is straightforward for a square matrix (as long as it is non-singular, a case that will be treated in the next subsection), but that cannot be directly done for a rectangular matrix, which is the case of a redundant manipulator. The most used approach is the use of the pseudo-inverse of the Jacobian, also called Moore-Penrose Inverse, defined by the following expression: q = J † (q) ẋ (2.13) and being the only matrix holding the following four properties [Nakamura, 1990]: J (q)J † (q)J (q) = J (q) J † (q)J (q)J † (q) = J † (q)

[J (q)J † (q)] T = J (q)J † (q)

[J † (q)J (q)] T = J † (q)J (q)

(2.14)

If the Jacobian is non-singular the pseudo inverse can be calculated using the expression: (2.15) This matrix has the particularity of being the choice that satisfies (2.13) while minimizing the norm: q 2 = qT q .

J † (q) = J T (q)[J (q)J T (q)] -1 ,
(2.16)

As there are infinite solutions to the expression (2.13), other matrices can be used to minimize different objectives. Therefore a generalization can be made, by the so-called generalized inverse: J (q) = W -1 (q)J T (q)[J (q)W -1 (q)J T (q)] -1 , (2.17)

with W an invertible matrix being the weight of the generalized inverse. This expression might also be called weighted pseudo-inverse, but it differs from (2.15) since not all the properties from (2.14) hold true. The pseudo-inverse from (2.15) is a particular case where W is the identity matrix. Nevertheless, by choosing other matrices for the weight, other objectives can be accomplished, since the generalized inverse minimizes the weighted norm:

q 2 W = qT W q .
(2.18)

For instance, in [Khatib, 1987] the matrix W is replaced by the inertia matrix of the robot, which is the choice that leads to a minimization of the kinetic energy of the manipulator. In the case of a robot manipulator attached to a mobile robot as in [START_REF] Kim | Moca-man: A mobile and reconfigurable collaborative robot assistant for conjoined human-robot actions[END_REF], there are more redundant d-o-f to exploit. Authors proposed to use a dynamically consistent generalized inverse using the inertia matrix but also including another weighting matrix to ponder the motion of some joints. In their context, this is useful since some tasks would be best achieved by the movements of the mobile platform while others by the manipulator.

Singularities of the Jacobian

As detailed in previous sections (and as it will be presented in the following control laws) the use of the Jacobian matrix plays a key role for the mapping of joint velocities into end-effector velocities (and its transpose for mapping end-effector forces into joint torques). Hence, it is usual to use the inverse of the Jacobian either to solve the inverse kinematic problem or to perform a linearization and dynamic compensation before imposing a new desired dynamic through the control law.

In non-redundant manipulators, the inverse can be obtained analytically from the expression of the Jacobian, or computed numerically by inverting the matrix at each step. As for the redundant manipulators the generalized inverse or pseudo-inverse can be used. Nevertheless, in all these cases, the Jacobian matrix might present singularities at certain configurations and therefore the inverse cannot be computed. The interpretation is that, at particular joint positions of the robot, the joint velocities that corresponds to the current end-effector's velocity cannot be calculated. Furthermore, in the surroundings of a singularity, small velocities of the end-effector might correspond to rather large joint velocities, leading to unacceptable and dangerous behaviors, specially for human-robot interaction.

In singular configurations, the Jacobian matrix loses rank, restricting the movements of the arm in some possible directions. For a square matrix this implies that one of the eigenvalues of the matrix is zero. For a more general case, with a rectangular matrix of dimensions m × n (which is the case of the Jacobian matrix for redundant manipulators) this can be analysed by the singular value decomposition of the Jacobian matrix as:

J = U ΣV T (2.19)
where U and V are m × m and n × n orthogonal matrices respectively, while Σ is an m × n Control for pHRC matrix defined as:

Σ =              σ 1 σ 2 0 . . . σ p 0 . . . σ m 0              m×n (2.20)
with σ 1 ≥ σ 2 ≥ ... ≥ σ p > 0 and σ p+1 = σ p+2 = ... = σ m = 0 . Then, σ p is the last singular value that is greater than zero, meaning that the rank of the Jacobian matrix is p.

The singular value decomposition allows the computation of the inverse for non-square matrix, even in singular cases by doing:

J † = V Σ -1 U T .
(2.21)

If J has full row rank (i.e. not in a singular configuration) the expression (2.21) corresponds to the Moore-Penrose pseudo inverse of (2.13). Nevertheless, near singularities, the singular values would get close to zero, producing large values while inverting Σ. The easiest workaround for this problem would be to, instead of inverting the singular values that are below a threshold, set to zero their corresponding element of the inverted matrix Σ -1 . This approach has the problem that might produce a discontinuous behavior as the inverse of σ p might be increasing and suddenly becomes zero. An improvement would be to set a saturation value for the inverse of the singular value (the value of the saturation would be the inverse of the threshold value). Another commonly used approach for this problem is the use of Damped Least Squares (DLS) techniques, leading to:

J † DLS = V Σ -1 DLS U T (2.22)
where the definition of the inverse of the singular values has been adapted as to have:

Σ -1 DLS =                        σ 1 σ 2 1 +λ 2 1 σ 2 σ 2 2 +λ 2 2 0 . . . σp σ 2 p +λ 2 p 0 . . . σm σ 2 m +λ 2 m 0                        n×m (2.23)
The inclusion of the different λ i avoids the inverse from exploding when the corresponding σ i becomes zero in a continuous manner, with i = 0, 1, ..., m. Then, if σ i has a value that is considered far from zero (this would depend in the accepted velocities and the application) it would be possible to consider that σ i >> λ i leading to 1 σ i for that element of the diagonal. Nevertheless, this is an approximation, meaning that the inclusion of the damping term λ i will produce an error in the velocities obtained through the Jacobian. In the context of a control law this could produce errors in the dynamic behavior of the end-effector that might be unacceptable when precision is needed. Consequently, it would be useful to adapt the value of each λ i so that:

λ i (σ i ) =    0, if σ i ≥ λ c , otherwise (2.24)
with λ c the value chosen when near a singularity. In that case, no error would appear far from singularities, and the small errors that appear near a singularity could be compensated by the control law, once the λ i becomes zero again. This could be also improved using a smooth transition from zero to λ c instead.

As mentioned, the use of the SVD of (2.21) is equivalent (when not in singularities) to the one of (2.13). In the case of the use of damped least squares techniques, the result of (2.22) can be equivalently written as:

J † DLS (q) = J T (q)[J (q)J T (q) + λ 2 c I ] -1 , ( 2.25) 
with I being the identity matrix of appropriate dimensions and considering for simplicity a constant λ c for the added damping.

More details on the inverses and the pseudo-inverse presented, can be found in [Nakamura, 1990] where the author analyzed the geometric interpretation of the singular value decomposition and the properties of the pseudo-inverse in detail.

Control for pHRC

One of the key elements to involve the robot in the framework along with the person is the control of the robot. Despite the possible mechanical and structural modifications in the robot, the control scheme used remains crucial in order to achieve good and safe interactions. In this context, the control schemes based on the use of the force are appealing as it is the main source of information from the environment. Nevertheless, the control methods that are mostly chosen and more appropriates for pHRC are indirect force control methods (the difference is explained in section 2.1). This is due to the fact that, in general, there is no desired force for the collaboration but rather a comfortable and productive interaction between the robot and the person. Furthermore, strategies like hybrid force/motion control [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF]] might be a limitation as it would restrict the possible applications. In that scheme, the degrees of freedom for position control and force control should be predefined, requiring a previous information on the task and what the person is able or not to do.

In our work, the goal is to remain in a general context, giving the person as much freedom as possible to move, while the robot is helping with the load at the end-effector level. Therefore, in the following subsections the theory and implementation concepts for Impedance and Admittance control are presented along with the details for the application to redundant manipulators. Finally, some remarks on how to handle the orientation using Unit Quaternions is presented, as it presents some advantages in this context, despite the modifications that have to be done in the control scheme.

Impedance control

In the context of compliant robots and also pHRI, Impedance control is one of the most chosen strategies since it can deal with the contact and no-contact case under the same control structure. In that sense, there is a clear difference with respect to traditional position control or pure force control, as they will produce problems and instability under contact and no-contact, respectively. A combination of the position and force control was proposed as hybrid force/position control, where for certain directions the force is regulated, and the position in the others [Yoshikawa, 2000]. In the case of Impedance control this difference is not necessary as the control can handle both cases by regulating the relationship between the force and velocity, instead of regulating one or the other. From its name a simple analogy can be made to an electric circuit where, instead of regulating voltage or current, we would control the Impedance of the circuit and therefore the relation between voltage and current. Therefore, the goal of Impedance control is to approximate the behavior of the system to a classical, second order, mass-spring-damper system (as shown in Figure 2.3) with the form: A first approach for robotics was presented in [Hogan, 1984, Hogan, 1985] and adapted and summarized in [START_REF] Hogan | Impedance and interaction control[END_REF]. In its most basic form, the controller is conceived as a spring-damper system with respect to a desired joint position:

mẍ + b ẋ + kx = f, (2.
u = -K j (q -q ref ) -D j ( q -qref ),
(2.27)

with q ref , q the desired and actual vectors of joint angles, respectively. The error was chosen to be represented as (qq ref ) in order to have the same sign convention as in (2.26). The matrices K j and D j represent the stiffness and damping respectively and they are square, positive definite matrices that, in general, are chosen diagonal to avoid coupling. Including (2.27) in (2.1) leads to the equation:

M (q) q + K j (q -q ref ) + D j ( q -qref ) + C(q, q) q + g(q) = τ e .
(2.28)

If the imposed dynamic is predominant with respect to gravity and Coriolis (or if they are known and can be compensated) the dynamic of the system will approximate a mass-springdamper in the joint space.

As stated previously, in the case of pHRI the interactions happen in general at the endeffector level, therefore, it is more intuitive to develop the control strategy in the same way. The same controller can be rewritten in the Cartesian space by the use of the forward kinematics in (2.2) and the Jacobian of (2.4). Then, it is possible to redefine the controller in (2.27) as a function of the Cartesian vectors x and x ref , obtaining the expression:

u = -J T [(K P (x -x ref ) + K D ( ẋ -ẋref )].
(2.29)

Using this control input in (2.6) a dynamic equation is achieved but with the forces applied in the Cartesian space: (2.30) In the last case, the matrices K P and K D represents the stiffness and damping in the Cartesian space respectively. Therefore they are square matrices with their size dependent on the coordinates in the task space. The structure of the controller resembles a PD controller (in the joint space for (2.27) and in the task space for (2.29)), the difference lies in the definition of those matrices, as now they should be chosen to be compliant to external forces but also converge to the desired position in a non-contact situation differing from a traditional PD controller. Even thought it is simple, it can be pointed out that this method can combine the situation where due to an external effort it is necessary to be compliant and the case where there is no external effort so the manipulator should follow the desired trajectory accurately, without the need of switching between different type of controllers.

M (q) q + J T [K P (x -x ref ) + K D ( ẋ -ẋref )] + C(q, q) q + g(q) = J T (q) h e ,
It is also important to highlight the fact that this simple version of the controller does not consider the dynamics of the robot nor tries to compensate them. This point has been discussed in [Yoshikawa, 2000] where the author classifies this method as "Classical Impedance control" and considers also in this category the "Stiffness control", which would be the par-ticular case were the matrix K D = 0, hence only the proportional part of the controller is preserved. The other approach detailed, and referenced as "dynamic Impedance control" consists on reshaping the dynamic of the system to make it compliant but also to be able to define the complete behavior of the robot towards an external effort and impose the dynamic as defined in (2.26).

Following the case of the "dynamic Impedance control", normally named Impedance control, the development of [Siciliano et al., 2010a] aims to achieve a linear relation between the second order dynamic of the error and the external efforts. This would lead to the following closed loop form: (2.31) where M d is a positive definite diagonal matrix that represents the desired virtual inertia of the end-effector, K D and K P are also positive definite matrices representing the damping and stiffness, respectively. The x vector is the 6 × 1 Cartesian error between the reference pose and the end-effector's pose defined as x = (xx ref ) along with its derivatives. Finally, h e is a 6 × 1 vector containing the three external forces and the three external torques acting on the robot in the Cartesian space. As mentioned, the wrench was considered differently from [Siciliano et al., 2010a], this choice would lead to a negative sign appearing in our work with respect to their development and to (2.26). To avoid this, improving the readability of our work, the error in the Cartesian space was defined x = (xx ref ) instead of (x ref -x) as done in the mentioned reference. A conceptual scheme of the robot if the closed loop of (2.31) is achieved is presented in Figure 2.4 where the end-effector of the robot, behaves as mass with a spring and a damper attached to the reference pose. Considering the joint space dynamics equation (2.6) and the control law u defined as: u = M (q) u imp + C(q, q) q + g(q), (2.32) the effects of the Coriolis, centrifugal and gravitational terms can be compensated (if they were perfectly estimated beforehand). Besides u imp is the controller part that will define the new closed loop dynamic. By inserting (2.32) into (2.6), the expression obtained is:

M d ẍ + K D ẋ + K P x = h e ,
q = u imp + M -1 (q) J T (q) h e .
(2.33)

The equation (2.33) represents the behavior in the joint space, as the Impedance is desired at a Cartesian level, the dynamics should also be expressed in that form. For that, the relation between ẍ and q is needed, and can be obtained by derivation of (2.4) which leads to the acceleration relationship3 : q = J -1 (q) ẍ -J -1 (q) J (q, q) q.

(2.34)

Replacing (2.34) into (2.33) the dynamic becomes:

J -1 (q) ẍ -J -1 (q) J (q, q) q = u imp + M -1 (q) J T (q) h e .

(2. [START_REF] Stürz | Parameter identification of the kuka lbr iiwa robot including constraints on physical feasibility[END_REF] In order to obtain the desired dynamical behavior of (2.31) of the error with respect to the external forces applied at the end-effector, the term u imp of the controller should be chosen as:

u imp = J -1 M -1 d (M d ẍd -K D ẋ -K P x -M d J q), (2.36) 
which, if combined with (2.35) and developing the expression, would lead to the following relation between the second order dynamic of the error and the external efforts:

M d ẍ + K D ẋ + K P x = M d J M -1 J T h e .
(2.37)

Several remarks can be done over the expression (2.37). In the first place, the relation obtained between the error and the external forces is non-linear since the Jacobian is involved. This implies that the relation between the system and the environment is non-linear and also coupled. Therefore, the closed loop system will not behave as expected, based on the choice of the matrices. Having non-diagonal matrices in the closed loop dynamics would lead to an unnatural behavior of the robot in space as its posture would highly influence the response in the task space.

One possibility to deal with the first problem comes from the fact that J -T M J -1 represents the natural apparent inertia of the robot at the end-effector level (or the robots' inertia matrix if written in the task space), usually represented as Λ(q). Therefore, (2.37) can be rewritten as: (2.38) and, if the desired apparent inertia is chosen as:

M d ẍ + K D ẋ + K P x = M d Λ -1 h e ,
M d = Λ = J -T M J -1 , (2.39)
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no reshaping of the inertia matrix is performed and (2.38) becomes:

Λ ẍ + K D ẋ + K P x = h e .
(2.40)

In the last case, the relationship between the error and h e is linear and decoupled. The drawback is that the virtual apparent inertia cannot be reshaped, limiting the performance of the Impedance controller. This is particularly an issue in the cases when the robot's own inertia is high and it would be necessary to reshape the virtual inertia at the end-effector level, in order to achieve an acceptable behavior. However, another possible advantage of not reshaping the natural inertia of the manipulator is that the resulting closed loop is less sensitive to modelling errors (since it does not require a perfect cancellation of the inertia matrix of the manipulator). Furthermore, the control law (2.29), that was detailed before, does not intent to compensate the robot's dynamics (i.e. inertia, Coriolis and gravity terms).

For that reason, it does not depend on an accurate identification of the robot to achieve its expected behavior. A discussion with experiments about both possibilities, in the context of trajectory tracking and physical interaction, is done in [START_REF] Dietrich | Practical consequences of inertia shaping for interaction and tracking in robot control[END_REF].

Other possible solution to obtain a linear relationship between the system and the external forces, while also being able to impose any desired apparent inertia matrix M d , is to compensate the vector of external forces and torques h e in (2.6). It can be noticed that the control law (2.32) with (2.36) does not need the information about the external wrench to design the closed loop. This was consistent with the concept of Impedance control that, based on the movement of the system, an interaction force is applied to the environment. However, if the interaction forces can also be obtained, the compensation of the robot's dynamic can be improved, achieving a linear behavior in closed loop. Nevertheless, this requires measuring the interaction forces in real time by a force/torque sensor at the end-effector level. Alternatives to the sensor are the online estimations of the external forces, for example by using the residual approach used in [De Luca and Mattone, 2005]. In case those forces are known, then the controller u can be redefined as: u = M (q) u imp + C(q, q) q + g(q) -J T h e ,

(2.41) that would compensate completely the effects of the external wrench, making the system completely insensible to those efforts. In the case of a pure motion controller or if doing trajectory tracking, this would be the desired behavior, but in pHRI and for Impedance control, compliance is needed with respect to the wrenches applied. For this reason, the main part of the controller u imp also has to be modified to give some compliance to the system behavior. If u imp is redesigned, adding the term -J -1 M -1 d h e , the expression becomes:

u imp = J -1 M -1 d (M d ẍd -K D ẋ -K P x -M d J q + h e ).
(2.42)

Leading to the new closed loop behavior: (2.43) where the Impedance of the system is linear with respect to h e , differently from (2.37).

M d ẍ + K D ẋ + K P x = h e ,
The matrices M d , K D and K P describe the closed loop behavior as in a mass-spring-damper system. These matrices can be freely designed (with some considerations addressed in chapter 5) in order to adjust the second order behavior of the error in the Cartesian space. The clear advantage is that these matrices can be chosen diagonals, leading to a completely decoupled behavior in each Cartesian direction. This was not the case of (2.37), as the presence of the Jacobian matrix produces a coupled closed loop dynamics in the Cartesian space. A simplified block diagram of the controller with the measurement of h e , for the linearization (but not used like in a force control loop), is presented in Figure 2.5. In the particular case that the desired position is constant, then (2.43) becomes: 

M d ẍ + K D ẋ + K P x = h e , ( 2 

Admittance control

In order to achieve the desired second order behavior defined in (2.43), there is a dual approach to Impedance control, called Admittance control [Villani and De Schutter, 2008] (although sometimes the expression Impedance control is used for both type of controllers). From (2.43) it can be seen that depending on the causality of the equation, it is possible to extract the desired force based on the movement, or to calculate the desired movement depending on the applied force. The latter is the concept of Admittance control, where a compliant trajectory is generated based on the reference one, and the applied forces. Therefore, as shown in (2.45), a compliant trajectory, defined by x c and its derivatives, is obtained through the second order Impedance equation, with respect to a predefined reference x ref and the external forces.

M d (ẍ c -ẍref ) + K D ( ẋc -ẋref ) + K P (x c -x ref ) = h e .
(2.45)

Finally, the compliant trajectory obtained should be followed using a trajectory tracking control that can be designed separately from the desired Impedance behavior. This framework can be seen in Figure 2.6. Even though the desired closed loop dynamics are the same for Impedance and Admittance control, the latter provides a few interesting features for robot control that have made it more attractive in the robotic community. First, one possible drawback of Impedance control might be that the desired interaction forces (h e ) are obtained, then converted to the desired joint torques that should be applied to the motors. Nevertheless, not all robots can be torquecontrolled, many industrial robots can only be controlled by providing reference position and velocities. In that sense, Admittance control has the advantage of obtaining a compliant trajectory that should be followed, which is well-suited for position or velocity controlled robots. Besides, another interesting aspect of the Admittance control is that the compliant behavior is decoupled from the trajectory tracking control. This feature implies that high gains or non-linear controllers can be used in the tracking control (to follow the compliant trajectory generated by the Admittance control) to reject disturbances or model errors. A common choice for this control consists on compensating the dynamics of the robot, applying a PD control with respect to the position and a feedforward term at the acceleration level [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF]. Then, the controller is described by the equation: u = M (q) u tr + C(q, q) q + g(q) -J T h e (2.46)

u tr = J -1 (ẍ c -K Dt ( ẋ -ẋc ) -K Pt (x -x c ) -J q).
(2.47)

In this control scheme u tr is the PD control with feedforward term in the task space, applied along with the dynamic compensation of (2.46). The matrices K Dt and K Pt are the velocity and position gains of the tracking controller that are, in general, chosen to be high to ensure the tracking of the compliant trajectory, rejecting possible disturbances and modelling errors.

Then, the closed loop dynamics are defined as:

(ẍ -ẍc ) + K Dt ( ẋ -ẋc ) + K Pt (x -x c ) = 0.
(2.48)

Adaptation of compliant control for pHRC

In the context of continuous interaction between the person and the robot, it is important to consider multiple factors as detailed in Chapter 1, such as the transparency of the robot or its role in the collaboration. One of the main issues is that, in general, it is the person that decides the movement to perform along with the robot in a collaborative task. Therefore, considering the closed loop dynamics of (2.43), the reference position for the compliant control cannot always be known for the robot beforehand. Another interpretation could be that, if the robot is considered as a mass-spring-damper, where should the spring be attached to? Considering that the robot does not know the path to follow in the task, there is no available information to where the other end of the spring should be attached to. Then, if the spring is attached naively to a predefined position, and the person tends to go in the opposite direction, the spring would produce a force that could considerably complicate the task for the person. The solution used in most of the research done in the field of pHRC is to remove the spring from the closed loop dynamics (i.e. K p = 0) [START_REF] Ikeura | Variable impedance control of a robot for cooperation with a human[END_REF], Kosuge and Kazamura, 1997, Tsumugiwa et al., 2001, Duchaine and Gosselin, 2007, Corteville et al., 2007], or even more, to also consider the reference to be constant (i.e. ẋref = ẍref = 0) leading to a pure mass damper system with respect to fixed reference (with the constant value being irrelevant as the stiffness of the spring was set to zero) as it can be seen in Figure 2.7.

𝑀 𝑑 𝑞 1 𝑞 2 𝑞 3 𝑥 𝐾 𝐷 Figure 2
.7: Imposed dynamics to a robot manipulator to behave as a mass-damper with respect to the end-effector, as the spring is not considered. This mass-damper approach has been used in most of the pHRC works, and the goal has been on adjusting the parameters of this simplified controller in order to allow the person to performs the task. In this subsection, some of the main contributions to this type of collaborations are summarized. The focus of this subsection is to describe how the damping and inertia have been chosen in general to favour the collaboration, or how the previous knowledge of the human's behavior can be included in the control of the robot. Then, the possibility of including extra terms to the control law (such as a force feedback loop or the stiffness term) are detailed. To simplify and unify the notation used by the authors in different works, the simple one-dimensional notation of (2.27) will be used. Nevertheless, an extension to manipulators with multiple d-o-f is straightforward with the controllers previously described.

As the stiffness term is not considered, the focus has been on the study of the influence of the other two parameters during the collaboration. Particularly, the variations in the damping parameter have been studied to understand how increasing or decreasing its value might impact the perception the person has of the robot while interacting. In an early work [START_REF] Ikeura | Variable impedance control of a robot for cooperation with a human[END_REF], using human-human experiences, the ideal mass and two damping parameters are obtained. Then, the robot could switch between those two damping values depending on the current velocity. Despite only switching between two values, their results showed an improvement by using their adaptive control, as in this case, the trajectory was closer to the human-human movement than using constant values. The advantage of the small value for the damping (although not deeply discussed in their work) is that the forces needed from the person to move the load are, in general, smaller than the ones using higher values of damping. On the other hand, higher values for the damping allow a more precise positioning when velocities are small. This can be explained based on the fact that too small values for the damping and inertia could be a problem when stopping the movement or changing direction as overshot movements might appear [START_REF] Kosuge | Control of a robot handling an object in cooperation with a human[END_REF]. In that sense, authors in [START_REF] Tsumugiwa | Variable impedance control with regard to working process for man-machine cooperation-work system[END_REF] proposed that the mass and damping coefficients are adjusted depending on the stage of the working process. The authors differentiated the beginning of the task where mass and damping values should be small, from the precise positioning phase when they are increased. Furthermore, they proposed an adjusting method where the parameters variations are defined depending on the force applied, leading to a more smooth variation of those parameters. Similar analysis was performed in [START_REF] Duchaine | General model of human-robot cooperation using a novel velocity based variable impedance control[END_REF], but instead of adapting the damping and mass parameters, authors included a new term, leading to the new Admittance model:

mẍ + b ẋ -α ḟh ẋ = f h , (2.49)
with α a positive weight. It can be noticed that with the inclusion of the new term, if the force is increasing, the resulting damping (b -α ḟh ) is decreasing, while if the forces are decreasing (meaning that the person is trying to stop the movement or stop accelerating) the resulting damping is increased.

In the work of [START_REF] Bae | Variable admittance control with virtual stiffness guidance for human-robot collaboration[END_REF], for a load-sharing task, the damping coefficient is adapted depending on the velocity, acceleration and force applied, but also, the spring is included when the load has to be lowered to be placed at the goal position. In that case, as the load is being lowered through the Z-axis (e.g to place it over a table or over the ground), the system behaves as a mass-damper in that axis:

mẍ + b ẋ = f h , (2.50)
but, in the perpendicular axis (i.e. X,Y) the spring is included to help the person keep a virtual vertical line. Then, the behavior applied to both of these axis can be described by the expression:

mẍ + b ẋ + k(x -x ref ) = f h . (2.51)
As a result, the trajectory performed to lower the load is more accurate. However, the person might need to change this virtual vertical line if it is not the desired one. In their work, authors proposed that when the forces in the perpendicular direction to the vertical line increase over a certain value, it implies that the vertical line should be modified. In that case, the reference positions for the spring in the X-axis and Y-axis become:

x ref = x - βf h k , (2.52)
with 0 < β < 1 an adjusting factor, modifying (2.51) for the X,Y axis to:

mẍ + b ẋ = (1 -β)f h . (2.53)
These works illustrate the possible advantages of keeping the spring (and therefore a more complete dynamic) for the Admittance model. Nevertheless, several issues should be tackled in order to preserve the stiffness term, not only for lowering the load, but in a more general situation. Besides, the transition from the predefined reference x ref in (2.51) to the new one in (2.53) (that is based on the forces) should be studied and analyzed from the passivity point of view but also from the human's perception.

As mentioned, one important open issue is how to include information of the trajectory to be performed, so that the compliant behavior would be included, overlayed to this reference trajectory. This can be done before the interaction with the person (based on his/her expected behavior), or online (by estimation of the person's intention during the collaboration). The work of [START_REF] Corteville | Human-inspired robot assistant for fast point-to-point movements[END_REF] took into account that the person follows a trajectory for point-to-point movements with the velocity in a bell-shaped curve. This type of trajectory is usually described by the polynomial expression:

p(τ ) = p 0 + ∆p (6τ 5 -15 τ 4 + 10 τ 3 ), (2.54) 0 ≤ τ = t T ≤ 1 (2.55)
where ∆p is the distance between the initial and final position, t is the time, p 0 is the initial position and T is the total time required for the trajectory. Then, the authors used this information to estimate the velocity profile of the human operator and attach the virtual damper of the robot to this velocity, instead of a constant zero reference (as shown in Figure 2.8). The main problem with this approach is that is has been validated mainly for pointto-point movements, but also because the knowledge of initial and final position, as well as the time to complete the trajectory, is required. In the mentioned work, the initial and final position are supposed to be known, while the total time T is adjusted online using an extended Kalman filter. With the goal of having a position reference to keep a table horizontal,
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Figure 2.8: Imposed dynamics to a robot manipulator to behave as a mass-damper where the damper works with the relative velocity between the end-effector and a zero reference on the left, and between the end-effector and the desired reference trajectory on the right.

in [START_REF] Thobbi | Using human motion estimation for human-robot cooperative manipulation[END_REF] the authors used and Extended Kalman filter to estimate the next desired position. The authors used a simplified model of the movement for the person but achieving interesting results. Nevertheless, as security is important, they defined a confidence measure to evaluate how accurate have been the latest predictions of the observer. This measure was used to adjust the influence of the proactive controller. If the measure indicates that predictions are not accurate, the stiffness term is less predominant and the robot is a reactive follower.

It can be seen that removing the virtual spring completely, reduces the capabilities of the controller, as the robot becomes a pure mass-damper system following the person. Preserving the stiffness parameter might allow the implementation of more complex controllers, with novel approaches. For instance, in [START_REF] Lee | Force tracking impedance control with variable target stiffness[END_REF] the authors used an on-line variable stiffness parameter k to adjust the force exerted, leading to a force-tracking Impedance control. Then, the closed loop dynamics is redefined as:

m ẍ + b ẋ + k(t)x = f (2.56) k(t) = -[k f (f -f d ) + k v ( ḟ -ḟd )]k 0 x-1 (2.57)
with f d the desired force, k 0 being a constant gain for adjustment, k f and k v the proportional and derivative gains of the force controller. In this way, the robot is able to exert a force to follow the desired force reference, while keeping the Impedance behavior. The authors remarked how, by preserving the proportional gain, the approach remains intuitive because of its similarity to the behavior of humans arm. One possible drawback of this controller is that it may have a negative stiffness term k(t). In general, the stiffness term is a matrix that is considered to be positive definite. If this is not the case, it could lead to non-passive closed loop dynamics.

With the same idea of enhancing the basic Impedance controller in order to follow a force reference, authors in [START_REF] Schindlbeck | Unified passivity-based cartesian force/impedance control for rigid and flexible joint robots via task-energy tanks[END_REF] enhanced the Impedance control by adding a PID control w.r.t. the force error (but without removing the position tracking reference of the Impedance control), leading to the desired closed loop dynamics:

mẍ + b ẋ + kx = f + k fp (f -f d ) + k f d ( ḟ -ḟd ) + k f i t 0 (f (τ ) -f d )dτ (2.58)
This is an adapted representation of the desired dynamics that should be approximated with the controller proposed by the authors, as they considered flexible joints like in (2.10) and also energy tanks (which might limit under some conditions the performance of the controller to preserve passivity). These approaches consider a target force that should be maintained while allowing a compliant behavior. This concept is interesting for the situations where the robot might be in contact or sliding through an unknown surface, or the case where the robot and the person should hold an object by pushing it simultaneously to do not lose the grasp. Nevertheless, in the case of object co-manipulation in free space, this force reference is not easy to choose as it depends on the person, the task and the object to manipulate.

In general, the goal is to ease the task for the person, for instance by reducing the load for him/her. In that sense, a small force reference might avoid high efforts from the person, but the robot seeking a constant interaction force might not be intuitive for the person, making the collaboration more difficult in some cases.

