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Teleoperation with haptic feedback is a promising way to interact with the micro/nanoscale. To ensure a smooth integration of the human operator into the control loop, the interface between the micro-robotic system and the human operator must be well designed to convey to the operator with high fidelity the forces and high dynamics coming from the micro/nano world. This thesis addresses means of designing haptic interfaces based on low inertia Sheet-Induction Motors specifically designed for interaction with the micro-world. In this manuscript, six chapters are detailed.

The first chapter presents the challenges of working at the micro and nano-scale, as well as the interest in having a micro-teleoperation chain with haptic feedback and the advantages of using sheet Double-Sided Induction Motors with light weight and low inertia secondaries as haptic actuators for micro-teleoperation.

The second chapter describes an improved design for a Sheet-DSLIM (Double-Sided Linear Induction Motor), its operating principle, and the key parameters that need to be considered in its design. Simulations using Finite Element Analysis (FEA) of different motor designs have been carried out to optimize design choices in order to improve the shape and distribution of the field generated in the motor gap.

The third chapter discusses the practical challenges of motor supply and emphasizes the importance of a pure three-phase sinusoidal supply. Experimental tests have been carried out to examine the quality the force generated by the motor as a function of various parameters, including the shape of its input voltage supply. Then, it is demonstrated that it is possible to render with the DSLIM both kinesthetic and tactile feedback.

The fourth chapter presents the improved version of the planar haptic interface based on the improved DSLIM design. Interesting new features have been included, and a new method of tracking the position of the interface has been presented.

The fifth chapter introduces the Axial-DSIM (Axial Double-Sided Induction Motor), a new concept in rotary motors. The torque produced by this motor is highly interesting for haptic applications, especially for interaction with the micro-world due to its low inertia, fast response time, ability to render both kinesthetic and tactile feedback, high bandwidth, and simplicity.

The sixth chapter discusses the key elements to be considered when designing a microteleoperation chain, such as bimanual teleoperation, the division and matching of degrees of freedom, and the quality and form of the haptic rendering.

Résumé

La téléopération avec retour haptique est un moyen prometteur pour interagir avec la micro/nano échelle. Pour assurer une bonne intégration de l'opérateur humain dans la boucle de contrôle, l'interface entre le système microrobotique et l'opérateur humain doit être bien conçue pour pouvoir transmettre avec une très grande fidélité les forces et la dynamique provenant du monde micro/nano. Cette thèse aborde les moyens de concevoir des interfaces haptiques basées sur des "Sheet-Induction Motors" à faible inertie spécifiquement conçus pour l'interaction avec le micro-monde. Dans ce manuscrit six chapitres sont détaillés.

Le premier chapitre présente les défis du travail à l'échelle micro et nanométrique, ainsi que l'intérêt de disposer d'une chaîne de micro-téléopération avec retour haptique, et les avantages de l'utilisation de moteurs à induction "sheet Double-Sided Induction Motors" comme actionneurs haptiques pour la micro-téléopération.

Le second chapitre décrit une conception améliorée d'un moteur à induction linéaire double face (Sheet-DSLIM), son principe de fonctionnement et les paramètres clés à prendre en compte dans sa conception. Des simulations utilisant l'analyse par élément fini (FEA) de différentes conceptions de moteurs ont été réalisées pour optimiser les choix de conception afin d'améliorer la forme et la distribution du champ magnétique produit dans l'entrefer du moteur.

Le troisième chapitre aborde les défis pratiques de l'alimentation du moteur et souligne l'importance d'alimenter le moteur avec une alimentation triphasée sinusoïdale pure. De nombreux tests ont été réalisés afin d'améliorer la qualité de la force produite. Ensuite, il est démontré qu'il est possible de produire avec le DSLIM un retour kinesthésique et tactile.

Le quatrième chapitre présente la version améliorée de l'interface haptique planaire basée sur la nouvelle conception du DSLIM. De nouvelles fonctionnalités intéressantes ont été incluses, et une nouvelle méthode de suivi de la position de l'interface a été présentée.

Le cinquième chapitre présente le moteur Axial-DSIM (Axial Double-Sided Induction Motor), un nouveau concept de moteur rotatif. Le couple produit par ce moteur est très intéressant pour les applications haptiques, en particulier pour des interactions avec le micromonde, en raison de sa faible inertie, de son temps de réponse rapide, de sa capacité à fournir un retour kinesthésique et tactile, de sa large bande passante et de sa simplicité.

Le sixième chapitre aborde les éléments-clés à prendre en compte lors de la conception d'une chaîne de micro-téléopération, tels que la téléopération bimanuelle, la division et la correspondance des degrés de liberté, la qualité et la forme du rendu haptique.
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List of symbols

Symbol Description S

The slip of the motor V r

The velocity of the secondary V s

The synchronous velocity of the motor τ

The pole pitch of the motor, the distance between two neighboring poles M L

The length of the linear motor W s

The slot width W t

The tooth width p

The number of poles K j

The correction coefficient, considering the secondary skin effect. d

The thickness of the secondary δ

The field depth penetration σ 2

The effective conductivity g the physical air gap, the distance that separates the two primaries K c

Carter's coefficient considering the slotted structure of the primary g

The length of the air gap considering the slotting λ

The distance between the centers of two consecutive teeth g e

The effective air gap length k g the correction factor accounting for uninformed of y-component K w

The winding factor K p

The pitch factor K d

The distribution factor θ p

The coil span in electric degrees K w

The winding factor q 1

The number of slots-per-pole-per-phase G Metric used to determine the performance and 'goodness' of ILMs H

The magnetic field intensity B

The magnetic flux density E

The electric field intensity J s

The volume current density of the primary J r

The volume current density of the secondary v

The relative velocity between the primary and the secondary j s1

The complex form of surface current density for the primary j r1

The surface current density for the secondary J sm Amplitude of j s1 m

The number of phases w 1

The number of series turns per phase I 1

The RMS value of the input current S L

The length of the secondary σ s

The effective surface conductivity for the secondary

General Introduction

The means to interact with micro and nano-scales are of a great interest nowadays. Recent advances in micro-technologies and the growing demand for new micro-systems for areas like micro-manufacturing, medicine, biotechnology, characterization of new materials, etc., have emerged, enabling access to these micro-environments, since macro-scale robots and human operators cannot interact directly and access such tiny scales.

However, a significant challenge remains, not only because of the size of the objects that require manipulation with a precise robotic system under a microscope but also because of the unpredictable and complex nature of the interaction forces at these scales. Automated systems at these scales need to be tailored to the nature of each task, which is time consuming and limits the possibilities and ease of task execution.

Teleoperation with haptic feedback seems to be a promising way to interact with the micro/nano-scale. The integration of the human operator into the control loop combines the advantage of the precise machinery and the dexterity of the human operator. To ensure proper teleoperation with haptic interfaces, the following two points have to be addressed:

• The communication between the haptic interface and the slave micro-manipulator should be well established without any latency or loss of information;

• The haptic interface should be designed to meet human haptic perception and to faithfully render to the operator the highly dynamic phenomenon and the large bandwidth of force present at the micro-scale.

The main focus of this thesis will be on the design of haptic interfaces based on Sheet-DSIM (Double-Sided Induction Motors). This type of actuators is capable of having a low inertia forcer1 and still have a large bandwidth of force-something essential to have in HiFi haptic interfaces to increase the transparency and fidelity of the interface and improve the quality of the operated task.

If care is not taken in the choice of the motor design and supply, noise and vibration will hinder and degrade the quality of the thrust, especially in the case when the forcer is thin, lightweight, and with very low inertia.

Two types of Sheet-DSIMs are studied in this thesis:

• The DSLIM (Double-Sided Linear Induction Motor), an induction motor with a short secondary that provides linear thrust. This motor was previously presented for haptic applications [START_REF] Ortega | Linear induction actuators for a haptic interface: A quasi-perfect transparent mechanism[END_REF] and [Weill-Duflos, 2017]; here, we optimize the choice of its design and supply;

• The Axial-DSIM (Axial Double-Sided Induction Motor), a new concept in rotary induction motors that provides and produces high-fidelity torque. In this thesis, we seek to benefit the unique features of these motors by optimizing and increasing their performance, then integrate them into a micro teleoperation chain to properly engage the human operator in the control loop, allowing him to interact with the micro-world with more precision, accuracy, and intuitiveness.

When designing a Sheet-DSIM, some of the particular design challenges include:

• The spatial harmonics of the traveling magnetic field in the air gap of the motor;

• The end-effect, especially in the case of a DSLIM;

• The time harmonics of the supply voltage;

• Critical geometrical and material considerations.

In the proof of concept, when the DSLIM was initially introduced as an haptic actuator [START_REF] Ortega | Linear induction actuators for a haptic interface: A quasi-perfect transparent mechanism[END_REF], unwanted vibrations, heat, and noise were noticed, especially at rated frequencies. Furthermore, as the secondary moves along the air gap, the average force exerted on it changes.

As a first step, in order to understand how to optimize the design of the DSLIM, we dived into the basic principle of operation of the motor and studied the effect of its many parameters. Finite element simulations were performed to study the influence of the design on the magnetic field generation. Several simulations of different designs were performed. The purpose of these simulations is to refine the design choice to improve the shape and distribution of the magnetic field in the air gap of the motor.

In a second step, the experimental challenges were addressed, notably in terms of supplying the motor. The choice of power drive is one of the most critical elements in ensuring effective motor performance. In this part, Several types of drives with various supply shapes were compared, design choices acquired from simulations have been tested and validated, and other considerations have been empirically tuned to minimize the end-effect. Then, both kinesthetic and tactile feedback were rendered simultaneously by amplitude modulating the three-phase supply of the DSLIM.

In a third step, the updated version of the DSLIM and its new drive are embedded into the new version of the planar haptic interface. Various new features have been added, and a new method of tracking the position of the interface has been proposed.
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After a thorough examination and improvement of DSLIM performance, the fourth part introduces the Axial-DSIM, a novel rotary motor concept that works on the same basis as the DSLIM. Its design, as well as its numerous advantages, are clearly explained. The quality of the thrust produced by the Axial-DSIM is very interesting for the interaction with the micro-world due to its low inertia, quick response time, and ability to render both kinesthetic and tactile feedback, and because of its large bandwidth.

Finally, the last part examines some of the main factors to consider when developing a micro-teleoperation chain, such as bimanual teleoperation, the division and matching of degrees of freedom, the quality and types of the haptic rendering.

There are six chapters in this thesis. The first chapter discusses the difficulties of working in the micro and nanoscale. Then shows the interest of having a micro-teleoperation chain with haptic feedback, and the importance of having an ideal haptic interface. This chapter concludes by presenting the advantages of sheet Double-Sided Induction Motors with lightweight and low inertia secondaries. The second chapter is mainly concerned with DSLIM designs. Different motor designs were simulated using Finite Element Analysis (FEA) to optimize design choices to improve the shape and distribution of the field created in the motor gap. The third chapter spouts the practical challenges in supplying the motor. The immediate attention was directed to the shape of the voltage supply of the motor drive. Later, to demonstrate that it is possible to render both tactile and kinesthetic feedback through the amplitude modulation of the three-phase input supply of the motor. The fourth chapter presents the improved version of the planar haptic interface based on the new DSLIM design. The fifth chapter introduces the Axial-DSIM, details its design, and reveals how favorable this motor is for haptics based on the data acquired. The sixth chapter discusses some essential requirements and prospects to consider when designing a micro-teleoperation chain from technical and perceptual viewpoints. Interacting with hostile, remote, virtual, or inaccessible environments via teleoperation with haptic feedback is an interesting robotic technique. For interaction with the micro-scale, this system must be able to recreate the operator's movement at the microscale; it must also be able to render back to the operator the phenomena occurring at the micro-scale via visual and haptic feedback. This chapter discusses the challenges of developing a suitable micro-teleoperation system and the design requirements for haptic interfaces and, more specifically, their types of actuators. 

Benefits and Challenges of Working at the Micro-scale

Direct human manipulation of relatively small objects is not an easy task. The user must be well trained to perform these kind of tasks that are for most of the time exhausting and time consuming. The smaller the objects the harder the task as micro-scale is not accessible directly by human. In addition, the predominant forces at micro and nano-scales are different from that of our scale. At the micro-scale, surface tensions are predominant, the mobility is better and the dynamics is higher [Fearing, 1995]. Precise and accurate robots are needed in order to access the micro-scale, but the complexity lies in controlling the robot to perform the task because the information collected by the microscope alone is not enough to manipulate and predict what might happen during the manipulation of micro-objects where adhesion and surface forces are not negligible. Sensing at micro-scale become so incredibly important because of the uncertainties, sensing will enable us to: detect the state and shape of micro-objects, determine their position and orientation, handle of fragile samples, verify the quality of links, control a task realization, close the loop for control, measure the mechanical properties of the sample, explore and investigate objects.

Fully automated robotic assembly approach requires a fully pre-determined task. To solve this problem, the use of haptic feedback teleoperation seems to be a promising solution as it allows high flexibility and intuitiveness [Ferreira and Mavroidis, 2006a]. As a result, by combining machinery and human skills to complete the task, we benefit from both the machine's precision and the human operator's dexterity. By transferring the desired actions of the operator to the executing machine and by transmitting back through sensory feedback information from the micro-scale, measured by sensors embedded in the manipulating slave robot and rendered by the haptic interface, to the operator (Figure 1.2).

Micro and nano-scale predominant forces

The main challenge in micro and nano-manipulation is to deal with adhesion forces that starts typically to occurs at a distance of several hundred micrometers [START_REF] Gauthier | Analysis of forces for micromanipulations in dry and liquid media[END_REF].

Three main classes of adhesion forces are predominant at the microscopic scale. These forces are [Israelachvili, 2015]:

• The forces of van-der-Waals, forces of attraction and repulsion between atoms and molecules.

• Electrostatic forces, classical Coulomb forces which depend on the charges acquired by the surfaces.

• Capillary forces, whose existence is determined by the humidity conditions of the environment.