In the works mentioned above, the proportional gain corresponding to the stiffness term, or a force reference term were included. Another possibility to maintain the stiffness parameter of the controller is to adapt online the desired trajectory. Then, the trajectory can be adapted to regulate the efforts that might appear when the person does not follow exactly the predefined trajectory. This subject remains not enough explored in the literature, an application of this idea is done in [START_REF] Roveda | Fuzzy impedance control for enhancing capabilities of humans in onerous tasks execution[END_REF] where the desired position is modified during the task by an external loop. The main point of their contribution is the incorporation of a fuzzy controller to adjust the desired position in real time, based on the velocity and variation of the force measured. In another work, [Roveda et al., 2018a] proposed a "manual guidance" mode where the desired position is obtained depending on the external efforts and a variable stiffness matrix. This virtual position is then filtered and followed using a PD controller.

Another important point of discussion for the case of an Admittance control scheme is to define the most suited control for the trajectory tracking in Figure 2.6. A perfect model of the manipulator is difficult to achieve because of the complexity of the robot, the inaccuracy of friction identification or the errors that appear in the Cartesian virtual inertia matrix due to the closeness to singularities [START_REF] Albu-Schaffer | Cartesian impedance control of redundant robots: recent results with the dlr-lightweight-arms[END_REF]. Therefore, a classic PD controller might have problems to achieve a good tracking of the desired position, leading to vibrations or counter-intuitive movements for the person. In [START_REF] Duchaine | General model of human-robot cooperation using a novel velocity based variable impedance control[END_REF] the use of a simple velocity controller is preferred, to avoid instability and vibrations problems. Nonetheless, it should be pointed out that for implementation, the velocity is usually obtained by differentiation, that if not filtered correctly, might also produce vibrations with high control gains in a velocity controller.

The previous works presented the state of the art of Admittance control for pHRC. The possible modifications and variations that have been used in order to improve the collaboration for the person are stated. The possible adaptations for the inertia and damping are presented, as well as the use of predefined trajectories for the robot to match the ones done by the person. The possible inclusion of the stiffness term (usually not considered), along with the difficulties, are stated. A detailed review over Admittance and its application is given in [START_REF] Keemink | Admittance control for physical human-robot interaction[END_REF]. Advantages and disadvantages in this context are given and the authors studied the influence of different controllers in the resulting bandwidth of the system and therefore, its passivity. They proposed several guidelines depending on the configuration used and the purpose of the compliant controller. For instance they stated how the inertia reduction is desired but is also a challenge, and it is advised to use the desired acceleration profile (as a feed-forward term) in the controller to achieve this goal while reducing possible passivity issues. Other interesting points mentioned are how the dynamics that appear after the sensor might influence the performance of the closed loop system and also warnings are given about the time delay when filtering the force measurements.

Orientation for compliant control

Introduction

In order to control the orientation of the robot in the task space, multiple representations have been studied [Campa and De La Torre, 2009]. A common and complete representation for the orientation of a rigid body in space (in this case the robot's end-effector) are the so-called rotation matrices that have the property of being square matrices of dimension n = 3, orthogonal (meaning that R T = R -1 ) and with determinant equal to one. Despite the advantages of having a complete representation of the orientation through the rotation matrix, they are not always convenient when used in control laws. Therefore, it is typical to use, local, minimal representations of the orientation such as Euler angles. The drawback of these methods is that they present singularities in space (the singularities depend on the convention adopted), sometimes called representation singularities in the context of robotics. The possibility of choosing different conventions has led to non-homogeneous choices for the orientation, but the advantage is that the convention can be chosen in order to have the singularities as far as possible from the surroundings of the working orientation.

Nevertheless, in the context of pHRI, one of the main issues is the lack of information of the environment, the workspace, and how the task might be adapted in order to be compliant with the person. In that sense, representation singularities should be solved explicitly to avoid a possible risk for the person. A possible solution is to use a different representation for the orientation, for instance, based on the use of Quaternions, as a four parameters element defined as:

Q = η + i i + j j + k k, i , j , k , ∈ R , (2.59)
With i, j, k as generalized imaginary units. A more compact notation is Q{η, } considering η as the scalar part of Q and as its vector part. As an extension of complex numbers to three dimensions, some properties of the Quaternion algebra have a particular interest in the context of robotics such as Quaternion inverse:

Q -1 = {η, -} / Q 2 , (2.60)
and Quaternion multiplication:

Q 1 * Q 2 = {η 1 η 2 -T 1 2 , η 1 2 + η 2 1 + S( 1 ) 2 } (2.61)
where S(•) is the skew-symmetric operator.

Then, a particularly interesting subset withing the Quaternions is the so-called Unit Quaternions where their norm is equal to one, imposing that:

η 2 + T = 1
(2.62)

A relation can be found between the Unit Quaternion and rotations by defining:

η = cos υ 2 (2.63) = r sin υ 2 , (2.64)
with r the real unit eigenvector of the rotation matrix (or the axis in the axis-angle representation of that rotation) and υ the rotation angle. This representation is singularity-free, providing a more suited formulation for the orientation control of the robots in the context of pHRI.

It is possible to extract the unit Quaternion corresponding to a given rotation matrix R = {R ij , i = 1, 2, 3, j = 1, 2, 3} as:

η = 1 2 R 11 + R 22 + R 33 + 1 (2.65) = 1 2    sgn(R 32 -R 23 ) √ R 11 -R 22 -R 33 + 1 sgn(R 13 -R 31 ) √ R 22 -R 33 -R 11 + 1 sgn(R 21 -R 12 ) √ R 33 -R 11 -R 22 + 1   
(2.66)

where η > 0 was assumed in (2.65), sgn(x) = -1 if x < 0 and sgn(x) = 1 otherwise.

Quaternions for orientation control

Quaternions are a possible representation for the orientation of the rigid body in space, however, in the context of robotics or control, it is common to represent the error with respect to a desired orientation. For instance the desired orientation of the end-effector can be represented with the rotation matrix R d and the current orientation of the end-effector by the matrix R e , then, the error in orientation can be defined as R ed = R e R T d . This Rotation matrix can be represented also by a Quaternion, by the expression:

Q ed = {η ed , ed } = Q e * Q -1 d = {η e η d + T e d , η d e -η e d -S( e ) d } (2.67)
An important notion to consider is the relationship between the rate of change of the error expressed as a quaternion and the angular velocity. This relationship is described by the so-called quaternion propagation (QP) equation [Natale, 2003]:

ηed = - 1 2 T ed ω (2.68) ˙ ed = 1 2 E(η ed , ed ) ω , (2.69)
with ω = ω e -ω d the error between the desired and current angular velocities and the function E(η ed , ed ) defined as:

E(η ed , ed ) = η ed I -S( ed ) , (2.70)
In the case of an Admittance control scheme (such as the Admittance block in Figure 2.6), a compliant trajectory is generated so to hold the desired relationship between the error w.r.t a reference and the external forces applied to the end-effector. Then, it becomes necessary to obtain the compliant acceleration that will provide (by integration) the compliant velocity and position at each instant. In the case of the orientation part, the angular acceleration is obtained, then the angular velocity but this is not equal to the derivative of the Quaternion. Then, it is necessary to transform the angular velocity through the Quaternion Propagation of (2.68),(2.69) to then integrate and obtain η and . Similarly, the orientation error is used in the feedback loop multiplied by proportion coefficient K. When the orientation error is expressed as a quaternion, the error has to be pre-multiplied by 2 E T (η ed , ed )K to generate a task consistency term for the angular acceleration. This scheme can be seen in Figure 2.9 with the adaptation for the orientation Admittance control, while using Unit Quaternions. More detailed developments of Unit Quaternions, the control and demonstrations of the convergences of their solutions, can be found in [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF], while details for a compliant control implementation are presented in [Natale, 2003]. Furthermore, the use of Quaternions to represent both, position and orientation of the robot was developed in [START_REF] Pham | Position and orientation control of robot manipulators using dual quaternion feedback[END_REF]. The definition of the Dual-Quaternion space for robot control, as well as the kinematics, are detailed in their work.

Null space control of the Jacobian matrix

As it was mentioned, for a robot with more degrees of freedom than coordinates needed in the task space, the redundancy of the robot allows infinite postures while ensuring a Cartesian pose. This feature can be useful to perform a secondary task while accomplishing the primary Cartesian task. This is possible by including a signal in the control law that actuates on the null space of the Jacobian matrix and, therefore, does not produce motion on the end-effector. This can be expressed by applying a control law through a null space projector along with the

M -1 Q.P. D 2 E T (η ed , ed )K ω ω η ed ed ηed ˙ ed τ - - Figure 2
.9: Block diagram of a mass-spring-damper system in orientation, where the orientation is defined using Unit Quaternions.

main task control law. A generalized expression of the control law for redundant manipulators, applied to the dynamic model of the robot as in (2.1), has the form

u = u cc + [I n -J T (q) J T (q)]u ns , (2.71)
where J (q) is the Jacobian of the manipulator, u cc is the primary control law for the endeffector's task, J (q) is the generalized inverse of the Jacobian matrix, [I n -J T (q) J T (q)] is the projector on the null space of J (q) and u ns is the vector of torques corresponding to the secondary law. This secondary law can be defined as the gradient of a potential functions in the form:

u ns = k ns ∂W(q) ∂q T .
(2.72)

with k ns a positive gain and W(q) an objective function to be maximized. By different definitions of this function it is possible to, for example, stabilize the motion in the null space, avoid joint limits or avoid singularities [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF].

For the study of redundancy in the context of modern light-weighted robots and their use for pHRI, [START_REF] Dietrich | An overview of null space projections for redundant, torque-controlled robots[END_REF] provides an overview of the redundancy handling methods and projectors. In their work they present the analysis of successive projection in comparison with the augmented projection. Then, they present a study of the difference between static and dynamical consistency of the null space projectors. Based on previous works, they show how using the projection of (2.71) with the Moore Penrose pseudo-inverse (i.e. the weighting matrix W = I) leads to only static consistency. This implies that it is only possible to state that the secondary task will not produce forces at the end-effector level, only when the system is in static position. In a dynamic moving robot, this cannot be assured as the secondary task could influence the primary task while accelerating. This problem can be overcome with different choices of the generalized inverse of the Jacobian, for instance as in [Khatib, 1987] the choice of the inertia matrix as the weight W = M leads to dynamical consistency in the main task. An important remark is made in [START_REF] Dietrich | An overview of null space projections for redundant, torque-controlled robots[END_REF], as the authors detailed how, in practice, the inaccuracy of the model of the inertia matrix might degrade the results. In an experimental context, the use of the robot's inertia as the weighting matrix might not lead to better results than using the identity matrix.

In the work of [START_REF] Albu-Schaffer | Cartesian impedance control of redundant robots: recent results with the dlr-lightweight-arms[END_REF], a Cartesian Impedance controls is implemented along and the null space is used to introduce a secondary controller with the aim of having joint compliance. The authors developed a spring damper controller in the form of a PD controller with respect to a desired joint posture (in their case chosen as the zero value of the joint). The obtained torque for the control is then projected through a dynamically consistent null space projector.

In [START_REF] Ficuciello | Variable impedance control of redundant manipulators for intuitive human-robot physical interaction[END_REF] the authors also tackled the problem of redundancy in the context of Cartesian Impedance control. In this context the dynamic of the robot should approximate the one of the desired Impedance model, nevertheless imposing a new dynamic has its limitation, particularly for the desired inertia (as the natural one is posture-dependent).

To improve the behavior of the robot, the authors used the null space of the manipulator to make the natural apparent inertia of the manipulator as close as possible to a desired diagonal matrix. The advantage is that, if the natural inertia is already close to the desired one (due to the null space controller), the risks of having oscillations while reshaping the apparent inertia of the manipulator, are reduced.

Conclusion

In this chapter the theoretical framework and some basics of model and control of robotic manipulators are given. As mentioned in Chapter 1, multiple aspects should be considered to move from the classical robotic approach to pHRI (and even more for a continuous physical collaboration). The state of the art for those modifications is presented with the focus on how to achieve the desired compliant behavior with modern robotic manipulators. In that sense, the traditional control laws are still valid and used, but it is needed to adapt them in accordance to an unpredictable element as the person.

The advantages of the compliant control, such as Impedance and Admittance control are clear, as they can deal with physical contact and free movement simultaneously. Between both controllers, Admittance control presents some advantages such as the possibility to split the control into the compliant part and then the trajectory tracking. This feature allows for a more flexible design of the control laws. To deal with the orientation of the robot, even if we aim for a similar behavior than in position, a separate treatment might be necessary. This allows for the necessary adaptations to use any representation (such as Unit Quaternions in this case) to enhance the functioning of the system according to the task to accomplish. In the case of redundant robot, the extra d-o-f can and should be used to accomplish a secondary task. This task can be just injecting some damping to avoid unpredictable movements, to other objectives in order to improve the quality of the collaboration, according to the designed task.

Chapter 3 will develop these features to improve the collaobrations for the particular case of the person and the robot to handling a payload together. The considerations pointed out in this chapter will be applied and tested through simulation and experiments in order to enhance the possibilities while sharing an important load. In this context the position and orientation of the robot are important, as well as handling singularities to avoid risks for the person. Also, the load to manipulate will play a crucial role as it will impact the model of the robot. Furthermore, in several of the works detailed in this chapter, the spring-like behavior of the system is not included for collaborative tasks due to the lack of information on what the person is going to do. In this work, the intention is to preserve this behavior, as it enhance the capabilities of the robot in closed loop (there if a proportional term to follow trajectories), allowing it to accomplish new and more diverse tasks. However, in order to be able to preserve the stiffness term, several aspects have to be considered. The main reason is that, if the robot's movement opposes the one of the person, it could complicate the collaborative task, instead of helping.

Chapter 3

Control for Human-Robot object co-manipulation

Introduction

Chapter 2 presented the methods for robot control and their application in the context of pHRI and pHRC. This chapter will cover the issue of pHRC for object co-manipulation. The scenario considered is fully described, presenting the person, the robot and the object that might have an unknown load. To tackle the issue of collaborating with the person safely, improving the task and handling an unknown load, the Impedance and Admittance control frameworks are used. Then, enhancements are proposed and evaluated for the Admittance control framework to improve its behavior, for the particular case of object co-manipulation.

The chapter is structured so to first present a general view of the problem, the scenario used and how it can be adapted to simulations (since it is the first step to evaluate the methods before the real implementation). Then, the control methods are applied in simulations to draw the first conclusions and a new control law is proposed to enhance the Admittance framework. This new control law is evaluated in deep and compared with the existing methods. Finally, comments and considerations to implement the control law in a real robot are given.

Problem statement

Among the many possible tasks that can be achieved by a person and a robot working together, the co-manipulation of an object is rather promising. In order to achieve this type of tasks, several challenges have to be overcome such as the grasping of the object, handling objects with complex geometry or an important load, as well as how to move the object in coordination. In the context of this thesis, some of these problems are going to be addressed, while others are not considered to isolate the issue to be explored in detail.

In order to clearly state the issue, a collaborative scenario is presented. In the proposed working scheme, a redundant robot manipulator with 7 d-o-f is used to manipulate an object that is rigidly attached to its end-effector. On the other side of the object, the person can interact to guide and collaborate in translating or rotating the object. A scheme of this scenario can be seen in Figure 3.1. The goal is to allow a comfortable collaboration, despite In the presented context, several things have to be considered. First, the object is considered unknown and thus it cannot be included in the model of the robot. Furthermore, the load and inertia of the object influence the collaboration as the dynamics of the object have to be compensated by the robot or the person. Also, the person (as detailed in previous chapters) is an unpredictable element in the collaboration. Without the use of external sensors (such as cameras), the force and velocity applied by the person are the only source of information available to understand the person's goal. Even more, from the robot side (i.e. from the point of the rigid attachment) the forces applied by the person are mixed with the forces of the object (e.g. gravity force), making it more difficult to distinguish and understand the human's intention. Finally, when the robot has to follow a trajectory, the goal is to perform the trajectory with the least possible error. Nevertheless, in our context of human-robot collaboration it is not that clear, as the desired behavior will depend on the task to be accomplished, the person involved in the collaboration and the object that is going to be used.

Within the scenario described, the robot should be able to help the person moving an unknown payload, whenever the person desires to collaborate with the robot. Therefore, it is useful to have a robot capable of achieving tasks on its own, as well as collaborating with the person at any moment, without putting the person at risk. In the following subsections, the scenario is clearly defined, to then detail how it was implemented in simulation to obtain preliminary results of the object co-manipulation framework.
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Elements of the collaborative framework

The robot

In this work, a redundant manipulator is used. Without loosing the generality of the methods proposed, that can be applied to other type of manipulators, a KUKA LBR iiwa 14 R820 is considered. This rather new robot has the particular feature of having position and torque sensors in each joint, making it an interesting option for pHRI tasks. In the context of this work, the robot is considered to be rigidly mounted over a base as shown in Figure 3.2. No compliance is considered at this level nor movements of the base. The object to manipulate is rigidly attached to the end-effector. This is a strong constraint that is taken for the following reason: if the object has to be taken with a gripper or a robotic hand, problems of grasping would appear. Then, the issues of grasping would be mixed with the effects of the heavy objects and human's intention, making it extremely difficult to analyse each problem in detail. For that reason, in this thesis the focus is on the problem of handling unknown loads, based on the human's intention, while the object is rigidly attached to the end-effector.

The object

The considered object is a box attached at the end-effector level. This is a choice for convenience of the experiments as it allows to change the load inside the box. However, the results obtained can be used for other cases such as handling tools or other type of objects. The box is considered to be rigid (i.e. no inherent flexibility) and its geometry is not modified at any point. The case of flexible objects implies other issues (e.g. the forces on both ends of the object would not be the same). Therefore in the scope of this thesis the object to co-manipulate was considered to be rigid. The load and inertia properties of the box are also unaltered, but load is included inside of the box, changing completely the inertia tensor and the gravity force that will appear for the whole object. The box, along with the load inside, can be seen in Figure 3.3.

The empty box has a mass m B = 0.941kg and an inertia tensor defined as:

I B =    I Bxx I Bxy I Bxz I Byx I Byy I Byz I Bzx I Bzy I Bzz    =    0.0238 0 0 0 0.0176 0 0 0 0.0106    kg.m 2 (3.1)
As it can be noticed, the box is considered to be a symmetric object and no coupled inertias are considered. The inertia tensor describes the inertia around the center of gravity of the box (placed in the center of the box as shown in the Figure 3.3) and with respect to the reference frame of the box (also placed at the center of the box).

𝑍 𝐵 𝑌 𝐵

Robot's side

Person's side 

The person

Out of the three elements that participate in the collaboration, the person is the most difficult to model, describe and predict accurately. In the context of this thesis the person is considered to be standing in front of the robot and interacting with the box from the opposite side. As the robot's base is static, the person is not moving away from the robot's workspace and the person is interacting exclusively with the other side of the box (i.e. no contact with the other links of the robot).

To better understand the person, different sensors can be used such as cameras or EMG sensors. If more knowledge is available, the uncertainties are reduced and a better control system might be implemented. In the context of this work, we do not apply those methods as the goal is to improve the results without the use of other information from the person's side than the interactions forces. Eventually, results obtained in this thesis can be enhanced by the information provided by a more controlled workspace. In this work, the only information available about the person are the applied forces and the trajectory of box.

Simulated framework for object co-manipulation

This subsection will cover the control of the robot to handle a collaborative scenario like the one described, to then, propose the possible enhancements for pHRC. In order to study the problem in detail and analyze the effects of the different controllers, it is better to test in a simple, controlled environment. For that reason, simulations were carried out for the collaborative scenario along with the possibilities for the control of the robot. The following subsections will present the simulated scenario, the control laws applied in simulation along with the results obtained. Finally, based on the results, improvements are proposed as a contribution to enhance the performance of the robot for a co-manipulation task. Simulations are also carried out for the improved control system, along with some considerations that are needed for a real experimental implementation.

Setup for simulations

The simulated scenario was developed in Matlab1 and Simulink using a computer Dell2 Precision 3520 with a processor i7, 2.90 GHz and 16GB of RAM. The operating system used is a 64 bits Microsoft Windows 103 .

The setup for simulations involves the model used to approximate the real KUKA iiwa, a simulated object included where the payload can be modified, and a model that represents the person in continuous contact with the object. The robot (as shown in Figure 3.4 is described using features of the Robotic toolbox of matlab, where the model used is the same as in [START_REF] Hennersperger | Towards mri-based autonomous robotic us acquisitions: a first feasibility study[END_REF]. The control laws described in Chapter 2 are applied to the model to control the end-effector. The three components of the minimal representation for the orientation are the vector part of the unit Quaternion, using the development presented in subsection 2.3.4.2.

In order to calculate the inverse of the Jacobian matrix, the DLS pseudo inverse method presented in subsection 2.2.5 is used. For the redundancy control (used to propose a secondary objective in the null space of the Jacobian matrix) the generalized inverse (2.17) with the inertia matrix as the weighting matrix is considered.

The full control law to be applied to the joints, including the redundancy controller is defined as done in (2.71):

u = u cc + u red , (3.2)
where u red is designed as:

u red = [I n -J T (q) J T (q)]u ns , (3.3)
and u ns is defined in this case to include some damping to the joint dynamics leading to:

u ns = -k ns q.
(3.4)
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Simulated Object

To simulate the box, as we consider it is rigidly attached to the end-effector, it was included as an extra link for the robot with a fixed joint. An image of the robot with the box attached to the end-effector can be seen in Figure 3.5. The box has the dimensions and inertia properties presented in subsection 3.3.2. Then, when a new load is included in the box, inertia properties of the new extra link included are modified (but not the model that is used for the control of the robot). In summary, two models are considered, a real one with the unknown load included (the one simulated) and another one without the load, that is used in the controller of the robot.

The load included will be varied and represent a few kilograms. The extra load is considered to be concentrated at the center of gravity of the box. In the model to be simulated, the mass of the new extra link is modified to include the new mass and inertia tensor whenever the load is included. 

Simulated Human

As mentioned, the person is considered standing in front of the robot, meaning that the hand is considered the element of collaboration with the box as presented in Figure 3.6. In order to simulate the person's interaction, the human hand was considered as a punctual element with the dynamics of a spring-damper. This approach considers the end-point stiffness and damping of the real person, other approach could be to consider the full arm as a kinematic chain. This was not done to avoid an extra complexity in simulations, considering that in this thesis, the person's interactions are mainly described by the forces applied and the velocities at the end-effector level. Then, the dynamic of the person is considered to be:

K D h ( ẋ -ẋh ) + K P h (x -x h ) = -F h , (3.5)
with x h , ẋh being the trajectory to be followed by the person (and unknown for the robot), K D h and K P h the damping and stiffness matrix for the person in the Cartesian space. Then, F h is the force produced by the spring-damper, meaning its the force applied by the person on the robot. For that reason the negative sign appears, leading to the fact that F h = h e while in continuous contact. Moreover, the values for the matrices can be obtained from several studies of the human's arm end-point stiffness, such as: [START_REF] Gomi | Human arm stiffness and equilibrium-point trajectory during multi-joint movement[END_REF], Artemiadis et al., 2010[START_REF] Erden | End-point impedance measurements at human hand during interactive manual welding with robot[END_REF]. In these studies, the resulting end-point stiffness present important variations depending on the method used, the task to fulfill or the experience of the person. In this work we consider the matrices as:

4 K P h = diag 6 {400} and K D h = diag 6 {20}
based on those results and simulations that present a correct behavior (i.e. correct order of magnitude for the forces and not an oscillatory behavior). In the works mentioned, it was shown that in many postures and for many tasks, the end-point stiffness might be an ellipsoid, related to the manipulability ellipsoids. However, since the movement to be performed in our case is not predefined, the components of the matrices were chosen to be similar in all Cartesian directions. This simplification was done since the goal is to have an acceptable model to evaluate the methods proposed and make qualitative comparisons between them. A representation of the model of the person collaborating with the robot is presented in Figure 3.7. As for the trajectory to be followed, soft point-to-point movements with bell-shaped velocity profile are used as presented in (2.54). For instance, an example of a back and forth movement in the X-axis is shown in Figure 3.8. In the following simulations, this kind of trajectory will be applied to the person for different axis (for both position and orientation), with different amplitudes and periods, to evaluate the behavior of the robot.
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Collaboration with the robot under Impedance control

Following the development in Section 2.3.1, the Impedance controller is implemented. Since it is the person that is going to guide the robot during the collaboration, the reference position for the robot is unknown. Therefore, following the most used approach in the state of the art to deal with this cases (that was detailed in subsection 2.3.3), the stiffness term in (2.43) is not considered (i.e. K P = 0). Similarly, the reference trajectory is constant, meaning that ẋref = ẍref = 0. Then, equation (2.43) is reduced to:

M d ẍ + K D ẋ = h e .
(3.6)

Unlike the spring-like behavior defined by K P , the damper and inertia behaviors defined by K D and M d respectively, can be preserved despite having a zero reference. The reason is that, at the velocity or acceleration level, a zero reference implies that the system will try to reduce its velocity and acceleration to zero. It can be understood as a mass-damper attached to a zero reference as in Figure 3.7. Differently, for the case of the position, it would mean a spring attached to the zero reference (in our case, the base of the robot) that would difficult enormously the collaboration as the robot would intent to go to that position.

For the reshaping of the virtual inertia matrix, it was chosen as M D = diag 6 {10, 10, 10, 1, 1, 1} and the damping is designed as: K D = diag 6 {20, 20, 20, 2, 2, 2}. The minimum limit for the singular values of the DLS pseudo inverse in (2.24) is chosen as λ c = 0.01. Finally the redundancy control to minimize joint velocities in the null space (i.e. without interfering with the main Cartesian task) has a gain k ns = 5. The block diagram of the controller proposed can be seen in Figure 3.9.

Collaboration without extra payload

In order to study the behavior of the coupled system, a trajectory in the vertical axis (Z-axis) is proposed for the person. Results shown in Figure 3.10 show how the robot follows the trajectory proposed by the person. In the bottom image the forces applied by the person are shown. The force is positive to move the box up, and it becomes negative for a moment (t ≈ 4.5 s) because of the inertia of the system that has to be stopped. Then, the movement to return to the initial position is the result of a negative force applied by the person. Forces with a maximum of 2.45 N appear in simulation which, a priori, are of the expected order of magnitude, for a slow movement like the one proposed.

Impedance

Control Robot

h e ẍ, ẋ, x ẍ, ẋ, x u h e Redundancy Control q, q u red u cc Figure 3
.9: Block diagram of the robot within an Impedance framework control. The trajectory reference is not considered as it is the person that guides the robot through the force applied. The control torque applied is the combination of the compliant control law coming from the Impedance controller and the redundancy controller to stabilize the dynamics in the null space. 

Control for Human-Robot object co-manipulation

To show that the behavior is decoupled, the same simulation is done with the person performing a trajectory that involves the three positional axis. The results are shown in Figure 3.11. In the right axis the forces applied are presented in order to correlate the movement with the force applied by the person. The three axis presented a similar behavior, with forces of similar profile and magnitude. The values of the forces that appear belong to a simulated environment, that will be compared with the real robot in the next chapter to validate the usefulness of the simulated framework for pHRC. Nevertheless, the simulations allow a fair comparison between methods and to study the influence of the parameters in the collaboration. To evaluate the same experiment in orientation, a modification has to be made since the robot's orientation is described by Unit Quaternions. For that reason, the orientation of the person should be described in the same way. Then, the velocity profile is used to generate, using (2.69), the corresponding Quaternion to obtain the difference in orientation through (2.67). Finally, since we are obtaining torques through the error in orientation and velocity (as the person is a spring-damper), the torques obtained due to the error in orientation should be consistent with the world reference frame used. Therefore, the gain K h is modified in the 3×3 block corresponding to the orientations as described in Figure 2.9. A trajectory proposing a rotation over the X-axis of the world frame (the base frame of the robot) is applied for the person. The results are shown in Figure 3.12 where it can be seen that the three components of the vector part of the Quaternion are modified, but producing only torques in the angle around X as the rotation was done only around the X-axis.

For a better understanding of the rotation, the angle of rotation around the X-axis was obtained. To do so, the rotated angle ,with respect to the initial orientation, is converted from Quaternion to angle-axis. The resulting angle is shown in Figure 3.13, the vector part corresponds to the X-axis and the evolution of the angle of rotation can be seen along with the torque applied by the spring-damper representing the person. The rotation is also presented in Figure 3.14 where the evolution of the robot during the rotation of the end-effector, around the X-axis, is illustrated. To obtain the results presented until now in this section, a back and forth trajectory was used for the person with a duration of 10 seconds, in reality this trajectory would be performed faster. To study the variation of the force applied by the person, the duration of the trajectory was reduced to 5 seconds. Results are shown in Figure 3.15 where it can be seen that the trajectory is finished in five seconds and the forces applied are increased with respect to results in Figure 3.11, reaching a maximum of 4.45 N in the X-axis. Since the Control for Human-Robot object co-manipulation trajectory is finished in half of the simulation time, it is interesting to analyze the evolution of the joints, not only during the interaction with the person, but also when the end-effector is in static position (after 5 seconds). The results in Figure 3.16 show that the joints stop moving when reaching the end-effector's goal. This feature is not straightforward since the manipulator is redundant with respect to the task to be accomplished. The fact that joint's velocities are reduced to zero, without interfering with the main task, is due to the null space damping included in the redundancy control law. q 2 q 3 q 4 q 5 q 6 q 7

Figure 3.16: Joint positions while the person is performing the movement in the task space of Figure 3.15. After t = 5 s the joints stop moving since the Cartesian task is accomplished and damping injection done in the null space by the redundancy controller.

Collaboration including an unknown payload

The previous simulations presented the normal working conditions of the system, with the proposed dynamics. As stated, an important issue for pHRC might be the lack of knowledge of the load to co-manipulate. This case might be particularly challenging for small robots with important loads. As mentioned, it is sometimes possible to fully identify the payload, but in many cases the procedure might not be accurate, or not possible at all due to the object or the process changing continuously. In order to simulate this issue, the real robot has the load of the box m B but also an included load of m L , that is not considered in the model used for the controller. This load is considered to be concentrated in the center of gravity of the box.