Predominant Force Interaction Distance Gravity

Up to infinite range Capillary forces >From a few nm up to 1mm coulomb (electrostatic) forces >0.3 nm Lifshitz-van der Waals 0.3 nm < seperation distance < 100 nm Molecular interactions <0.3 nm Chemical interactions 0.1 -0.2 nm Table 1.1: Forces and their interaction distances [START_REF] Chaillet | Microrobotics for micromanipulation[END_REF].

In addition to the complexity of accessibility due to the very small size of objects, the interaction forces at these scales add to the complexity of a micro teleoperated task. Therefore, having force sensors installed in a micro teleoperation system is critical for providing information about object interactions.

Teleoperation chains

Definition

Teleoperation is a unique way of overcoming the limitations of sensory perception and human manipulation. Teleoperation refers to the use of two systems, designated as master (Haptic interface) and slave (distant robot). These systems are coupled to transfer in real time the efforts and actions. These techniques are used to create access to systems naturally inaccessible by their scales, or distances [START_REF] Bolopion | Haptic teleoperation for 3-d microassembly of spherical objects[END_REF][START_REF] Ferreira | Virtual reality and haptics for nanorobotics[END_REF], Bukusoglu et al., 2008].

Figure 1.2: Bilateral micro-teleoperation; haptic interaction with a micro-environment.

The human operator closes the control loop of a teleoperated system, since in haptic perception the flow of energy is bidirectional, unlike other senses. In addition, touch sensations 8 1.2. TELEOPERATION CHAINS are very sensitive to vibrations [START_REF] Bolanowski | Four channels mediate the mechanical aspects of touch[END_REF] , able to detect very small displacements and faster than the sense of vision [A. Geldard, 1960]. As a result, more "realism" and "presence" occur throughout the task's execution, hence improving its quality.

Particularities of teleoperation chains with haptic feedback

The sense of touch delivers rich and detailed information about an object and when combined with other senses, especially sight, touch dramatically increases the amount of information sent to the brain for processing. The increase in information reduces the time to complete a task, as well as user error. It also reduces the energy consumption and the magnitudes of contact forces used in a teleoperation situation. Teleoperation with haptic feedback is one solution to transmit information intuitively to operators [START_REF] Ferreira | Virtual reality and haptics for nanorobotics[END_REF]. Teleoperation composed of both haptic and visual feedback of the scene enables non expert users to perform complex teleoperated micro-manipulation tasks.

Characterization of a teleoperation chain

The performance of the coupling between the haptic interface and the slave device can be evaluated mainly in terms of transparency and stability. Transparency conditions the quality of the force feedback and stability the safety of the chain. Passivity and telepresence are two notions also frequently used to characterize a teleoperation chain. These two terms are connected to stability and transparency.

Transparency

Figure 1.3: The idealized teleoperator [START_REF] Hayward | Do it yourself haptics: part i[END_REF]. A tool having a given geometry in contact with an object is operated at a distance via the imaginary construct of a massless, infinitely rigid stick. This would be equivalent to holding the tool directly.

Transparency is the first requirement in the design of teleoperation systems with haptic feedback. This criterion influences the quality of the manipulator's manipulation experience-a manipulation that is as transparent as possible resembles a natural feeling. On the other hand, transparency is often attained at the expense of a second performance criterion: stability.

The main objective of an ideal haptic device is to render the true feel of the task performed in the remote environment to the human operator. The haptic interface must then be able to provide an unfaltering, steady, and reliable transmission of signals between the remote environment and the human operator. Ideally, when the operator's hand is free in the virtual environment, the user must not feel the existence of the haptic interface, while when it encounters a solid virtual object or a specific type of texture, the interface should ideally render to the user the real feel of the object in question.
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In recent decades, many types of haptic interfaces have been designed to allow the operator to manually interact with remote systems. Over time, the quality of haptic interfaces has improved significantly thanks to the advancement of technologies in all areas: mechanical, electrical, software, etc. For example: position sensors have become much more accurate in reading positions, increasing feedback resolution in control loops, thus positively affecting the accuracy and dynamics of positioning and speed control.

Providing a high fidelity haptic sensation to the operator, requires a system that covers the haptic sense in human perception. The mechanical design along with the actuators, the sensors, and the control system must be precise and quite fast in acquiring and rendering information. In short, an ideal haptic interface must be capable of producing controllable forces that correspond to all the bandwidth of human haptic perception.

Stability

The second primary criterion for measuring coupling performance is stability. This is a necessary condition for a teleoperation system to be functional and usable. An unstable system would risk entering into uncontrolled oscillations and could injure the user or damage the objects manipulated.

A system is said to be BIBO stable if its output tends to a finite limit for any bounded input. There are several criteria for determining a system's stability. The Nyquist and Revers criteria are the most commonly used, and they are applied to the transfer function of the system in open-loop. Other algebraic criteria can be used, such as the Routh-Hurwitz or Jury criteria. More information is available in [Ostertag, 2004] for the continuous case and in [Ogata, 1995] for the discrete case. This approach provides both necessary and sufficient conditions for stability, but it requires knowledge of the model of the interactions between the tool and the environment.

Passivity

Passivity and network theories are the main methods used to analyze the stability of bilateral teleoperation. The total energy applied to a passive system must be positive. In order to ensure passivity, the output energy of the system should be less than the input energy.

Passivity general assumptions:

• All passive systems are stable;

• Not all stable system are passive;

• Passive systems are not limited to linear systems;

• By assumption the human operator is considered passive;

• Multiple passive systems can be connected and the resulting system is still passive;

• Almost all the object present in the environment are passive.

The passivity property is particularly appealing since minimal knowledge is required about the human-operator and environmental dynamics other than being passive systems. The passivity of the latter systems guarantees the passivity of the overall teleoperation system, since the interconnection of passive systems is also passive [Micaelli, 2002]. 

Telepresence

Telepresence refers to a set of technologies that allow a person to feel as if he is present or to give him the appearance of being present at the remote place [Lichiardopol, 2007]. Telepresence is an important feature; whose goal is to immerse the operator while performing the teleoperated task.

A teleoperator must transfer the desired actions from the operator to the executing machine (slave) and transmit to the operator via the haptic interface (master) the sensory information collected by various sensors embedded on the device and those present at the remote site. All this should ideally be done with a very good resolution and without time delay to ensure the proper conduct of the task by properly immersing the user. Thus, a synergy between the user (human operator) and the machine (robot) is essential. The capability of the executing device has a significant impact on the nature of the humanmachine interaction and control-command strategies. The technology used in the system must be accurate and able to communicate information in real-time between the master and the slave to produce effects of "realism" or "presence" while performing a task.

Haptic coupling stability is highly sensitive to time delays. The transparency and stability are not guaranteed in the presence of significant time delay, even if the passivity conditions for the micro-teleoperation were satisfied. The whole system should thus be designed to minimize the communication time delays.

Micro-scale teleoperation with haptic feedback 1.3.1 Main challenges

Micro-teleoperation with haptic feedback brings together several areas of research. Each has its own set of challenges. All of the system's blocks must be in sync with one another in order to ensure a well-established, transparent, and stable micro-teleoperation system. The challenges at the level of the master device include:

Human

• The design of high fidelity transparent haptic devices. The requirements for an ideal haptic interface are presented in one of the following sections of this chapter.

• The Human Machine Interaction (HMI) and the operator's work-space, which must be designed to facilitate and make the manipulation more comfortable.

The challenges at the level of the slave micro-manipulator include:

• The positioning precision and speed. Ideally, the actuator must have a nanometric resolution with a speed of several millimeters per second on displacements of several centimeters.

• The design of micro and nanoscale force sensors to measure with utter precision the interactions between the manipulator and the environment.

Finally, the communication between the master and slave devices where the control takes place must be fast so that there is no delay and reliable during exchanges and scaling to avoid instabilities. The communication must therefore be reliable and in real-time to ensure a realistic experience during manipulation.

Literature review in Nano/Micro-teleoperation

The first teleoperation chain appeared at the end of the 1940s. In the 1990s, the emergence of AFM opened the way for micro-teleoperation. Numerous research works have since been carried out on the design of teleoperation chains for small scales. The following three tables review the literature on nano and micro-teleoperated systems with haptic feedback. This literature is based on the work of [Mohand Ousaid, 2013], [Weill-Duflos, 2017], and [START_REF] Pacchierotti | Haptic feedback for microrobotics applications: A review[END_REF]. The master device of each teleoperation chain (the haptic interfaces) and the sensors used in its slave device are presented.

Title / Reference

Haptic interface Sensor

Direct coupling system between nanometer world and human world. [START_REF] Hatamura | Direct coupling system between nanometer world and human world[END_REF] System with a double handed bilateral joystick mechanism Needle (strain gages force sensor)

Toward a tele-nanorobotic manipulation system with atomic scale force feedback and motion resolution. [START_REF] Hollis | Toward a telenanorobotic manipulation system with atomic scale force feedback and motion resolution[END_REF] Magic Wrist (an active magnetic levitation system) STM Tele-nanorobotics using an atomic force microscope as a nanorobot and sensor. [START_REF] Sitti | Tele-nanorobotics using an atomic force microscope as a nanorobot and sensor[END_REF]] Teleoperated touch feedback from the surfaces at the nanoscale: modeling and experiments. [START_REF] Sitti | Teleoperated touch feedback from the surfaces at the nanoscale: modeling and experiments[END_REF] Custom made 1-degree-of-freedom haptic device AFM Development of a teleoperated micromanipulation system with visual and haptic feedback. [START_REF] Ferreira | Development of a teleoperated micromanipulation system with visual and haptic feedback[END_REF] Custom made 2-degrees-of-freedom two-fingered teleoperated hand mechanism AFM AFM-based micro force sensor and haptic interface for a nanohandling robot. [START_REF] Fahlbusch | Afm-based micro force sensor and haptic interface for a nanohandling robot[END_REF] Freedom haptic device AFM Haptic Interface for a Microrobot Cell [START_REF] Shirinov | Haptic interface for a microrobot cell[END_REF] HIMiC haptic device 6-axis force/torque sensor 

Study title Haptic interface Sensor

Interface haptique pour nanomanipulateur AFM [Pierre Letier, 2003] Custom made 3-degrees-of-freedom haptic device AFM Force sensing microinstrument for measuring tissue properties and pulse in microsurgery [START_REF] Menciassi | Force sensing microinstrument for measuring tissue properties and pulse in microsurgery[END_REF] Phantom (commercial 3-degrees-of-freedom haptic device) microprobe with semiconductor strain gauges

Force feedback interface for cell injection. [START_REF] Pillarisetti | Force feedback interface for cell injection[END_REF] Phantom (commercial 3-degrees-of-freedom haptic device) PVDF (piezoelectric force sensor)

Realistic visual and haptic rendering for biological-cell injection. [START_REF] Ammi | Realistic visual and haptic rendering for biological-cell injection[END_REF] Phantom (commercial 3-degrees-of-freedom haptic device)

Vision-based biomembrane pseudo force rendering Force-feedback micromanipulation with unconditionally stable coupling.

[ [START_REF] Venture | Forcefeedback micromanipulation with unconditionally stable coupling[END_REF] control wheel attached to a DC motor AFM Augmented reality user interface for an atomic force microscope-based nanorobotic system. [START_REF] Vogl | Augmented reality user interface for an atomic force microscope-based nanorobotic system[END_REF] Phantom (commercial 6-degrees-of-freedom haptic device)

AFM

Wave-based passive control for transparent micro-teleoperation system. [START_REF] Boukhnifer | Wave-based passive control for transparent micro-teleoperation system[END_REF] Custom made 1-degree-of-freedom haptic paddle

Piezoelectric microgripper

Task-based and stable telenanomanipulation in a nanoscale virtual environment. [START_REF] Kim | Task-based and stable telenanomanipulation in a nanoscale virtual environment[END_REF] Omega (commercial 3-degrees-of-freedom haptic interface) AFM A physically-based haptic rendering for telemanipulation with visual information: Macro and micro applications. [Jungsik [START_REF] Kim | A physically-based haptic rendering for telemanipulation with visual information: Macro and micro applications[END_REF] PHANToM Omni (commercial haptic interface)

Vision-based force estimation

Haptic coupling schemes for nanoscale teleoperation. [Bolopion, 2010] Omega (commercial 3-degrees-of-freedom haptic interface)

AFM gripper

Haptic controlled three-axis MEMS gripper system. [START_REF] Vijayasai | Haptic controlled three-axis mems gripper system[END_REF] Novint Falcon (commercial 3-degrees-of-freedom haptic interface) [START_REF] Ousaid | A stable and transparent microscale force feedback teleoperation system[END_REF] Custom made 1-degree-of-freedom haptic interface

Customized force sensor

Evaluation of an electromagnetic system with haptic feedback for control of untethered, soft grippers affected by disturbances. [START_REF] Ongaro | Evaluation of an electromagnetic system with haptic feedback for control of untethered, soft grippers affected by disturbances[END_REF] Omega.6 (commercial 6-degrees-of-freedom haptic device)

Tracking algorithms

Haptic-based manipulation scheme of magnetic nanoparticles in a multi-branch blood vessel for targeted drug delivery. [START_REF] Hamdipoor | Haptic-based manipulation scheme of magnetic nanoparticles in a multi-branch blood vessel for targeted drug delivery[END_REF] PHANTOM Omni (commercial haptic device)

MPI (Magnetic Particle Imaging)

High fidelity force feedback facilitates manual injection in biological samples.

[Mohand- Ousaid et al., 2020] Custom made 1-degree-of-freedom haptic interface

Customized force sensor

Haptic Remote Control Interface for Robotic Micro-Assembly at Low Frequency. [START_REF] Sakr | Haptic remote control interface for robotic micro-assembly at low frequency[END_REF] Active Tweezers Microgripper Table 1.4: summary of teleoperative tasks performed at the nano/micro-scale with Haptic feedback (Part three).

All of these studies demonstrate the importance of haptics in micro-teleoperation tasks. Transparency, on the other hand, did not receive much attention. The haptic interfaces used in the majority of these studies are commercial. These interfaces have mechanical backlash, significant inertia, and friction that obscures some information. The interfaces prioritize stability and robustness over transparency. This reduces the transparency performance of the entire teleoperation chain as well as the user's perception.

In summary, few state-of-the-art systems propose teleoperation chains based on transparency because they focus on stability. As a result, these systems are unsuitable for realworld applications requiring transparent and stable manipulation at small scales. 

Haptic interface design requirements 1.4.1 Introduction

Nowadays, the field of haptics is growing rapidly, research on haptics has increased dramatically now that, the applications of haptic interfaces are found in a large range of areas including: teleoperation, rehabilitation, education, games, arts, sciences, etc. However, the mechanical structure of most existing interfaces limits the transparency and rendering of haptic interactions. Body-based haptic devices and non-intrusive haptic interfaces with different stimulation technologies as wearable haptic devices and non-contact haptic devices offer high levels of transparency in free movement yet, they do not provide enough spacial force resolution and intensity [START_REF] Tsalamlal | Non-intrusive haptic interfaces: State-of-the art survey[END_REF]. Their inability to generate a real kinesthetic feedback is their main drawback. Interfaces without force feedback are not ideal for manipulation. Other studies and works have addressed these constraints and maximized the transparency of ground-based devices by adopting a complex mechanical design and an advanced dedicated control system to lower the intervening dynamics and friction of the device for a high fidelity transmission and rendering of absolute forces and torques. But nevertheless, the price of these ground-based interfaces is exceedingly high and their maintenance is expensive.

In other works, good transparency has been achieved using a complicated mechanical design whose objective is to lower the apparent inertia of the interface handle; however, the interface was limited to one rotational degree of freedom [START_REF] Millet | The ultimate haptic device: First step[END_REF].

High levels of transparency are required especially when the interface is dedicated for micro-manipulation tasks. The interface should be able to provide force feedback from the micro-scale forces that arise during the assembly process without masking the perception of highly dynamic phenomena. These information are important to the human somatosensory system to predict the circumstances of the environment for accomplishing the task.

Human haptic perception

Knowledge gained on human haptic perception helped to understand how to develop and improve the design of haptic interfaces. Increasing the synergy between the human operator and the interface increases the quality of the performed task by ensuring very good exchange of information.

The human haptic perception relates to two cognitive senses the tactile sense and the kinesthetic sense and both are very important for manipulation, exploration, and locomotion [START_REF] Hayward | Haptic interfaces and devices[END_REF], Craig and Rollman, 1999, Perez and Santís-Chaves, 2016].

• Tactile sense: The tactile sense refers to perceptions of texture, pressure, vibration and temperature, it is related to tactile mechanical receptors located at the level of the skin [Kern, 2009]. Tactile sensations are usually stimulated by vibrations. For instance, at the finger level, where the discrimination resolution is high, frequencies up to 1 KHz with 1 µm displacement can be detected [T. [START_REF] Verrillo | [END_REF].

• Kinesthetic sense: The kinesthetic sense refers to the perception of the body in space and muscular effort through receptors located in the muscles, tendons, skin and joints [START_REF] Clark | The contribution of articular receptors to proprioception with the fingers in humans[END_REF]. The kinesthetic sense is usually stimulated by exercising a force feedback to the user to recreate an object.

These two senses are generally addressed and treated separately, that's why there are typically two types of HIs; tactile interfaces and kinesthetic interfaces. stimuli are important and essential for human perception, this division is neither intuitive nor effective. In recent years, given the importance of simultaneously stimulating both tactile and kinesthetic senses, HIs that activate both senses started to appear [Zeng et al., 2010a, Sato et al., 2007, Fritschi et al., 2006].

Technical and design requirements of an ideal haptic interface

An ideal haptic interface should be designed to meet human haptic perception and to faithfully render and scale forces without any distortion. The transmission of signals between the remote or virtual environment and the human operator must be unfaltered, steady and reliable. The fidelity of an haptic interface is increased by the increase of its transparency, which is obtained when the haptic signals rendered by the device are not distracted or scrambled by its mechanical dynamics.

The choice of the actuator should be based certainly on its high performance and the sensor on its high resolution, also there integration must keep haptic distortion so small. In other words, there integration must not destruct the motion of the haptic handle by adding friction, inertia and mechanical singularities.

To read the state of the device many advanced tools are already in existence (magnetic encoders, lasers, fast cameras, etc.) and they can measure the position without destructing the motion of the haptic handle or adding weight to it. The output of the interface, the force feedback, is in general more difficult to achieve especially when high fidelity is required.

In general, haptic interfaces are selected according to the type of application and the predominant factor in this selection is the type and characteristics of its actuators. For instance, haptic devices that are able to produce high forces will not normally be capable of producing very small and precise forces. The actuator in this case will be relatively large and massive as a result its large inertia will mask the perception of small forces. And small motors with low inertia, on the other hand, would be able to produce small and precise forces, but not large forces due to its small size. .6: Robotic Haptic interface design, actuation, sensing and control to "read and write" from the human hand. The effect of the dotted arrows has to be minimized in the design of an haptic devise, meaning that the mechanical design must not mask the small and fine forces generated by the actuators, and reading the position of the device must not disturb its state.

The following are the sets of requirements that characterize an ideal haptic interface:

• Low inertia

• Low friction

• Zero backlash

• Large force bandwidth

• High structure stiffness

• High structure stiffness Its interaction with humans is what gives this device such specificities, thus a lot of attention should be dedicated to the design a such device because its demands are often discordant.

Electric actuators for ground based haptic devices

Most force-feedback haptic interfaces available today include an electric actuator. Electric actuators can be found under so many types, and there are so many ways in which they could be classified. In Figure 1.7, we classified the most popular electric actuators into two: induction actuators and electromagnetic actuators.

What distinguishes induction motors from electromagnetic motors is that the magnetic field of the rotor in an induction motor is induced by the magnetic field generated by the stator, whereas in electromagnetic motors, the interaction between the stator and the rotor is often an interaction between electromagnets / permanent-magnets or electromagnets / electromagnets.

The permanent-magnet brushed DC motor is the most popular type of actuators and the most commonly found in commercial haptic interfaces. The second type of motor that starts to attract the attention of haptic interface designers is the brushless dc motor. The third type that is also appealing for haptics in designing force-feedback haptic interfaces is sheetinduction actuators. However, for the time being, they are not receiving much attention and

are not yet incorporated in commercial haptic interfaces.

In this section the specificities of these types of motors and the considerations that must be taken into account when selecting the actuator are discussed.

Permanent-magnet brushed DC motors

Permanent-magnet brushed DC motors types outperform other brushed DC types in terms of efficiency. They are more compact, lighter, more efficient, and more reliable. The advent of high-intensity permanent magnets, such as neodymium magnets, allowed the construction of compact, high-power motors without the additional bulk of field coils and excitation mechanisms.

The emf in a DC motor's coil (the voltage applied to it minus the voltage lost on its resistance) is proportional to the rotational speed, and the torque is proportional to the current.

The following are the main features that made Permanent-magnet brushed DC motors appealing for haptics:

• The motors are readily available in many sizes, the size of the motor can be chosen according to the application, and the least expensive compared to other types of motors.

• The torque being proportional to current, makes this type easy to control and suitable for impedance control applications.

• The motors have compact designs and are easy to install and easy to use.

• Flexible performance, and high efficiency.

However, some of their drawbacks include the following: 18 1.5. ELECTRIC ACTUATORS FOR GROUND BASED HAPTIC DEVICES

• Brushed DC motors are internally commutated, internal commutation causes toque ripples, which can be felt, especially when a high torque is applied at low speeds (which is the case with haptic interfaces). Carbon brushes may help mitigate the effect by smoothing the transition between commutations and reducing ripples. Brushes wear out over time and must be replaced; thus, proper and timely maintenance is required to extend the motor's lifespan.

• The torque bandwidth of the motors depends on the size and inertia of their rotors. Small motors with low inertia rotors can produce low toques with high dynamics but cannot produce large torques. On the other hand, large motors with large inertia rotors can produce large torques but cannot produce low and fine torques. The required running toque is an essential factor in selecting the motor size. A small change in load characteristics can result in a significant change in the running toque.

• Iron-rotor brushed DC motors suffer from problems of cogging1 and inertia. The iron in the rotor increases the inertia and mass of the rotor, and the magnetic attraction between the rotor's steel teeth and the stator's permanent magnets causes the cogging to appear as a jerky motion, especially at slow speeds. Cogging limits the smoothness of torque for systems using iron-core motors. In contrast to iron-cored brushed DC motors, the rotor of an iron-less brushed dc motor is made of self-supporting, skew-wound coils. The lack of iron in the rotor makes it lighter, suitable for high-performance drives with low inertia, and because ironless motors are designed without steel teeth, cogging is eliminated, allowing the motors to reach smoother, more uniform torques. Iron-less motors also offer good acceleration due to their low mass moment of inertia. Iron-less brushed DC motors are more suitable for haptics due to their low inertia and lack of torque ripples and cogging.

Brushless DC motors

Brushless DC motors (BLDC) are synchronous machines that include permanent magnets in their rotor. Brushless DC motors have several advantages over brushed DC motors, including a higher torque-to-weight ratio, increased efficiency (producing more torque per watt), increased reliability, reduced noise, longer lifetime (due to the elimination of brush and commutator erosion), reduction in electromagnetic interference, etc.

Although it is often called a brushless DC motor, it is not directly powered by a direct current; instead, it is usually controlled with a conventional trapezoidal switching bridge supplying its three phases. This technique replaces mechanical switching with electronic control.

Brushless DC motors have a trapezoidal back-emf due to a trapezoidal concentrated winding distribution. However, when the windings are distributed and the motor is supplied with a sinusoidal three-phase supply, the back-emf becomes sinusoidal; in this case, the brushless motor is called a Sine-wave-wound Permanent Magnet Synchronous Motor (PMSM).

Here are some insights and specifications about brushless motors for their use in haptics

• Require a specific controller; cannot be powered directly by DC. Using a FOC (Field Oriented Control) drive instead of a trapezoidal six-step drive will be perfectly adapted for haptics because it smoothes the output torque and reduces noise and cogging.

• Require a high-resolution sensor to obtain the angular position because, in order to convey the required amplitude and direction of the torque, it is necessary to know the angular position of the rotor.

• The iron-less version of these motors, where the windings of the stator do not have an iron core, are particularly interesting for haptics because there will be no cogging due to the lack of attracting forces between the coils of the stator and the magnet assembly of the rotor.

• Brushless motors could also be designed to directly provide a linear thrust (force).

In linear motors, the stator usually consists of permanent magnets and the secondary (moving part) of windings. That topology is particularly interesting for haptics because if the windings are core-less, the lack of an iron core in the moving secondary reduces its weight and inertia, eliminates cogging, and increases the dynamics. As the power electronics technology that drives brushless motors advances, brushless motors are becoming increasingly appealing for a wide range of applications, particularly in robotics. These motors are not yet widely utilized in designing kinesthetic interfaces, but given their advantages and the advancements in their control technology, it is very likely that the next generation of kinesthetic interfaces will be based on this type of actuator.

Induction motors

Three-phase squirrel-cage asynchronous AC induction motors are extensively used in industry because they are self-starting, simple, reliable, and economical. In an induction motor, there are no electrical connections to the rotor, and the motor does not require the use of permanent magnets. The electric current in the rotor needed to produce torque is obtained through electromagnetic induction from the rotating magnetic field generated by the stator windings. Compared with brushed DC motors, induction motors can be designed to give substantially higher output ratings with lower weights and lower inertia and do not have problems associated with the maintenance of commutators and brush gears.

Induction motors do not suffer / or suffer very little from cogging problems. Therefore at no speed or very low speeds, when torque is conveyed, there will be no ripples, and the toque does not change in function of the angular position of the rotor. Since the secondary part is just a conductor that does not require external electrical connection and does not have permanent magnets, as a result of this advantage, the secondary of an induction motor could be designed to have a very low weight and inertia, which is especially manifest in the case of a double-sided sheet induction motors (Figure 1.11 (b) and (c)).

The low inertia of the conductive secondary in an induction motor, as well as the fact that no contact is required to induce a force on it, are intriguing for haptics because they would help increase the dynamics of the motor, broaden the force bandwidth, and improve thrust resolution. 

Induction-based haptic devices

Only few induction-based interfaces have been developed (not commercialized), and not all are based on induction motors; some are designed based on permanent magnets Eddy-current couplers. The primary motivation behind the design of these induction-based interfaces is to reduce the apparent inertia in order to improve the transparency and increase the quality of the haptic rendering. In [START_REF] Ortega | Linear induction actuators for a haptic interface: A quasi-perfect transparent mechanism[END_REF], Figure 1.12 (b), a proof of concept planar haptic interface was designed based on DSLIMs (Double-Sided Linear Induction Motors) with thin and lightweight secondaries.

In [START_REF] Noma | The proactive desk: A new haptic display system for a digital desk using a 2-dof linear induction motor[END_REF], Figure 1.12 (c), and [START_REF] Yoshida | Proactive desk ii: Development of a new multi-object haptic display using a linear induction motor[END_REF] a planar haptic interface was designed based on a single-sided 2 DoF induction motor. The system provides twodimensional force feedback on a forcer placed on a desktop surface located on top of the motor's primary.

In [START_REF] Millet | The ultimate haptic device: First step[END_REF] and [START_REF] Mohand-Ousaid | Haptic interface transparency achieved through viscous coupling[END_REF], Figure 1.12 (d), a 1 DoF rotary haptic interface is presented. The interface consisted of two motors, a large and a small one; the two motors are connected by an Eddy-current coupler that masks the inertia of the larger motors. The large motor rotates two magnet-carrying discs around a low inertia conductive disc that is linked to the shaft of the smaller motor and the handle of the interface. This dual stage interface was explicitly designed for interactions with the micro-world, a use-22 1.7. THESIS MAIN OBJECTIVES case where a transparent and dynamic haptic interface is required for precise and reliable tele-micro-manipulation.