To analyze the influence of this payload, we first impose m L = 1kg and compute a simulation with the simulated human intending to do not move at all (x h does not change). Positions of the end-effector (x) and forces applied by the person are presented in Figure 3.17, while orientation and torques are presented in Figure 3.18. It can be seen that important efforts have to be applied by the person, particularly in the Z-axis and the torque around the Y-axis. This is the effect of the extra load, influencing the behavior of the manipulator. To replicate the trajectories analyzed before, in Figure 3.11, with the newly included load, a trajectory is defined for the person, obtaining the results presented in Figure 3.19. It is particularly interesting to see how the expected extra effort in the Z-axis would be of the order of the gravity force due to the unknown load. Nevertheless, the values obtained are much higher than those values as it can also be seen in the Z-axis in Figure 3.17 where the efforts are higher than 50 N . With the goal of analyzing the effect of this load on the system (person moving the unknown load attached to the robot), the value of the load is adjusted and the same trajectory of Figure 3.10 is simulated but with several values for m L . The position and force at the end-effector of the robot are presented in Figure 3.20 showing how the load influences importantly the forces applied by the person. It is notorious that the forces obtained are far bigger than what it would be expected due to the extra unknown load of 1 kg. The reason behind this behavior could be that the controller, degraded by the uncertainties, might be making the robot to apply extra forces on the person.

To evaluate in detail this particular aspect of the collaboration, the Impedance controller, in its general version, is developed but considering the uncertainties coming from the unknown extra load. Since there is a difference in the model and the real robot due to the extra load in the box, matrices of the model do not correspond to the real robot. Then, the control law proposed in (2.41) becomes: u = M (q) u imp + Ĉ(q, q) q + ĝ(q) -J T h e , (3.7)

where M (q) is the estimation of the inertia matrix of the real manipulator, Ĉ(q, q) the estimation of the coriolis matrix and ĝ(q) the estimation of the gravity torque vector. The input u imp is the part of the controller, that was previously defined as (2.42), to impose the 
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desired closed loop dynamic. Applying (3.7) to the model of the robot of (2.6), leads to: M (q) q + C(q, q) q + g(q) = M (q) u imp + Ĉ(q, q) q + ĝ(q) -J T h e + J T h e , (3.8)

where the external forces are perfectly compensated since it was stated that the forces are accurately measured, despite the unknown load. Including the Impedance term u imp as (2.42):

M q + C q + g = M J -1 M -1 d (M d ẍd -K D ẋ -K P x -M d J q + h e ) + Ĉ q + ĝ (3.9)
Following the development to obtain (2.31) but considering all uncertainties it is possible to obtain:

M d ẍd + K D ẋ + K P x = h e + M d (I -A) M -1 d (M d ẍd -K D ẋ -K P x -J q + h e ) + M d J M -1 (C -Ĉ) q + M d J M -1 (g -ĝ) + (I -M d ) J q, (3.10) with A = [J M -1 M J -1 ].
The development to reach this results is presented in Appendix A. If the estimation of the inertia matrix has no error, then A becomes the identity matrix and the second term on the right side disappears.

These last results presents two fundamental aspects in the use of this control law with non-modeled dynamics at the end-effector level. The first one is the term A multiplying the whole imposed dynamic through u imp . The second important aspect is that all the inaccuracies presented on the right side of the equation are multiplied by the desired virtual inertia of the end-effector M d . The first aspect shows that increasing the matrix K D and K P might not directly mitigate the effect of the unknown load, as it will be multiplied by the uncertainties. As for the second aspect mentioned, it can be noticed that reducing the desired inertia matrix would reduce the effect of the uncertainties. Therefore, as this matrix can be chosen, it is possible to choose M d with the elements of its diagonal (or its eigenvalues if its not diagonal) smaller than one, then, the uncertainties would be reduced. Nevertheless, reducing this matrix too much with respect to the natural one Λ, has proved to be a challenge [START_REF] Keemink | Admittance control for physical human-robot interaction[END_REF]. Therefore, the fact that the desired virtual inertia in the task space multiplies all terms due to uncertainties is a fundamental result that presents a challenge for handling unknown loads with the control law proposed.

In our case, the desired behavior for the closed loop system is the one of (3.6), that turns (3.10) into:

M d ẍ + K D ẋ = h e + M d (I -A) M -1 d (-K D ẋ -J q + h e ) + M d J M -1 (C -Ĉ) q + M d J M -1 (g -ĝ) + (I -M d ) J q (3.11)
Based on that result, aiming to study the influence of the desired virtual inertia matrix M d , a simulation is presented in Figure 3.21 of a simple trajectory as the one in Figure 3.10, with 1kg of extra unknown load included, but with different values of M d to compare the performances. The results show how the values chosen for the desired virtual inertia affect enormously the resulting trajectory performed by the robot, as well as the resulting forces applied by the person. It is an interesting result since M d is a parameter of the controller that might be considered independent of the inaccuracies of the robot. For those reasons, M d could be chosen to be small, to avoid the high forces with important overshoots that can be seen in Figure 3.21. Nevertheless, reshaping the virtual inertia of the manipulator might have its limitations as detailed in 2.3.1. Reducing the virtual inertia, or modifying it too much with respect to the natural dynamics of the manipulator might produce unexpected behaviors or instability [START_REF] Keemink | Admittance control for physical human-robot interaction[END_REF]. The bottom image presents the forces applied by the simulated person for each case of M d evaluated.

In order to separate the problem of the desired compliant dynamics of the manipulator and the errors in the model because of the unknown load, an Admittance controller might be of interest. The reason is, as shown in 2.3.2, that the compliance is imposed by adapting the reference trajectory, that is then tracked with a motion controller. With this approach both problems can be tackled separately.

Collaboration with the robot under Admittance control

As presented in subsection 2.3.2, the concept of Impedance control can be also applied by inverting the causality. This means, that the relationship between the movement and the force 3.4. Simulated framework for object co-manipulation 81 is preserved, but in an Admittance framework, it is the movement that is obtained based on the forces applied (in contrast with the Impedance control where forces were obtained, based on the movement applied). As done in the last subsection, the spring is not included (i.e. K P = 0) and the reference trajectory is constant, meaning that ẋref = ẍref = 0. The Admittance equation of (2.45) becomes:

M d ẍc + K D ẋc = h e .
(3.12)

In order to allow a comparison with the Impedance control of the last subsection, the same values are chosen for M d and K d as well as for the gain of the redundancy controller k ns in (3.4). The trajectory reference is not considered as it is the person that guides the robot through the force applied. The Admittance block generates the compliant trajectory to be followed by the motion control. The control torque applied is the combination of the compliant control law coming from the motion control and the redundancy controller to stabilize the dynamics in the null space.

Admittance Control Motion

The difference with respect to the Impedance controller is the presence of the motion control, as it can be seen in Figure 3.22. This controller (that produces the control signal u cc ) was chosen as in (2.46) with K Pt = diag 6 {100} and K Dt = diag 6 {20}. A simulation of the behavior while the person is moving along the Z-axis is shown in Figure 3.23. As expected, the forces applied by the person are almost the same as the ones for the Impedance control case in Figure 3.15 for the Z-axis. An important element of the Admittance framework is the relationship between the compliant position and the real position of the end-effector. The motion controller is designed to follow adequately the compliant pose generated by the Admittance block. In the bottom image of Figure 3.23, it is possible to see that the obtained error is extremely small, presenting an acceptable tracking behavior for the proposed purpose. Since the same results are obtained with the Admittance control and the Impedance control when no extra unknown load is included, this case is omitted for the Admittance control. Then, the focus of this subsection is on the influence of the unknown payload on the Admittance controller.

As mentioned, the motion controller has sometimes been chosen as a simple velocity controller. This choice intents to give priority to the person movement and comfort, over an accurate tracking of the compliant position. In our case, there is an extra element to be considered as there might be an unknown payload at the end-effector level. To evaluate the effect of considering the motion controller as a pure velocity controller (i.e. K Pt = 0), a simulation was done and presented in Figure 3.24 and Figure 3.25, with an extra load of 1 kg in the box, as the person holds it without moving. The robot remains in a position close to the one of the person, but not achieving the exact desired position of the person. Also, the forces that appear in the Z-axis, as well as the torques around the Y-axis are important.

To further study this situation, a trajectory over the Z-axis is proposed for the person and different values of K Dt are used (always with K Pt = 0). Results are shown in Figure 3.26. It is clear that increasing this value, improves the controller against the unknown load, reducing the efforts needed from the person to perform the trajectory. This is the clear advantage of the Admittance framework with respect to the Impedance framework. As the compliance and dynamics compensation are separated in different controllers, it is possible to improve the behavior against the unknown load, while preserving the compliant behavior. Nevertheless, in simulation this increase of the velocity gain in the motion controller is easily achieved, but in a real robot, velocities are obtained by derivation of noisy signals. For that reason, the gain would also amplify this noise, producing, in general, oscillations after a certain value.

Filters can be used to mitigate this issue, but they also have their limitation, mainly because they involve a time delay that might not be suitable for real time and fluent collaborations. To avoid the problem of high velocity gains, a possible approach is to include the proportional gain K Pt , as it was presented in the beginning of this sub-section. A simulation, as the one presented in Figure 3.24 and 3.25 is done, but preserving the proportional part of the motion controller, and results are presented in Figure 3.27 and Figure 3.28. It can be seen that the robot achieves the person's desired position, while the efforts are reduced in comparison with not using the proportional term. This effect shows the advantage of the proportional term of the motion controller when dealing with unknown payload at the end-effector level. The results show an improved behavior of the Admittance framework (using the motion control to track the compliant trajectory generated) with respect to a simple Impedance control scheme. Fig 3 .29 shows a comparative simulation between the current Admittance control and the Impedance control presented in the previous sub-section with an extra unknown payload of m L = 1 kg, while the person is moving along the Z-axis. Results show a large difference in the efforts needed from the person to achieve the desired trajectory. In a real robot it is unlikely to have this difference as the person, being a more complex system than the model used, can adapt to the task. Nevertheless, these results show that, in theory as well as in implementation, there is a difference between the two control laws when it comes to non-modeled dynamics at the end-effector level. The main difference is due to the desired virtual inertia M d . In the Impedance control, as shown before, M d multiplies the uncertainties, due to the unknown load, making the robot to complicate the task for the person. In the Admittance framework this effect is less pronounced, as it can be seen in Figure 3. 30, where different values of M d are compared with the Admittance controller proposed and the same load.

Following the same development done in the previous sub-section for the control law applied when there is an unknown load, it is possible to obtain the influence of the uncertainties for the case of the motion controller within the Admittance control framework. Then, taking the control law of (2.46) and following the same development as the one presented in Appendix A, it is possible to obtain that the closed loop system, under Admittance control, with uncertainties is:

(ẍ -ẍc ) + K Dt ( ẋ -ẋc ) + K Pt (x -x c ) = (I -A) [ẍ c -K Dt ( ẋ -ẋc ) -K Pt (x -x c ) -J q)] + J M -1 (C -Ĉ) q + J M -1 (g -ĝ) (3.13) With A = [J M -1 M J -1 ].
As it can be seen, the uncertainties are not multiplied by the desired virtual inertia and also the term corresponding to the derivative of the Jacobian is perfectly compensated. A second reason that explains the difference in the forces needed from the person between the Impedance and Admittance case is the proportional gain of the motion controller. As the motion controller intents to hold the end-effector at the current compliant position x c , the robot helps the person to hold the box, despite the unknown load.

These two results are of great importance as they provide another reason (to the well known ones mentioned in subsection 2.3.2) for the use of an Admittance control framework, where the compliance is separated from the motion control with dynamical compensation. Based on those results, the following studies will be based on this control scheme as it allows a better collaboration while sharing an unknown payload. However, if the Admittance controller is evaluated with different loads, while the person intents to move along the Z-axis, the results (in Figure 3.31) show that the forces needed from the person are more important as the load increases. These results show that there is still margin for improvements in the control scheme. Particularly, the collaboration would benefit from improving the controller with respect to the unknown load. In that scenario uncertainties do not become a weight for the person to compensate. 

Robust Variable Admittance Control

As shown in the previous subsections, the Admittance control scheme seems better suited for collaborations with unknown payloads than the classical Impedance controller. In this subsection we propose several enhancements for the control scheme in order to improve the collaboration with the person.

To improve the collaboration for sharing load between the person and the robot, four main challenges have to be dealt with, motivating the four main enhancements proposed in this work:

• The robot should preserve as much as possible its performance despite the unknown variable load that might appear at the end-effector level. In this context, the robot should be able to handle and lift weights without knowing the payload, meaning that the extra payload should not become an extra load for the person.

• The robot should be able to perform a predefined task or be guided by the person under the same control framework. The interactions with the person are expected but without knowing the moments of interaction beforehand. During the moments of no-interaction the robot should achieve its predefined task when the person is not taking control, allowing for much more complex tasks to be handled.

• The robot should preserve a configuration as much as possible so that the posture of the robot is predictable for the person. If tasks are repetitive, it is useful that the robot joints do not drift over time, since they could reach joint limits but also it would be less intuitive for the person.

• The robot should handle its orientation to allow the person to interact easily but avoiding the elements inside the box to fall.

It is an open issue how to distinguish between the intention of the person to translate or rotate the end-effector [START_REF] Dumora | Experimental study on haptic communication of a human in a shared human-robot collaborative task[END_REF]. Also, in the context of load sharing with a box, it is important to avoid the box from turning upside-down.

To face the first issue, the motion controller in the Admittance framework is enhanced to be robust against uncertainties in the payload. In this way, the control ensures an appropriate tracking of the compliant trajectory, even when an unknown payload is included in the box. Once the motion control allows the desired tracking of the compliant trajectory, the way the robot interacts with the person can be handled by improving the Admittance controller. For that reason, the second issue is tackled by defining a variable Admittance control to generate the compliant trajectory to accomplish a task when there are no interactions, but allow a comfortable collaboration when the person is interacting. Those are the main features that the control system shall improve, but in order to enhance the system even further for the proposed kind of collaborative task, the null space controller and the orientation control are modified to solve the third and fourth issue respectively.

The proposed control scheme, hereafter called Robust Variable Admittance Control is shown in Figure 3.32. The Variable Admittance Control block receives a predefined trajectory (x ref , ẋref , ẍref ), coming from a higher level layer for task allocation, and generates a desired compliant Cartesian trajectory (x c , ẋc , ẍc ) based on the measured external forces h e , resulting from the human-robot interaction. The orientation is treated separately from the translation to ensure that the box can be rotated if desired, but without turning it upside-down to avoid the load to fall (other possible applications can be achieved for different type tasks). The Robust Motion Control block generates the stabilizing control law u cc , whose purpose is to make the robot's end-effector (x, ẋ, ẍ) to follow the compliant trajectory generated by the Variable Admittance Control. A non-linear robust control is included in this control law to attenuate the effects of uncertainties due to the extra load in the box and keeping the error bounded. Finally, as the control is developed for redundant manipulators, a Redundancy Control block is used to preserve the desired configuration as much as possible. Then, the final control torques u applied to the robot are the sum of the main compliant control u cc and the redundancy control u red .

In the following subsections, those improvements are presented along with the simulation results, in order to show the improved behavior. First, the robust control is presented to perform a good tracking of the generated compliant trajectory. Then, this trajectory is explained by presenting the variable Admittance control to consider both task-achievement The last one also generates, through inverse kinematics, the control torques u cc that will be added to the torques u red generated by the Redundancy Control block to stabilize the motion in the null space. and human robot collaboration. Finally, the modifications for the redundancy control and orientation control are detailed.

Variable

Robust motion control

As shown in the analysis done for the uncertainties in Impedance and Admittance control, the latter is best suited for handling uncertainties due to the payload at the end-effector level. For that reason, in this subsection it will be analyzed how to improve even further the motion controller within the Admittance framework.

Considering again the uncertainties obtained in (3.13) and to improve readability, we define a term with uncertainties grouped as:

η = (I -A) ẍc -K Dt ( ẋ -ẋc ) -K Pt (x -x c ) -J q) + J M -1 (C -Ĉ) q + J M -1 (g -ĝ) (3.14)
leading to the closed loop dynamics:

(ẍ -ẍc ) + K Dt ( ẋ -ẋc ) + K Pt (x -x c ) = η (3.15)
As stated before, the control law has to be robust mainly with respect to the non-modeled load at the end-effector level, producing uncertainties grouped in (3.14). Therefore, in the context of this thesis and in collaboration with the University of Rosario, in Argentina, the robust controller in the joint space developed in [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF] was adapted, mutatis mutandis, to the derivation of the following robust law, employing the task space variables.

Defining:

ξ = (x -x c ) ( ẋ -ẋc ) (3.16)
as the system state. From (2.48) the following equation is obtained

ξ = Hξ + Dη (3.17)
where H and D are matrices of dimensions (12 × 12) and (12 × 6), respectively:

H = 0 I -K Pt -K Dt D = 0 I (3.18)
In order to guarantee robustness, a control term ω is added to the expression (2.46), resulting in:

u rob = J -1 ẍc -K Dt ( ẋ -ẋc ) -K Pt (x -x c ) -J q -ω (3.19) leading to: ξ = Hξ + D(η -ω) (3.20)
In order to determine ω, consider the following positive definite quadratic form as a Lyapunov function candidate

V (ξ) = ξ T Qξ > 0 (3.21)
where Q is a symmetric positive definite matrix. The time derivative of V is

V = ξT Qξ + ξ T Q ξ = ξ T (H T Q + QH)ξ + 2ξ T QD(η -ω) (3.22)
For any symmetric positive definite matrix P , the equation

H T Q + QH = -P (3.23)
gives a unique solution Q. In view of this we can express (3.22) as

V = -ξ T P ξ + 2ξ T QD(η -ω) (3.24)
To ensure asymptotic stability, the condition V < 0 must be fulfilled. As the first term on the right-hand side of (3.24) is negative definite, asymptotic stability can be ensured if ω is chosen as to render the second term less than, or equal, to zero. Setting z = 2D T Qξ and choosing

ω = ρ z z (3.25)
where ρ is a positive scalar, the second term on the right-hand side of (3.24) becomes:

z T (η - ρ z z) = z T η -ρ z ≤ z η -ρ z = z ( η -ρ) (3.26)
Then, if ρ is chosen so that ρ > η (3.27)

the control term ω ensures that (3.24) is negative along all the trajectories of the error system. Even though the uncertainty η is unknown, it is supposed that an estimation of its range of variation is available. Details about the upper bound of the uncertainty based on assumptions and physical constraints of the robot are provided in the Appendix B.

Finally, in the sliding subspace z = 0, the sliding control signal ω should ideally commute at infinite frequency [START_REF] Khalil | Nonlinear systems[END_REF]. However, in reality this signal commutes at high frequency, causing oscillations in the control torques. To avoid this high frequency commutations of the control signal, known as chattering, the following modification in the control law is proposed

ω =        ρ z z f or z ≥ ρ z f or z < (3.28)
Notice that the incorporation of does not assure that the position error (xx c ) converges to zero, but guarantees, at least, that it remains bounded. Other methods exist to deal with the chattering problems in our robust control such as second order sliding control [START_REF] Bartolini | Chattering avoidance by second-order sliding mode control[END_REF], Shtessel et al., 2014] or the use of an observer [START_REF] Lee | Chattering suppression methods in sliding mode control systems[END_REF].

Simulations were done to evaluate the impact of the robust control against uncertainties due to an extra load at the end-effector. The goal is to evaluate how it influences the forces required from the person during the collaboration, as well as the trajectory tracking performance without interactions, when there is an additional, unknown, payload in the box.

The same values for the Admittance and motion controller are used than in the previous subsection, but enhancing the motion controller with the robust parameters. Then the extra parameters are first set to ρ = 200, = 0.1 and, to obtain Q, the continuous Lyapunov equation is used as in (3. 23), with P = I 12×12 leading to:

Q = Q 11 Q 12 Q 21 Q 22 , ( 3.29) 
with

Q 11 = diag 6 {2.6250}, Q 12 = diag 6 {0.0050}, Q 21 = Q 12 , and Q 22 = diag 6 {0.0253}.
To understand the impact of the parameters in the controller, different simulations were done with an extra load of 1 kg, where the person is moving the robot in the Z-axis. In the different tests, the value of ρ was varied while keeping constant (see Figure 3.33) and the variation of with a constant ρ is presented in Figure 3.34. It can be noticed that, increasing ρ, as well as decreasing , reduce the extra efforts needed from the person at the beginning, but with no significant variation of the performance after t = 2 s. This is mainly due to the model of the person that is in part a spring that defines the movement of the robot in the simulations. Therefore, based on the simulation results, it is not easy to analyze the possible advantages of the robust control while co-manipulating. However, to clearly compare the effect of using or not the robust controller, the test was done without the robust controller (i.e. ρ = 0) and with the robust controller with ρ = 200 and = 0.1 for the case of an extra unknown load of 1 kg. The results can be seen in Figure 3.35 and Figure 3.36. It can be seen that, there is an important difference if the robust controller is used as the forces and torques are clearly smaller compared to not using the robust control. Also, the accuracy of the trajectory is clearly improved. It is interesting to notice also that the person only performs a movement in the Z-axis but, as there is an unknown payload, it produces a torque around the Y-axis that has to be compensated by the person. Even when no rotating movements are done (the person intents to preserve the orientation of the box) the person has to apply torques that are always over 1 N.m when the robust controller is not included. In the case of including the robust term to the motion controller, this torque is reduced significantly (as it can be seen in Figure 3. 35 and Figure 3.36).

In order to validate our approach, and the effect of the robust control with different loads, the same trajectory was done by the person, but with different unknown loads included in the box. It can be seen in Figure 3.37 that even with m L = 3 kg, the forces are less important than the ones needed from the person to move the box with only 1 kg, when the robust controller is not used (Figure 3.35). However, it can also be noticed that increasing the load, increases the efforts needed at the beginning by the person.

As mentioned before, the goal of the full controller (compliance along with motion control) 
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is to allow the robot to perform a task while the person can interact at some moments. In both cases (either while interacting or the robot working alone), the robot should be able to handle loads that are unknown while preserving as much as possible the expected performance. Until this point, the robust control was evaluated while co-manipulating the box with the person. Then, to also evaluate the use of the robust control when there are no interactions, simulations are done with a predefined trajectory to be followed by the robot with extra payload at the end-effector level. In Figure 3.38 the robot is doing its predefined task with an important unknown load of 2 kg. The cases with no robust controller (ρ = 0) and with the robust controller with ρ = 200 are compared for the three principal axis of translation. The performance is better in the case of the robust control as the performance is less degraded by the important load for the Z-axis. However, in both cases the results present important errors in the trajectory. First, it is important to clarify that results seem worst than in previous tests (such as Figure 3.35) since before, there was the person (or the spring as part of its model) to help compensates the errors due to the load, that is not present in the current tests. Then, the error is important in the case of no-interactions with the person due to the fact that, for the chosen values for the proportional gains and Q, z is still small compared to for the trajectory errors obtained. It can be understood that the accepted bound of the error for the sliding control was chosen too big with respect to the errors obtained. To improve the behavior, the parameter should be redefined to reduce the accepted bound for the errors, despite the uncertainties. For instance, if = 0.01 the performance is improved remarkably as it can be seen in Figure 3.39 where the tracking error is significantly reduced under the same conditions. The drawback of this, it that reducing implies that the controller will have commutations at higher frequency, that applied to a real robot, might produce vibrations and undesired oscillations. Once a correct set of parameters is chosen, increasing the payload should not deteriorate the performance (as there is a predefined bound of accepted error set by ). Without the robust control, as more payloads are included, values of the gains should be adjusted every time (and there are limitations in the real application due to non-linearities not considered in the model). Also, the robust controller ensures that the system will converge to z = 0 (or bounded if is included). It is important to notice that the robust control might request the motors to work at maximum energy, imposing some stress on the robot. At the same time, the chattering issues would also be a problem from the person perspective, as the vibrations might not be adequate for collaborations. For those reasons, the adjustment of the robust controller for real applications is a sensitive issue.

Variable Admittance control

With the Robust Motion Control proposed, the accurate tracking of the compliant trajectory, despite the unknown payload at the end-effector level is improved. Then, the desired behavior can be chosen with the Admittance control. To do so, we propose a Variable Admittance Control capable of both, making the robot fulfill a predefined task, but also to compliantly follow the person when there are interactions.

To achieve tasks while collaborating, the approach for the compliant behavior proposed in (3.12) might be a limitation. This is due to the fact that, as done in general in the context of pHRC, the matrix K P and the positional references were removed, meaning that the spring is not included in the model. This is done in order to allow the person to take the role of the leader and decide what the robot should do, while the robot follows compliantly. In our case, the robot has to follow the person while interacting but also perform a task and follow a reference trajectory. Therefore, the spring behavior is preserved in the translation components, meaning that K P is not zero in the first three elements of its diagonal. By preserving this term, the control structure is more powerful, allowing for more tasks to be accomplished. To illustrate this, a simulation is done with a constant value for the diagonal elements of the spring defined as K Pxyz = diag 3 {40}. In the simulation, the robot is following a trajectory defined by x ref , without interacting with the person. The results in Figure 3.40 show that, by preserving the stiffness term, the robot can follow a desired trajectory accurately.

Nevertheless, this spring behavior of the robot (based on (2.45)) with respect to a predefined reference trajectory (x ref ) might compromise the hand-guiding while interacting. In Figure 3.41, a simple trajectory in the Z-axis is defined as a reference for the robot, while the person intents to follow a different trajectory (described by x h ) in that axis. The results show how the efforts are bigger than the ones required in previous simulations (such as Figure 3.23) and the trajectory done by the robot (defined by x) differs from the intended by the person (x h ) as well as from the one planned for the robot (x ref ). It can be understood as a confrontation between the predefined trajectory and the one desired by the person (and since the spring used to model the person is more stiff, the trajectory is closer to the one of the person). However, this is an important issue since the robot is not accomplishing its predefined trajectory, but also it is more difficult for the person to perform the movement together as planned. To solve this issue, we propose to extend the recent work in [START_REF] Bae | Variable admittance control with virtual stiffness guidance for human-robot collaboration[END_REF]. In their work the robot has a predefined vertical trajectory to lower the load, but if the force direction shows the intention to change the position of this vertical line, the reference is adapted. In this work, we present a generalization of that concept to be used in a non-specific case so that the spring is modified in a continuous way based on the interaction forces.

For our problem, we focus only on the translation of the box. Then, we introduce a regulating function α defined as:

α = tanh 2 h T ex,y,z h ex,y,z (3.30)
with h ex,y,z being a (3 × 1) vector containing the three forces that compose the wrench vector.

The function α allows to smoothly differentiate if the person is guiding the robot or not. The range of this function is the interval [0 , 1), approaching zero when no forces are detected in any direction, and going asymptotically to one when forces appear. Then, using this regulating function it is possible to adapt rapidly, and in a continuous way, the spring used, redefining the proportional gain of (2.45) as:

K Pxyz (α) = (1 -α)K Pc (3.31)
With K Pc the constant value of the proportional matrix to follow the reference position.

The clear advantage of this approach is that it allows for both predefined movements and human guidance, without changing any value of the matrices or the control scheme. To allow comparisons and illustrate the functioning of the method, the constant gain is set as K Pc = diag 3 {40} and the variable value of the stiffness parameter defined as in (3.31). The simulations done in Figure 3.42 present the robot being guided by the person while having also a predefined trajectory that is contradictory with the person's movement. The experiment is done for the case where there is no stiffness term, when the stiffness is constant (i.e. K Pxyz = K Pc ) and when the stiffness is variable (and a function of α). It is notorious how the forces applied with the variable stiffness are smaller than those with a constant stiffness.

The difference with respect to the case of no-stiffness term appear because, in the returning phase, the person and the reference spring are producing forces in the same direction (which is to lower the box). To present in detail the evolution of the function α, the same simulation for the variable case is presented in Figure 3.43. It can be seen that, as the forces increase, α goes rapidly to one, avoiding that the stiffness term of the controller to perturb the person.

Furthermore, to enhance the behavior of the robot in both possible situations, we propose that the damping of the desired closed loop should be adapted depending on the situation. Following the results in [START_REF] Duchaine | Safe, stable and intuitive control for physical human-robot interaction[END_REF], Duchaine and Gosselin, 2007, Ikeura and Inooka, 1995, Ikeura et al., 2002] where the damping value should decrease in large and accelerated movements, and increase for small precise movements, we propose a variable behavior for the translationals components of matrix K D that could be decompose as:

K Dxyz (α, h e , ẋ) = K Dc -diag 3 {α a 1 | ẋ| + a 2 |h e |} (3.32)
with α as in (3.30), a 1 , a 2 are the weights used to balance the terms of the equation and .42: Comparison between the system without the stiffness term (K P = 0 K Pc ), with a constant stiffness (K P = K Pc ) and with the proposed variable stiffness (K P (α)) when the person interacts while the robot has a contradictory predefined task. K Dc is a 3 × 3 matrix representing the constant part of the damping. In this case, when the absolute value operator is used for a generic vector v as |v|, means computing a vector with the absolute values of each component v. Using the variable damping, the system will have the constant "high" damping value of the 3 × 3 K Dc matrix that will decrease when the magnitude of the forces increase (trying to accelerate or change directions) or when the user is performing long movements and therefore the velocities are important. The value of the constant matrix was chosen as the one used until now, meaning that K Dc = diag 3 {20}, but a minimum value for each diagonal element of K Dxyz was set at 5 to avoid the damping from going to zero or becoming negative. This can be seen in Figure 3.44 where the person is moving the robot and since the contact forces appear, the damping value is rapidly reduced to its minimum. It is interesting to notice that, even when the forces decrease (around t = 4 s), the value of the damping remains low because there is also the velocity component acting.

After t = 7 s, when the movement and forces are small, the value of K D oscillates due to the rapid change in those variables. This can be mitigated for a real implementation using a simple first order low-pass filter. A consideration was made for the velocity term in (3.32) for the case when the movements are done without working with the person. This is necessary because, when the person is not engaged in the collaboration, the movements should be overdamped to do not harm the person. This was done elegantly, by including again the function α to the velocity term, as done in (3.32).

In previous results, the efficiency of the method to preserve the stiffness, but allowing the person to guide the robot without increasing the efforts, was presented. Also, the variation in the damping matrix was introduced to reduce the efforts needed from the person. The use of this method can be found in applications where the robot should perform tasks and sometimes interact with the person at non-predefined moments. Therefore, while the robot is doing its task, the person can interact and collaborate (for instance, to move objects) whenever he/she wants, hence reducing the constraints imposed to the person. To show a possible scenario like the one described, a simulation was done and presented in Figure 3. [START_REF] Hogan | Impedance and interaction control[END_REF] where the robot has a predefined movement to do twice (dashed green curve). The first time, as there are no interactions, it achieves the movement with precision, α remains at zero since no forces are applied, forcing the damping to remain at a high value to have an overdamped behavior.

After t = 10 s the person interacts with the robot, modifying the trajectory to be done (the desired trajectory for the person is in dashed red line). The function α is activated, avoiding efforts to increase for the person, and the damping is reduced as well, reducing even more the efforts needed from the person to perform the task. This simple, yet clear, example presents the capabilities of the proposed control law to allow the person and the robot to interact easily, while the robot intents to perform other tasks as well. This approach could be useful in scenarios where the robot is moving things from one place to the other but sometimes the person interacts to take decisions, co-manipulate objects along with the robot, or modify the trajectory of the robot.

Redundancy control and handling singularities

As detailed in Section 2.3.5, for redundant manipulators, it is possible to include a signal in the control that actuates on the null space of the Jacobian matrix and, therefore, does not affect the motion of the end-effector. By doing so, the full control law in the case of the proposed controller shown in 3.32 is: acts based on those efforts to avoid them from increasing due to the stiffness term. Also, the damping matrix is adapted during interaction based on the efforts and velocity, but remains at high value when there are no interactions.

u = u cc + u red , ( 3 
where u red is designed as: u red = [I n -J T (q) J T (q)]u ns , (3.34)

with J (q) as the generalized inverse of the Jacobian matrix as defined in (2.17) with the inertia matrix as the weighing matrix, and u ns is the secondary law. This secondary law was defined as the gradient of a potential function as shown in (2.72). As mentioned, the goal for the robot is to repeat movements but also allow the person to interact with it at any time. Therefore, one important issue might be the robot reaching joint limits after a few movements. This problem can be mitigated by proposing a secondary objective that avoids (as much as possible) that the joints move away from its initial position. This can be done by proposing the potential function to minimize:

W(q) = (q -q ini ) T K W (q -q ini ), (3.35)
with q ini the initial joint configuration of the manipulator. Implying that the joint positions will be as close as possible to the value at the beginning of the experiment, with K W a weighting matrix allowing to influence some joint more than the others (for instance, those with a smaller range of movement). This is also interesting from the person point of view, as it is more intuitive that the robot will remain close to a given posture, rather than changing from one movement to the other. It is important to clarify that in this case, the initial configuration was chosen and supposed to be a convenient one, but the approach can be applied to any configuration.

Control for Human-Robot object co-manipulation

To avoid undesired joint velocities or excessive joint movements when the robot reaches a static end-effector position, the damping injection term that was used in the previous simulations is preserved too. Therefore, the complete null space controller is defined as:

u ns = -k ns 1 K W (q -q ini ) -k ns 2 q (3.36)
With k ns 1 and k ns 2 the positive gains for both terms of the null space controller. The negative sign appears as the function (3.35) has to be minimized (i.e. the same as maximizing -W(q)).

This controller was applied in simulation using k ns 1 = 20 and k ns 2 = 5, while the weighting matrix K W (q) used to preserve the desired joint positions was defined as:

K W = 1 7 diag{0.
03, 1.43, 1.01, 1.91, 1.01, 0.05, 0.98}, based on the joint limits and the priority given to each of the joints for the task (experimentally obtained). In order to evaluate the advantage of including this redundancy controller, a comparison is done between the robot having the redundancy controller of (3.4) with k ns = 5 and with the new proposed redundancy controller (3.36) with k ns 1 = 20 and k ns 2 = 5. In both cases, a Cartesian trajectory, as the one as in Figure 3.40, but done twice, is followed by the robot without human interaction. First, without the new redundancy controller, results can be seen in Figure 3.46, where the trajectory is tracked in the task space, but the joints do not repeat exactly the same movements. It is interesting to notice that some drift of the joints appears, that, if the movement is repeated more times, would make the joints hit their limits (this can be clearly noticed in the joints 3 and 5). Then, implementing the redundancy controller as in (3.36), results obtained are illustrated in Figure 3.47, where the trajectory is tracked in the task space but also the same joint movement is done the two times the movement is performed. In this case, the joints recover their initial position, avoiding the risk of hitting the joint limits (if the trajectory is feasible).

An alternative approach to analyze this situation is comparing the evolution of the potential function W(q) defined in (3.35) to be minimized. In Figure 3.48 it can be seen how the potential function has smaller values almost all the time when the full redundancy controller law is implemented. Also, when the robot is not moving, the potential function reaches a minimum at zero for that case, but not when k ns 1 = 0 (implying that the joints did not return to the initial position). Based on those results, it can be concluded that including the term in the redundancy controller, to preserve the initial posture of the robot, might help to avoid hitting the joint limits (particularly in repetitive tasks). Also, since this thesis is in the context of pHRC, from the persons perspective, it is more intuitive to collaborate with a robot that preserves, as much as possible, the same posture through the task, than with one that is continuously changing posture from one movement to the other.

Another modification done to improve the collaboration without imposing constraints to the person is in the handling of singularities of the Jacobian matrix. As stated, the Damped Least Squares (DLS) method detailed in subsection 2.2.4 was used. However, to have the less possible error, the damping is included in the inversion only when one of the singular values approaches zero, and it is done by using a continuous function, to avoid unnatural q 2 q 3 q 4 q 5 q 6 q 7 q 2 q 3 q 4 q 5 q 6 q 7 Comparison of the potential function to be minimized W (q) for the cases when k ns 1 = 0 and when k ns 1 = 20, while the robot performs a repetitive trajectory in the task space and the value of k ns 2 = 5 for both cases.
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Control for Human-Robot object co-manipulation movements. First, the term to invert is decomposed in its singular values σ i . Then instead of inverting the singular values, the DLS pseudo-inverse of that term, uses σ i σ 2 i +λ 2 i . This damping λ i is computed as:

λ i (σ i ) =    0 for σ i > σ lim (σ lim -σ i ), for σ i ≤ σ lim (3.37)
with σ lim being the limit set for the inverse so that the produced velocities do not present a risk for the person. If the value limit is set to be σ lim = 0.1, then the resulting comparison among the possible methods for a generic case can be seen in Figure 3.49. The method proposed preserves the value of the inverse of the singular value and provides a soft transition to zero if the value decreases even further. 

Orientation control for the load sharing

In a collaboration scenario where the person and the robot are handling a box, it is possible that the box should not be turned upside-down. This constraint might come due to the box having objects inside or some particular consideration of the box itself.

In order to do not make more difficult the task for the person, until now the stiffness term was not considered in the orientation components. The Admittance controller reshaped the desired virtual inertia and imposed some damping related to the angular velocity, but no spring-like behavior was considered. To consider the stiffness in the orientation, as Unit Quaternions are used (as detailed in 2.3.4.2), the adaptation shown in Figure 2.9 to relate the error in Quaternion to the angular acceleration has to be applied. Moreover, the choice in this case is to also avoid the rotation around the axis linking the robot with the person (which would be the rotation shown in Figure 3.14, making the load inside the box to fall). As it can be seen in the mentioned figure, in that position the rotation is around the X-axis of the world frame, but this would not be the case in a different configuration. If the box should not turn around the axis passing through its center linking the person and the robot, the local frame of the end-effector (that is attached to the box) should be used. In Figure 3.14, it can be seen that the rotation would be around the Z-axis of the end-effector's frame.

First the Quaternion representing the orientation of the end-effector with respect to the world frame is defined as Q e = {η e , e } and the Quaternion representing the initial orientation of the robot (where the box is considered to be in the desired condition), also in the world frame, as Q i = {η i , i }. Then, the Quaternion representing the difference between them can be obtained as:

Q ei = {η ei , ei } = Q e * Q -1 i , (3.38)
where for the orientation the vector part of the Quaternion is the important one since the norm is one. To obtain this error in the end-effector frame, it can be done as

e ei = R T e ei
where R e is the rotation matrix representing the orientation of the end-effector with respect to the world frame and e ei is the orientation error mentioned, but represented now in the end-effector frame.

Considering now the 3 × 3 stiffness matrix for the orientation as K lim , the contribution to the acceleration done by the elastic torque is:

τ e elastic = 2E T (η ei , ei )K lim e ei (3.39)
based on the details shown in Figure 2.9. Nevertheless, the acceleration obtained would be consistent with the axis of the end-effector frame, but the whole dynamic of the controller is proposed with respect to the world frame. To have this new extra term to produce a consistent acceleration with respect to the world frame, the elastic torque term is pre-multiplied by R e . Then, the elastic torque obtained through the stiffness term in orientation is:

τ elastic = R e (2E T (η ei , ei )K lim e ei ) (3.40)
With the orientation control done as mentioned, a point of improvement is that the person is intended to have as much freedom as possible to move, implying that the constraint about the rotation of the box should interfere only when reaching the limit. This idea cannot be achieved with a linear behavior of the spring. Therefore, a non-linear stiffness matrix is proposed using the atanh function of the error. Figure 3.50 illustrates the elastic torque produced for three different cases. First the elastic torque produced by the error multiplied by the constant stiffness matrix, then with the square of the error multiplied by the constant stiffness matrix and finally with our approach. It is shown how our approach has less influence when the error is small (which is desired to do not influence the movements of the person), but producing an important elastic torque when approaching the limit. This important torque near the limit is used to avoid the box from rotating more than a chosen angle, to avoid the things inside the box from falling. Following the mentioned approach, the matrix describing the non-linear behavior in orientation can be defined as:

K lim = diag 3 {atanh( 1 γ lim e ei )}K P ijk (3.41)
with K P ijk the 3 × 3 bottom-right part of the original stiffness matrix (i.e. the part of the matrix affecting the orientation) and γ lim the parameter to set the limit angle that should not be surpassed and the atanh(•) of a vector applied element-wise.

Since the angle to consider is always around the Z-axis (of the end-effector's frame) now, the last element of K P i,j,k is set to 20, while the others to zero. Then, if we set the limit in the angle at 20 degrees, using that value as υ in (2.64), the value of obtained represents the desired limit γ lim = 0.1736. A simulation was done with those values where the person intents to rotate the end-effector along the mentioned axis, results can be seen in Figure 3.51. It is possible to notice that the person starts rotating the box but the controller avoids the box from rotating even further when the angle approaches 20 degrees. Also, since the non-linear stiffness matrix is used for the orientation, important efforts only appear when approaching the limit imposed. This behavior is suitable to allow the person to interact freely, but avoiding the box from rotating excessively. It is important to notice that the values obtained for the torque applied by the person are too important and not realistic. This is due to the fact that in this case the person is trying to continue the trajectory despite the new extra term. In reality, the person would realize that turning the box further is not possible and forces would not increase to that amount. Figure 3.51: Simulation of the person rotating the box but when reaching to the limit imposed, the controller does not allow to rotate further. Torques applied by the person, that become large when reaching the limit, are presented in the bottom image.

Conclusion

This chapter covered the study of Impedance and Admittance control in the context of pHRC for object co-manipulation. Both control laws were deeply discussed and evaluated through simulations. A Simulated framework is proposed for this kind of tasks, with the model for each element involved in the collaboration, in order to obtain results that might help rise conclusion to improve the behavior of a real robot in a similar context. Simulations, in the context of pHRC, are not easy to achieve since the person is needed. In the context of this thesis, this was done with a spring-damper model in interaction with the box attached to the robot. Although simple, the simulated framework presented interesting results, allowing the comparison of different control laws in the context of object co-manipulation.

Impedance and Admittance control, despite being "two faces of the same coin", are not the same from an application point of view. As it is well known, Admittance control, as it produces a trajectory, is more suitable for position or velocity controlled robots. Also, splitting the controller in two parts (compliant control and motion control) in the Admittance framework, allows to separate the problems. The compliant trajectory is generated and the motion control might handle perturbations and model errors. In the development done in this work, it is shown that there is another advantage in the Admittance control with respect to the Impedance control when there is an unknown payload at the end-effector. This difference appears when it is desired to reshape the virtual inertia matrix in the task space, imposing a new one M d . In the case of an Impedance controller, this term will multiply all uncertainties, increasing the error in the control of the robot. Differently, in an Admittance framework, as the reshaping of the matrix is separated from the dynamic compensation of the model (which is done in the motion controller), this problem does not arise. Simulation results showed that the Admittance framework is then best suited for handling this uncertainty in the model, due to an unknown payload at the end-effector level.

Based on those results, improvements were proposed to the classical Admittance control framework to make the motion controller robust with respect to the unknown payload, reducing the forces needed from the person to move the box. Then, the Admittance behavior is made variable with respect to the robot state, allowing the robot to follow predefined trajectories, but also interact compliantly with the person whenever it is needed. Also, a redundancy controller is proposed to preserve the posture of the robot, showing that it allows to do repetitive movements in the task space, with an invariability of the joint movements. The advantage is that it avoids the joints from having a drift that might cause them to hit their mechanical limits. Finally the orientation is compliantly controlled by using a nonlinear stiffness term, to avoid the box from turning upside-down, which might be important to co-manipulate a real box.

The modifications proposed, and gathered in the named Robust Variable Admittance Control are applied in the proposed simulated framework for object co-manipulation, in order to evaluate the results and possible advantages of implementing them on a real robot. Moreover, limitations and considerations that might be needed for a real implementation are given. The model of the person used for the simulated framework is rather simple, possible improvements could be done by considering variable parameters for the person to emulate his adaptation to the task. However, results are promising as the behavior remains intuitive and helps understanding the effect of the modifications done to the control laws. Nevertheless, an experimental validation with a real system is needed to draw definitive conclusions and is a part of the following chapters of the thesis.

Chapter 4

Experimental application of the object co-manipulation approach

Introduction

A simulated scenario for pHRC, particularly for object co-manipulation, was presented in Chapter 3. The classical control laws were evaluated for the case of an unknown payload at the end-effector level, using a spring-damper model to represent the person. This simulated framework allowed to obtain conclusions about the well known control schemes but also to propose modifications and implement them in order to improve the collaborative task for the person. Nevertheless, in robotics (and particularly when also a person is involved), simulations might not be enough and experimental applications have to be done in order to study the performance of the proposed methods or frameworks. The reason is the complexity of the robots (e.g. non-modeled motors dynamics), the difficulties for measuring all the variables at stake and also, the complexity of accurately modelling the environment. In the case of pHRC, the experimental application becomes even more important since, in addition to the mentioned reasons, the interactions with a person are extremely complex and unpredictable, making them difficult to model.

For the reasons stated, in this chapter the most important features of Chapter 3 are implemented on a real Kuka LBR iiwa 14 R820 robot that interacts physically with a real person. The main purposes of this chapter are:

• To evaluate the usefulness of the simulated framework proposed for collaborations, by comparing the results obtained in simulation and in experiments with the real robot under the same conditions.

• To study the experimental setup and its possible variations for the collaborative scenario. Specially, the use of a Force/Torque (F/T) sensor or not, and its placement (with respect to the co-manipulate object) are discussed.

• To experimentally evaluate our new approach proposed in Section 3.4.4, in order to confirm the conclusions obtained by simulations. Also, the considerations for a practical implementation of the control law are addressed, as well as the perception of the collaboration from the person's point of view.

• To propose and evaluate a use-case scenario of the collaborative framework, allowing to move objects of unknown load between two persons and the robot, with minimum constraints for the people involved.

Finally, the advantages of the proposed approach, along with its limitations and possible perspectives for improving the object co-manipulation between a robot manipulator and a person, are discussed in the conclusion of the chapter.

Experimental setup

This section presents a general overview of the experimental setup for the object co-manipulation tasks. The robot, the object with unknown load and the role of the person are discussed. The layout and the parameters provided in this section are the main ones used, but over the next subsections, some modifications are proposed to illustrate the influence of those variations in the collaborative task.

The experiments were carried out with the robot Kuka LBR iiwa 14 R820 with a box rigidly attached to its end-effector to allow for more load to be added inside. As in the simulated scenario the interactions forces between the person and the box were considered known, a six axis F/T sensor RFT76-HA01 from Robotous1 was also attached at this point. The setup with the F/T sensor attached to the box, on the opposite side of the robot can be seen in Figure 4.1. The person can directly interact at this level by manipulating the handle of the sensor as done in other works such as [Ajoudani et al., 2018a, Bae et al., 2020].

The robot was controlled using the Fast Robot Interaface (FRI) system provided to work under real time constraints. It consists on a predefined architecture, provided by Kuka which allows the communication between the robot and an external client program, in another computer, with cycles of up to 1 ms.

In the following subsections, the elements for the experimental collaborative scenario are detailed. The robot, the person and the object used are presented under similar conditions than the ones of the simulations in Chapter 3.

The robot

As mentioned, the FRI architecture was used to control the robot and measure its state. The main goal of the FRI is that the program on the robot side is performing a task while the program in an external computer adds an overlay of position or torque to the robot at the joint or Cartesian level. In our case, it was desired that the program on the robot's side performs the gravity compensation. Since it is not possible directly, a joint Impedance control in the robot's side is used. This control performs the gravity compensation and includes a spring-damper to the reference joint position. In our case, the stiffness term was set to zero, leaving only the gravity compensation and some damping at the joint level. Then, the external controller (FRI client) applies the torques calculated by our proposed controllers, that are overlaid to the gravity compensation torques previously mentioned. Also, the program on the external computer is used to read the state of the robot in real time. The control laws presented in subsections 3. 4.3 and 3.4.4 are the ones implemented on the external computer, with a sampling time of 1 ms.

Since data obtained from the robot through FRI is limited (e.g. inertia matrix, Jacobian and end-effector's pose are not provided), KDL library2 for kinematics and dynamics has been used for the design of the proposed controller. The model of the robot was obtained from [START_REF] Hennersperger | Towards mri-based autonomous robotic us acquisitions: a first feasibility study[END_REF] and implemented in KDL. Then, to filter noisy signals from the sensor or obtained through differentiation, low-pass, first order Butterworth filters3 were used. The signals filtered are the ones coming from the F/T sensor (cutoff frequency of 8 Hz), the joint velocities (cutoff frequency of 5 Hz), the function α and K D (cutoff frequency of 1 Hz). For the last two cases, it is done to remove any remaining noise and provide a smoother behavior in the variation of parameters, allowing for more natural behaviors for the person.

The object

The box used is rigidly attached to the robot at the end-effector level. Its dimensions (l Bx , l By , l Bz ) and mass m B were measured and used to estimate the inertia with respect to its center of gravity (considered at the center of the box). For the inertia tensor, given the shape of the object, only the diagonal elements were considered (I Bxx , I Byy , I Bzz ). These parameters are all presented in Table 4 The dimensions and inertias are written with respect to the box frame shown in Figure 4.1 and in SI units. The box along with all these parameters were included in the model as an extension of the last link. Same considerations were done for the F/T sensor. Finally, during the experiments, changes in the payload are considered. This was done by including different loads inside the box that were rigidly attached to avoid movements. It is important to note that the extra load is not considered in the robot model for the control design nor in the robot side of the controller for gravity compensation. In consequence, the extra load is completely unknown for the robot's controllers.

The person

In the context of the work done, the person is considered to be standing in front of the robot and collaborations are done using the dominant hand to manipulate the handle of the F/T sensor. The experiments are done by the same person (except for the use-case, where two people interact with the robot), who is considered to have some understanding of how the robot behaves.

In the cases when payload should be added to the box, the person may use the nondominant hand to add the payload while preserving the hold of the F/T sensor with the dominant hand.

Experimental evaluation of the simulated framework for object co-manipulation

In this section, the simulated framework for object co-manipulation used in Chapter 3 is evaluated experimentally. The goal is to evaluate its accuracy and reliability to represent the real case, along with its limitations. To do so, in this section we compare the results obtained
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with the simulated framework for the case of the Admittance controller in section 3.4.3 with experiments done with the same Admittance controller but in a real co-manipulation scenario. This is important because, given the complexity of the system, part of the dynamic might not be represented by the simulations. However, if some conclusions can be obtained through simulations, the approach would be useful to evaluate (simply and without risks) the influence of different control laws and the object used in the collaboration.

As mentioned in the previous sections, a F/T sensor is added to one side of the box in the real system. To do comparisons as similar as possible, in the simulated scenario the model of the sensor is included too, leading to the model presented in Figure 4.2. Also, the model used in matlab is modified to include the same flange of the robot used in the experiments (Media-Flange Touch electric). In the simulations of the Admittance control, the parameters used for the motion controller in (2.46) were K Pt = diag 6 {100} and K Dt = diag 6 {20}. For the experimental application, those values have shown to be not high enough to achieve an acceptable tracking performance (even without the extra load). The probable reason for the difference is the friction and other non-linear terms that are not considered in simulations. For that reason, the comparison is done using the following values in experiments and simulations for the motion controller: K Pt = diag 6 {180} and K Dt = diag 6 {100}.

Since the simulated and experimental cases are compared in this chapter, some considerations are done with respect to the notation, to ease the comprehension of the results. In the previous chapter h e was used to describe the external wrench acting on the robot. However, in simulations, F h represented the wrench produced by the model of the person in (3.5). From those definitions, when in continuous interaction, h e = F h (this is valid because in simulations it was considered that the unknown load does not influence the force measurements).

Experimental application of the object co-manipulation approach

In this section, the forces measured by the F/T sensor in the experimental case are denoted as h eexp while the forces acting on the simulated robot (equals to the generated by the simulated model of the person) are denoted as h e sim . As for the trajectories described, the poses of the experimental robot (considered at the contact point with the person) are described by x exp , while the poses of the simulated robot (again, at the contact point with the person) are denoted x sim . Finally, the trajectory used for the simulated model of the person, see (3.5), (that is considered as the reference intended to be followed by the model of the person, as shown in Figure 3.7) is denoted x h . With the notation detailed, the following subsections presents several comparison with different approaches. The goal is to show different possibilities to how the simulated framework can be used to emulate the real collaborative task by highlighting different aspects. In the following subsections, the experimental and simulated framework for collaborations are compared, and the different cases evaluated are:

• Use of the polynomial trajectories for the simulated person: The movement is done by the real person in the experimental scenario obtaining the trajectory x exp .

Based on the displacement done and time for the movement, the simulation is adjusted but using the polynomial point-to-point movements for the simulated person x h , as in section 3.4.3. Then, the simulated person intents to perform a trajectory x h , while attached to the robot, producing the trajectory done in simulation x sim (the difference between x h and x sim appears as the person is simulated as a spring-damper system).

• Use of the experimental trajectory for the simulated person: The movement is done by the real person in the experimental scenario obtaining the trajectory x exp . This real trajectory x exp is directly used in simulations as x h . Then, the simulated person intents to perform a trajectory x h , while attached to the robot, producing the trajectory done in simulation x sim . In this case x h = x exp , instead of assimilating them with the polynomial approach as before.

• Variation of the stiffness parameter of the person: Similar case than the previous one, but the stiffness term for the simulated person K P h is modified in order to improve the results.

• Include the unknown load in the box: Similar case than the previous one, but including the extra unknown load in the real experiment and in simulations, to analyze and compare the behaviors.

Use of the polynomial trajectories for the simulated person

In this subsection, the polynomial trajectories defined (based on (2.54)) are used for the desired trajectory of the person x h in the simulated framework. Since in a collaboration it is not feasible to impose a precise movement to the real person, the trajectories are done first in the real experiment by the person and then replicated in similar conditions (amplitude of the movement, duration) in simulation, with the polynomial point-to-point movements. The moment when forces start to increase is used to synchronize the experimental and simulated results.
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The results are presented in pairs to improve the confidence of the results. In Figure 4.3 and Figure 4.4 two examples are given where the person performed a trajectory in the Z-axis. There are differences in the displacement as the polynomial trajectory does not represent exactly the movement done by the person. However, this rather simple framework allows for a fair representation of the movement and the forces applied by the person, as it can be seen in the images on the bottom. Despite some quantitative differences, the order of magnitude of the forces is accurate. Negative forces appear in both figures when the box is stopping around t = 3 s in simulation and in experiments, showing the fidelity of the simulations. It is clear that the simulations cannot represent perfectly the experiments, and more difficult movements or changes in the person stiffness would degrade the results. Although the framework being very simplistic, it allowed to evaluate the control laws beforehand in a collaborative scenario, obtaining results that represent closely the ones of the experiments. The advantage of this framework, as presented in this subsection, is that the control laws can be evaluated and compared for a co-manipulation scenario without the need of the real manipulator. The results show that the framework allows a comparison to obtain, at least, qualitative results to compare different methods or control laws (without the need of a person and the risks of an experimental application).

Use of the experimental trajectory for the simulated person

In the previous subsection, the trajectories done by the real person were not as smooth as the ones done with the polynomial approach in simulation. For that reason, we evaluate another possibility in order to have a more accurate comparison. Then, instead of using the predefined trajectory based on (2.54), the real trajectory done by the person and the robot in the experimental case (x exp ), is applied in simulations for the person's desired movement (x h ). The results can be seen in Figure 4.5 and Figure 4.6. Since x h is equal to x exp , only x exp is shown in the figures. This approach allows for a more fair comparison between both cases, specially when the trajectories done are not close to the polynomial ones or not point-topoint movements. However, using the real trajectory does not allow to evaluate the scenario without using the real robot beforehand. Therefore, the advantage of testing scenarios and control laws without the need of the robot is lost. Also, as it can be seen in both examples, the trajectories done experimentally (x exp ) and the ones done in simulation (x sim ) differ. The reason is that the experimental trajectories done by the robot are used as the "desired" trajectories for the person in the simulations and, as the person is modeled as a spring-damper in simulations, the resulting trajectory done in simulation (x sim ) will differ from the other two. The difference will depend on the stiffness and damper terms of the person. The simulated person x h follows the trajectory done experimentally x exp . The bottom image presents the human's forces applied in the Z-axis for the simulated and experimental cases.

To evaluate a more complex movement, a trajectory is done experimentally by the person in the three axis and this trajectory is used as the one of the simulated person for the simulated framework. The results can be seen in Figure 4.7, where the trajectories done in the experiments and simulations are compared, and in Figure 4.8 where the corresponding
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forces are presented. As shown before, trajectories and forces present similarities, but also some differences appear between simulations and experiments. In particular, it can be seen that the simulated forces present more oscillations than the real ones. This could be a consequence of non-modeled dynamics in the simulated person (such as inertias or frictions) or errors in the values proposed for the spring and damper. 

Variation of the stiffness parameter of the person

Since the simulations done in this section so far have shown a more oscillatory behavior for the forces than the experimental results, the model used for the simulated person should be adapted. The damping term was modified without producing important differences in the results. Therefore, the stiffness parameter proposed for the spring of the simulated person was reduced and a new value was adopted to reduce the oscillations. The new value for the simulated person is K P h = diag 6 {100}, which is 4 times smaller than the one used until now. The same experiments and simulations of Figure 4.5 and Figure 4.6 are reproduced in Figure 4.9 and Figure 4.10 but with the new value for the spring that emulates the person in simulations. The results show a more accurate result for the forces applied by the person than before. A less oscillatory behavior can be seen and the dynamics of those interaction forces is closer to the real one. In the case of the trajectory, the difference is more important than before. This result is expected as the experimental trajectory x exp is used as the simulated trajectory to be done by the person x h , but the spring of the simulated person is less stiff than before, leading to a bigger difference with respect to the simulated trajectory done by the robot x sim . These results showed that there is an important dependency on the values chosen for the spring (representing the person) in order to accurately represent the task performed by the person. However, as the stiffness of the person varies considerably according to the task, the direction of movement and the hand used, it is difficult to propose accurate values
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beforehand, without having information on the person and the movement to be done. The simulated person x h follows the trajectory done experimentally x exp but with a reduced stiffness matrix for the person's model. The bottom image presents the human's forces applied in the Z-axis for the simulated and experimental cases.

Including the unknown load in the box

Finally, one of the main issues of this thesis is the unknown load of the object to co-manipulate. Therefore, a comparison is done of the Admittance controller for simulations and experiments but with an unknown load of 1.5 kg. This experiment is done using the experimental trajectory x exp for the simulated personx h , but for the two stiffness values considered in previous subsection for the model of the simulated person. Then, results can be seen in Figure 4.11 for the case of K P h = diag 6 {400} and in Figure 4.12 for the case of

K P h = diag 6 {100}.
With the original value of the stiffness for the person, the simulation differs slightly from the no-load case, but still showing a profile close to the experimental one, with a more oscillatory behavior. Again, when the stiffness value is reduced, the simulated and experimental forces are much closer. These results show that reducing of the stiffness matrix seems to improve the simulated approach to compare the forces, even with an unknown load in the end-effector.

It is important to notice that the forces coming from the experiments are obtained using a F/T sensor that has been filtered, so some high frequency dynamics might have been lost in the filtering.

Results presented have shown that using a spring-damper system to model the person manipulating the box represents qualitatively the real phenomena of the object co-manipulated by the real person and robot. Based on that, results obtained through simulation with the Admittance control (and also afterwards with the approach proposed in subsection 3.4.4) can be trusted to represent accurately enough the behavior in the real robot, validating the possible conclusions obtained in Chapter 3 for object co-manipulation. Furthermore, the framework proposed for simulations using the polynomial trajectory of (2.54), has the potential to be extended and generalized by using other possible trajectories (such as minimizing the jerk, even in not point-to-point movements). Then, it is remarkable that, with the low value of the stiffness parameter in our proposed framework, simulated results represented accurately the interaction forces of the real experiment. These results show that the stiffness parameter is important in the model of the person and its definition requires further discussion. Moreover, the stiffness could be variable to better represent the person's adaptability during the task. Clearly, experimental validation of the methods proposed is still necessary since robots are complex mechanical systems with dynamics that were not modeled in the simulation and the person's perception of the robot cannot be captured through simulation. Also, simulations done do not consider the adaptation of the person during the task, or after repeating the tasks several times. For those reasons, the following sections will discuss the setup used experimentally in this section (that was chosen in that way to emulate the approach used in simulation) and possible alternatives, to then implement and evaluate the proposed improvements for the Admittance control in the context of object co-manipulation in subsection 3.4.4.

Effect of the F/T sensor and its placement for object comanipulation

In the simulations done, the interactions forces were used as the main element of information of the human's intention. For that reason, forces and torques applied by the person were considered to be accurately known. In the context of a real experiment with the robot, this implies having the F/T sensor at the point where the person is interacting with the system (robot-object). In the previous subsections, this was the case to provide accurate and meaningful comparisons. Nevertheless, this could be an issue in some contexts where it might not be possible to place the sensor in the handle used by the person, or simply the F/T sensor might not be available at all. To have a better understanding of the differences and consequences of the experimental setup, this section studies the general case where the sensor is not available and, therefore, the joint torque sensor have to be used. In particular, as there is an unknown load in the box, forces coming from the person appear mixed with those of the object due to gravity and inertia. If the sensor is available, but is placed between the robot and the box, similar issues as the ones developed in this section, for the use of joint torques, will appear (but using a direct measurement instead of an estimation).