In [START_REF] Ge | A high bandwidth low inertia motor for haptic rendering based on clutched eddy current effects[END_REF], a similar Eddy-current based 1 DoF rotary haptic interface was also presented but with the added specificity of modulating the torque by changing the relative angular position between the two spinning magnet-carrying discs.

The emphasis and focus of this thesis is on DSIMs (Double-Sided Induction Motors). First and foremost, the aim is to improve the design of DSLIMs with short-secondaries and their drive. Second, we present the axial double-sided rotary sheet induction motor, and we demonstrate how intriguing this actuator is for haptics due to its advantages over Eddy-current couplers.

Thesis Main objectives

The main objective of the thesis is to exploit the full potential of DSIMs with sheet secondaries in order to design high-fidelity haptic interfaces for micro-teleoperation. The thesis objectives can be categorized into four parts:

• The first objective aims at improving and optimizing the design and system drive of DSLIMs with short and lightweight secondaries. Two chapters have been dedicated to this part.

• The second objective aims at investigating the feasibility of rendering both kinesthetic and tactile stimuli concurrently using the same operating principle of the motor without the use of an independent vibrator.

• The third objective is to design an axial rotating DSIM capable of providing high fidelity haptic feedback. The idea was inspired/motivated by the outcomes of the first two objectives.

• The fourth objective aims mainly at finding ways to integrate the DSIMs into haptic devices, and at proposing solutions to challenges in designing micro-teleoperation chains in ways to facilitate the interaction with the micro-scale and to guarantee a save, reliable, and intuitive interaction.

Thesis outline

Having introduced the main objectives of this thesis. A broad outline of the following chapters is presented below:

Chapter 2 Introduces the DSLIM, its operating principle, and the essential parameters that need to be considered in its design. In addition, Finite Element Analysis (FEA) of different motor designs was carried out to optimize the design choices to improve the shape and distribution of the field. Chapter 4 Presents the planar interface V2, a frictionless 3D planar haptic interface based on shifted DSLIMs with a double-layer winding design and overlapping coils. In this chapter, a new interesting tracking method to track the position of the interface is presented.

Chapter 3

Chapter 5 Introduces the Axial-DSIM (Axial Double-Sided Induction Motor), an axial rotary induction motor with a sheet conductor secondary. The operating principle of this motor is the same as that of the DSLIM. Therefore, the elements studied in Chapters 2 and Chapters 3 are also beneficial for the design of this motor. The torque given by this motor is also very interesting for haptic applications because of its low secondary inertia and simplicity.

Chapter 6 Addresses some key elements to consider when designing a microteleoperation chain, such as the two-handed teleoperation, the division and matching of degrees of freedom, the quality and form of the haptic rendering, etc.

Chapter 2 Double-sided linear induction motors (DSLIMs) with short, thin, and lightweight secondaries are interesting for applications where the effects of weight and inertia are not desired. Moreover, no contact or guidance is necessarily required in the transmission of the force, which makes this motor interesting for haptics to increase the transparency of the interfaces. However, much attention in the design is required to get the best performance out of it. This chapter focuses on the motor's design and how it affects the shape and distribution of the magnetic field generated by the primaries of the motor.

Design of short-secondary DSLIMs

INTRODUCTION

Introduction

A DSLIM with short thin and lightweight secondary is interesting for applications were the effect of weight and inertia are not desired. The absence of gears, the lack of rotary to linear conversion types of equipment, and the low inertia of the secondary make the motor remarkably interesting for haptics for force feedback rendering. Haptic interfaces based on this type of motor would render forces to the human operator (HO) with higher precision and transparency. However, attention must be paid to the design and control of DSLIMs with light-weight short secondaries because the low inertia of these secondaries makes them vulnerable to noise and vibrations.

There are mainly two types of Linear Induction Motors (LIMs): the Single Sided Linear Induction Motor (SLIM) and the Double Sided Linear Induction Motor (DSLIM). Compared to a SLIM, the DSLIM has:

• Twice the magnetic flux density in its air gap, therefore the thrust is higher

• No normal attractive force between the primary and the secondary, because the secondary is homogeneously non-ferromagnetic and not backed with an iron sheet as in the case of a SLIM [Gieras, 1994] Upper primary

Lower In general, compared to Rotary Induction Motors (RIMs), LIMs main drawbacks are the poor power factor and efficiency as they produce less thrust for the same electrical power. This disadvantage is primarily due to two aspects:

• One aspect comes from the effect of the large air gap, since LIMs have larger air gaps than conventional RIMs

• The other aspect is the end-effect, which restricts the motor's performance, especially at high speeds [Yamamura, 1979] However, the merits of direct propulsion and simple construction make DSLIMs remarkable for a large variety of demanding applications, including transportation, conveyor systems, etc.

Conventional RIMs are arranged in an endless loop, whereas DSLIMs have a finite primary or secondary length. And depending on whether the primary or secondary is shorter, DSLIM can have a long secondary or a short secondary (Figure 2.1). In each case, the primary or secondary can be the moving part.

This study focuses on DSLIMs with fixed primaries and short moving secondaries because, with this configuration, the secondary could be very thin, lightweight, and of low inertia. The objective is to increase the motor's efficiency and ensure a smooth force rendering over a wide bandwidth ranging from a few milli-newtons to several newtons.

When designing a DSLIM, some of the particular design challenges include:

• The spatial harmonics of the traveling magnetic field.

• The end-effect and other critical geometrical and material considerations.

• The time harmonics of the supply voltage.

The key design considerations that influence the shape and distribution of the traveling magnetic field are:

• The winding design of the motor, the number of phases, and the slotting geometry.

• The numbers of poles and length of the primary/secondary.

• The shape of the input supply.

The shape of the moving magnetic field should ideally be sinusoidal, with an amplitude uniformly distributed over the entire air gap distance.

This chapter is primarily concerned with the shape and distribution of the traveling magnetic field in the DSLIM's air gap, which has a significant impact on the rendered force quality.

Case study

When this motor was first introduced as a haptic actuator, vibration, noise, and temperature rise accompanied the generation of the force induced on the secondary [START_REF] Ortega | Linear induction actuators for a haptic interface: A quasi-perfect transparent mechanism[END_REF]. These vibrations were particularly detrimental because they degraded the quality of the rendered force, and their effect becomes much more annoying when running the motor at its rated frequency.

The operating frequency was then set at 660 Hz to mitigate vibration, noise, and heat that the secondary suffers at lower frequencies when thrust is at its highest1 . As a result, its operation was limited to generating low forces, thus reducing the motor's full potential.

The thinness of the secondary and its low inertia make it easily prone to noise and vibration. The goal of this research is to find the underlying causes of these undesired 28 2.3. PRINCIPLE OF OPERATION vibrations, noise, and heat and eradicate them in order to obtain a much smooth and reliable force over a larger bandwidth.

Because the traveling magnetic field is the primary cause of any movement caused by it. It was only reasonable to begin the inquiry by examining the impact of the motor's design on the shape and distribution of the field. To further examine later, what effect does the field's shape have on the rendered force.

In this chapter, the operating principle of the motor and the essential parameters to be considered in the design are presented and discussed. Then, different FEAs (Finite Element Analysis) were performed to visualize the shape and distribution of the magnetic field in the air gap between the two primaries of different motor designs. The operating principle of the DSLIM and the simulations helped us a lot in making and refining design choices to improve the shape of the field and its distribution.

Principle of operation

To illustrate the principle of operation of the motor it is inevitable no to mention the simple experiment demonstrating the effect between a magnet and an aluminum foil.

Aluminum is not ferromagnetic; therefore, if the magnet is kept motionless near the foil, there will be no attraction between them; however, by moving the magnet close to the foil, the foil will be dragged in the same direction as that of the magnet. When the primaries of the DSLIM are fed with three sine waves with a phase shift of 120 degrees, a time-traveling magnetic field B is generated in the air gap. When the field passes through the conducting material, the aluminum plate, it causes a magnetic flux Φ B .

The change in magnetic flux induces an emf (Electromotive force) in the material according to Farady's law of induction.

ε induced = - d Φ B dt (2.1)
The current induced in the conductive plate is given by Ohm's law, since the conductive material has some resistance R. In turn, the induced current also called Eddy current generates another magnetic field according to Ampere's law, which itself has a magnetic flux. This induced magnetic flux opposes the change in the original magnetic flux caused by the primaries of the motor. This is given by Lenz's law which states that the induced currents flow in such a way that they create a magnetic field that opposes the change that produced them. The direction of the induced current can be determined using the right-hand rule, the thumb is pointing in the direction of the magnetic field generated by eddy currents, the curling of the four other fingers reveals the direction of the current. (figure 2.3).

I induced = ε induced R = - 1 R × d Φ B dt (2.2)
The magnetic field then acts on the mobile particles, the conduction electrons, of the conductor which transmit integrally, to the structure, the resultant of Lorentz forces which they undergo. The force of Lorentz is the force that a moving particle experiences when it enters an electromagnetic field. And the consequent of the Lorentz forces exerted on the mobile charges of the moving conductor is known as the force of Laplace. The law of Laplace states that "A conductor through which current flows and placed in a magnetic field is subject to a force."

F Laplace = f i = q i v e × B (2.3)
f i corresponds to the sum of the Lorentz forces exerted on the moving electrons, q the charge value of the electron (q < 0), v represents its velocity, and B represents the magnetic field generated by the primaries of the motor. The force of Laplace is perpendicular to the plane containing q v and B, its direction is determined by the rule of the right hand fingers, the thumb points in the direction of q v which corresponds to the direction of the induced current, the first finger points in the direction of the magnetic field, and the second finger points in the direction of the force (Fig. 2.3).

The magnetic field in the motor's air gap should ideally be purely sinusoidal, with no harmonic content, spikes, or other irregularities. Because the latter can potentially deteriorate force quality, reduce efficiency, and contribute to the production of unwanted vibrations, auditory noise, and heat, especially when the plate is thin and lightweight. 

Motor parameters

The linear induction motor has various parameters and winding configurations, most of which are discussed in this section. To guarantee that the application's requirements are met, the winding design and the many parameters must be adequately designed and selected. The goodness factor is a metric used to determine the performance of LIMs [Laithwaite, 1966], [START_REF] Nasar | Linear motion electric machines / S. A. Nasar, I. Boldea[END_REF].

G = 2vµ 0 στ 2 d AL πg (2.4)
G is a powerful variable in the design by reason of considering geometrical variables as τ (the pole pitch), d AL (secondary thickness), g (the air gap fringing) along with the secondary conductivity σ and the frequency v. As the value of G increases, the performance of the motor gets better. However, relying only on G isn't sufficient to design a motor, because it doesn't provide any information about the shape of the magnetic field and its distribution. The finite element method (FEM) is now the preferred way for optimizing design choices in electric motors. This method assists in minimizing the number of physical prototypes and facilitates the development of a motor well suited to the application in which it will be used.

The air gap of the motor

The width of the air gap g has a very important effect on the force output and the efficiency of the motor. When the length of the air gap increases the efficiency and thrust decrease. The goodness factor is inversely proportional to the length of the air gap. Thus, the air gap must be as small as is mechanically possible. Smaller the air gap, better the performance and thrust.

The pole pitch of the motor and the number of poles

The pole pitch τ is also a parameter that influences the performances of the motor. One pole pitch is equal to 180 electrical degrees. According to the expression of the goodness factor if τ increases, G increases. But this will not always improve the efficiency because while varying τ , other effects may increase.

In the case of a DSLIM with a short secondary it is essential to pay attention to this parameter and its relationship to the secondary length, especially if one of the goals is to lower the secondary mass. Shortening the secondary length to minimize the its mass has drawbacks, particularly if vibrations are to be avoided. The secondary length should not be less than 2τ at the very least. To illustrate this with a simple experiment, a Halbach array of magnets was experimented with, with several plates of different lengths. The Halbach array arrangement produces a sinusoidal magnetic field along the array, as shown in Figure 2.5.

When a plate with a length less than τ is moved, ripples are felt and are very perceptible. But as the length of it increases, the ripples become less noticeable. In the case of an induction motor, if the secondary is shorter than 2τ , vibrations will be felt because the magnetic field travels with frequencies of the order of 60Hz and more. This effect is associated to the end-effect due the finite length of the secondary. As the secondary length increases to encompass a infinite number of poles, the end-effect will go away entirely [START_REF] Kirtley | The end effect in short secondary linear induction motors[END_REF].

On the side of the primaries, another critical consideration related to the number of poles is the magnetic field distribution along the air gap. Because if, for example, the number of poles is very small, the magnetic field amplitude will be more significant in the center along the air gap and weaker toward the extremities. This point will be discussed and addressed in the following sections of this chapter.

The Secondary thickness and conductivity

The secondary thickness plays a vital role in the performance. The thicker the reaction plate, the higher the goodness factor. But if the non ferrous secondary is very thick this results in a larger air gap which is not recommended for the good performance of the motor. In the case of a Double Sided Linear Induction Motor whose secondary is nonferrous it is recommended to keep a small thickness secondary with a small air gap. That falls into our advantage because we want to have the minimum weight possible in the secondary (the moving part). The material's conductivity also has a vital role; the higher the conductivity, the higher the goodness factor, and the lower the secondary losses. Indeed, if the conductivity increases, the induced current in the secondary increases, which results in a higher thrust.

The standard depth of penetration δ is the depth at which eddy current has decreased to 1/e of the surface density. δ is given by The secondary thickness should therefore not greatly exceed δ, especially if one of the requirements is to reduce the inertia of the secondary. Consequently, to achieve the requirements needed for the application without compromising efficiency, the secondary thickness, operating frequency, and air gap width must all be set appropriately.

δ ≈ 1 √ πf µσ (2.5)

The windings design of the motor and the slotting effect

The windings design

The winding design of a motor has an important effect on its efficiency and behavior. This is because the winding design has an important effect on the shape and distribution of the field in the air gap of the motor. There are mainly two types of windings design: the planar (modular) non-overlapping windings and the double layer windings [Eastham et al., 2008a]. Linear induction motors generally use double-layer windings, which offer a traveling field with low harmonic content compared to modular windings.

One drawback of the double-layer winding design is the presence of half-filled slots or overhanging coils at the ends of the machine. This influences the magnetic field distribution 2.5. THE WINDINGS DESIGN OF THE MOTOR AND THE SLOTTING EFFECT 33 in the air gap, especially if the primaries consist of only a very small number of pitch poles. On the other hand, Planar windings are very cost-effective, with windings evenly spread throughout all slots. They do, however, produce a lousy traveling magnetic field with a high harmonic component.

The slotting effect

The existence of slots in the stator causes regular variations of reluctance2 and flux over the stator surface, giving rise to the appearance of harmonic components in the magnetic field known as "slot harmonics." The slotting effect has a negative impact on the efficiency of the motor as it increases the secondary losses while also lowering the output thrust. The order of the harmonic component due to slotting is given by this equation Order of harmonics due to slotting = 2 × T he number of slots per pole ± 1

(2.6)

In the example shown in Figure 2.8, there are three slots per pole pitch, resulting in a harmonic order of 5.

With a double-layer winding design, the slotting effect is much less significant than in the case of concentrated and tabular winding design. Because with a double-layer winding design, each winding shares several slots and teeth, resulting in a smaller harmonic amplitude.

For simplicity, the shape of the field is often assumed to be sinusoidal in analytical equations. A winding factor and a slotting factor are included in the simplified sinusoidal magnetic field amplitude to compensate for the influence of winding and slotting on the field shape. For more details refer to (Appendix: A). 34 2.6. THE END-EFFECT

The end-effect

Unlike RIMs (Rotary Induction Motors), LIMs are not arranged in an endless loop but rather have a finite primary or secondary length, giving rise to end-effects. The main difference resides in their air gap; LIMs have an open-end air gap with an entry and an exit end, whereas RIMs have a closed air gap.

The entry end is the end through which the traveling magnetic field enters the secondary, and the output end is the end through which the field exits the secondary. The end-effect has a negative effect on thrust, especially when the motor is used for high-speed applications. For this reason, LIMs are often less energy efficient than conventional rotary induction motors for any given required force output. Because the open ends distinguish LIMs from RIMs, studies on LIMs mainly were focused on the end-effect. The end-effect causes a variety of issues that are difficult to analyze theoretically.

The adverse effects of the end-effect are particularly manifest in high-speed motors [Yamamura, 1979]. And in the case of a DSLIM with a short secondary it is often considered that the end-effect is not significant especially at low speeds [Yamamura, 1979]. That is true only if the parameters such as the number of poles, the length of the motor, and the length of the secondary are chosen correctly [Laithwaite, 1975, Johnson, 2009].

Another factor to consider in the case of a short-secondary DSLIM is the secondary's position along the motor's air gap. That is not an issue with a long-secondary DSLIM because when the secondary travels, a portion of it will always occupy the whole surface area of the air gap between the primaries. However, in the case of a short-secondary DSLIM, the secondary's position along the air gap should be taken into account because the magnetic field, if not uniformly distributed, would cause the thrust on the secondary to fluctuate depending on its position (Figure 2.10). And this is something that must be considered and factored into the design. 

Finite Element Simulations of the field shape and distribution in the air gap of a DSLIM

As previously stated, in most studies on LIMs and DSLIMs, the shape of the field in the analytical equations is assumed to be sinusoidal for simplicity, especially when it comes to end-effect studies. In practice, this is not the case due to the slotting effect and the motor's design. This is because the magnetic flux between teeth has a greater amplitude than the flux between slots. A Finite Element Analysis (FEA) has been done with the software FEMM 4.2., to observe the shape of the magnetic field along the air gap of the motor. In Even with a double-layer winding design, which is preferred over other winding types because of its low harmonic generation, the magnetic field is still not purely sinusoidal, and its amplitude is not uniformly distributed along the motor air gap. The maximum amplitude of the magnetic field is confined to the center along the air gap and becomes weak towards its ends.
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The reason why the magnetic field is stronger in the middle and weaker at the ends is due to the small number of poles and the open ends of the motor, where the half-fitted slots are located.

Figure 2.12: Animation, showing the shape of the field along the air gap of the motor for a period of time.

In the following sections, we'll look at how to improve the form and distribution of the magnetic field in the motor's air gap while keeping the design simple. Ideally, the shape of the field must bi sinusoidal with an evenly distributed amplitude along the entire air gap distance.

The shape of the field due to the slotting effect

To further investigate the slotting effect, we simulated the effect of a single-phase as a function of the air gap width, as seen in Figure 2.13. The slotting effect of a single-phase supplied with a steady-state current crowned the steady-state magnetic field with the shape of a sine wave. The peaks of that sine wave were located above the center of each tooth and the troughs above the center of each slot.

One way to reduce the slotting effect is to increase the width of the air gap (the distance separating the two primaries) (Figure 2.13 (c)). However, this is of no benefit because the amplitude of the magnetic field drops, resulting in a decrease in force and efficiency, especially when a thin secondary is used. Hence, another approach to address the slotting effect and increase the quality of the force delivered by the motor must be used. This should primarily concern the design of the motor, including the design of its slots.
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In general, two types of stator slots are used in induction motors: the open slot and the semi-closed slot types. The operating performance of induction motors depends on the shape of the slots since they can reduce the effect of slotting. Semi-closed slots opening is much smaller than the width of the slot. Hence this type of slots is more difficult for windings assembly compared to the open slots type. However, the slotting effect in the case of semi-closed slots is not as significant even at small air gap widths. This study only considers DSLIMs with the open slot type because they are easier to prototype with. As a preliminary step, an investigation will be made to see if the magnetic field's shape can be enhanced without necessarily using primaries with semi-closed slot type.

The equations of the field considering the slotting effect

In this section, the traveling field's equations in the air gap of a three-phase double-layer DSLIM are approximated accounting for the open slots type structure of its primaries. This approximation is essential because it will allow to explore and predict more in-depth the negative effect of slotting on the motor's performance and the quality of its rendered force. It could also make a significant contribution to the quest for solutions.

Two methods were used to determine the shape of the field due to slotting3 . The first method took into consideration the geometry of the motor and the winding and phase placements; on the other hand, the second approximation was only shape-based, its equations were deduced from the shape obtained with FEMM considering the order of harmonic due to slotting.

• In the first method, three standing waves were considered; each corresponds to the magnetic field generated by one phase as in Figure 2.15 inspired by Figure 2.13, which accounts for the slotting. These three standing waves are 2 3 τ space-shifted and multiplied each by its corresponding time-varying input voltage.

• In the second method, the field's shape is obtained by adding two traveling fields with different amplitudes, wavelengths, and directions. The form of the field and the harmonic order due to slotting are used to derive this approximation approach.

The amplitude ratio was tweaked to match the simulated field's shape as precisely as possible.

Both approaches give the exact solutions for the traveling magnetic field in the air gap of the motor. But the second approach uses fewer equations and would therefore be easier to consider in analytical equations. 

y 1 = sin(2πf t) sin π τ x + 1 3 sin 3π τ x + 1 3 sin 5π τ x (2.7
)

y 2 = sin 2πf t + 2π 3 sin π τ x + π 3 + 1 3 sin 3π τ x + 1 3 sin 5π τ x + 10π 3 (2.8
)

y 3 = sin 2πf t - 2π 3 sin π τ x - 2π 3 + 1 3 sin 3π τ x + 1 3 sin 5π τ x - 10π 3 
(2.9)

y 4 = 2 3 (y 1 + y 2 + y 3 ) (2.10)

Second approximation

Figure 2.17: Second approximation.

Figure 2.18: Animation, second approximation.

y 1 = sin 2πf t - π τ x (2.11
)

y 2 = 1 3 sin 2πf t + 5 π τ x (2.12) y3 = y 1 + y 2 (2.13)

The negative force due to slotting

If we consider the field as a combination of two moving sine waves, as obtained with the second approximation, the fundamental moving in the same direction as the resultant wave and another harmonic content moving in the opposite direction to the fundamental.

B y (x, t) = A sin 2πf t - π τ x + (A/3) sin 2πf t + n π τ x (2.14)
Where n is the harmonic order, here n equals 5. Following the principle of operation, the harmonic content that travels in the opposite direction constitutes a potential threat to the motor's efficiency as it creates a force in the opposite direction (Figure 2.19). Other than increasing the air gap or using semi-closed slots, there are other ways to reduce the slotting effect, i.e., the amplitude of the backward going field. This could be accomplished, for example, by increasing the frequency of the input supply or by using slotless primaries. These methods, however, are harmful to the field's strength; for instance, increasing the frequency of operation limits the force bandwidth of the motor because the impedance of the windings increases with frequency, and the same is true for primary losses. Furthermore, as the frequency increases, the depth of eddy current penetration into the conductor decreases. With a slotless stator, the flux density is lower, as is the force delivered. Slotless stators are beneficial in brushless DC motors for smoothing torque, but they are detrimental in induction motors because they reduce efficiency even further.

Increasing the number of phases could also help in reducing the slotting effect. However, increasing the number of phases would lengthen the pole pitch and make the winding assembly and motor supply more complex and expensive. This will be discussed in the following section.

Of these methods, the most preferred approach to reduce the slotting effect is to use stators with semi-closed slots; the only drawback is that the windings become a bit more complicated to install. 42 2.9. SIX PHASE MOTOR, SHAPE OF THE FIELD

Six phase motor, shape of the field

Here, a six-phase DSLIM has been simulated, showing the shape and distribution of the magnetic field in its air gap. One can clearly see that the effect of slotting has been smoothed out a bit, and the shape of the field is closer to that of a sine. The magnitude of the field doubles with a six-phase configuration, but the problem of the magnetic field distribution along the air gap of the motor remains unsolved; it can be still seen that the amplitude of the magnetic field is stronger in the center and lower toward the extremities.
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Figure 2.21: Animation, the shape of the field along the air gap of a six phase motor.

The shift between the two primaries of the motor

Compared to SLIMs (Single-Sided Linear Induction motors), DSLIMs have higher magnetic flux densities in their air gaps. In addition, DSLIMs have another advantage: the undesired slotting effects can be reduced when an offset is set between their primaries.

It has been shown that the performance of an offset between the primaries of a DSLIM using concentrated windings compares well with the behavior of a conventional non-offset DSLIM using double-layer windings [START_REF] Eastham | The use of concentrated windings for offset double stator linear induction motors[END_REF]Cox, 2008]. By offsetting one side of the DSLIM with respect to the other, the undesirable harmonics of the two sides oppose and cancel out each other.

It is shown here that this method is also effective in eliminating the backward going field due to slotting of a DSLIM with a double layer winding design. The value of the shift S h for a three-phased double-layer DSLIM equals the width of a slot W s .

S h = W s (2.15)
The offset causes the backward going field of the upper primary to oppose the backward going field of the lower primary, resulting in their cancellation and the addition of the fundamentals of the two sides. For, if two sine waves of the same frequency and arbitrary phase were added, the sinusoidal shape would be preserved (Figure 2.22). One thing to keep in mind is that the air gap must be very small for the offset to be beneficial in terms of efficiency. This is because the fundamental amplitude before the offset is always greater than the amplitude of the fundamental after the offset. As a result, the harmonic due to slotting must have a large amplitude for the harmonic cancellation to be beneficial in terms of efficiency, which occurs when the motor has a narrow air gap width or when a large current flows through its windings. However, if the goal is to provide a true sinusoidal magnetic field even at a moderate air gap width, this compromise may be acceptable because the efficiency loss is not significant. The shape and distribution of the field in the air gap of a shifted 4-poles DSLIM with Offset = W s and a double-layer winding design, as well as a series connection between the windings of each phase, are shown in Figure 2.24. This method could also be applied to reduce the slotting effect of a six-phase motor (Figure 2.26).

The resultant
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.26: Shape of the field in the air gap of a shifted six-phase DSLIM.

After offset the shape of the field in the air gap of a six-phase motor is so close to that of a sine. So for applications where higher power is required and a sine traveling wave is required the six-phase double-sided primaries could be a suitable solution.

The amplitude distribution can be evenly distributed along the air gap by increasing the number of poles in the motor primaries. 

The distribution of the field in the air gap of the motor

The magnetic field distribution is a significantly more serious issue, especially in the case of a short secondary DSLIM; the FEA simulations in Figure 2.27 show that the magnetic field distribution is not uniform along the air gap. The 4-pole motor's maximum amplitude is found in the center along the air gap and decays towards its extremities. This is troublesome because the maximum force will be constrained to the center, and the force will change as the secondary plate moves. This problem does not exist in conventional RIMs since they do not have open ends like linear induction motors. If the coils of each phase are connected in parallel rather than series, the distribution will be a bit better. That's because the coils at the motor's extremes drive more current, which causes the field to rise in the air gap area toward its ends just before its extremes. But still, with a parallel connection between the coils of each phase, if the number of poles is four, the magnitude of the field will still not be uniformly distributed, and when the plates move, the average force will also change.

A much more interesting solution to even out the magnetic field distribution that does not require the replacement of the primary cores would be to keep the connection between the coils of each phase in series and add compensation (overlapping) coils to the ends of the the primaries (Figure 2.28). However, to achieve a uniformly distributed field, the number of turns of the overlapping coils must be carefully chosen.

The shape of the field becomes practically uniformly distributed along the air gap if the number of turns of the overlapping coils is equal to two-thirds of the number of turns of the coils at the inside of the primary core (Figure 2.29).

However, if the number of turns of the overlapping coils is equal to the number of turns of the inside coils the shape of the field will no longer be uniformly distributed (Figure 2.30). In this case of distribution, the force will be weaker when a short secondary plate is located in the center along the air gap compared to when it will be positioned a little towards the sides.