In some cases, the F/T sensor might not be available due to the difficulties for placing it at the contact point or the additional costs of including it. Modern robots, designed for pHRI, have joint torque sensors included in their joints. This feature allows for a better detection of forces and contacts that appear at any part of the manipulator. In our case, forces and torques applied by the person are of interest. Then, based on (2.5) it is possible to estimate the external wrench as: h e estim = J -T τ e (4.1) where τ e are the external torques that, in our case, are provided by the KUKA iiwa robot as an estimation based on the measured joint torques, the commanded ones and the dynamical model of the robot. Since in this section the wrenches obtained with the F/T sensor and the ones estimated with (4.1) are compared, a clarification is needed for notation. The wrench measured with the sensor (that represents always the forces and torques applied by the person) are noted h esensor while the estimation, that might be a combination of the person's wrenches, with the ones due to the unknown load, is noted h e estim .

Evaluation of the external forces estimation

As the estimated wrench in the Cartesian space is model-based and depending on the external joints torques measured, we compared their results with those of the F/T sensor placed between the box and the person. The person is holding the end-effector (where the sensor is placed) and performing a simple movement to study the difference between both measurements. In this first comparison, no extra load is included in the box to do not add another source of uncertainty. The external torques are filtered using the same low-pass filter than the one of the F/T sensor to reduce the inherent noise. The results of the forces applied by
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the person with the estimation, compared to the ones of the sensor (that are considered to be the ground truth) can be seen in Figure 4.13. As it can be seen, for the repetitive up-down trajectory both the sensors and the estimation follow a similar dynamic with close values for the force applied. However, despite the similarity in the curves, some important differences appear. Those differences can be related to errors in the model of the robot, inaccuracy of the inverse of the Jacobian matrix while being close to singularities and the fact that KUKA is probably not considering joint's flexibility in the model to obtain the external torques. Research was carried out with respect to the estimation of the point of contact and magnitude of the force applied without an extra F/T sensor in [De Luca andMattone, 2005, De Luca andFlacco, 2012] while an improvement to the external force measurement for the KUKA iiwa is proposed in [START_REF] Chawda | Toward torque control of a kuka lbr iiwa for physical human-robot interaction[END_REF]. Nevertheless, the context of our study is different from those works since the model of the robot is not accurate, due to the extra load at the end-effector level. This unknown load influences the estimation of the external joints torques, and therefore, the estimation of the human's forces. In order to evaluate this, the load of 1 kg is added to the box and the Admittance control detailed in 2.3.2 is used to interact with the person. In this case, the wrenches used in the equation are still the ones coming from the F/T sensor (i.e. no modifications are done with respect to previous experiments). The difference is that the estimated forces are shown as well, to evaluate the impact of the extra unknown load to the estimation of the wrenches (based on the external joint torques). The results in Figure 4.14 show the person doing up-and-down movements (since the F/T sensor is not influenced by the load). Nevertheless, if the estimated force is compared to the measurements of the sensor, important differences can be seen. This difference varies around approximately 10 N , which 120 Experimental application of the object co-manipulation approach corresponds closely to the effect of the 1 kg mass inside the box multiplied by the gravity vector. Therefore, if the estimation of the force were to be used in the control law, the unknown load would be seen as the forces of the person, complicating the task (as the robot would intent to lower the box). 

Use of a band-pass filter to improve the estimation

One approach that we explored to deal with this issue is to consider the forces due to the unknown load to be constant in the Z-axis. This is quite accurate when the load is not changing, but the noise coming from the measurements or inaccurate changes of frames, might degrade this hypothesis. However, based on the hypothesis, the low-pass filter used for the external joint torques was replaced by a band-pass filter applied directly to the estimated external wrench h e estim . The goal is to attenuate the effects of the noise in high frequency (as before) but also the constant components of the signal (i.e. frequencies that are close to zero). To evaluate this, an experiment is performed where the control law considers the information coming from the F/T sensor, but the new estimation of the external wrench is also presented in Figure 4.15. In this scenario the band-pass filter is a first order Butterworth filter with a center frequency of 4Hz and a bandwidth of 7.8Hz (ideally, no attenuation is done between 0.1 Hz and 7.9 Hz). It can be seen that the values coming from the F/T sensor and the estimation are close before including the load, then, the estimation goes to approximately -10 N which corresponds to gravity acting on the load (as it happened in Figure 4.14 without the band-pass filter). However, after a few seconds the estimation gets closer again to the real value of the human's force. This result shows that there is a clear improvement with respect to Figure 4.14, where the estimation of the forces varied around the value of the gravity force acting on the unknown load. 4.15: Comparison between the forces obtained with the F/T sensor and the estimation through the external joint torques for a movement done by the person in the Z-axis with a load of 1 kg. In this case a band-pass filter is used in the estimation of the external forces, but not included in the controller.

The results obtained in Figure 4.15 show that the band-pass filter improves the results after a few seconds of including the load, compared to Figure 4.14. After t = 10 s the estimated force is close to the measured by the sensor. Some error remains, but similar to the error that was obtained in Figure 4.13 when no load was included. This result shows that the effect of the load was compensated after a few seconds by the filter, showing the potential of this method that should be applied, along with a better estimation of the external wrench than the one used in (4.1). However, with the results obtained with the filter, it is possible to implement the control law using the estimation of the forces, to evaluate the behavior in a real collaboration (until now, the estimation was only computed, but not used).

Implementation of the estimated forces to the control law

The proposed improvement, based on a band-pass filter for the estimation of the force was not applied in the control law until now. To experimentally evaluate the impact of using it, the F/T sensor is not considered for the control of the robot, and instead, the estimation is used. The results are shown in Figure 4.16, where the person lowers the box to include the load (at t ≈ 3s) to then, intent to do repetitive movements, such as done in Figure 4.14. It can be noticed that the load was too heavy, hence, the desired up and down movement of 20 or 30 cm could not be achieved. As shown in the figure, the estimation of the forces remains around zero, when in reality the person is applying forces of around 10 N in the positive direction of the Z-axis. The real force applied by the person is the one captured by the dynamic of the sensor (but not used in the controller this time). Since it compensates the gravity of the load, it does not appear in the estimation. This can be understood as the person applying the force necessary to compensate for the unknown load, which is not the desired behavior for the collaboration. The desired advantage of the band-pass filter, to avoid this issue, does not appear because the person compensates rapidly the load to avoid the box from falling. As a result of this adaptation of the person, the forces coming from the load and the person are mixed and the filter cannot attenuate the constant components of the force signal. 4.16: Comparison between the forces obtained with the F/T sensor and the estimation through the external joint torques, with the band-pass filter, for a movement done by the person in the Z-axis with a load of 1 kg. In this case the estimated forces are used in the controller, instead of those measured by the F/T sensor.

In general, the use of a F/T sensor is preferable as it allows for a more accurate measurement of the external forces than estimations. Based on the results obtained in this section, for the case of object co-manipulation, the position of the sensor with respect to the object is also important. Having the sensor at the interaction point is the most suitable solution to avoid the problems of unknown load, however, this might not always be possible (such as in the case of co-manipulating a tool). Then, if the wrenches are obtained at the point between the robot an the object (either by using the joint torques or the F/T sensor placed at that point), the problems due to the unknown load would appear as the human's forces would be mixed with the gravity of the load, as also discussed in [START_REF] Tarbouriech | Admittance control for collaborative dual-arm manipulation[END_REF]. For those reasons, the possibility of using a band-pass filter should be deeply explored to improve the results, as well as the use of better estimations of the force, when there is an unknown load at the end-effector level. Furthermore, the combination of the F/T sensor at the point of interaction with the person, and the use of the joint torque sensors to obtain information containing also
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the forces due to the objects dynamic might be of interest. This approach would emulate having two sensors, placed on both sides of the load, providing more information that could make the proposed methods more robust, with respect to unknown loads. The interest in the use of estimations based on the propioceptive data is to avoid the cost of F/T sensors, the hardware implementation needed and the synchronisation of the sensor with the robot. However, for our particular case, since the best results are still the ones obtained with the F/T sensor at the point of interaction with the person, it is this configuration that is used hereafter in the experiments.

Experimental evaluation of the proposed robust variable Admittance control

So far in this chapter, the simulations were compared with the experimental results to evaluate how the simulations can be used to draw conclusions about the proposed controllers. Moreover, the experimental setup was proposed, consisting on the box attached to the endeffector and the F/T sensor being directly held by the person. Other alternatives to this setup were discussed in the previous section, detailing possible advantages and drawbacks. In this section the Robust Variable Admittance Controller proposed in 3.4.4 is implemented in a real experimental case. The reason to evaluate experimentally this method, despite being already done in simulations, is that since it is an important contribution of our work, analyzing how it is perceived by the person, is important. Also, the adaptation of the person to the task can influence the collaboration.

In this section, the initial setup proposed (the person in direct contact with the sensor) and detailed in section 4.2 is used. The reason is that it does not add other sources of error or uncertainty. Since the goal is no longer to compare results to simulations, but rather improve the experimental collaboration, the parameters were adapted to optimize the behavior of the robot for object co-manipulation. Then, the controller of subsection 3.4.3 is adapted (with respect to simulations), modifying its parameters in order to obtain an adequate behavior for the real robot (i.e. no vibrations, fast responses, easy to manipulate). The selection of the diagonal matrices of the Admittance control law (2.45) was made to obtain a soft compliant behavior. The values adopted are M d = diag 6 {10, 10, 10, 0.3, 0.3, 0.3}, K Dc = diag 6 {40, 40, 40, 2, 2, 2} and for the spring-like behavior K Pc = diag 6 {40, 40, 40, 0, 0, 0}, where the last three values are chosen to be zero to have a pure mass-damper in orientation. The values of the constant stiffness matrix are chosen to have an acceptable tracking of the trajectory when the robot is working alone. Then, based on these values and the virtual inertia, the constant part of the damping can be chosen to have an over-damped behavior (which is less dangerous for the person that might be nearby). Afterwards, for the variable damping of (3.32), the weights are chosen as: a 1 = 200 and a 2 = 20; For the robust motion controller the matrices are K Dt = diag 6 {30} and K Pt = diag 6 {45}. The parameters corresponding to the non-linear 124

Experimental application of the object co-manipulation approach

Robust Motion Control are selected as ρ = 250, = 0.1 and

Q = Q 11 Q 12 Q 21 Q 22 , ( 4.2) 
with

Q 11 = diag 6 {13.334}, Q 12 = diag 6 {0.416}, Q 21 = Q 12
, and Q 22 = diag 6 {0.014}. Finally, the tuning of the redundancy controller's parameters was done experimentally and the values chosen are k ns 1 = 20 and k ns 2 = 5. For the matrix K W (q), used to minimize the deviation of the joints from the desired configuration, it is defined as: K W = 1 7 diag{0.03, 1.43, 1.01, 1.91, 1.01, 0.05, 0.98} based on the joint limits and the priority of the joints for the task. The threshold for the Damped Least Square inverse of the Jacobian is defined as σ lim = 0.1

To validate the proposed approach with a real person in the loop, the first step is to show that our controller can be used for hand-guiding despite the fact that the robot has a predefined task. Again, simple unidirectional experiments were performed by the person to ease the study and discussion. Nevertheless, the same behavior is imposed for all the translational degrees of freedom. Figure 4.17 presents the case of the person moving the endeffector 0.4 m, while the robot has its own predefined task (in this case, to preserve the initial position). It can be seen that, from the moment forces appear, the variable α increases in a rapid and continuous way to avoid the robot from disturbing the person. Nevertheless, when the person stops applying efforts (t = 2.0 s), the robot is able to return to the initial position smoothly. The bottom image presents the variation of the damping coefficient along the experiment. From the moment the person interacts, the damping is reduced to ease the long movement. At t = 1.3 s the forces become zero for an instant, but since the variable damping in (3.32) depends also on the velocity, the damping remains at its smallest value. Then, when interactions disappear, the damping is increased to achieve an over-damped displacement for the robot's own task. Comparing the experiment done (and shown in Figure 4.17) to the results previously obtained through simulations in Figure 3.42, Figure 3.43 and Figure 3.44, it can be pointed out that a similar behavior is obtained, proving again the usefulness of the simulated scenario previously proposed. However, some difference appear, as in the experimental case the filters used avoid the oscillations that appeared in α, leading to a more comfortable and intuitive interaction with the robot.

Then, a comparative experiment was done, similar to the simulation presented in Figure 3.42, to analyze in detail the interaction and prove the benefit of using the function α along with the stiffness term K P . The experimental results are presented in Figure 4.18. In this experiment, our variable stiffness approach is compared with, the controller using a constant stiffness K P = diag 6 {40, 40, 40, 0, 0, 0} and also with the controller without the stiffness term (i.e. all the elements in K P are zero). The latter is the most used approach to avoid the spring behavior when the person is guiding the robot. In the top image, the displacement in the Y-axis are shown, for the case of variable and constant K P , the movement is similar. However, for the case of K P = 0, the robot does not return to the initial position, showing that despite the robot being compliant, its possibilities are limited and assigning a task or a trajectory to follow to the robot (when there are no interactions), is difficult. In the bottom
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image, the human's efforts for the three experiments are presented. It can be seen how the efforts done to move the box with a constant spring are much bigger than the other two cases. Whilst the forces applied for the no-spring and variable spring cases are very much alike. These qualitative results show how our proposed method for a variable spring, allows to preserve the robot's own task without increasing the efforts applied by the person to move the robot. Moreover, negative forces appear in 4.18 between t = 1.25 s and t = 2 s showing the efforts of the person to stop the movement. Improvements could be done regarding the virtual inertia matrix to avoid this situation (for instance, by reducing the value of M d ) but some stability considerations should be done [START_REF] Keemink | Admittance control for physical human-robot interaction[END_REF]. It is interesting to notice that this effect appeared both in experiments and simulations, proving the closeness of the results obtained in both cases. In the case of constant K P , this negative force does not appear because it is the spring that stops the motion. Another element of discussion is the fact that α is a scalar dependent of the three Cartesian forces. Another possibility could be to consider α as a vector where each element corresponds to each of the Cartesian directions. This would decouple the behavior but it would be less intuitive for the person for two reasons. First, the spring behavior would have to disappear each time the person changes direction (instead of only with the first contact) which might disrupt the person while manipulating. Secondly, as the function is non-linear, the behavior while moving through one of the principal axis would not be the same as when doing it in other directions. For those reasons, the approach of a single (scalar) α remains a suitable solution to allow the person to manipulate, while the robot has its own predefined task to accomplish. Comparative experiment between the system with a constant spring (dashed red line), with no spring (in black dash-dotted line) and a variable spring (blue line) for a one dimensional movement of 40 cm and then releasing the robot.

The other feature proposed to improve the controller is the capability to deal with unknown loads at the end-effector level. The robust behavior of the control against unknown load inside the box is evaluated experimentally by performing a displacement of the end-effector with different payloads. In order to study the most challenging situation, the trajectory in the Z-axis (i.e. aligned with the gravity vector) is described by the person while manipulating the load. A movement up and down of the box is used again to simplify the comparison. The resulting trajectories along with the forces applied by the person can be seen in Figure 4.19. The top image presents the trajectories performed in the different experiments. The middle image presents the absolute error in the trajectory tracking (i.e. the absolute value of the element corresponding to the Z-axis of (xx c ). It can be seen that while the load increases, the error increases slightly but remains bounded. This allows to preserve the minimum desired tracking performance. Then, in the bottom image the forces applied by the person for the different load are presented. It can be noticed how, while doing similar trajectories with more payload (that are never considered in the model or controller of the robot), the forces needed from the person do not increase. These results prove that the robust behavior for the motion control allow different loads to be used (when no previous knowledge of the mass or inertia is considered) without making the task more complicated for the person.

In summary, the proposed method allows the robot to be compliant while the person guides the end-effector and also to have a predefined task to be performed at the same time. Through both of the experiments, it has been shown that preserving the spring-like behavior (i.e. K P not a zero matrix) allows the robot to follow a reference trajectory to fulfill a task. However this is done without increasing the efforts needed from the person for hand-guiding, even if the load to manipulate increases. Through this section, the considerations to implement the methodology proposed on a real robot manipulator are given. The experiments done had the goal of demonstrating the advantages of the proposed approach, as well as illustrating the good behavior of the manipulator in those conditions. Nevertheless, it is important to discuss how this possible improvements can be included in a real scenario. The following section defines a real scenario within an industrial environment, where the methodology previously introduced could be applied. Then based on that, a use-case experiment is carried out to highlight the possible advantages of the developed controller for object co-manipulation.

Use-case: Human-robot object co-manipulation in a production line

Motivation

In most of the works mentioned in previous chapter, as well as in the experiments done, the person is engaged permanently in the collaboration or the cooperative framework is explicitly defined beforehand. In reality, there might be a lack of precision and information on how the person is going to perform its task. Otherwise, the person would be constrained by the predefined procedure to use the robot. To deal with this issue, some works used additional sensors to identify by gestures the moment when the robot is needed and should act, such as an armband in [START_REF] Kim | Moca-man: A mobile and reconfigurable collaborative robot assistant for conjoined human-robot actions[END_REF], and other proposed an interface to coordinate through an interactive GUI [START_REF] Lamon | Towards an intelligent collaborative robotic system for mixed case palletizing[END_REF]. Those approaches proved how it is possible to combine the robot-alone tasks and collaborative tasks with a person. Nevertheless, some problems might arise as the need of more sensors and the time delay in the use of visual sensors. These could be a particular issue for tasks where the movements and changes are rather fast such as moving objects in a production line. Besides, these protocols impose constraints to the person and requires a learning and adaptation phase for him/her.

In this section, this problem is tackled to provide a possible framework for two people and a robot to work together and in coordination, without imposing major constraints for the operators. The advantage is that only the F/T sensor and the proprioceptive sensors of the robot are used. To make the collaboration possible the Robust Variable Admittance Control, introduced in subsection 3.4.4 and applied experimentally in section 4.5, is used in the proposed use-case scenario.

Problem statement

In the industrial context, it is usual to find a production line with multiple robots performing a repetitive task. In the future industry, it is desired that both the person and the robot can share this environment or even interact continuously to accomplish a task. However, the main challenge is how to deal with the trade off between the classical qualities of the robot (e.g. accuracy, force) and the compliant behavior needed for the safety of the person during interactions. In that sense, our goal is to combine the qualities of the robot to perform a task by itself, but allowing the person to naturally interact and collaborate with the robot. Furthermore, to improve the collaborative task, the framework for the interactions should remain simple and intuitive, to do not impose strong constraints on the person.

To be able to evaluate and present the results, a particular scenario is chosen, where the person and the robot work cooperatively to move a load from one place to another. This task might use the knowledge of the person for decisions (such as choosing what elements should be moved), but can be enhanced by the power of the robot. In that framework, the person uses its experience to make decisions, but without the need of important efforts. In this context the possibilities are numerous as there are no restrictions or constraints in the task to be achieved. An illustrative scheme of this possible task withing a production line for a robotic manipulator is presented in Figure 4.20.

Within this scenario, the robot manipulator should perform a predefined task consisting on moving from one working point to the other, periodically. Then, when it reaches the person, the latter is able to handle the robot to put the load on the end-effector so it is moved to the other side. Since the goal is to impose the less possible constraints to the person, the working points are roughly defined near to where the person is standing. The person should be able to grab the end-effector of the robot at any point (whether it has reached the final position or not) to manipulate the robot, adding or removing some unknown load from the end-effector. This problem can be split in two main challenges. First, the robot should be able to move between points by tracking a predefined trajectory, but also to behave as a compliant partner for the person to co-manipulate the load at any moment. Secondly, as the load is unknown, the robot should be able to behave similarly, despite the fact that more load has been added to the end-effector.

In our experimental setup, to replicate the production line scenario described, the robot is moving from one working point to the other, where two people will manipulate to add (or remove) load to the box at the end-effector, that should be transported to the other side. An example of the working process can be seen in Figure 4.21. where objects should be transported from one side to the other to be packaged.

The stages of the collaborative task can be detailed as follows (also shown in Figure 4.21):

1. The robot starts from its home position and goes to the position near the person on the right.

2. The robot gets close to the fixed point on the right ([0.93, 0.60, 0.39] m) and the person grabs the end-effector (before or after it reaches its goal position) to add the load.

3. The robot waits 5 seconds in the position on the right and then moves to the position close to the person on the left ([0.93, -0.40, 0.39] m) with the load inside the box.

4. The person on the left grabs the end-effector at any moment to remove the load and allows the robot (after 5 seconds) to go the the position on the right

The procedure (except part 1) is repeated a second time, with the person on the right adding 1 kg the first time, and 2 kg the second. At the end, the person on the left removes the 2 kg loads, and puts the first load (already treated and packaged) so it returns to the right side. 2) Adding the payload. Person 1 handles the robot to include the payload.

3) Moving the payload:

Robot transports the payload to person 2.

4) Removing the payload:

Person 2 recovers the payload. 

Results and discussion

The two main challenges mentioned (non-constrained collaboration and unknown load) are solved through the enhanced controller proposed in this thesis. The variable Admittance control allows for the person to grab the robot at any moment, without disturbing the task for the person. Moreover, if unknown load is added in the box, the use of the robust motion controller allows the robot to preserve a good behavior during the collaboration, but also when the robot follows its predefined trajectory. Finally, the use of the redundancy controller to preserve a predefined posture avoids the robot joints from drifting and eventually reaching their mechanical limits.

The trajectories done during the whole process are presented in Figure 4.22. The reference trajectory (that was predefined naively) is presented in red. This trajectory repeats the movement from one side to the other. When the person interacts with the robot, the compliant trajectory (in blue) obtained from the variable Admittance control differs from the reference trajectory. Finally, the real trajectory is enforced by the robust motion controller, producing the trajectory x (dotted curve in magenta in Figure 4.22). The experiment started with no extra load in the box, and the moments where a new load is included are represented by vertical lines. Also, the moments when the person interacts to hand-guide the robot to its preferred positions are highlighted with a grey background.

It can be noticed that, despite the fact that the robot has a predefined trajectory, the person is able to interact at any moment. This is clear in the moments when the trajectory The reference trajectory for the robot appear in red and is followed when there are no interactions by the compliant trajectory, in blue, produced by the Variable Admittance Controller. When the person interacts both trajectories are different and finally the real position of the robot, in dashed magenta, is enforced by the robust controller. The moments of interaction are represented by a grey background and the moments when the load at the end-effector is modified, are represented by vertical dotted lines.

starts to move to the other side, but the person still holds the end-effector, after putting the load inside (such as in t = 10 s or t = 35 s). The interesting characteristic is that this gives more freedom to the person as the worker is not forced to strictly adapt to follow the predefined trajectory (which would enforce a working position along with time constraints for the person). Different possible scenarios arise from that feature such as the person performing other tasks before interacting with the robot, or the person requiring more time than expected to secure the load. Moreover, the person could adapt easily the pose of the robot to work in a posture that is comfortable and ergonomically adequate for him. Furthermore, the person is adding and removing an unknown load to the end-effector but the tracking error remains bounded and the actual robot position x is able to follow the complaint position x c , even with 2 kg added to the box.

Then, in Figure 4.23 the forces and torques applied by the person are presented. It can be seen, particularly from the forces (that are the main element discussed in this thesis), that the person is able to interact at any moment, without the need of important forces. Also, no remarkable difference can be seen in the forces applied when there is an extra unknown load and when no load is added to the box. This highlights the capacity of our approach to handle the unknown payloads, in order to ease the task for the person. The practical implications of these results are important, as this ease co-manipulation tasks, particularly for the cases when the load cannot be previously identified (due to non-constant inertia properties, or recurrent changes of the object).

Finally, the redundancy control implemented allows the joints to remain as close as possible to the initial configuration without interfering with the main task. This can be seen in Figure The moments of interaction are represented by a grey background and the moments when the load at the end-effector is modified, are represented by vertical dotted lines.

4.24, where the joints move without getting close to the joint limits. Also, it is possible to note that, as the movements are repetitive, the joint configuration is also repetitive which allows for a more intuitive behavior (which is better for the person than the robot changing drastically its posture from one movement to the other). Also, as it can be seen, when the robot's end-effector reaches a static state and the person is not interacting, joints do not move due to the damping included in the null space.

As an important remark, in the current experiment, as it is a preliminary experiment, the trajectories and movements were conceived to be slow for the safety of the people involved, but this framework could be extended to a production line with faster movements and more robots and people involved. This remains a perspective to extend this work even further, with the aim of allowing collaborative robots to be included in the industry along with the employees in a shared, collaborative environment.

Conclusion

This chapter covered the experimental application of our approach for physical human-robot collaboration for object co-manipulation, particularly with an object of unknown load. First, the proposed environment for simulations is replicated experimentally to compare and validate the conclusions drawn through simulations. Results showed that the simulations emulate correctly the real behavior, allowing the simulations to be used before moving to a real implementation. Differences appeared, as the reaction from the person to the robot's movement cannot be considered with our simulated framework. Besides, a high dependency to the stiffness used for the person's model in simulation can be noticed. It is possible to deduce from those results that it is worth studying the correct value of the human's stiffness to be used for different tasks and, possibly, varying it online to emulate a possible reaction from the person q 1 q 2 q 3 q 4 q 5 q 6 q 7

Figure 4.24: Evolution of the joint positions for the collaborative experiment. It can be noticed that joints do not approach joint limits and the moments when there is no movement of the end-effector, joints' positions do not change thanks to the injected damping in the null space.

to the robot's movement.

Furthermore, the setup chosen for the collaborative scenario is discussed, proposing other options depending on the available materials (e.g. F/T sensor) and constraints that might limit the possibilities (e.g. where can the sensors be placed). In our case, the optimal setup is using a F/T sensor as close as possible to the person, to identify the person's intention directly, and without other dynamics interfering. Nevertheless, the use of the robot's joint sensor might be an interesting idea to explore even further. Interesting possibilities might arise, particularly from the combination of the F/T sensor with the joint torques. Also, using only the joint torques and some other external information of the persons movement might be of interest.

In our particular case, the setup with the F/T sensor was used to evaluate the proposed enhancements of the Robust Variable Admittance Control. Since some differences appear in a real implementation (limiting in general the choice of parameters), the evaluation through experiments was necessary. Furthermore, it allowed to include information on the perception of the person while co-manipulating the load with the robot. The results showed that the system and the proposed approach work correctly, allowing the person to manipulate the load at any moment, even when the load is unknown. Through the experiments done, as well as in the simulations of the previous chapter, the functioning of the proposed control law was evaluated. The person is capable of interacting easily at any moment and the unknown load does not complicate the task for the person. Therefore, to illustrate the possibilities of the proposed approach, a use-case scenario is proposed. The use-case experiment proved the real potential of this approach for moving objects between two people and the robot, emulating a production line for packaging. The results proved that this scenario is feasible and that robots could integrate this scenario to work along the employees to perform several tasks. The interesting feature is that the robot has its predefined movement, but the person can adapt it to suit its preferences by taking control of the robot at any moment and manipulating its end-effector freely. Besides, the possibility to handle unknown loads makes the collaborative process easier, specially when loads change frequently or when an accurate identification is not possible.

The proposed approach and how it is integrated in an industrial process was discussed and experimental tests were done to illustrate the usefulness of the methods. Possible extensions of this approach to different tasks can be considered due to the lack of constraints for the person. However, an important aspect was not discussed until this point, concerning the evaluation of the collaboration. This element is important during a collaboration to ensure a good perception from the human's point of view and the safety of the people around the robot. For these reasons, the following chapter intents to evaluate the quality of the collaboration based on two main aspects, the improvement to the task due to the use of the proposed approach, and the safety, based on the passivity and energy exchanged during the collaboration.

Introduction

In previous chapters, the concept of human-robot collaboration for object co-manipulation was deeply discussed. The possibility of a robot moving an object along with a person was analyzed, focusing on providing a simple framework, capable of reducing the problems due to unknown payloads at the end-effector level. Chapter 3 provided improvements, that were afterwards evaluated experimentally in Chapter 4. The results provided have shown how the proposed approach can be used to allow the robot to help the person while moving objects of unknown load, even when the robot has a different predefined task. However, in the context of pHRI, and particularly pHRC, an important aspect to consider is the quality of the collaboration. In that sense, the concept of quality could be split into two different elements. First, the performance of the robot in the collaboration, that refers to the capability of the robot to help the person, providing a comfortable collaboration. Second, the safety of the person during the collaboration, where the goal is to ensure that the person is not at risk while interacting with the robot. These points were already detailed in subsection 1.3, where the presence of a trade-off between both elements was discussed.

In the context of pHRC, to study the performance, or how the proposed enhancements improve a task for a person, a common trend is to evaluate the approach or framework over a large number of people, such as in [START_REF] Ikeura | Variable impedance control of a robot for cooperation with a human[END_REF], Grafakos et al., 2016, Ferraguti et al., 2019, Duchaine and Gosselin, 2007[START_REF] Roveda | Fuzzy impedance control for enhancing capabilities of humans in onerous tasks execution[END_REF]. In general, these evaluations can be based on quantitative elements (e.g. error in following a path, time to achieve a task) or qualitative (based on a survey). In this chapter, section 5.2 will analyze and study the collaborations, as well as the improvements proposed in this thesis, using quantitative metrics (such as the total force applied, the total energy injected by the person or the positions and velocities of the robot). This study will provide two contributions. First, the quantitative criteria itself to evaluate a collaboration, in the context of pHRC. Second, the use of the criteria to evaluate our framework, proposed as Robust Variable Admittance Control in subsection 3. 4.4. Besides the aspect of performance, as mentioned, the safety is the other issue to be considered when assessing the interaction with the robot. It is a fundamental aspect as the safety of the person has to be ensured regardless of the situation and task to be performed. Several elements can be considered with respect to the safety of the person, as this is a large and important issue. In the context of this thesis, to further study the control law proposed, the aspect chosen to analyze the safety is the passivity of the system in closed loop [START_REF] Ortega | Passivity-based control of Euler-Lagrange systems: mechanical, electrical and electromechanical applications[END_REF]. Therefore, in the second part of this chapter, the passivity of the system is analyzed under different conditions. First, for the basic and ideal case of the perfect closed loop dynamics of a mass spring damper with constant parameters. Then, the case of variable parameters (as it is the case in this thesis) is studied and conditions to ensure the passivity of the system are shown. Finally, a different approach, where the concept of passivity is taken into account from the development of the controller, is presented. To do so, the port-Hamiltonian representation of the system is used, in order to benefit from their clear representation of the energy.

Finally, a conclusion about the quality of the collaboration based on the performance and safety is given. The trade-off between both aspects, in particular for the collaborative case proposed in this thesis, is detailed.