If the number of turns on the overlapping coils is fewer than two-thirds of the number of turns on the coils inside the primary core, for example. Assume they have 50 turns; the field becomes again stronger in the center than on the sides (Figure 2.31). Therefore, to generate a uniformly dispersed field, the number of turns of the overlapping coils must be carefully determined.
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Figure 2.28: FEA of a DSLIM with compensating overlapping coils, the number of turns of the overlapping coils is 66, which is equal to two-third the number of turns of the coils at the inside of the primary core.

The idea of adding compensating coils is very interesting as the distribution of the field passes from what was seen in Figure 2.24 to what is seen in Figure 2.29 without changing the primary core.
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Figure 2.29: FEA of a shifted DSLIM with compensating overlapping coils, the number of turns of the overlapping coils is 66, which is equal to two-third the number of turns of the coils at the inside of the primary core. Of course, increasing the number of poles using new longer primary cores is another technique to improve the distribution of the field. As the number of poles rises, the area covered by the half-fitted slots shrinks compared to the area covered by the double-fitted slots; as a result, there will be no detrimental influence on the field distribution in the area covered by the double-fitted slots (Figure 2.32). 2.12. DISCUSSION AND CONCLUSION 51
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Discussion and Conclusion

A DSLIM with a thin, lightweight, and short secondary requires a great deal of attention in its design. Therefore, it was necessary to go over the motor's principle of operation and finite element simulations and analytical equations to gain a better grasp of how to bypass and solve such a perplexing challenge.

Before the physical implementation of setups and prototypes, it's essential to rely on Finite Element Simulation to help optimize the design. With the aid of these simulations, we were able to see how the motor design affects the shape and distribution of the magnetic field. Several simulations have been conducted in the quest for optimization, which would take an enormous time if done solely by prototyping or employing equations in a step-by-step manner (Appendix: B).

A thin secondary is advantageous because it reduces the air gap width and so increases the efficiency and thrust. However, the secondary should not be too thin because this reduces the amount of conductive material and makes eddy currents more difficult to develop. As a result, a compromise should be reached based on what is needed for the application. A tiny air gap increases the amplitude and strength of the field, but it also increases the amplitude of the undesired backward traveling magnetic owing to slotting. The offset between the primaries appears to be an appealing and simple way to decrease this effect.

There are two interesting approaches for achieving a uniformly distributed field. The first is by adding overlapping coils to the 4-pole DSLIM with half-fitted slots. The second is by simply increasing the number of poles by increasing the length of the motor. These two approaches have been explored through models and simulations in this chapter.

The following chapter will cover the experimental tests that will be used to evaluate the designs. It also focuses on supplying the DSLIM and what impact the shape and distribution of the field have on the generated thrust.

Chapter 3

The experimental setups and the analysis of force and vibration The motor driver plays an essential role in the quality of the force output as well; this is because the shape of the input supply affects the shape of the magnetic field, and thus the force. This chapter focuses on the field shape and distribution effect on the force and the experimental challenges associated with motor design and supply. Great attention is directed to the motor's power supply quality and shape of its waveform. Selecting the proper motor drive is crucial to provide a more consistent force without overheating or undesirable noise. This was accomplished using a three-phase pure sine wave power supply. Furthermore, it is demonstrated that by amplitude modulating the motor's three-phase input supply, vibration may be added to the force, rendering by that both kinesthetic and tactile sensations simultaneously, which is a highly fascinating feature to have in the actuators of haptic interfaces. 

Introduction

The effects of design parameters were explored using Finite Element Simulations in the preceding chapter. The simulations guided the fine-tuning of the design choices. The goal of this chapter is to implement a selection of designs experimentally and see how the quality and shape of the rendered force vary depending on the motor's design and choice of its power supply.

A practical problem arises in the experimental phase: ideally, the shape of the three-phase power supply should be sinusoidal, and this is what was chosen in the simulations. However, this is unlikely to be the case with conventional widespread three-phase controllers that provide, in most cases, six-step (trapezoidal) or SPWM (Sinusoidal Pulse Width Modulation) shaped voltages. To achieve satisfactory operation with consistent output force, the drive system must be carefully selected or designed. Because even if the mechanical design of the motor is well thought out, improper selection of its drive compromises performance and leads to unsatisfactory results. A sinusoidal drive is the best option since there are no harmonics in a pure sine waveform; the motor is expected to run smoother and cooler.

As previously mentioned, the main objective is to expand the motor's force bandwidth while avoiding undesirable heat dissipation, noise, and vibration to the greatest extent possible and, at the same time, exploit the possibility of adding controlled vibrations through controlling or modulating the amplitude or frequency of the supply voltage to engage the kinesthetic and tactile senses simultaneously.

An experimental setup was constructed in order to confirm the design option experimentally and refine the optimal choice for the motor supply and control. The force was measured using a high resolution sensor mounted to the secondary, and was analyzed as a function of:

• The input power supply and the shape of its wave form;

• The motor winding design, and the connection between the coils of each phase;

• The length of the secondary, and its position along the air gap;

• The offset between the primaries. Numerous combinations were examined, and the main findings were presented and explained so that the reader could easily follow the reasoning behind the results obtained.

In this chapter, the various motor configurations and types of power supplies will be presented and studied. The issues raised by the motor's end-effects will be investigated experimentally. Finally, the amplitude of the supply voltage will be modulated in an attempt to add controlled vibrations to the rendered force.

The experimental setup

The simulations allowed to understand the influence of the motor design on the shape of the field and its distribution. In order to complete the study, an experimental setup was devised to explore what influence has the shape and distribution of the magnetic field on the generated force. Some results may be predictable, but the effect of the open-ends on force remains unclear. If observed and studied experimentally, this could contribute to further optimization of design elements. This section describes the experimental setup as well as the steps that were taken. The goal is to determine which design and supply configuration will allow the motor to deliver a high-quality force with the least amount of noise and overheating. To properly analyze the quality of the rendered force, the secondary plate has been attached to a high-resolution force sensor, the ATI nano-171 . The motor and sensor are mounted on an anti-vibration plate to limit noise and vibrations coming from nearby equipment.

Description

The secondary plate can be easily interchanged, allowing different thicknesses, widths, and materials to be tested. It can also be simply positioned along the x-axis in the air gap to measure force, depending on where it is located.

In addition to the force sensor, three probes were used to monitor the motor:

• A current probe to measure and visualize the current passing through each phase;

• A small coil probe to visualize with the oscilloscope the shape of the magnetic field at a single point in the air gap;

• A piezoelectric film sensor to measure and analyze mechanical vibrations with the oscilloscope.

Various motors were employed during the studies. To produce a good comparison, the air gap between the two primaries, the current flowing in each phase, and the distance between the sensor and the motor were all kept the same when comparing them according to the measured force.

At the beginning of the experiments, three types of power supplies were used to examine and compare the effect of their waveform on the force generated. The effect of the power supply on the magnetic field's shape in the motor gap, as well as the field's shape on the force, is investigated. 56 3.2. THE EXPERIMENTAL SETUP

The DSLIMs

The outcomes of four motor designs were highlighted throughout the experiments; all four have the same primary core but differ in their winding design:

1. DSLIM with 4-poles and a parallel connection between the windings of each phase, the number of turns per winding is 100, (Figure 3.2 (a)).

2. DSLIM with 4-poles and a series connection between the windings of each phase, the number of turns per winding is 100, (Figure 3.2 (b)).

3. DSLIM with overlapping coil, the number of turns of the windings inside the core is 100, and the number of turns of the overlapping windings is also 100, (Figure 3.2 (c)).

4. DSLIM with overlapping coils, the number of turns of the windings inside the core is 100, and the number of turns of the overlapping windings is 66, ( The 7-pole motor, (Figure 2.32), with the more extended primary core, has not been experimentally tested; Nevertheless, its behavior ought to be fairly identical to that of the DSLIM with the adjusted number of turns of its overlapping coils (Figure 3.2 (d)), because they both have similar magnetic field shape and distribution from what was seen in the simulations of chapter 2.

The stator core material has a significant influence on motor performance and efficiency. This depends mainly on the electromagnetic properties of the material. Hysteresis and eddy current losses are the main two types of iron or core losses. The occurrence of eddy currents in the core is detrimental to the motor's efficiency because, when induced, they generate another field that opposes the field generated by the primaries. The use of lamination on the core reduces eddy current losses because the core area becomes sectioned, resulting in a reduction in eddy currents. Hysteresis losses are reduced by using high-grade silicon steel.

The frequency of the supplied voltage affects core losses. That is because the eddy current loss is a complex function of the square of the supply frequency and the inverse square of the Figure 3.3: The core of the motor's primary. material thickness. Thus, even with a laminated core, eddy currents can still pose problems specially at high frequencies.

Motor parameters

Pole

The core of our DSLIMs uses the M530-50A steel alloy, which is best suited for 50Hz/60Hz frequencies. At these frequencies, the motor has less core loss, so the maximum force is to be rendered at these frequencies; otherwise, the bandwidth of the force will be compromised.

The supply waveform

Here, the main interest is not directed toward the control strategies that must be applied to the motor but rather to the shape of the three-phased power supply that feeds the motor. The form of the field can have an undesirable influence on the quality of the force produced by the motor mainly because of its low inertia which makes it sensitive to any disturbance and noise.

The operation of the DSLIM in our case is limited to low speeds (destined to operate only at high slip), so it is not necessary to measure the speed of the secondary to readjust the force2 . We will see in the following sections how the choice of power supply and the connection between coils and phases affect the shape of the magnetic field in the motor's air gap and consequently the thrust rendered.

In three-phase drives, there are primarily three waveforms (Figure 3.4):

• The sinusoidal waveform.

• The six-step or trapezoidal waveform.

• The SPWM (Sinusoidal Pulse Width Modulation) waveform.

Motors that are usually driven by a pure three-phase sinusoidal wave signal are in most cases plugged directly into a three-phase wall socket; this signal is generated by the threephase generators that provide a three-phase voltage with a fixed amplitude and frequency. Specific three-phase sinusoidal drives, which can control the motor by changing the direction of the force and modifying the amplitude and frequency of its supply, are less common, rare, and expensive.

A six-step drive is the most popular drive available for both permanent magnet synchronous motors (PMSM) and brushless DC motors (BLDC), due to the ease with which control can be achieved. Because of its simplicity, the six-step drive is sometimes used to power induction motors. However, this drive causes thrust ripples, mainly due to the switching between the six steps of its waveform. The resulting magnetic field jumps in contrast to what is obtained with a sinusoidal drive. The thrust ripple is most noticeable at low speeds and depends on the motor's dynamic characteristics. A system with low inertia will suffer more from the torque ripple and show oscillatory behavior. Furthermore, compared to closed-loop speed-controlled drives, this drive is unstable when the speed of the motor changes.

The sinusoidal pulse width modulation (SPWM) is a common waveform in variablefrequency AC drives. The transistors in the SPWM circuit are switched on and off multiple times each half-cycle to create the overall waveform for the output signal. The output waveform is closer to the traditional sinusoidal shape compared to the trapezoidal waveform. The switching frequency of the transistors introduces a lot of spikes that cause a lot of undesired noise and vibrations, electromagnetic interference (EMI), and overheating.

The motor drives

This section describes the three types of motor drives that are used to power the DSLIMs 1. The six-step drive; 2. The SPWM drive; 3. The sine wave drive.

As a first step, the motor was fed with the most basic types of drives, which provide a six-step voltage variation. The intent was to begin testing with the simplest controller and progress to more precise and complex controllers to see how they behave with sheet-secondary DSLIMs and how they affect the force quality.

The six-step drive

The supply of the motor with a three-phase trapezoidal signal is depicted in Figure 3 Star and delta connections are the two types of connections typically found in a threephase motor. A star and a delta connection are 3-wire systems. These types of connections are only possible in three-phase systems. It is more economical to transmit energy using a three-phase power supply compared to three independent single-phase power supplies. The following table presents the fundamental differences between the star and delta connections.

Star connection

Delta connection In a star connection, one end of each of the three phases is connected to a common point (forming a Y shape), this point is the neutral, and the remaining ends of the three phases are the three input terminals In a delta connection, all two adjacent phase terminals are connected together, forming a triangular shape; these three points are the three input terminals with which the motor is supplied The common point of the star C connection is called Neutral or star point In a delta connection the opposite ends of the three coils are connected together. There is no neutral The line current is equal to the phase current Line current is root three times the phase current Line voltage (voltage between any two phases) is root three times phase voltage (voltage between any of the phase and neutral) Line voltage is equal to phase voltage Line current and phase current are the same Line current is root three times the phase current The total power in a star connection is calculated using the following formula:

P star = 3V phase * I phase * cos(Φ)
The total power in a delta connection is calculated using the following formula: P delta = V phase * I phase * cos(Φ) P star = P delta /3 P delta = 3P star Star connection is usually used for high voltage low current applications Delta connection is usually used for low voltage high current applications Table 3.2: Star/Delta comparison.

The equivalent impedance will change depending on the type of connection; therefore, line current in star and delta will be different. At starting time, induction motors draw multiple times higher current than rated current. In this case, a star configuration helps in reducing the starting current. But when a high thrust is required once the motor is started, a delta connection is best suited to develop high torque by providing the high voltage across windings.

In haptic interfaces, it is expected that the motor will be switched on and off many times; therefore, if high torque is not the only main goal, it is advisable to utilize a star connection between the phases of the motor to reduce the inrush starting current.

The SPWM drive

The supply of the motor with an SPWM signal is depicted in Figure 3.7 and shown in Figure 3.8. An Arduino is used to send commands to the IGBT 3 drivers of the three independent H-bridges that supply the three phases of the motor. Using a controller with three independent H-bridges (with IGBTs) results in a nearsinusoidal shape with high voltages and currents capabilities. If the SPWM signal is filtered, the controller becomes increasingly more attractive. However, the large number of electronic components and wires required is a drawback. 

The sine wave drive

The supply of the motor with a pure sinusoidal signals is depicted in Figure 3.9 and shown in Figure 3.10. An FPGA is used to generate the sine waves, and then these signals are amplified by power amplifiers that are fed by a linear symmetric voltage source. The setup here is similar to that of a Hi-Fi audio system. A linear amplifier and asymmetrical linear power source are used to minimize high-frequency noise and quicker the transient response. 
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Force rendered vs. DSLIM designs and supplies

In this section, the experimental results are presented, showing the shape of the force as a function of different settings such as the shape of the motor input supply, the length of the secondary, its location in the air gap, the offset between primaries, and the winding design.

The effect of the power supply's waveform

When the motor is supplied by a six-step drive, the shape of the force isn't smooth at all, especially at low frequencies-i.e., at rated frequencies. In figure 3.11, We see the shape of the force induced on the secondary of a 4-pole DSLIM, which has a series connection between the windings of each phase and is supplied with a frequency of 100Hz. The spikes and the noise we see in Figure 3.11 are a direct consequence of the switching between the six steps of the supplied waveform.

The vibrations and their effect will decrease as the frequency of the six-step waveform increases because the current in an inductor in response to a step is given by

i(t) = E r 1 -e -t τ with τ = L r (3.1)
τ characterizes the speed of establishment of the current in the inductor. Therefore, when the frequency of the input signal is low the current in the inductor will have the time to be established (during this phase the inductor behaves like a wire and the magnetic field will be constant). When the frequency of the input signal increases the current in the inductor will not have the time to be established (the current will be constantly changing and thus the magnetic field), which explains the results obtained previously.

For the same supplied voltage if the frequency of the waveform increases, the shape of the current tends more towards a sinusoidal shape. This is because the voltage change between steps becomes faster than the system can respond resulting in a smoother current shape.

Figure 3.13: The shape of the current passing through one phase of a 4-pole DSLIM supplied with a six-step waveform at 300 Hz.

The use of a six-step shaped voltage input limits the performance of the motor because, in order to smoothen the force, the input frequency must be increased. Increasing the frequency will significantly reduce the current amplitude, and therefore the force exerted on the plate. The rise in frequency also reduces the depth of penetration and increases the primary core losses resulting as well in a decrease in force.

With a parallel connection between windings, the current shape will have a steeper sixstep profile, especially at rated and low frequencies. Even at 300 Hz, the ripples are still significant; the frequency should be increased to more than 600 Hz to smoothen the thrust. That is because the motor dynamics increase with this type of connection i.e., the rising time becomes smaller. In addition to thrust ripples, the disadvantage of parallel connection between the windings of each phase is that the system, with its fast response time, lets highfrequency noise and harmonics through, which causes unpleasant noise and plate overheating. Therefore, connecting the motor windings in parallel is not recommended if a six-step drive is used, especially if the motor is small and intended to be used for low-speed and Hi-Fi applications.

When the motor is supplied with an SPWM drive, the shape of the force becomes noisier with more spikes; this is primarily owing to the large amount of switching that takes place each half cycle. The effect of switching on the shape of the current is shown in Figure 3.15.

Figure 3.15: The shape of the current passing through one phase of a 4-pole DSLIM supplied with an SPWM waveform at 100 Hz Switching is detrimental to the quality of the force. However, the SPWM remains very interesting because if the SPWM signal is low-pass filtered, the shape of the voltage and current will be very near to that of a sinusoid resulting in a thrust free from spikes and considerably smoother. The shape of the force becomes significantly smoother when a sinusoidal drive drives the motor. Figure 3.16 shows the shape of the force induced on a secondary located in the center along the air gap of a 4-pole motor supplied with a sinusoidal waveform at 100Hz. These small vibrations are attributed to the end-effect; this will be seen in more details in the following sections. Under sinusoidal drive, the current passing through the windings will maintain a sinusoidal shape, independently of the frequency variation4 .

Figure 3.17: The shape of the current passing through one phase of a 4-pole DSLIM supplied with a sinusoidal waveform at 100 Hz.

Therefore, adding to the advantage of having no spikes or undesired harmonics in the field, using this custom-made sine wave generator, it is now possible to run the motor at rated and low frequencies. With these advantages, it is also viable and profitable to drive the motor by varying the frequency.

The position of the secondary, its length, and the shift between primaries

In Figure 3.16, when the plate was centered along the air gap of a 4-pole motor supplied by a sinusoidal drive, the force shape was good, but the problem with a 4-pole motor is the magnetic field distribution, which is stronger in the center and weaker at the ends (Figure 2.11). Therefore, if the plate deviates from the center to the sides, the average force changes and vibrations arise (Figure 3.18). When the secondary moves towards the extremities, one end of the plate will be in a region where the magnetic field amplitude is large, which increases the magnitude of the end-effect, causing the plate to vibrate. If the secondary is hand handled, this change is very discernible and seems to be very different. Comparing Figure 3.16 to figure 3.18, the following observations can be made:

• The decrease in average force is due to the magnetic field's amplitude being smaller as it approaches the extremities;

• The vibrations are caused by the end effect, which increases when the secondary ends are positioned in a strong magnetic field;

• In Figure 3.16, the vibrations were insignificant when the plate was at the center along the air gap because both the extremities of the plate were situated in a region where the magnetic field's amplitude wasn't high.

To improve the magnetic field distribution, we added overlapping coils with 66 turns to the extremities of the primary as stipulated in the simulations of chapter two (Figure 2.28,and Figure 3.2 (d)). With this motor design, a better distribution of the magnetic field along the air gap is obtained; therefore, if the plate moves, there will be no significant change in the Because the magnetic field's amplitude is spread uniformly along the air gap, and hence along the secondary (the endpoints of the secondary undergo the same magnetic field amplitude). The end-effect will influence the force's shape. These vibrations, though barely discernible, do not produce audible noise, heat, or discomfort during direct handling, and no discernible change in force perception is noticed as a function of its position along the air gap. It would be advisable to explore a way to reduce these vibrations. In this case, the optimization should be done on the secondary side.

The shift between the primaries wasn't that beneficial at an air gap of 5 mm. Comparing Figure 3.19 to Figure 3.21, no substantial benefit can be seen; on the contrary, the shift resulted in a slight decrease in the average force. Eliminating the harmonic content, which travels in the opposite direction to that of the fundamental, did not overcome the amplitude drop resulting from the shift itself at an air gap of 5 mm. As demonstrated in Chapter 2 with the Halbach array and plates of various lengths, the length of the secondary has a major impact on the shape of the force. In all the previous experiments the length of the secondary was slightly longer than 2τ . When the secondary length is less than 2τ , the vibration grows larger in amplitude. 3.5. COMBINING BOTH KINESTHETIC AND TACTILE FEEDBACK Figure 3.22 shows the shape of the force induced on a secondary with a length equal to (2/3)τ located in the center along the air gap of a DSLIM with overlapping coils supplied with a sinusoidal waveform at 100Hz. The increase in the amplitude of the force vibrations is clearly visible.

Combining both kinesthetic and tactile feedback

Exploring an object with all the fingers of the hand involves the stimulation of both proprioceptive and mechanical skin receptors. Both senses in the user can never be separated; they are complementary and intervene every time an object is explored.

Haptic Interfaces are divided in two types: Kinesthetic and tactile. Kinesthetic interfaces produce force feedback, and tactile interfaces deliver tactile feedback. Both types have progressed in recent years, but the two types are commonly addressed separately. That's mainly because Kinesthetic actuators that render force feedback aren't usually capable of rendering tactile information through vibration. And vibrators that render tactile information naturally aren't capable of generating force feedback.

The everyday work experience in haptic has demonstrated that this divide is neither intuitive nor natural, as simultaneous tactile and kinesthetic stimulation is necessary [START_REF] Zeng | Analysis of a new haptic display coupling tactile and kinesthetic feedback to render texture and shape[END_REF]. So coupling the two displays is an essential feature to have in haptic interfaces, especially if they are intended to be used for teleoperation tasks. Obtaining both stimuli simultaneously is usually accomplished by mixing both types of haptic interfaces. In most cases, it is a vibrator that is integrated into the handle of a kinesthetic haptic interface.

(2)

(1) (3) Figure 3.23: (1) [START_REF] Lu | Kilohertz bandwidth, dual-stage haptic device lets you touch brownian motion[END_REF] , (2) [START_REF] Mohand-Ousaid | Haptic interface transparency achieved through viscous coupling[END_REF], (3) [START_REF] Lim | Role of combined tactile and kinesthetic feedback in minimally invasive surgery[END_REF].

In [START_REF] Lu | Kilohertz bandwidth, dual-stage haptic device lets you touch brownian motion[END_REF], (Figure 3.23 (1)), an haptuator (vibrotactile high bandwidth frequency transducer) was embedded inside the terminal assembly of a Pantograph, the combined haptic interface was bilaterally coupled with a micro-manipulation platform.

In [START_REF] Mohand-Ousaid | Haptic interface transparency achieved through viscous coupling[END_REF], (Figure 3.23 (2)), the interface consists of two motors connected by an eddy current coupler that masks the inertia of the larger motor. The large motor and the viscous coupler constitute the kinesthetic part of the interface responsible for torque generation and the small motor for vibration generation and increasing the system's dynamics. This interface was also coupled bilaterally for interactions with the microscale [START_REF] Ousaid | A stable and transparent microscale force feedback teleoperation system[END_REF].

In [START_REF] Lim | Role of combined tactile and kinesthetic feedback in minimally invasive surgery[END_REF], (Figure 3.23 (3)), tactile displays that output two-axis tactual shear force movement to the finger are mounted on both the handle of a 6-DOF serial haptic interface. This combined system was used as a master device in a teleoperation chain for minimally invasive surgery.

Many others have also merged tactile and kinesthetic feedback, more information can be found in [START_REF] Perez | HAPTIC INTER-FACES: KINESTHETIC VS. TACTILE SYSTEMS[END_REF].

Added vibrations through amplitude modulation

After noticing that the secondary was sensitive to any change in the magnetic field, it was evident that if the three-phase signal that feeds the motor is modulated in amplitude, controlled vibrations can be added to the force rendered. In this section, controlled vibrations were added by modulating the amplitude of the three-phase signal. The results were quite interesting, except for the hindering caused by the end-effect vibration, which was a bit annoying. The amplitude modulated three-phase signals send to the power amplifiers of the motor are written as such
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V A (t) = [A c + A m cos(2πf m t + ϕ)] • sin(2πf c t) (3.2) V B (t) = [A c + A m cos(2πf m t + ϕ)] • sin(2πf c t + 2π 3 ) (3.3) V C (t) = [A c + A m cos(2πf m t + ϕ)] • sin(2πf c t - 2π 3 ) (3.4) 72 
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Where, A m is the amplitude of modulating signal, A c the Amplitude of carrier signal (the amplitude of the three-phase supply before modulation), f m the Frequency of modulating signal, and f c the frequency of carrier signal (the frequency of the three-phase supply). Therefore, in order to vary the amplitude of the vibration A m must be adjusted, and to vary its frequency, f m must be adjusted. We can also change the so called the index modulation also considered as modulation depth m = A m /A C , by rewriting the equations in the following manner:

V A (t) = A c [1 + m cos(2πf m t + ϕ)] • sin(2πf c t) (3.5) V B (t) = A c [1 + m cos(2πf m t + ϕ)] • sin(2πf c t + 2π 3 ) (3.6) V C (t) = A c [1 + m cos(2πf m t + ϕ)] • sin(2πf c t - 2π 3 ) (3.7)
Figure 3.25: Amplitude modulation of a three-phase signal.

In Figure 3.26, one can see the shape of the force exerted on the secondary of a DSLIM with overlapping coils (Figure 3.2 (d)) supplied with an amplitude modulated three-phase supply with f c = 100 Hz and f m = 10 Hz. It can be seen that the frequency of the expected vibration that was have chosen is equal to ten by selecting f m = 10 Hz. In addition, the vibration due to the end-effect can also be seen. This vibration has the same frequency as the three-phase signal and has an amplitude that increases and decreases as the amplitude of force changes. At the crest, the amplitude of the vibration due to the end-effect increases, and at the trough, it decreases.

Another advantage of having linear power amplifiers is to be able to amplify these types of signals with great fidelity because, with other types of power supplies, it will be difficult to convey these types of signals to the motors (Figure 3.27). Another example is shown in Figure 3.28, but this time the modulating signal has the same frequency as the three-phase signal. As a result, only one vibration is obtained, which is, in fact, the result of the end-effect combined with the vibration of the amplitude modulation. 

Potential solution to limit the vibrations due to the endeffect without increasing the length of the secondary

After observing and analyzing Section 3.4.2 of this chapter, it can be seen that in the case of Figure 3.29 (a), there are fewer vibrations when the magnetic field is strong in the center of the plate and weaker toward its extremities. In contrast, when the magnetic field becomes stronger toward its extremities (Figure 3.29 (b) and (c)), vibrations begin to appear because the high amplitude of the magnetic field at its extremities increases the end-effect.

In a uniformly distributed magnetic field, an interesting solution inspired by the above observation for reducing vibration due to the end-effect would be to increase the thickness of the secondary in its center and gradually reduce its thickness to the edges so that the resistance at the sides increases compared to the resistance at the center.

As it is necessary to machine parts to be able to carry out this experiment, we decided to make it the object of a future study. But meanwhile, and out of curiosity, we decided empirically to do fine slits (cuts) at the secondary's extremities, as illustrated in Figure 3.30. The idea is to limit the formation of eddy currents at the plate's ends to reduce the end effect.

When compared to when the plate had no slits, the vibration has decreased slightly, the current consumption per phase has dropped from 2 A to 1.8 A, and the average force has decreased from 0.7 N to 0.5 N . This result is not particularly remarkable, but it is promising since it demonstrates that there are things that could be done with the secondary to reduce vibration caused by the end-effect without necessarily increasing its length. 

Discussions, summary, and conclusions

DSLIMs with short secondaries have unique design challenges, especially if the secondary is short, thin, and lightweight. Designers must consider the effects of the design and type of drive on the generated thrust. The sources of problems causing noise, unwanted vibration, and overheating have been identified in this chapter, and prospects for improvement have been analyzed and investigated, and solutions have been implemented.