Performance of object co-manipulation based on quantitative metrics

The most common approach to evaluate the collaborative scenarios is the use of a large number of people to validate the performance. In some works, the people involved in the experiments are afterwards asked, through a survey, to evaluate and compare different aspects of the collaboration [START_REF] Roveda | Fuzzy impedance control for enhancing capabilities of humans in onerous tasks execution[END_REF], Lamon et al., 2020]. Based on their responses, conclusions can be drawn about the improvements proposed or different methods can be compared. Some other methods consisted in evaluating the time needed to perform a task [START_REF] Duchaine | General model of human-robot cooperation using a novel velocity based variable impedance control[END_REF], Grafakos et al., 2016, Lamon et al., 2020]. Those methods, whilst being the most used in the literature and presented good results, have some drawbacks. First, having a large number of people available to evaluate the experiments is not straightforward, specially with the ethical considerations that should be considered before engaging them in the experiments. Then, each time an experiment is done over a group of people, the criteria is chosen for the evaluation along with the corresponding questions. In general, the criteria and questions vary from different experiments, done in different laboratories and contexts, hence, decreasing the consistency of the evaluations. As for the time needed to accomplish a task, it is highly dependent on the task to perform. The duration can be useful to evaluate collaborations where the task is clearly defined without possible variations. Nevertheless, in the case of several people involved, with different possibilities for the task, it becomes less intuitive to analyze the duration of the task. Furthermore, when the collaboration requires the person to co-manipulate objects, the duration might not be a direct measurement of the performance. For instance, a task could be accomplished rapidly, but requiring too much effort from the person, hence, decreasing the quality of the collaboration.

For those reasons, it would be interesting to have some quantitative criteria that might be used to assess and evaluate the collaboration between the person and the robot. This is a challenging issue, as the perception of the person is particularly difficult to study without the person's feedback. The work in [START_REF] Aydin | Fractional order admittance control for physical human-robot interaction[END_REF] considered the efforts and error while
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accomplishing the task, while the work in [START_REF] Kim | A human-robot collaboration framework for improving ergonomics during dexterous operation of power tools[END_REF] evaluated the overload on the person's joints. In this section, the collaboration for object co-manipulation is evaluated using quantitative metrics, and repeating the experiments, in order to draw conclusions and compare the results. First, the proposed metrics are introduced based on the information available, such as the trajectories described by the robot and the interaction forces. Then, these metrics are applied to the controller proposed in subsection 3.4.4, to evaluate the variable Admittance face to unexpected interactions, as well as to evaluate the robust motion controller, face to unknown payloads. Finally, a discussion is given over the metrics proposed, as well as about the results obtained for our controller.

The proposed metrics

During a collaboration, specially while manipulating objects, the goal is that the person can behave in a natural way. Then, a good collaboration could be conceived as the one where the robot and the person are capable of achieving a task (e.g. moving an object), but the person can behave as close as possible as he/she would do it, if being alone (without the object and without the robot). Therefore, it is important that the person performs a trajectory that feels natural, without applying important efforts and avoiding uncomfortable postures, that might cause problems for the person during long collaborations.

Our goal is to avoid the need of other sensors than the ones used for the control of the robot. Therefore, we exploited the information obtained with the robot's propioceptive data (joint positions) and the forces obtained through the F/T sensor. Then, the available information of the person are: its hand's trajectory in space and the forces applied. Based on that information, we propose some metrics to study and compare different scenarios and controllers. The metrics, that we previously implemented and discussed in [START_REF] Mujica | Evaluation of human-robot object co-manipulation under robot impedance control[END_REF] to compare the cases when the payload is included in the controller and when it is not, are here formalized as:

• The root means square (RMS) of the wrenches applied by the person during the movement.

• The root means square (RMS) of the power injected by the person during the movement, as well as the percentage of that power that has negative sign.

• The root means square (RMS) of the tracking errors, with respect to the desired reference trajectory.

The first metric considers the total forces applied by the person, this could be understood as considering the integral of the forces applied by the person through the whole collaboration. Then, the goal is that the person performs the task with the least possible forces applied. However, from a practical point of view, comparing the area below the force curve of different experiments is not straightforward. The reason is that each experiment might have a different duration or even a different sampling time. Therefore, the mean value of the area below the curve would be more appealing. Given that the information of the trajectories is obtained in discrete time, in this work we propose to calculate the RMS of the forces applied by the person as:

F RM S = 1 N N k=0 ||h e (k)|| 2 W h (5.1)
where F RM S is the RMS of the norm of the wrenches applied (combining forces and torques) by the person within the collaboration. Then, h e (k) is the wrench at the sample k out of the total N samples of the experiment to evaluate. ||h e (k)|| W represents the weighted norm o the vector as h e (k) T W h h e (k) , being W h the weighting matrix that can be chosen diagonally to consider more some components of the vector than others. This can be useful because, for instance, forces and torques do not have the same units nor the same order of magnitude.

If the analysis is done in only one direction to simplify the study, the general equation proposed in (5.1) can be simplified to the RMS of a one-dimensional force vector. Without loosing generality, if only the forces in the Z-axis are considered, then the expression becomes:

F z RM S = 1 N N k=1 h ez (k) 2 (5.
2)

The forces provide information that allows to measure if the person is applying more or less effort to perform the same task, while using different controllers. In that way, improvements can be done to reduce or minimize the efforts needed by the person, to do not fatigue or produce discomfort on him/her. However, another interesting aspect to study is the energy put into the collaboration by the person. The energy can be understood as the integral over time of the instant power (P ) applied by the person through the experiment. The instant power being the dot product of the two power ports considered in the collaboration in the Cartesian space: the velocity and the force (again, a weighted norm can be used in both vectors, if needed). Therefore, we can introduce again the RMS method to calculate a discrete version of that physical concept through the following equation:

P RM S = 1 N N k=0 P (k) 2 (5.3) with P = ẋ(k) • h e (k) (5.4)
The energy of the collaboration might also be of interest from the safety point of view. In that sense, reducing the energy might reduce eventual risks for physical interactions. Furthermore, the instant power might allow to deduce moments when the forces are used to accelerate or decelerate the object. As before, if we deal with the uni-dimensional case, (5.3) can be simplified to:

P z RM S = 1 N N k=0 P z (k) 2
(5.5)
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with

P z = | ẋz (k)| |h ez (k)| (5.6)
Finally, a classical element of comparison, as the tracking error of the system, is used. It provides information on the performance of the controller to follow the reference trajectory. Even if in the context of compliant control (e.g. Admittance control) this is not the priority, the error of the motion controller (to follow the already compliant trajectory), is important. This metric can be interesting to analyze the motion controller, face to unknown loads. Again, the RMS of the error is considered as:

X RM S = 1 N N k=0 ||(x(k) -x c (k))|| 2 W x
(5.7)

with W x the weight of the norm, that can be useful to balance terms, depending on the chosen representation for the orientation. Then, this expression can also be evaluated over one axis (e.g. the Z-axis) to simplify the comparisons as:

X z RM S = 1 N N k=1 (x z (k) -x cz (k)) 2 (5.8)
In all these cases, it is considered that the measurements of the forces and the velocity of the end-effector are collocated, at the same contact point and belonging exclusively to the ones of the person's hand. In our setup (presented in Figure 4.1), this hypothesis can be considered to be true as the person is in direct contact with the sensor and this point is the one considered as the end of the kinematic chain of the robot. However, in different setups, this might not be the case and transformation of frames, as well as intermediate dynamics, might have to be taken into account.

Evaluation of the variable Admittance control

To study the proposed Variable Admittance Control and how it adapts its behavior depending on the forces applied by the person, the simple experiments done before, and shown in Figure 4.18, were used. In the experiments, displacements of around 0.4 m along the Y-axis were done by the person, for the cases of the stiffness term being constant as K Pxyz = diag 3 {40}, being not considered (i.e. K Pxyz = diag 3 {0}) or being variable (i.e. K Pxyz (α)) and defined as in (3.31). The Root Means Square criteria (5.2) is used to compare the efforts applied by the person in the Y-axis, for each case, and results are presented in Figure 5.1. Considering that it is difficult for a person to repeat the experiments exactly in the same way, the three cases mentioned were repeated five times, so the Figure shows the mean value of the RMS of each case, along with the standard deviation.

The results, as it can be seen in Figure 5.1, validate the conclusions drawn in section 4.5 that preserving the spring with constant value makes the task more difficult compared to the case of removing the spring. For that reason, in the literature it is common to see the spring not being considered. However, preserving the spring allows for a better trajectory tracking for the no-interaction cases (or eventually to help the person if its movements can be estimated online). Based on that, we proposed a variable spring that can disappear rapidly, to do not increase the person's efforts (as it can be seen, the RMS of the efforts are almost the same in the variable case as in the no-spring case), but also be preserved to allow a secondary task. This last feature was seen in the Figure 4.18 as the robot returned to the original position, when the person finished interacting with the end-effector (also in the use-case of Figure 4.22. Between the cases of no-stiffness term and the variable one proposed in this work, the difference is too small to draw conclusions. However, it is possible that, for the variable case, the forces are slightly smaller since, when the person is stopping the movement, the stiffness term starts to increase smoothly, helping the person to stop the movement. This could also be the reason why the standard deviation in the no-spring case is bigger than the others. When there is no stiffness term, there could be more variability in the moment of stopping the robot, producing differences in the efforts of each experiment, leading to a larger dispersion of the values obtained. Nevertheless, more experiments should be done to accurately confirm this hypothesis. As detailed, the other element that can be used to study the collaboration is the power applied by the person. Therefore, the expression of (5.5) was used in the same experiments as for the evaluation of the forces. The results are presented, in a similar way as before, in Figure 5.2. The red, orange and blue bars represent the RMS of the power supplied by the
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person. Since five experiments were done, the mean and standard deviation of all of them are presented. The same tendency can be seen in this case than when analyzing the forces, showing that the conclusions about forces also apply to the velocity profiles. Furthermore, in the image, the gray area on each bar represents the amount of negative power during the experiment. The interest is that it might be useful to evaluate how much of the energy applied by the person is used to stop a movement. It can be seen that in the case of the constant stiffness, the percentage of negative power is almost zero, as it is the spring that stops the movement while opposing to the persons intention. Similar behaviors can be noticed in the case of variable stiffness and no-stiffness, validating even further that our proposed controller behaves as the no-stiffness case for the person, but also allowing the robot to have a predefined task to accomplish, when possible. 

Evaluation of the robust behavior

The proposed metrics were used to evaluate the variable behavior of the Admittance controller developed. In this subsection, these metrics are used to analyze the robust behavior of the motion controller with respect to the variable loads that might be included at the end-effector of the robot. In this case, the experiments are the same as the one illustrated in Figure 4. 19, where the person moved along the Z-axis with an unknown load. It is this load that was increased, to evaluate its impact on the performance of the controller and the forces applied by the person. Five different loads were evaluated, and for each case, the experiment was repeated five times due to the variability of the person's behavior. The results, using the metrics corresponding to the RMS of the force applied, can be seen in Figure 5.3. In the Figure, the RMS of the force applied by the person, for the cases of no-load, 0.5kg, 1kg, 1.5kg and 2kg, are presented. It can be seen that for the first 4 cases, the forces do not increase, while for the worst case (load of 2 kg), the RMS of the forces increased slightly. It is interesting to notice that, despite the fact that more load is included, the robot preserves its behavior without disturbing the person in its goal. However, this last result might indicate that, with the chosen parameters for the controller, from a certain value of the load added, the person's behavior might be influenced. One particular detail that can be seen in Figure 5.3 is that the RMS of the force applied with 1.5kg seems to be less than for the no-load case. As the difference is not big enough to draw conclusions, more experiments should be done. However, two possibilities could be behind these results. First, the person is adapting to the task in some way, which would imply the need of a more rigorous protocol for the experiments. On the other hand, the second possibility is that the robot, as there is more load included, applies bigger motor torques, making the effect of non-modeled dynamics (e.g. friction) less significant.

To further analyze the behavior of the robust control under different loads, the RMS of the tracking error (considered as (xx c ) for the Z-axis) was studied for the same cases as before. The results, for the five different unknown loads (and repeated five times each) can be seen in Figure 5.4. The results show that the RMS of the trajectory tracking error are less than 1 cm despite the load applied. It can be noticed that the error increases slightly as the load increases. Particularly, for the case of 2 kg, the error has a more important increase than for the other cases, which could confirm that the load is influencing the collaboration. As detailed in Figure 3.39, the increase of the error can be related to the bound chosen ( ) in the robust control law. If this bound is reduced, the error should be reduced despite the value of the unknown load included. However, in a real implementation, as shown in section 3.4.4, this reduction implies that the system commutes at frequencies that could lead to vibrations, which are a problem for the robot but also for the person. For those reasons, the behavior obtained was considered acceptable for the loads handled as it allowed a good collaboration with the person, where the last one does not need to apply important efforts, even with the higher values of unknown loads.

Discussion about the performance and the metrics used

In this first part of the chapter, the performance of the controller was evaluated based on quantitative metrics. This alternative approach to the classical one of using a large group of people, to test and evaluate the system, presents some advantages (as well as some limitations). First, the quantitative metrics proposed, such as the force applied by the person or the tracking error, allow to understand the functioning of the system and if the collaboration is suitable for the person or not. Using these methods it is possible to compare different approaches in order to draw conclusions and decide what might be more suitable for a pHRC scenario. Other metrics, such as the power injected by the person, might be a measure of the total energy applied by the person and that might be in the system. Systems with large amount of energy might present a risk, as it could lead to high velocities or dangerous collisions.

However, as the most important element of the collaboration is the person, the quantitative metrics cannot fully replace the evaluation over an important number of people. The perception of the person is also important but, both complementary elements, might lead to more accurate and unified results when comparing approaches in the field of pHRI and pHRC. Moreover, a deep analysis should be done comparing the quantitative elements that can be obtained through the collaboration, with the perception and qualitative feelings of the person during the collaboration. The comparison of both might highlight the points where the quantitative metrics can be a reference to study the collaboration and when the study over a large number of people is imperative.

Moreover, the detailed metrics were used to study the controller proposed in this thesis to further validate the results of Chapter 3 and Chapter 4. The results obtained are in correspondence to the conclusions drawn from the curves of the experiments done by a single person handling the robot (or the two of them for the collaborative case of section 4.6). The following part of this chapter will study the second element of the quality of the collaboration, that is the safety for the person. This element is treated based on the study of the passivity of the system while co-manipulating an object.

Analysis of the passivity

An important part of the assessment of a collaboration is the safety of the person. Besides the legal normative for robots in contact with a person about the workspace and robot's velocity [De Santis et al., 2008], ensuring that the robot will not have unexpected or unstable behaviors is important. In the context of pHRI, this is mostly done by ensuring the passivity of the system, meaning that the system will not increase its energy by itself. This is important because when more energy is involved in the collaboration (particularly with unexpected increases of energy), it might be more dangerous for the person. For our system, it can be represented by considering the energy stored in the system S(t), input h e and output ẋ as:

S(t) -S(0) ≤ t 0 ẋT (t) h e dτ
(5.9)

This expression implies that at any time, the energy stored in the system is equal to or less than the energy injected through the power ports (h e , ẋ), summed to the initial energy of the system. In order to prove passivity, it is common to consider that, if S(t) is continuously differentiable and if Ṡ(t) ≤ ẋT (t) h e , (5.10) then (5.9) holds. This last expression is commonly used to prove or analyze passivity in the context of robotics such as in [START_REF] Ferraguti | An energy tank-based interactive control architecture for autonomous and teleoperated robotic surgery[END_REF], Kronander and Billard, 2016, Michel et al., 2020].

In this section, the desired closed loop behavior proposed in Chapter 3 is studied from the energy point of view. First, the desired closed loop dynamics (belonging to a massspring-damper system) is analyzed with constant parameters. Then, the case with variable parameters, implemented in this work, is tackled. Discussion is given about the passivity of the system and possible enhancements to ensure a safe behavior of the system, highlighting the possibility of using energy tanks [START_REF] Ferraguti | A variable admittance control strategy for stable physical humanrobot interaction[END_REF]. After treating the closed loop ideal case, discussion is given about the passivity of the robot with all the elements not considered before (robot's own dynamics, joint flexibility, etc). A possible approach, to consider passivity as a key element for the design of the controller, is given for a simpler controller using port-Hamiltonian systems. From that work some leads for the extension to a more complex controller, such as the one used in this work, are provided, while a real implementation remains in perspective of this thesis.

Admittance control with constant parameters

In this part, a perfect compensation of the robot's dynamics, done by the robust motion controller, is assumed. Then, the dynamics to analyze are the ones of (2.45). For the motion controller itself, since it is obtained through a Lyapunov function, the stability of the controller has been proven in subsection 3.4.4. Also, due to the robust controller, in this part a perfect tracking of the compliant trajectory (i.e. x c = x) is considered. Therefore, this part will consider the study of the passivity of the mass-spring-damper system with constant parameters. In this scenario, the desired mass-spring-damper equation is: (5.11) where, if we consider that the reference position x ref is constant (i.e. ẋref = ẍref = 0), it is reduced to:

M d (ẍ -ẍref ) + K D ( ẋ -ẋref ) + K P (x -x ref ) = h e ,
M d ẍ + K D ẋ + K P (x -x ref ) = h e .
(5.12)

Considering a storage function based on the energy of the system as: 5.13) that is positive definite since M d and K P were chosen to be symmetric positive definite matrices. Then, taking the time derivative of (5.13), leads to: (5.14) where ẍ can be obtained from (5.12), leading to: (5.16) where M T d = M d and K T P = K P since they are symmetric matrices. Therefore, the expression can be equally written as:

S 1 = 1 2 ẋT M d ẋ + 1 2 (x -x ref ) T K P (x -x ref ), ( 
Ṡ1 = [M d ẋ] T ẍ + [K P (x -x ref )] T ẋ,
Ṡ1 = [M d ẋ] T M -1 d (h e -K D ẋ -K P (x -x ref ) + [K P (x -x ref )] T ẋ (5.15) = ẋT M T d M -1 d (h e -K D ẋ -K P (x -x ref ) + (x -x ref ) T K T P ẋ,
Ṡ1 = ẋT h e -ẋT K D ẋ -ẋT K P (x -x ref ) + (x -x ref ) T K P ẋ.
(5.17)

In this expression each term is equal to its transpose (since they are all scalars), therefore, the last two terms of the expression compensate each other, leading to: (5.18) and showing that: .19) This last expression proves the passivity of the system with input h e and output ẋ for the case of constant parameters.

Ṡ1 = ẋT h e -ẋT K D ẋ,
Ṡ1 ≤ ẋT h e . ( 5 

Admittance control with time-dependent parameters

The classical proof of passivity, with constant parameters, was done in previous subsection, however, several situations might limit its implications. First, if the reference is considered to be a variable trajectory, proving passivity from input h e with output ẋ is not straightforward.

To illustrate this, if the reference trajectory is generated online (based on predictions of the person's movements), it could happen that including this reference in the controller might lead to non-passive behaviors. Several works (e.g. [Ferraguti et al., 2015, Kronander and[START_REF] Kronander | [END_REF]) consider the change of variable, as done for the Impedance control: x = (xx ref ), that leads to the same results as presented before, but passivity is proved from input h e to output ẋ. In that case, passivity would be proved with respect to the error of the system. Therefore, we use that approach to deal with the variations of the reference, and we focus on analyzing the situation for our proposed controller in section 3.4.4, where the damping and stiffness matrices are time-dependent. The goal is to draw conclusions on the conditions to ensure passivity, so that the mentioned matrices can be chosen to preserve passivity at all time. In the case described, the candidate function can be proposed as:

S 2 = 1 2 ẋT M d ẋ + 1 2 xT K P (t) x.
(5.20)
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Then, taking the time derivative of the storage function S 2 (t) and omitting the time dependencies to ease the lecture, it leads to: .21) Following the same development done previously to obtain (5.15), in this case leads to:

Ṡ2 = M d ẋ T ẍ + [K P x] T ẋ + xT KP x. ( 5 
Ṡ2 = ẋT h e -ẋT K D ẋ + xT KP x, (5.22) 
where, different from (5.18), there is the extra term considering the time derivative of the stiffness matrix, that has undefined sign. Due to that term, passivity cannot be directly ensured as done in (5.19). To further analyze the variations of this matrix, the variations of the stiffness term based on (3.30) and (3.31) are considered. To unify the context and notation, this behavior is considered for the full 6 × 6 stiffness matrix (instead of doing it only for the translation as done in 3.4.4). Then, the stiffness term is defined as: (5.24) where in this case, K P and K Pc are the 6 × 6 variable and constant stiffness matrices, respectively. Then, taking the time derivative of (5.24), it is possible to obtain: (5.27) where K Pc is a symmetric positive definite matrix and 1 cosh 2 (•) is positive and restricted to the interval range (0, 1]. Therefore, the term xT KP x will only be positive if ḣT e h e < 0. This result can also be understood from a physical point of view. The system will increase its energy when power is supplied through the power ports, or when the variable spring, becomes stiffer. The latter is the case where passivity is lost and will happen when the person is releasing the robot to end the interaction. In that situation the magnitudes of the forces are decreasing and, mathematically, this implies that the forces have different sign than its derivative. This is coherent with (5.27), where only when the sign has a different sign as its derivative, the term will be positive.

K P = (1 -α)K Pc (5.23) = 1 -tanh 2 h T e h e K Pc ,

KP = ḣT

Moreover, if the goal is to avoid loosing passivity, the magnitude of the increases of energy has to be considered as well. First, notice that K Pc is constant and predefined for the control law. Then, the dependency of the magnitude of KP on the forces applied h e is not straightforward since, when the magnitude of the components of the force increases, the term 1 cosh 2 (2 h T e he) converges to zero. For better understanding, Figure 5.5 presents the result of 148 Assessment of the collaboration [ 1 cosh 2 (2 h 2 e i ) h e i ] for a generic component i of the vector of forces applied by the person. The maximum value of the term is 0.2236, that appears when h e i = 0.4N , showing that this term is also bounded. From this result, and from (5.27), it is possible to ensure that: KP < K Pc || ḣe ||.

(5.28)

Considering that the variations of the forces applied by the person are bounded for physical limitations (and also the measurements of the force done by the F/T sensor), it is possible to find a bound to the norm || ḣe ||. From that, a sufficient condition to ensure passivity of the system is:

ẋT From the result in (5.29), it can be seen that to ensure passivity, the relationship between the damping term and the stiffness term has to be handled. One possibility is to choose a value of K Pc that ensures the equation even with the maximum possible value of || ḣe ||. However this might significantly reduce the performance of the controller for trajectory tracking. Another possibility is to include another variable to allow, or not, the variations of the stiffness term, depending on whether the damping is enough to balance the equation or not. However, instead of dealing with the variability of the stiffness to ensure (5.29), the value of the damping can be adapted for that purpose. In the development done in subsection 3.4.4, K D was variable with the goal of reducing the efforts needed from the person to perform long movements while manipulating. For that reason, when the person manipulates the object, the damping K D was decreased. Then its value is allowed to return to its original "high" value in the no-interaction phase. These variations, that originally followed (3.32), could be adapted in order to also ensure (5.29). Despite not done in this work, it could be tackled as an optimization problem, where we aim to obtain the matrix from (3.32) subject to the constraint of satisfying (5.29). Furthermore, it is important to notice that the moment when passivity might be broken, is when the person is releasing the robot's end-effector (and therefore α is going to zero, making the virtual spring stiffer). In that situation, as the person is releasing the robot, an increase on the damping term would not impact on the person's goal. Increasing the damping at that moment would make the robot's movement more overdamped than before, but ensuring (5.29).

K D ẋ > xT K Pc || ḣe ||.x (5.29) -5 -4 -3 -2 -1 0 1 2 3 4 
However, this possible solution might be over-conservative for two reasons. First, when the energy increases due to the non-passive term depending on the variable stiffness, the system has likely dissipated energy in the past, that could balance that increase. For that reason, the energy dissipated in the past might be enough to compensate for the energy injected through variations of the spring stiffness, preserving passivity. Then, the second reason is that, since the matrix K P was defined according to (5.23), the spring will become more or less stiff depending on the person forces. From that, the energy of the system might increase or decrease over time, this can also be seen in (5.22) and (5.27), as the sign of the term with the variable stiffness is not defined. Therefore, the temporary increases of the energy of the function, might not imply the lost of passivity as defined in (5.10), since the spring can increase or decrease its energy over time. For those reasons, the use of the previously dissipated energy to balance the energy injected in the system, due to the variations of the parameters, is an interesting approach. In the following subsection, a recent approach to formalize this concept is introduced for our case.

Use of Energy tanks

Based on the idea stated in the previous subsection, considering the energy previously dissipated to preserve passivity, is an appealing approach. Recently, the concept of energy tanks as a formalism to overcome the performance limitation of previous passive approaches, was used in [START_REF] Lee | Passive-set-position-modulation framework for interactive robotic systems[END_REF], Ferraguti et al., 2019, Ferraguti et al., 2013, Abdelwadoud et al., 2020, Schindlbeck and Haddadin, 2015]. The conceptual idea proposed that, by storing the previously dissipated energy in a virtual tank, non-passive actions can be performed, as long as there is enough energy in the tank. Then, the level of the tank decreases as the energy is used to perform the non-passive operations (e.g. variate stiffness, inertia). Therefore, if no energy is injected through the power ports (i.e. there are no interactions with the environment), the total energy of the extended system will not increase, and thus its passivity will be preserved.

A formalization of the energy tank idea was developed in [START_REF] Ferraguti | A variable admittance control strategy for stable physical humanrobot interaction[END_REF] and applied in the context of physical human-robot interaction. The objective was to adjust the inertia matrix of the Admittance controller to avoid oscillations, which results in potential non-passive operations. Then, the authors proposed to include the energy tank concept to ensure passivity of the control system. In a previous work, the authors also used the energy tank approach to adjust the stiffness matrix of the controller [START_REF] Ferraguti | A tank-based approach to impedance control with variable stiffness[END_REF]. The solution applied in their work could be directly applied to ensure passivity in the context of our problem, presented in the previous subsection. Therefore, following their development, it is possible to augment the dynamics of the system by including the state of the tank n(t), whose dynamics is: 5.30) where P D (t) is the power dissipated by the robot and P K (t) the power injected by the variations of the stiffness matrix K P . The variables m 1 (t) and m 2 (t) ∈ {0, 1} are used to limit the power used to fill the tank (limiting it by setting them to zero), when the level reaches a maximum values. This is included in general because even if the total energy of the system is preserved, if there is too much energy in the tank, almost all operation could be considered passive, leading to possible dangerous behaviors [START_REF] Ferraguti | A variable admittance control strategy for stable physical humanrobot interaction[END_REF]. Then, for our case, the dissipated and injected power are defined as:

ṅ = m 1 (t) n(t) P D (t) - m 2 n(t) P K (t), ( 
P D = ẋT K D ẋ, (5.31 
) (5.32) With this approach the new storage function can be defined as:

P K = xT KP x,
S 3 = 1 2 ẋT M d ẋ + 1 2 xT K P (t) x + 1 2 n 2 , ( 5.33) 
where the last term represents the energy stored in the tank. In this case, the extended system that we analyze is: the closed loop dynamics along with a virtual tank that stores the energy dissipated in the past by the controlled robot. Then, taking again the time derivative of (5.33) leads to: (5.34) where using (5.30) it can be obtained: .35) which if m 1 , m 2 are considered equal to one, and using (5.31) and (5.32), the derivative of the storage function is:

Ṡ3 = ẋT h e -ẋT K D ẋ + xT KP x + n ṅ,
Ṡ3 = ẋT h e -ẋT K D ẋ + xT KP x + m 1 P D -m 2 P K , ( 5 
Ṡ3 = ẋT h e -ẋT K D ẋ + xT KP x + ẋT K D ẋ -xT KP x, (5.36) 
= ẋT h e , (5.37) which satisfies the balance of power, proving passivity of the complete system. A particular remark, as discussed in [START_REF] Ferraguti | A variable admittance control strategy for stable physical humanrobot interaction[END_REF], is that n(t) could become zero if the tank is completely drained (i.e. no dissipated energy is left), leading to a singularity in (5.30).

Therefore, the minimum level of the tank should be set above zero. As a remark, when the tank is at the minimum level, it would imply in our case that the only amount of energy that can be injected in the system, due to variations of the stiffness matrix, is the amount behavior of the real system.

Another possible approach for ensuring the passivity of the closed loop dynamics and the study of the energy of the system is to design the controller based on passivity. It is known that passivity can be used as a criteria in the design of the control laws, to ensure that the closed loop system will be passive [START_REF] Ortega | Passivity-based control of Euler-Lagrange systems: mechanical, electrical and electromechanical applications[END_REF]. For instance, techniques such as Passivity-Based Control (PBC) [START_REF] Ott | On the passivity-based impedance control of flexible joint robots[END_REF], Donaire et al., 2016] or Interconnection and Damping assignment (IDA) [START_REF] Ortega | Interconnection and damping assignment passivity-based control: A survey[END_REF] have been used, showing good results, particularly with mechanical systems.

In the context of this thesis, this problem was also tackled in a collaboration with the University of Newcastle, Australia. Since the key role that the energy plays in the analysis done and the development of the controllers, we considered the use of the port-Hamiltonian (PH) formalism instead of the classical Lagrangian one. This approach is attractive as PH models are described in term of energy properties [START_REF] Van Der | Porthamiltonian systems theory: An introductory overview[END_REF]. Also, PH models are well-suited for control design based on passivity properties for general physical system and in particular for mechanical systems, see e.g. [START_REF] Ortega | Stabilization of a class of underactuated mechanical systems via interconnection and damping assignment[END_REF], Donaire et al., 2016]. In [START_REF] Ferraguti | An energy tank-based interactive control architecture for autonomous and teleoperated robotic surgery[END_REF], the PH framework was used in a teleoperation problem to describe the desired dynamics of the Cartesian behavior, but the tank's dynamics was not integrated in the PH formulation, nor the dynamics of the flexible robot either.

In this subsection, we present and develop a novel approach to represent a flexible robot in closed loop with a Cartesian Impedance control as a port-Hamiltonian system (PHS). The passivity of the closed-loop system is proved for set-point tasks. Thereafter, the problem of time-varying references, mentioned in subsection 5.3.2 and in [START_REF] Lee | Passive-set-position-modulation framework for interactive robotic systems[END_REF], is tackled with the addition of energy tanks in the PH dynamics. Finally, as the robot considered is the KUKA iiwa, the proposed controller is also extended to consider redundant robotic manipulators within the PH framework.

Cartesian Impedance Control for a manipulator with flexible joints

Since the model of the system was considered as the one in (2.10), notice that the control input and the external forces are non-collocated (i.e. joint flexibility between motor torque and external forces), which complicates the design of a control that achieves the desired closed loop behavior. First recalling the PH representation of the model as introduced in Chapter 2 as: .38) where p = M (q) q, s = B θ, and Hamiltonian: .39) with potential function V (q), which verifies ∇ q V (q) = g(q). As mentioned, the presence of the motors inertia and joint flexibility could reduce the performance of the closed loop system. Therefore the approach in [START_REF] Donaire | Force and state-feedback control for robots with non-collocated environmental and actuator forces[END_REF] is used applying the control law (5.40) with the non-linear gains defined as: .42) (5.43) where K e and B e are the tuning parameters representing new desired stiffness and new inertia matrices for the closed loop dynamics. The new control input τ u will be used to design an Impedance controller in the Cartesian space. As shown in [START_REF] Donaire | Force and state-feedback control for robots with non-collocated environmental and actuator forces[END_REF], the dynamics of the system (2.11) in closed loop with the controller (5.40) can be written in the PH form .44) with Hamiltonian

1      q θ ṗ ṡ     =      0 n×n 0 n×n I n×n 0 n×n 0 n×n 0 n×n 0 n×n I n×n -I n×n 0 n×n -D D 0 n×n -I n×n D -D           ∇ q H ∇ θ H ∇ p H ∇ s H      +      0 0 τ e τ m      , ( 5 
H(q, p, θ, s) = 1 2 p T M -1 (q)p + 1 2 s T B -1 s + 1 2 (θ -q) T K(θ -q) + V (q), ( 5 
τ m = K F [τ e -C(q, q) q -∇ g V (q)] -K G τ a + K H τ u ,
K F = -BK -1 (K e -K)M (q) -1 (5.41) K G = [BK -1 K e B -1 e -K F -I n ] ( 5 
K H = BK -1 K e B -1 e ,
     q φ ṗ ż      =      0 0 I 0 0 0 0 I -I 0 -D e D e 0 -I D e -D e           ∇ q H ∇ ϕ H ∇ p H ∇ z H      +      0 0 τ e τ u      , ( 5 
H(q, ϕ, p, z) = 1 2 p T M -1 (q)p + 1 2 z T B -1 e z + 1 2 (ϕ -q) T K e (ϕ -q) + V (q), (5.45) 
with desired damping D e = DK -1 K e and a change of coordinates defined as:

ϕ = K -1 e (K e -K)q + K -1 e Kθ z = B e K -1 e (K e -K)M -1 (q)p + B e K -1 e KB -1 s (5.46)
The details and proof can be found in [START_REF] Donaire | Force and state-feedback control for robots with non-collocated environmental and actuator forces[END_REF]. The controller (5.40) can reduce the apparent motor inertia and, eventually, the stiffness of the joint can also be adjusted by a suitable selection of the controller gains.

Then, the available control input τ u can be used to propose the Cartesian Impedance controller without using inverse dynamics, as shown in (2.29), that will have the form: (5.47) where K P and K D are positive definite matrices, τ u 2 is the new available control input that will be used later to design an additional control for manipulators with redundancy, f (ϕ) is the forward kinematics (that transforms from ϕ into Cartesian positions x) x ref are the reference Cartesian positions, and the Jacobian of the manipulator is defined as J (ϕ) := ∂ T f (ϕ) ∂ϕ . The closed loop dynamics of (5.44) with (5.47) can be represented in the PH form as: .48) with D * = D e + J (ϕ) T K D J (ϕ), and closed-loop Hamiltonian

τ u = -J (ϕ) T K P (f (ϕ) -x ref ) -J (ϕ) T K D J (ϕ) φ + τ u 2 ,
     q φ ṗ ż      =      0 0 I 0 0 0 0 I -I 0 -D e D e 0 -I D e -D *           ∇ q H 1 ∇ ϕ H 1 ∇ p H 1 ∇ z H 1           0 0 τ e τ u 2      , ( 5 
H 1 (q, ϕ, p, z) = 1 2 p T M -1 (q)p + 1 2 z T B -1 e z + 1 2 (ϕ -q) T K e (ϕ -q) + V (q) + 1 2 (f (ϕ) -x ref ) T K P (f (ϕ) -x ref ) (5.49)
The proof is done by comparing each of the equations in (5.48) with the ones in (5.44) in closed loop with (5.47). Details on the obtained dynamics can be found in [START_REF] Mujica | Impedance control for a flexible robot enhanced with energy tanks in the port-hamiltonian framework[END_REF]. Also, due to the PH structure, the closed-loop dynamics (5.48) is passive with inputs (τ e , τ u 2 ), outputs ( q, φ) and storage function (5.49). This can be proven by computing the time derivative of (5.49) as follows:

Ḣ1 = [∇ q H 1 ] T q + [∇ ϕ H 1 ] T φ + [∇ p H 1 ] T ṗ + [∇ z H 1 ] T ż = -[∇ p H 1 ] T [∇ z H 1 ] T D e -D e -D e D * ∇ p H 1 ∇ z H 1 + qT τ e + φT τ u 2 ≤ qT τ e + φT τ u 2 ,
This result presents the development of a Cartesian Impedance control for a robot with flexible joints (with an inner controller to attenuate the effects of the motor's inertia) within a PH framework. The direct representation of the energy of the system as a Hamiltonian simplifies the proof of passivity and further analysis over the energy of the system.

Energy tanks in PH framework for time varying reference trajectories

In the previous case, the desired trajectory x ref was considered constant. However, as detailed in section 5.3.2, in many scenarios the trajectory of interest is time varying, which complicates the control design. The interest of time-varying trajectories lies in the fact that the it might be generated online or have jumps due to implementation problems. Therefore, ensuring that the system is passive despite those possible issues is of interest. If we consider the desired time-varying trajectory x ref (t) and we compute the time derivative of the Hamiltonian (5.49), the following result is obtained: (5.50) which shows that, since the term [∇x ref H 1 ] T ẋref has non-defined sign, then the passivity property cannot be ensured directly as done before. To overcome this problem, we propose again the use of energy tanks, but this time within the PH approach. Taking the dynamic of the tank presented in (5.30), but redefining it for this particular case as: (5.51) where P D (t) is the power dissipated by the robot as before and P X (t) the power injected by the time varying reference x ref .

Ḣ1 = -[∇ p H 1 ] T [∇ z H 1 ] T D e -D e -D e D * ∇ p H 1 ∇ z H 1 + [∇ x ref H 1 ] T ẋref + qT τ e + φT τ,
ṅ = m 1 (t) n(t) P D (t) - 1 n(t) |P X (t)| ,
The absolute value is used so that the energy variations due to a change of the reference will always drain the tank and thus it avoids compromising the passivity of the system. From (5.50), we define P D (t) and P X (t) as follows

P D (t) = [∇ p H 1 ] T [∇ z H 1 ] T D e -D e -D e D * ∇ p H 1 ∇ z H 1 , (5.52) P X (t) = [∇x ref H 1 ] T ẋref (5.53)
The variable m 1 (t) ∈ {0, 1} allows the dissipated power to fill the tank. The tank level can be limited by setting m 1 (t) = 0 when the level reaches a maximum values. The minimum level of the tank can be limited by either using another variable, as it was done by defining m 1 (t), or rendering P X (t) = 0, which will prevent draining the tank below its minimum level. The energy stored in the tank can be defined as: (5.54) and its time derivative is (5.55) as mentioned before, the minimum level of the tank should be set above zero to avoid singularities.

T (n) = 1 2 n 2 ,
Ṫ (n) = n ṅ = m 1 P D (t) -|P X (t)| ,
The preservation of the Hamiltonian structure is desirable because it simplifies the passivity analysis and readily evidences the energy of the system and power exchange between the states that represent the tank and the robot. Therefore, the system (5.48) with the storage energy (5.49) and the dynamic of the tank (5.51), were included in our work, in a new PH framework, defined as:

        q φ ṗ ż ṅ        =         0 0 I 0 0 0 0 0 I 0 -I 0 0 0 d 1 0 -I 0 0 d 2 0 0 -d T 1 -d T 2 -d 3                 ∇ q H 2 ∇ ϕ H 2 ∇ p H 2 ∇ z H 2 ∇ n H 2         +         0 0 τ e τ u 2 0         , ( 5.56) 
with (5.59) and augmented Hamiltonian function

d 1 = m 1 n (-D e ∇ p H 2 + D e ∇ z H 2 ) (5.57) d 2 = m 1 n (D e ∇ p H 2 -D * ∇ z H 2 ) (5.58) d 3 = 1 n 2 (t) |P X (t)| = 1 n 2 (t) [∇ x ref H 2 ] T ẋref ,
H 2 (q, ϕ, p, z, t) = 1 2 p T M -1 (q)p + 1 2 z T B -1 e z + V (q) + 1 2 (ϕ -q) T K e (ϕ -q) + 1 2 n 2 + 1 2 (f (ϕ) -x ref (t)) T K P (f (ϕ) -x ref (t))
(5.60)

The augmented system (5.56) is passive with inputs (τ e , τ u 2 ), outputs ( q, φ) and storage function (5.60).

To prove the passivity property of (5.56), we use the Hamiltonian (5.60) as storage function and compute its time derivative as follows (5.61) which shows that the system (5.56) with (5.60) is passive, based on the condition (5.10).

Ḣ2 = [∇ q H 2 ] T q + [∇ ϕ H 2 ] T φ + [∇ p H 2 ] T ṗ + [∇ z H 2 ] T ż + [∇ n H 2 ] T ṅ + [∇x ref H 2 ] T ẋref = -[∇ p H 2 ] T [∇ z H 2 ] T D e -D e -D e D * ∇ p H 2 ∇ z H 2 + n [-d T 1 ∇ p H 2 -d T 2 ∇ z H 2 -d 3 ∇ n H 2 ] + [∇x ref H 2 ] T ẋref + qT τ e + φT τ u 2 = -[∇ x ref H 2 ] T ẋref + [∇x ref H 2 ] T ẋref + qT τ e + φT τ u 2 ≤ qT τ e + φT τ u 2 ,
Notice that the structure of the PH dynamics (5.56) was built such that the energy dissipated by the mechanical system fills the tank up, which can be noticed by the fact that the terms d 1 and d 2 appear in the interconnection matrix instead of the dissipation matrix. This energy is stored in the tank and it will be dissipated when required to preserve the passivity of the augmented system. Also, when the tank reaches a minimum level, then the desired trajectory (that could be generated based on the person's intention) should be adjusted so that P X (t) becomes zero, meaning that no more energy is injected into the system.

Redundancy control within the PH framework

Before, τ u 2 was left as an input, not considered as part of the system in order to prove passivity (it can be seen in the PHS of (5.56)). In this part, this control input is used to include a secondary control law, on the null space of the robot, to handle the redundancy of the manipulator. Therefore, we present a simple secondary control that minimizes the joint velocities, while preserving the PH structure defined before. Then, τ u 2 can be defined, similar to in [Khatib, 1987], as follows:

τ u 2 = -[I n -J T (q)
J T (q)]k ns M (q) φ, (5.62) where k ns is a positive constant, and the generalized inverse of the Jacobian matrix defined as in (2.17), with the inertia matrix as a weight. We assume that, the parameter k ns is selected to satisfy

K D + k ns M (q) -k ns Λ(q) ≥ 0. (5.63) 
Then, the closed-loop dynamics of the new full system with the secondary control law can be written in the PH form with the same structure as (5.56), energy function H 3 identical to (5.60), and the function d 2 redefined as follows

d 2 := m 1 n (D e ∇ p H 3 -[D * + D ns ]∇ z H 3 ), (5.64) 
with D ns = k ns M (q) -k ns J T Λ T J (5.65)

The closed-loop system is passive with input (τ e ), outputs ( q, φ) and storage function (5.60).

The structure of the tank dynamics with the addition of the secondary control has the form (5.51). However, since the redefinition of d 2 in (5.64) includes the additional dissipation term D ns , injected by the secondary controller, the function P D in (5.52) now takes the form 5.66) which implies that more energy might be stored in the tank with our approach, as we consider also the dissipated energy in the null space of the Jacobian.

P D (t) = [∇ p H 3 ] T [∇ z H 3 ] T D e -D e -D e (D * + D ns ) ∇ p H 3 ∇ z H 3 ( 
In summary, an Impedance controller was proposed for flexible manipulators, along with a redundancy controller. The controller allows for time-varying references without loosing passivity due to the inclusion of energy tanks. The main novelty is that the whole system is presented withing a PHS, simplifying the study of the energy of the system. In the next subsection, simulations are done to illustrate the behavior of the system and the improvements by our approach that considers the passivity of the system in its design.

Simulations and discussion

To illustrate the functioning of the proposed approach simulations were done to assess the performance of the proposed control system. We apply the full control law given by (5.40), (5.47), (5.62) to the system including the energy tank. We simulate the model of the Kuka iiwa manipulator described in [START_REF] Hennersperger | Towards mri-based autonomous robotic us acquisitions: a first feasibility study[END_REF] with the joint flexibility, damping, and motor inertia obtained from its predecessor robot, the Kuka LWR IV+, in [START_REF] Jubien | Dynamic identification of the kuka lwr robot using motor torques and joint torque sensors data[END_REF] 2 .

The parameters of the proposed controller were selected to reduce the influence of the motor inertia and adapt the visco-elastic phenomena: K e =10 K, B e =0.01 B and D e =10 D. Also, the gain of the redundancy control is k ns = 5 and the initial condition of the tank is n(0) = 2 (so that it variations can be seen in simulations, without emptying the tank). The desired Impedance behavior in the Cartesian space is characterised by a mass-spring-damper (MSD) system with stiffness K P = diag 6 {60}N m -1 and damping K D = diag 6 {20}N m -1 s. Since the goal of the Cartesian Impedance control is to make the closed-loop system behave as a MSD system, we performed a comparative simulation with the ideal MSD system. Also, we compare the proposed controller with a state-of-the-art Impedance controller of (2.41), which is used as baseline. The baseline controller was selected to have a damping and stiffness matrices K P and K D , respectively, and the inertia was selected such that the damping ratio coefficient is ζ = 0.7. It can be seen that the response of the controller proposed in this work is very close to the response of the desired MSD system. In comparison with the baseline controller, our control system shows less oscillations and faster rate of convergence. The reason for the difference can be attributed to the fact that the baseline controller is highly dependent on the model due to the exact nonlinear cancellation, hence, not considering the robot's flexibility degrades significantly the results. The proposed control system, whilst not being able to modify the apparent inertia of the end-effector, seems to be best suited for a flexible robot and less dependent on the model errors. The small differences between our control system and the target MSD system are due to the fact that the robot flexibility makes it impossible for the robot to behave exactly as the MSD system. Notice also that the Coriolis and centrifugal terms are not cancelled, which makes the controller less sensitive to model errors that might appear in an inverse dynamics controller.

The second simulation shows the manipulator performing a repetitive circular movement in the Y-Z plane, which emulates for example a polishing task. It is important to notice that the trajectory described by the robot does not follow perfectly the reference, as the parameters of the Impedance controller were chosen to provide a compliant behavior for the robot, while accomplishing the task. As the sinusoidal reference for the movement in each axis varies over time (top two images of Figure 5.7), the energy of the robot increases, but the tank dissipates its own energy in such a way that the total energy of the system is preserved. This behavior can be seen in the third plot of Figure 5.7, as the the total energy of the system and the energy stored in the robot and the tank are represented. It is clear how the variation of the robot's energy is reflected in the variation of the tank's energy. The last plot of Figure 5.7 shows the joint positions. The joint velocities are minimized by the secondary controller, which is clear in the interval before the circular motion task (t = 3s to t = 7s). Notice that during the dynamic scenario the controller is only able to reduce the joint velocities in the null space but some velocity drift remains. A possibility would be to use a secondary law to make the robot return to a given configuration.

The simulations presented show the performance of the Cartesian Impedance control proposed for robots with flexible joints. The use of energy tanks in the design allows for time varying trajectories and a redundancy controller to minimise the joint velocities was used. The full controller has been developed in the port-Hamiltonian framework, which simplifies the analysis of the energy and passivity properties. The results show a satisfactory performance of the proposed design and a good approximation to the ideal behavior of the target MSD system. Another advantage of the port-Hamiltonian formalism is that it readily shows the fundamental role of the energy exchange in the passivity of the system. It is also worth noticing that the tank should not be emptied at any time. To avoid that, different approaches can be considered, from disconnecting the non-passive part of the system when a minimum is reached as in [START_REF] Schindlbeck | Unified passivity-based cartesian force/impedance control for rigid and flexible joint robots via task-energy tanks[END_REF] and [START_REF] Ferraguti | A tank-based approach to impedance control with variable stiffness[END_REF], or an optimization of the parameter adaptation as in [START_REF] Ferraguti | A variable admittance control strategy for stable physical humanrobot interaction[END_REF] and [START_REF] Lee | Passive-set-position-modulation framework for interactive robotic systems[END_REF]. In q 1 q 2 q 3 q 4 q 5 q 6 q 7

Figure 5.7: Position of the end-effector in Y and Z-axis and the desired trajectories (first and second plot). The total system energy (orange), the robot energy (dashed blue) and the tank energy (dash dotted magenta) are shown in the third plot. The joint positions are shown in the fourth plot.

future works, we will explore different methods to ensure that the tank level is always above a minimum value to then evaluate our approach on a real robot manipulator.

Conclusion

This last chapter of the thesis presented an analysis of the quality of the proposed collaboration. The chapter, as well as the study, was split into two main parts: The performance and the safety of the collaboration. This is done in that manner since both elements are important to assess a collaboration and have to be evaluated. The performance is desired to simplify or improve the task for the person. However, some of the capabilities of robots, such as force or speed, can be a risk for the person if not handled correctly. Therefore, the aspect of safety has to be considered.

The case studied in this thesis consists in the person and the robot collaborating to move objects, but without a clearly predefined task or procedure, to be flexible and adaptable (since the goal of our framework). For that reason, the improvements that the robot can provide to the person are mainly reducing the efforts for the person, allowing the person to work in a comfortable position or increasing the precision of the tasks. Considering that, several metrics are proposed to evaluate the quality of the collaboration, based on several experiments repeated by the same person. The metrics used the measured forces, as well as positions and velocities of the robot, to evaluate and compare different possible control strategies for the robot. Through this metrics, our controller could be assessed to validate the conclusions obtained in Chapter 4 based on the curves obtained and the perception of the person manipulating the object. The extension of this metrics to other possible cases as well as including other information such as the preferred motion profiles of the person might be a promising perspective. The possible contrast between the information that can be obtained from the person's perception of an experiment (by performing a survey over a large number of people), with the results obtained based on quantitative metrics, might also show interesting and promising results.

The second part of the analysis done in the chapter belongs to the safety of the system. As the system is in contact with the environment, the concept of passivity is used to analyze the safety of the system. In this chapter, different cases for the passivity analysis, such as considering the closed loop dynamics with constant or variable parameters, are discussed. In all cases, the goal is to prove passivity, or provide the conditions to ensure passivity. As mentioned, in general, ensuring passivity might limit the possibilities of the controllers as some choices for the variable parameters might break the passivity conditions, generating a risk for the collaboration. The main problem is that limiting some parameters or choices of control laws, might reduce the possible capabilities of the robot, impacting on the performance of the quality. This trade-off, between performance and safety, is the reason why some other possible approaches are used to relax the passivity conditions, seeking for a better performance, without increasing the risks for the person. One possibility, approached in this chapter, is the use of energy tanks to consider the energy dissipated in the past, in order to balance the passivity conditions. In the chapter, a novel approach considering the system with an Impedance Controller and energy tanks, is presented as a port-Hamiltonian system. The use of PH models has the benefit of highlighting the energy of the system and simplifying the proofs of passivity.

Over the development, each aspect (performance and safety) was treated separately to analyze them, particularly for the controllers proposed in Chapter 3. An interesting perspective is to understand how improving or adapting one aspect, might influence the other in the collaboration. It can be noticed that experiments in Chapter 4 were done, despite the passivity aspect not being enforced in the controllers beforehand. Results did not present oscillation nor dangerous behaviors, however, in different scenarios or situations this problem might arise if the controller is not passive. The aspects mentioned in this chapter could be considered in the controller's design in order to achieve a collaboration, with a good performance for the person (there is no reason to include the robot with the person, if the task is more complicated for the person than doing it alone), but preserving some safety considerations. As for the aspect of safety, in this thesis it was analyzed through the passivity of the system. This is commonly done since, if the robot is passive, while coupled with other passive environments, the complete system will remain passive. Then, we followed the idea of proving passivity, so that the robot does not inject energy into the system, leading to a passive human-robot interaction, if the person is passive. However, the person being passive is a strong hypothesis when continuously interacting with a robot. In this case, can the person, being as complex as it is, be considered to be passive in all possible situations? For instance, the case of a person adapting its stiffness could be considered a non-passive behavior. In that case, ensuring passivity might not be sufficient or the correct condition to ensure a safe interaction, motivating the research for other possible approaches. One perspective that could prove to be interesting is adapting the parameters of the controllers to ensure passivity of the system human-robot, even when the person presents non-passive behaviors.

General conclusion and perspectives Conclusion

This thesis manuscript presents the development and contributions done in the context of physical human-robot collaboration for object co-manipulation. In a context of continuous evolution of robotics task, collaborating with people to perform complex tasks has proved to be an appealing approach. In that context, this thesis explores the scenario where a robotic manipulator and a person co-manipulate an object, with unknown load, in an easy, comfortable and safe manner.

The first part of this thesis, covers the motivations for physical Human-Robot Interaction (pHRI), and particularly for continuous collaborations, defined as physical Human-Robot Collaboration (pHRC). The main difference highlighted is that, in the latter, interactions are expected and a collaborative task have to be accomplished by the robot and the person. This thesis studies, not only how the robot should behave with a person, but also how it should behave while co-manipulating an object of unknown load. Based on this motivation, the state of the art and mathematical background are presented, but always having in perspective their application for pHRI and pHRC. The model of the manipulator is introduced as well as the compliant control laws, such as Impedance and Admittance control. These control laws are important, as they are the basis on which the contributions of this thesis are built. The most used approaches for the case where the person is guiding the robot are mentioned, showing that it is usual to remove the stiffness term of the control laws mentioned to let the person guide the movement. This choice and its consequences are discussed, since, part of the contribution of this work relies on allowing the robot to preserve this spring-like behavior. The reason is that this term allows the positional tracking of possible trajectories, in order to improve the collaborative tasks.

One of the main contributions of this work is the proposal of a Robust Variable Admittance Control. This control law is designed and developed in this thesis to improve the collaboration between a person and a robot, for object co-manipulation. Therefore, several improvements are proposed to make the robot capable of accurately performing its own tasks, but also become a compliant collaborator for the person, when interaction forces appear, to move objects of unknown load. To accomplish that, the stiffness behavior of the closed loop system is preserved, so the robot can accurately follow a desired trajectory. This was done by including a non-linear stiffness matrix to the controller, allowing the stiffness term to be preserved when needed, or vanished rapidly, but in a continuous way, when it should not be present. Furthermore, in the context of object co-manipulation, the load of the object is of great importance. In some cases, the load of the object cannot be previously identified, then, in the context of this thesis, the commonly used motion controller in the Cartesian space of [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF] is enhanced with a robust behavior against modelling errors, due to the unknown payload.
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General conclusion and perspectives

The collaboration to manipulate object, using classical control laws, and our proposed Robust Variable Admittance Control are evaluated through simulations and experiments. First, an innovative simulated framework is proposed to emulate the object co-manipulation between a person and a robot manipulator. This approach is evaluated experimentally to assess its reliability to accurately reproduce real collaborations. Results proved that, with the correct values for the model of the person, interaction forces can be estimated accurately, even when the co-manipulated object has an unknown load. The experimental part of this thesis, besides assessing the proposed simulated framework, evaluated the performance of the proposed Robust Variable Admittance Control for object co-manipulation tasks. In this context, a box attached to the end-effector and a Force/Torque sensor are included. Thanks to the sensor, the person can interacts with the robot to guide the object to its desired position, while adding or removing load inside. Results showed that the collaboration could be accomplished with objects weighing up to 2 kg (the load being unknown), without complicating the task for the person. Furthermore, a use-case scenario is presented, showing the potential of our approach for object co-manipulation, by emulating a production line with a robot and two persons, interacting to move object from one workspace to the other.

After presenting the contributions, in Chapter 3 and Chapter 4, the last chapter of this thesis serves as an evaluation of the quality of the collaboration achieved with the proposed Robust Variable Admittance Control. This evaluation is decoupled in two parts, corresponding to the two aspects chosen in this thesis to analyze the quality of a collaborative framework. First, the performance of the controller for reducing the forces applied by the person to comanipulate objects is evaluated. Then, the second part evaluates the safety of the proposed control law, by studying the passivity of the controller. The interesting aspect of performance and safety is the existence of a trade-off between them, leading to a compromise in the possible solutions to be applied. To evaluate the performance, several quantitative metrics are proposed based on the movements of the robot and the forces applied by the person during the collaboration. Result showed the usefulness of our approach, validating even further the results of simulations and experiments previously obtained. As for the second aspect, the passivity of the closed loop system is studied for the case of constant matrices, but also for the case of variable matrices obtained from the use of the proposed Robust Variable Admittance Control. The conditions to ensure passivity, although not applied in this work, are presented as well as a discussion over their impact on the performance of the system. Then, the possibility of relaxing the passivity condition by including the concept of energy tanks [START_REF] Ferraguti | A variable admittance control strategy for stable physical humanrobot interaction[END_REF] is shown. Besides, as the real robot is not only the closed loop dynamic but much more (modelling errors, non-linearities, joint flexibility) a different approach to use port-Hamiltonian systems (PHS) to design a simpler, yet efficient, Cartesian Impedance controller that considers the complete dynamics of the manipulator (including flexible joints) is presented. An interesting improvement proposed is that the complete closed loop dynamics, including the robot's flexible model, the controller and the energy tanks, are written as a compact PHS. This thesis had for goal the study of object co-manipulation between a person and a robot manipulator. Based on the developments and results proposed, we show that co-manipulating an object is a challenging field. However, numerous possible applications can benefit from robots being capable of interacting, at any moment, to manipulate objects of unknown load with the person. Packaging, palletizing, or handling tools could be accomplished with the simple procedures shown in this thesis (interactions at any moment, unknown payloads). Through the work done, the feasibility of this approach is shown, as well as a working use-case emulating a collaborative packaging process is tested, obtaining good results. Nevertheless, some limitations are shown in this work, specially from an implementation point of view. Particularly, the robust controller presented some practical limitations that reduced the possible choices of parameters to avoid problems of chattering. Moreover, the experimental results are based on one or two persons operating the robot, which makes it difficult to directly generalize our contributions to the whole community. For those reasons, the limitations are acknowledged and the possible improvements and perspectives are presented in the following section.

Perspectives

The results obtained in this thesis showed the potential application of the proposed contributions. However, in the context of a continuously growing field as pHRI, several perspectives can be conceived, in order to enhance the method proposed in this work.

First, we proposed a simulated framework to evaluate a complex task as object comanipulation between a person and a robot, obtaining promising results. An interesting aspect shown in the results is that the model used for the person is highly dependent on the parameters' choice. Therefore, experiments to evaluate the real values of the person's stiffness in such a collaborative task, might help to define most accurate values for the simulations. Furthermore, the modification of the model to use variable stiffness might be interesting to emulate the reaction the real person would have, when he/she adapts to the current task.

With respect to the variable Admittance, the variations of the virtual inertia of the manipulator can be used to improve the task. In that sense, a novel approach would be to analyze how should the inertia varies in a task where the robot might act alone or be in contact with the person. Then, the same method used to adapt rapidly stiffness and damping, depending on whether robot is engaged on a collaboration or is working alone, could be applied. Furthermore, the main contributions were made on the translational degrees of freedom, while the orientation, being handled using Unit Quaternions was not exploited to its full potential. One appealing approach would be to adapt the orientation to consider the person's posture and improve ergonomics. Several possibilities can be considered, for instance, if the object is higher than a certain threshold, the collaboration might not be comfortable for the person, so the robot could adapt the orientation of the object to help the person grab it in an easier way. Moreover, the quantitative metrics and passivity analysis were applied to our full controller in Chapter 5. However, the knowledge and conclusions obtained were not used to redefine and improve our controller afterwards. Despite the good results obtained experimentally in Chapter 4, if the passivity conditions and information obtained with the metrics are considered in the controllers design, a better trade-off between performance and safety could be achieved, specially, to accomplish varied tasks, within different environments.

Then, concerning the robust control, used to handle the unknown load at the end-effector level, and the uncertainties coming from it, several improvements can be done. First, the development is based on a classical sliding mode control developed based on [START_REF] Siciliano | Robotics: modelling, planning and control[END_REF]. Other methods could be applied in order to reduce the chattering problems, such as second order sliding mode control [START_REF] Bartolini | Chattering avoidance by second-order sliding mode control[END_REF], Shtessel et al., 2014]. However, in our case, a possible issue with second order control is that the Cartesian accelerations (in general noisy signals, obtained by differentiation), would be necessaries. Hence, a deeper discussion about this point is needed. Furthermore, evaluating the controller with greater values of unknown loads could highlight its real benefit for object co-manipulation.

From the setup point of view, in this work we made the choice of attaching the box to the end-effector and place Force/Torque sensor on the other side of the box (i.e. in direct contact with the person). This choices simplifies the context of our study, with the goal of isolating the problem of co-manipulating objects of unknown load. However, in a real scenario, the object might have to be grabbed with a gripper, including the problems related to the grasping of an object. Moreover, in some cases it might not be possible to place the sensor at the contact point or to have it at all. For instance, the use of electromyography (EMG) sensors and accelerometers on the person, might provide the necessary information to separate the intention of the person from the forces due to the unknown payload. However, these sensors impose a framework where the person has to wear gloves or a suit to mount these sensors, as well as adding the complexity of the human's model. For that reason, the preliminary idea proposed in Chapter 4 based on using a band-pass filter on the forces, estimated based on the joint's torque sensors of the robot, might be an interesting lead to follow. In future works, this idea could be enhanced and evaluated even further, in order to distinguish the forces belonging to the person, and those corresponding to the object. Besides, the use of the F/T sensor along with the joint torque sensors might provide real time information of the load being handled. This would be useful to reduce the uncertainties, simplifying the task of the robust controller. In that way, an online identification or an adaptive controller might be used based on the information obtained by the forces at both sides of the payload.

Finally, from a general point of view, the framework proposed is interesting for some tasks, as the one presented in as a use-case in Chapter 4. However, several tasks would need robots with a larger workspace to perform more tasks. Furthermore, bulky objects might impose even more constraints on the workspace of the robot. Nevertheless, increasing the size of the robots, to have a larger workspace will, in general, increase the risks involved. Therefore, from our point of view, the best solution to improve the possible pHRC tasks, for object co-manipulation, is the use of mobile robot manipulators such as in [START_REF] Balatti | A collaborative robotic approach to autonomous pallet jack transportation and positioning[END_REF], Kim et al., 2020]. Combining the freedom of mobile platforms to navigate environments, with the framework for unconstrained collaborations proposed in this thesis, might improve object co-manipulation tasks, between a person and a robot. Notice that, even if the value of L is unknown, it is possible to define an upper limited norm.

In the no load case, M = M and assumption (B.5) is satisfied with υ = 0.

Assumption (B.6) is satisfied since any desired trajectory has a finite acceleration. Moreover, since all the joints are revolute, periodical values are obtained evaluating J (q) and, together with considering that q is also limited by the motors response, assumption (B.7) is also satisfied. Based on the assumptions held above, and since there exists an upper limited norm for M -1 , assumption (B.8) is satisfied straightforward.

Considering the assumptions made in (B. K e 7 × 7 Matrix corresponding to the desired joint stiffness after applying the control in (5.40).

k ns 1 Positive gain to accomplish the minimization of W(q). k ns 2 Positive gain used to inject damping in the null space.

K P 6 × 6 Matrix for the desired stiffness for the robot manipulator in the task space.

K Pt 6 × 6 Matrix for the proportional gain to enforce the tracking of the reference in the motion controller.

K W (q) 7 × 7 Weight matrix to give priority over the others in the null space controller.

Λ 6 × 6 Natural inertia matrix of the manipulator in the task space.

λ i i th element of the vector containing the damping to be added to σ i if it becomes necessary.

M (q) 7 × 7 Inertia matrix of the manipulator. n Variable representing the level of the virtual tank, it is a measure of the energy available in the tank. ω 6 × 1 Vector term containing the effect of the robust control inside the full motion control law. p 7 × 1 Vector of linear momentum of the manipulator in the joint space.

P D Variable representing the power dissipated by the system due to the damping behavior. ϕ 7 × 1 New vector used for the PHS after the change of variable obtained as a function of q and θ.

P K Variable representing the power injected/dissipated by the system due to variations of the stiffness term.

P X Variable representing the power injected/dissipated by the system due to variations reference trajectory. q 7 × 1 Vector representing the joint angles of the robot. tivity, improve quality and reduce dangers involving the employees. In that sense, the use of robots has evolved through time, but always acquiring more and more importance, thanks to their accuracy, enhanced strength and their possibility to repeat movements with almost no error. As technologies move forward, it is also possible to imagine new challenges and more difficult tasks that could be required for the robots. For instance, robots might no longer need to be isolated, allowing them to work in a wide range of environments. To make this scenario possible and realistic, interactions between a person and a robot should be correctly handled, in particular for the case of physical Human-Robot Interaction (pHRI). The advantage is the use of the experience and decision-making capabilities of the person, along with the force and precision of a robot.

In the context of this thesis, the interaction between the person and the robot is more challenging, as the concept of physical Human-Robot Collaboration (pHRC) is used. The person and the robot (particularly, a robotic manipulator) should be able to work in continuous physical contact, to perform a complex task, but also simplify it for the person. A key element of this study is to ease the task for the person by reducing the efforts that would otherwise be necessary if the robot were not involved. This thesis aims to improve the performance of the controllers when the payload is not known or when it changes (even during the task) to obtain a better collaboration while moving an object. Improving the load sharing capabilities in robotics for collaborative scenarios might have a significant impact on the way of conceiving regular tasks in the industry, such as assembly tasks, moving boxes in a warehouse, drilling or sawing operations. Given the variety of possible tasks, the controller should provide an adaptable behavior depending on the level of interaction with the person and the desired compliance.

Through this thesis, the case of an unknown load being carried by both the person and the robot is studied and evaluated through simulations and experiments with the collaborative robot KUKA LBR iiwa 14 R820. A scenario for pHRC is proposed for simulations to study the influence of the controllers (such as Impedance or Admittance control). Enhancements for the classical control laws are proposed in order to move loads of unknown weight. Also, the modifications make the robot capable of either, being a compliant collaborator, or having its own independent task, all under the same control law. Experiments are performed to validate the proposed approach, showing the advantages of the proposed method for load sharing. Also, a possible application for a collaborative task between people and a robot carrying objects from one place to the other is presented. Finally, quantitative criteria are proposed for the collaboration to evaluate the proposed methods. Safety issues, in particular concerning the passivity of the system, are also discussed. 
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  Figure 1.1: Scheme of the path from the classic use of robotic manipulators to the particular problem of physical Human-Robot Collaboration (pHRC).

Figure 1

 1 Figure 1.3: Schema representing the decision on the behavior and the role of the robot while working with a person.

Figure 1 . 4 :

 14 Figure 1.4: Collaboration for object co-manipulation between a person and a robot manipulator in the context of pHRC.

Figure 1 . 5 :

 15 Figure 1.5: Co-manipulation of a box with added load inside with a robot Kuka iiwa.

Figure 2

 2 Figure 2.3: Ideal mass-spring-damper system with respect to a fixed zero reference. All variables are generic and unidimensionals for simplicity.

Figure 2 . 4 :

 24 Figure 2.4: Imposed dynamics to a robot manipulator to behave as a mass-spring-damper with respect to the end-effector.

64

  Figure 3.1: Scheme representing the robot on the left side, with the object rigidly attached to the end-effector and the person interacting with the object on the other side.

Figure 3

 3 Figure 3.2: Image of the KUKA iiwa robot used in the thesis with the world frame having the Z-axis in the direction of the gravity vector.

Figure 3

 3 Figure 3.3: Image of the box used to add the unknown payload inside. The frame of its center of gravity has the Z-axis pointing from the robot to the person and the X-axis pointing upwards. Inside the box there is the unknown load rigidly attached

  Figure 3.4: 3D image of the robot simulated in Matlab, based on the model of the KUKA iiwa.

Figure 3 . 5 :

 35 Figure 3.5: 3D image of the robot with the object simulated in Matlab. The object is included as another link with a fixed joint attached to the end-effector.

Figure 3

 3 Figure 3.6: 3D image of the robot-object-hand simulated in Matlab. The hand is modeled by a spring-damper rigidly attached to the other side of the box.

Figure 3 . 7 :

 37 Figure 3.7: Scheme of the robot controlled as a mass-damper attached to the box with unknown load. On the other side of the box the person, represented by a spring-damper is rigidly attached and following a predefined trajectory.

Figure 3

 3 Figure 3.8: Position, velocity and acceleration profile of the soft point-to-point movements with bell-shaped velocity curve used, obtained through (2.54).

Figure 3

 3 Figure 3.10: Simulation of the person performing a trajectory in the Z-axis and the robot, being rigidly attached, following compliantly. In the bottom image the efforts applied by the person to move the robot are shown.

Figure 3 Figure 3

 33 Figure 3.11: Position of the robot and forces applied by the person while the last one is holding the box and performing a trajectory in the three axis. The box has no extra payload inside.

  Figure 3.13: Rotation done by the person, the orientations represented in Quaternions are shown as angle axis to illustrate the rotation as it is over the X-axis.

Figure 3 .

 3 Figure 3.14: Images of the 3D model of the robot at different moments of the trajectory to illustrate the rotation around the X-axis of the world frame.

Figure 3

 3 Figure 3.15: Position of the robot and forces applied by the person holding the box and performing a trajectory, faster than before, along the three axis. The box has no extra payload inside.

  Figure 3.17: Position of the robot and forces applied by the person holding the box but not moving while the box has extra payload of 1 kg.

Figure 3 . 19 :Figure 3 . 20 :

 319320 Figure 3.19: Position of the robot and forces applied by the person performing a trajectory along the three axis while holding the box but with an extra payload of 1 kg.

Figure 3 . 21 :

 321 Figure 3.21: Comparative simulation of the person doing a trajectory in the Z-axis with different values of M d proposed for the robot control. The box has an extra unknown payload of 1 kg. The first subplot presents the intended trajectories of the person (x h ) in the Zaxis while the obtained position of the robot are shown for the different values of (M d ).The bottom image presents the forces applied by the simulated person for each case of M d evaluated.

Figure 3 . 22 :

 322 Figure3.22: Block diagram of the robot within an Admittance control framework. The trajectory reference is not considered as it is the person that guides the robot through the force applied. The Admittance block generates the compliant trajectory to be followed by the motion control. The control torque applied is the combination of the compliant control law coming from the motion control and the redundancy controller to stabilize the dynamics in the null space.

Figure 3 . 23 :

 323 Figure 3.23: Simulation results for the Admittance controller while the person performs a movement along the Z-axis. On the top image the position for the person and the robot can be seen along with the forces applied by the person. The bottom image presents the difference in the Z position between the output of the Admittance block and the actual position of the end-effector.
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 324325326 Figure 3.24: Position of the robot and forces applied by the person holding the box without moving. The box presents an unknown load of 1kg. The motion controller has K Pt = 0

Figure 3 Figure 3 . 28 :

 3328 Figure 3.27: Position of the robot and forces applied by the person while the last one is holding the box without moving. The box presents an unknown load of 1kg. The motion controller has its predefined values of K Pt and K Dt .

Figure 3 . 29 :Figure 3 . 30 :

 329330 Figure 3.29: Comparative simulation between the Impedance and Admittance controller for a given trajectory for the human in the Z-axis. The positions of the robot and the person are presented in the top image, while the forces applied in the bottom one.

Figure 3 . 31 :

 331 Figure3.31: Comparative simulation for a given trajectory for the human in the Z-axis with the full Admittance controller defined in this section. In the different simulations, the unknown load is varied, modifying the trajectory performed by the robot and the forces applied by the person.

Figure 3

 3 Figure3.32: Block diagram of the robot within an Admittance framework control. The control system is composed by the Variable Admittance Controller to generate the compliant trajectory and a Robust Motion Control to follow it. The last one also generates, through inverse kinematics, the control torques u cc that will be added to the torques u red generated by the Redundancy Control block to stabilize the motion in the null space.

Figure 3 Figure 3

 33 Figure 3.33: Comparative simulation of the Z position and the human's force in that axis for different values of ρ and with = 0.1. The person is performing a trajectory in the Z-axis with an extra load of 1 kg.

Figure 3 . 35 :Figure 3 Figure 3

 33533 Figure 3.35: Comparative simulation of the Z position and the human's force in that axis between the motion controller without the robust control and with the robust control with ρ = 200. The person is performing a trajectory in the Z-axis with an extra load of 1 kg.

Figure 3 Figure 3 . 39 :

 3339 Figure 3.38: Comparative simulation without interaction with the person. The robot with the motion controller is following a trajectory with and without the robust controller. The extra payload in the box is 2 kg and = 0.1.

Figure 3

 3 Figure 3.40: Robot with the stiffness term included to follow a trajectory with no interactions with the person.

Figure 3

 3 Figure 3.41: Robot with the stiffness term included to follow a trajectory in the Z-axis while the person intents to follow a different one.

  Figure3.42: Comparison between the system without the stiffness term (K P = 0 K Pc ), with a constant stiffness (K P = K Pc ) and with the proposed variable stiffness (K P (α)) when the person interacts while the robot has a contradictory predefined task.

Figure 3

 3 Figure3.43: Robot with the proposed variable stiffness being guided by a person while having a contradictory predefined task. The function α increases its value close to one, reducing the stiffness term to do not increase the efforts required from the person.

Figure 3

 3 Figure 3.44: Variation of the element corresponding to the Z-axis of the damping matrix K D when the robot is guided by the person in a trajectory along the Z-axis

Figure 3 . 45 :

 345 Figure3.45: Simulated scenario of the robot performing a repetitive movement but with the person interaction from t = 10 s to guide the robot in a different trajectory. The function α acts based on those efforts to avoid them from increasing due to the stiffness term. Also, the damping matrix is adapted during interaction based on the efforts and velocity, but remains at high value when there are no interactions.

Figure 3 . 46 :

 346 Figure 3.46: Joint positions for a repetitive trajectory in the task space, with k ns 1 = 0 and k ns 2 = 5

Figure 3 .

 3 Figure 3.47: Joint positions for a repetitive trajectory in the task space, with k ns 1 = 20 and k ns 2 = 5

Figure 3

 3 Figure 3.49: Comparison among possible methods to obtain the DLS inverse used for the Jacobian matrix, with σ i being a generic singular value to be inverted.

Figure 3

 3 Figure3.50: Comparison of the elastic torque produced by a linear method K * error, by the error squared K * error 2 and by the proposed approach using the inverse of the hyperbolic tangent of the error.
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 4 Figure 4.1: Setup of the Kuka iiwa 14 R820 robot with the box and the sensor attached. The person is able to manipulate the handle of the sensor to move the robot and to include the unknown load inside the box.

Figure 4 .

 4 Figure 4.2: 3D image of the robot-object-sensor simulated in Matlab to compare with the experimental results. The person interacts by holding the sensor attached.

Figure 4 . 3 :

 43 Figure 4.3: First example of the comparisons between simulated x sim and experimental x exp trajectory described in the Z-axis, when the person is guiding the robot. The simulated person x h intents to follow a polynomial trajectory. The bottom image presents the human's forces applied in the Z-axis for the simulated and experimental cases.

Figure 4 . 4 :

 44 Figure 4.4: Second example of the comparisons between simulated x sim and experimental x exp trajectory described in the Zaxis, when the person is guiding the robot. The simulated person x h intents to follow a polynomial trajectory. The bottom image presents the human's forces applied in the Z-axis for the simulated and experimental cases.

Figure 4 . 5 :Figure 4 . 6 :

 4546 Figure 4.5: First example of the comparisons between simulated x sim and experimental x exp trajectory described in the Zaxis, when the person is guiding the robot. The simulated person x h follows the trajectory done experimentally x exp . The bottom image presents the human's forces applied in the Z-axis for the simulated and experimental cases.

Figure 4 . 7 :Figure 4 . 8 :

 4748 Figure 4.7: Position in X-Y-Z for the simulated x sim and experimental x exp trajectory described in the three axis. The simulated person x h follows the trajectory done experimentally x exp .

Figure 4 . 9 :Figure 4 .

 494 Figure 4.9: First example of the comparisons between simulated x sim and experimental x exp trajectory described in the Z-axis, when the person is guiding the robot. The simulated person x h follows the trajectory done experimentally x exp but with a reduced stiffness matrix for the person's model. The bottom image presents the human's forces applied in the Z-axis for the simulated and experimental cases.

Figure 4 .

 4 Figure 4.11: Comparisons between simulated and experimental implementation for a trajectory in the Z-axis but with a load of 1.5 kg of load inside the box. The top image presents the trajectory done by the robot in simulation and in the experiments. The bottom image presents the human's forces in the Z-axis for both cases.

Figure 4 .

 4 Figure 4.12: Comparison as done in Figure 4.11 but with the reduced value for the stiffness term of the simulated person. The top image presents the trajectory done by the robot in simulation and in the experiments. The bottom image presents the human's forces in the Z-axis for both cases.

Figure 4 .

 4 Figure 4.13: Comparison between the forces obtained with the F/T sensor and the estimation done based on the joint torques, for a movement done by the person in the Z-axis. No extra load is included in the box.

Figure 4 .

 4 Figure 4.14: Comparison between the forces obtained with the F/T sensor and the estimation through the external joint torques for a movement done by the person in the Z-axis with an unknown load of 1 kg.

Figure

  Figure 4.15: Comparison between the forces obtained with the F/T sensor and the estimation through the external joint torques for a movement done by the person in the Z-axis with a load of 1 kg. In this case a band-pass filter is used in the estimation of the external forces, but not included in the controller.

Figure

  Figure 4.16: Comparison between the forces obtained with the F/T sensor and the estimation through the external joint torques, with the band-pass filter, for a movement done by the person in the Z-axis with a load of 1 kg. In this case the estimated forces are used in the controller, instead of those measured by the F/T sensor.

Figure 4 .

 4 Figure 4.17: Experimental results from a one dimensional movement made by the person. A 40 cm movement is made and then released. The position and forces are presented as well as the evolution of α and K D .

  Figure 4.18: Comparative experiment between the system with a constant spring (dashed red line), with no spring (in black dash-dotted line) and a variable spring (blue line) for a one dimensional movement of 40 cm and then releasing the robot.

Figure 4 . 19 :

 419 Figure 4.19: Comparative experiment to study the robustness of the motion control against unknown load. The up-down trajectory in the Z-axis done by the person is presented along with the tracking error in that direction and the forces applied by the person.

Figure 4 . 20 :

 420 Figure 4.20: Illustration to present a possible scenario of a collaborative robot participating in a production line to move objects along with the employees.

Figure 4 . 21 :

 421 Figure 4.21: Collaborative experiment between two people and the robot to move load from one place to the other. The framework consists in the robot moving from one side to the other and the people to interact at any point to add or remove load from the box attached to the end-effector of the robot.

Figure 4 . 22 :

 422 Figure 4.22: Evolution of the positions of the robot for the collaborative experiment. The reference trajectory for the robot appear in red and is followed when there are no interactions by the compliant trajectory, in blue, produced by the Variable Admittance Controller. When the person interacts both trajectories are different and finally the real position of the robot, in dashed magenta, is enforced by the robust controller. The moments of interaction are represented by a grey background and the moments when the load at the end-effector is modified, are represented by vertical dotted lines.

Figure 4 . 23 :

 423 Figure 4.23: Evolution of the forces and torques of the robot for the collaborative experiment.The moments of interaction are represented by a grey background and the moments when the load at the end-effector is modified, are represented by vertical dotted lines.

Figure 5 . 1 :

 51 Figure 5.1: Analysis of the RMS of the force applied in the Y direction for the experiment shown in Figure 4.18. The three different cases for the stiffness term are compared and, for each experiment, the movement was repeated five times. The bars represent the mean value of the five experiments while the error bars show the standard deviation.

Figure 5 . 2 :

 52 Figure 5.2: Analysis of the RMS of the power injeted by the person in the Y direction for the experiment shown in Figure 4.18. The three different cases for the stiffness term are compared and, for each experiment, the movement was repeated five times. The bars represent the mean value of the five experiments while the error bars show the standard deviation. The grey part of the bar represent the percentage of negative power, out of the total power applied, for each case.

Figure 5 . 3 :

 53 Figure 5.3: Analysis of the RMS of the force applied in the Z direction for the experiment of different loads shown in Figure 4.19. The behavior for the five different loads are compared and, for each experiment, the movement was repeated five times. The bars represent the mean value of the five experiments while the error bars show the standard deviation.

Figure 5 . 4 :

 54 Figure 5.4: Analysis of the RMS of the tracking error in the Z direction for the experiment of different loads shown in Figure 4.19. The behavior for the five different loads are compared and, for each experiment, the movement was repeated five times. The bars represent the mean value of the five experiments while the error bars show the standard deviation.
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 555 Figure 5.5: Evolution of the non-linear term in (5.27) as a function of the external forces applied for a generic component h e i of the wrench vector.

Figure 5 .

 5 Figure 5.6 shows the time responses of the closed-loop systems subject to set-point changes. It can be seen that the response of the controller proposed in this work is very close to the response of the desired MSD system. In comparison with the baseline controller, our control system shows less oscillations and faster rate of convergence. The reason for the difference can be attributed to the fact that the baseline controller is highly dependent on the model due to the exact nonlinear cancellation, hence, not considering the robot's flexibility degrades significantly the results. The proposed control system, whilst not being able to modify the apparent inertia of the end-effector, seems to be best suited for a flexible robot and less dependent on the model errors. The small differences between our control system and the target MSD system are due to the fact that the robot flexibility makes it impossible for the robot to behave exactly as the MSD system. Notice also that the Coriolis and centrifugal terms are not cancelled, which makes the controller less sensitive to model errors that might appear in an inverse dynamics controller.

Figure 5 . 6 :

 56 Figure 5.6: Cartesian positions for the robot's end-effector: proposed controller (blue), desired MSD system (black, dash-dot), baseline controller (magenta). There is a set-point change in Z at t = 10s, and an external force of 4 N is applied in the Y direction at t = 20s and for 1s.

  172Appendix B. Upper bound in the uncertainties due to the unknown payloadRegarding (B.5), considering the robot in non-singular positions, the norm should respect the following inequality (detailed in C

K

  5)-(B.8), from(3.25) that ω = ρ and definingK = [K P K D ] we obtain η ≤ υ(ẍ max + K ξ + β + ρ + φ) + φ (ẍ max + K ξ + β + φ) + φ + µ] (B.11)gives V = -ξ T P ξ + z T (η * -ω) Dt 6 × 6 Matrix for the velocity gain to enforce the tracking of the reference in the motion controller.

  m BMass of the box attached to the end-effector.M d 6 × 6 Matrix for the desired virtual inertia for the robot manipulator in the task space.M (q) 7 × 7 Inaccurate inertia matrix of the manipulator that neglects the extra load at the end-effector.m L Mass of the unknown load inside the box.

  

  

  .44) which is a PD control law action that will force the system to converge to x = x ref when no contact forces are applied, and to x = x ref + K -1P h e if the contact force is constant.

	ẍref , ẋref , x	ref	Impedance	u	ẍ, ẋ, x
	ẍ, ẋ, x	Control	Robot	h e
			h e		
	Figure 2.5: Block diagram of the robot within an Impedance framework control. The
	Impedance control generates a desired force based on the current error and then converts
	it to the joint torques u. The external forces h e applied to the end-effector can be used to
	linearize the system			

Table 4 .

 4 1: Mass, dimensions and inertia parameters of the box attached to the end-effector of the robot without load inside.

		.1		
	m B	l Bx l By l Bz I Bxx	I Byy	I Bzz
	0.941 0.15 0.2 0.3 0.0238 0.0176 0.0106

  Physical Human-Robot Interaction (pHRI); Robot Control; Admittance Control; Impedance Control; Robust Control; Robot Manipulator.

https://www.bostondynamics.com/

1.2. From Classic robotics to physical Human-Robot Interaction

We denote with the symbol ∇ the gradient operator, i.e. ∇H(x) := ∂H(x) ∂x , and the gradient is a column vector.

∇q represents the partial derivatives of the function with respect to the variable q, then ∇qH = ∂H(q,p) ∂q

A slight abuse of notation is done in the following equations as the inverse of the Jacobian matrix is expressed as J -1 , despite the fact that it might be the pseudo-inverse, a generalized inverse or a DLS pseudoinverse.

www.mathworks.com 

www.dell.com 

www.microsoft.com 

diagi{•} is a function that produces a i × i diagonal matrix with the elements of the diagonal defined as the input vector, or as a repetition of the scalar input, with i ∈ N

http://www.robotous.com

http://www.orocos.org/wiki/orocos/kdl-wiki

https://github.com/berndporr/iir1

We denote with the symbol ∇ the gradient operator, i.e. ∇H(x) := ∂H(x) ∂x , and the gradient is a column vector.

To the best of the authors' knowledge, no full identification of the motor dynamics and joint flexibility of the Kuka iiwa is available in the literature.
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dissipated at that moment (leading again to the condition for passivity of (5.29)).

This formalism for a less conservative approach, by considering the previously dissipated energy, has also been used in other works as in [START_REF] Schindlbeck | Unified passivity-based cartesian force/impedance control for rigid and flexible joint robots via task-energy tanks[END_REF], where the authors used a similar concept to ensure the passivity in a force-Impedance control. In that work, the Impedance controller is enhanced with a force tracking algorithm, which might result in a non-passive operation as the force reference might change over time. This problem is addressed by applying the force tracking control action only when there is enough energy (stored through dissipation) in the tank, otherwise only the Impedance controller is used, and thus passivity is preserved. Recently, along with the variations of the stiffness matrix, the authors in [START_REF] Abdelwadoud | Passivity-based variable impedance control for redundant manipulators[END_REF] considered the effect of the null space controller in the passivity of the system. As they considered a redundant manipulator, the loose of passivity could appear due to variations in the main controller but also due to the null space controller. In their work, the energy tank approach is used as a solution to preserve the passivity of the extended control system.

As mentioned in subsection 5.3.2, if the reference is time dependent, the proof of passivity considering the output of the system ẋ instead of ẋ is not straightforward. For instance, in the context of teleoperation, the energy tank approach was used in [START_REF] Lee | Passive-set-position-modulation framework for interactive robotic systems[END_REF] to study the lost of passivity due to the data loss (that might produce jumps in the position reference). As the end-effector is attached through a virtual spring to this reference, this jumps in the trajectory might result in a non-passive operation. Therefore the authors proposed a framework named passive set-position modulation to attach the other side of the spring (also connected to the robot position) to a new virtual reference. This reference is generated based on the original desired trajectory, but modulated by the energy stored in a reservoir (tank), so to ensure that the system remains passive.

To consider the time variable reference, a different approach is presented in the following subsection. The design of an Impedance controller for flexible joint manipulators, but ensuring to preserve passivity is introduced. To do so, the port-Hamiltonian models presented in section 2.2, are used combined with the energy tanks concept presented in this subsection.

Port-Hamiltonian approach in the controllers design

In the passivity analysis done previously, the closed loop dynamics was studied to establish the conditions for the passivity of the system. Based on that study, the passivity for the case of constant matrices was shown and conditions for the passivity of the case with time varying stiffness matrix were presented. Furthermore, the use of energy tanks as a formalism to ensure passivity by taking into account the energy previously dissipated is detailed. However, in a real robot, the obtained closed loop dynamics might not be exactly the desired one, due to inaccuracies in the model while applying an inverse dynamics control. Furthermore, the existence of flexibility at the joint level, along with the motor's dynamic, might have an important impact on the behavior of the closed loop. Based on that, a study of the passivity of the desired closed loop might have its limitations as it might not represent accurately the
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Uncertainties due to the unknown payload in an Impedance controller

If there is a difference in the model and the real robot due to the extra load in the box, matrices of the model do not correspond to the real robot. Then, the control law proposed in (2.41) becomes: u = M (q) u imp + Ĉ(q, q) q + ĝ(q) -J T h e , (A.1)

where M (q) is the estimation of the inertia matrix of the real manipulator, Ĉ(q, q) the estimation of the coriolis matrix and ĝ(q) the estimation of the gravity torque vector. With a slight abuse of notation, dependencies of the matrices are omitted to improve clarity. Then, applying (A.1) to the model of the robot of (2.6) leads to: M (q) q + C(q, q) q + g(q) = M (q) u imp + Ĉ(q, q) q + ĝ(q) -J T h e + J T h e , (A.2)

where the external forces are perfectly compensated since it was stated that the forces are accurately measured despite the unknown load. Including the Impedance term u imp as (2.42):

Following the same development done to get (2.31), it is possible to obtain:

recalling the relationship (2.34):

That is reorganized to have the Cartesian acceleration on the left side of the equation, leading to:

Appendix A. Uncertainties due to the unknown payload in an Impedance controller

where we define A = [J M -1 M J -1 ] to simplify notation, obtaining:

A problem in the last expression is that the desired dynamic to be imposed using u imp is premultiplied by the uncertainties A. In order to gather all uncertainties on one side, and the desired dynamic behaviour on the other, we add M -1 d (M d ẍd -K D ẋ -K P x -J q + h e ) to both sides of the equation, obtaining:

pre-multiplying by -M d on both sides:

Then, reorganizing the terms so to have the Impedance behaviour on the left side and the external efforts on the right side (along with uncertainties), the equation becomes:

Upper bound in the uncertainties due to the unknown payload

Regarding the mass matrix, as it was considered that the only uncertainty in it arise from the unknown load in the box, the real matrix M can be expressed as

where L is a matrix of dimension (6 × 6) representing the inertial parameters of the unknown load in space., and described as: 

where Λ-1 = J M -1 J T is the inaccurate inverse of the virtual inertia matrix of the manipulator in the task space, obtained with the inaccurate inertia matrix M .

Taking into account the following assumptions:

Norm of the inverse

Let be A ∈ R n×n an arbitrary matrix. Consider the following identities

where σ i with i = 1, • • • , n are the singular values of the matrix A and |det(A)| the absolute value of the determinant of A. Using these expressions as follows

it is possible to find an upper limited norm for A -1 .

Nomenclature 0 Zero matrix of the appropriates dimensions according to the case used.

B 7 × 7 Matrix corresponding to the motors' inertia.

B e 7 × 7 Matrix corresponding to the desired motors' inertia after applying the control in (5.40).

C(q, q) 7 × 7 Matrix containing the Coriolis and centrifugal terms of the manipulator.

Ĉ(q, q) 7 × 7 Inaccurate matrix containing the Coriolis and centrifugal terms of the manipulator that neglects the extra load at the end-effector. D 7 × 7 Matrix corresponding to the joint damping. D e 7 × 7 Matrix corresponding to the desired joint damping after applying the control in (5.40).

F h 6 × 6 Vector representing the wrench done by the person. It is composed of three Cartesian forces and three torques.

g(q)

7 × 1 Vector of gravity torques of the manipulator.

ĝ(q) 7 × 1 Inaccurate Vector of gravity torques of the manipulator that neglects the extra load at the end-effector.

H

Variable representing the Hamiltonian of the system representing the energy of the system for each particular case discussed.

h e 6×1 Vector of external wrench acting on the manipulator's end-effector. It is composed of three Cartesian forces and three torques.

I

Identity matrix of the appropriates dimensions according to the case used.

I B

3 × 3 Inertia tensor of the box. Elements represents the inertia of the center of gravity, described in the reference frame of the box.

J (q) 6 × 7 Jacobian matrix of the manipulator.

J (q) Generalized inverse of the robot manipulator. The inertia matrix of the robot is used as the weight, as a consequence, this pseudo-inverse minimizes the kinetic energy of the manipulator.

J (q) 6 × 7 Time derivative of the Jacobian matrix. K 7 × 7 Matrix corresponding to the joint stiffness.

K D 6 × 6 Matrix for the desired damping for the robot manipulator in the task space. q 7 × 1 Vector representing the angular velocity robot's joints. q 7 × 1 Vector representing the angular acceleration robot's joints.

S

Candidate function to demonstrate passivity of the system defined based on the energy of the system for each particular case discussed. s 7 × 1 Vector of angular momentum of the manipulator in the joint space.

σ i i th element of the vector containing the singular values of the Jacobian matrix. u ns 7 × 1 Vector of joint torques to accomplish a secondary task. The vector is premultiplied by a consistent null space projector to obtain u red .

u red 7 × 1 Vector of joint torques obtained as the output of the redundancy control block.

W (q) Function to be minimized as much as possible without interfering with the main task. W(q) is the euclidean distance of the robot's configuration from the initial one.