Three different drive strategies are compared, and their characteristics are investigated:

• The six-step drive generates a lot of thrust ripples and at low frequencies, which limits the bandwidth of the motor, and causes the secondary sheet to overheat.

• The SPWM drive generates a lot of noise, heat, and vibration due to switching. High frequency noise in the magnetic field is the primary cause of secondary overheating.

Increasing the number of samples per period and filtering the SPWM signal is one way to improve the drive and reduce vibration and overheating.

• The sinusoidal drive was found to be the most suitable for generating smooth thrust and allowing for flexible rendering control.

The benefits of running the motor with a pure sinusoidal drive include:

• Motor running better at its rated frequency.

• Smoother thrust generation.

• Low amount of heat produced, due to the lack of switching and high harmonics.

• No unpleasant audible noise generation

• The operation is more efficient and lasts longer.

• Less electrical noise generation and electromagnetic interference.

However, the use of a high-fidelity system including linear power amplifiers and a symmetric linear power supply with a big transformer might not be an ideal solution in terms of power consumption, size, and weigh. Here, this system is chosen because it is the best in terms of responsiveness and can output a range of signals, including amplitude modulation, which allows us to control the motor and render vibration with high-fidelity.

An L-C or L-C-L filtered SPWM three-phase generator appears to be a good compromise; the signals at its output are near sinusoidal, the electronics' size and weight will be reduced, and the efficiency increased. We're currently working on designing a compact version based on this type of controller, easy to carry and easy to use, and with all the necessary functionalities for tactile and kinesthetic rendering.

The following are some of the most important design parameters to consider:

• The length of the secondary should not be shorter than 2τ in length, and the longer the secondary the lower the more negligible the end-effect will be.

• The larger the number of the number of poles of the motor the better the distribution the field.

• A four-pole motor with a double-layer winding design, has a non-uniform magnetic distribution, but by adding compensating coils the field distribution will be enhanced.

The shift between the primaries wasn't that beneficial with an air gap of 5 mm. Eliminating the harmonic content, which travels in the opposite direction to that of the fundamental, did not overcome the amplitude drop resulting from the shift itself at an air gap of 5 mm.

Future work prospects and ideas for further optimizing DSLIMs with short, lightweight, and thin secondaries to improve thrust quality and motor efficiency include:

• Optimizing the secondary design through its shape and material composition to help alleviate end-effect vibrations without necessarily increasing its length.

• Using semi-closed slots and applying an offset between the two primaries to reduce the slotting effect by canceling the backward traveling field to increase efficiency. The offset in the case of semi-closed slots will be equal to the distance of the opening of a semi-closed slot and not to the width of a slot, which will only slightly reduce the amplitude of the fundamental wave after the offset.

INTRODUCTION

Introduction

The design of a planar haptic interface based on DSLIMs dedicated to explorations in the plane is presented in this chapter. The advantage of this interface is the specificity that DSLIMs provide by exerting a direct force to the handle without any contact and without the need for gears which raises the quality of the rendered force. The interface here presented constitutes an update to the previously designed proof of concept interface presented in the work of [START_REF] Ortega | Linear induction actuators for a haptic interface: A quasi-perfect transparent mechanism[END_REF] and [Weill-Duflos, 2017]. The interface consists of several 1D DSLIMs distributed in such a way that efforts in the 2D plane are generated on a handle that supports the secondaries of the motors. The handle is guided in the plane by a frictionless air system which ensures that the motor secondaries pass through the center of the air gap.

The interface is designed for 2D interaction with the micro-world. The main goal is to pair this planar haptic interface with another haptic interface to assure a bi-manual, separate multi-degree of freedom interaction with the remote environment. Separating the degrees of freedom and addressing them separately with both hands increases task security, intuitiveness, and reduces operator fatigue [Weill-Duflos, 2017].

The new interface is based on the optimized version of the DSLIM with new custommade drivers. The interface uses four DSLIMs instead of three, an updated air-bearing system with more features, and includes advanced novel ways to track the position of the handle's interface.

The design of the interface

The number of motors

In the first version of the interface, three DSLIMs were used and implemented in an equidistant way, as seen in Figure 4.2 (a). In the new design, it was chosen to increase the number of motors to four (Figure 4.2 (b)). The advantages of passing to four motors are:

• The increase in the amplitude of the force rendered.

• A square working space instead of a hexagonal one which is much more intuitive and more adapted to manipulations in a Cartesian space.

• Allows the operator to rest his wrist on the top of a DSLIM while accessing the handle, making the manipulation less tiring and ergonomic.

However, the disadvantage of passing to four are:

• The increase in the total weight and cost of the interface.

• The slight increase in the weight of the handle, which increases its inertia.

• The need for more electronics.

We chose four motors instead of three because we place a high value on the quality and convenience with which the task is to be completed. The only disadvantage that affects our objectives a bit is the increased weight and inertia of the handle due to the use of four plates instead of three.

(a) (b) M1 M4 M2 M3 M 2 M 3 M1 f 1 f 2 f 3 f 2 f 1 f 4 f 3 F x F y F x F y Figure 4.2:
The number of motors, the forces, and the working space.

The equations in case of three motors

The expression of the forces of the interface F x and F y as a function of the forces of the motors f 1 , f 2 , and f 3

F x = -f 1 + f 2 2 + f 3 2 (4.1) F y = - √ 3f 2 2 + √ 3f 3 2 (4.2)
To execute the inverse and calculate the motors commands based on the setpoint on F x and F y and the movement of the handle x and y, the sum of the moments must equal zero to avoid having a torque when only translational forces are to be rendered.

f 1 (2R -2y) + f 2 (2R + √ 3x + y) + f 3 (2R - √ 3x + y) 2 = 0 (4.3)
The solutions of this system giving the commands to motors f 1 , f 2 , and f 3 as a function of F x , F y , R, x, and y are 82
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f 1 = xF y -(2R + y)F x 3R (4.4) f 2 = (R -y)F x + (x -R √ 3)F y 3R (4.5) f 3 = (R -y)F x + (x + R √ 3)F y 3R (4.6)
The equations in case of four motors

The expression of the forces of the interface F x and F y as a function of the forces of the motors

f 1 , f 2 , f 3 , f 4 F x = -f 1 + f 3 (4.7) F y = -f 2 + f 4 (4.8)
To execute the inverse and calculate the motors commands based on the setpoint on F x and F y and the movement of the handle x and y, the cancellation of the angular momentum can be accounted for and put to zero by the following relations

f 1 = R + y R -y f 3 ; f 3 = R -y R + y f 1 (4.9) 
and

f 2 = R + x R -y f 4 ; f 4 = R -x R + x f 2 (4.10)
The solutions of this system giving the commands to motors f 1 , f 2 , f 3 , and f 4 as a function of F x , F y , R, x, and y are

f 1 = F x R-y R+y -1 (4.11) f 2 = F y R-x
R+x -1 (4.12)

f 3 = F x 1 -R+y R-y (4.13) f 4 = F y 1 -R+x R-x (4.14)

The handle

The handle is the mobile part of the interface with which the user interacts. The air bearing is located underneath the handle. Therefore, the bottom surface condition must be particularly good for the bearing to work properly. The width of the aluminum plates must be equal to at least two poles in order to limit vibrations caused by the end-effect. However, this reduces the working space and increases the weight and inertia of the handle. It is, therefore, necessary to optimize by selecting a compromise, especially if the interface specifications impose a reduced weight. The aluminum plates, i.e. secondaries of the motors, are assembled on a carbon fiber disk with a honeycomb interior. The honeycomb structure provides very high rigidity for a particularly low mass. 84 4.3. THE AIR BEARING SYSTEM, FRICTIONLESS MOTION planar vacuum preloaded (VPL) air bearing provides a frictionless motion in the plane and provides the necessary rigidity to avoid displacement on the normal axis by ensuring that the secondaries attached to the handle are guided in the air gap of the motors.

A VPL bearing combines air pressure with vacuum, which can be adjusted separately. By adjusting the vacuum and the pressure separately, the fly height (the distance of the air cushion that separates the air bearing from the handle) and stiffness of the VPL air bearing can be optimized. With the proper adjustments, a stiffness of 13 N/µm could be obtained for a distance of 5 µm between the bearing and the handle.

The novelty in the enhanced version is that, in addition to having a frictionless motion, we added the option of fixing the handle in place through an increase in vacuum. The VPL air bearing was mounted on a force sensor (load cell), and the change between the two options was simply done by applying downward pressure on the handle (hovering plate of the interface), as seen in Figure 4.5.

VPL air bearing

Hovering plate

Load cell

Fixed end

Load

Figure 4.5: The VPL air bearing on which the handle hovers is mounted on a load cell. The system operates as a push-button in changing the state of the interface.

When the plate is pressed above a certain fixed threshold, the state of the handle changes from frictionless to fixed. The system works like a push-button to put the interface on run or standby with the same hand that manipulates. This feature is useful, especially when the interface is paired to another for bi-manual teleoperation.

When the handle is pressed, the vacuum intensity toggles between (a) moderate, which ensures frictionless motion and stiff planar guidance, and (b) high, which fixes the handle plate to the VPL. Two "2-port solenoid valves" have been used to realize this toggle; when one is active, the other is not, and vice versa (Figure 4.6). 

The tracking of the interface

Position measurement is vital for the haptic interface's bilateral coupling with the microsystem. The ideal tracking should not add any weight to the handle or impose any contact between it and the interface structure. Therefore, the tracking of the interface should be considered carefully.

The tracking method used in the first version of the proof of concept was a 50 frames per second camera that tracked markers in the plane. Then, underneath the handle, optical sensors were added to provide a more robust measurement and a faster refresh rate. The only issue with optical sensors is that they measure the relative position of the handle rather than its absolute position.

In the new version, a faster and more accurate camera was used, and the proof of concept of an interesting tracking idea was presented, which consists of tracking the position of the handle with a magnet and a 3D hall-effect sensor. 

Motion tracking using a fast camera

The measurement of the position is based on ArUco marker tracking [START_REF] Garrido-Jurado | Automatic generation and detection of highly reliable fiducial markers under occlusion[END_REF]. The primary advantage of these markers is that a single marker provides enough correspondence (its four corners) to determine the pose. Furthermore, the inner binary codification makes them particularly robust, allowing the use of error detection and correction techniques.

The camera used is the Basler a2A1920-160um1 . This camera has a resolution (HxV) of 1920 px × 1200 px and can shoot at a rate of 160 frames per second. Which is suitable for creating kinesthetic renderings because the kinesthetic force perception frequency is much lower than 160 Hz.

The ArUco marker has been installed on the upper part of the handle so that the user's hand does not interfere with or hide the marker during manipulation (Figure 4.8).

Motion tracking using a magnet and a 3D hall sensor

It would be preferable to replace camera tracking with more compact and speedier technologies. However, as previously mentioned, the technique employed should not add weight or friction to the handle. In the first proof of concept of the interface, optical sensors were proposed; these sensors are fast and could work at proximity without any contact, but the main issue is that these sensors measure the relative position and not the absolute position of the handle. In addition, the three sensors must be covered simultaneously by the plate of the handle, which reduces the area of detection and, therefore, the effective working space.

We have come up with an alternative non-bulky technique that provides good tracking without any contact. This method entails using a magnet and a 3D hall effect sensor. The idea is to calculate the position from the magnetic field information gathered from the three-axis of the hall-effect sensors. But to do so, the magnet to be used in the tracking has to be scanned above the hall-effect sensor beforehand in order to determine the relationship between the position of the magnet and the measured magnetic field. That is because the analytical model is difficult to obtain and because the field varies between one magnet and another, it is therefore necessary to record the field of the magnet as a function of its position and then use this information to reconstruct its position. Figure 4.10, shows the system used to sweep the magnet in an area of 10 cm × 10 cm with a step of 1 mm between points. A total of 10000 points were scanned. above the 3D hall sensor, in a resolution of less than 1 mm. A neodymium magnet with a diameter of 1 cm and a height of 3 mm was used in this experiment. One disadvantage is the magnetic interference and noise coming from the motors, which can be an issue, particularly when the magnet is far from the sensor. The resolution can be further improved by using a stronger permanent magnet. However, it is impossible to get rotation information with this configuration because the magnet is cylindrical with axial magnetization. A system with several magnets with different orientations and several sensors can be used to determine position and orientation.

The driver of the motors

In the previous chapter, we have seen that the best way to supply the DSLIM is with purely sinusoidal signals because of how detrimental the switching type of signals is to the quality of the generated thrust. In chapter three, the signals were generated by an FPGA board, which could generate predefined signals in the desired form so that the motors could be addressed with either simple three-phase signals or amplitude-modulated three-phase signals to add vibrations to the force.

To control the interface, we are in need of four signal generators, so we decided to build our own signal generators. These signal generators must be capable of generating three-phase signals controlled in amplitude, frequency, and direction in real-time. The signal generator is based on a Teensy 3.6 having two 12-bit analog output DACs. Teensy has only two analog outputs, not three. Thus, to have a three-phase signal to feed the motor, an interesting and simple method is to build a purely sinusoidal three-phase signal from only two analog outputs. The reason for this is that the sum of the three-phase signals is zero. As a result, each signal equals the difference of the sum of the other two.

V A (t) = A sin(2πf t) (4.15) V B (t) = A sin(2πf t + 2π 3 ) (4.16) V C (t) = -(V A (t) + V B (t)) = A sin(2πf t - 2π 3 ) (4.17)
So the two analog outputs of the card have been filtered and shifted to zero, then sent to the input of a summing inverting op-amp to construct the third signal (Figure 4.17). The advantage of this approach allowed us to construct a high-speed and inexpensive three-phase sinusoidal generator controllable in frequency, amplitude, and direction.

The assembly of the interface

The assembly of the interface is shown in Figure 4.18.
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Conclusion

In this chapter, a new version of a planar haptic interface based on DSLIMs has been presented. This interface showcases how DSLIMs and their electronics can be used to convey 3D forces in the plane. The prominent components of the interface are the DSLIMs and their electronics, which have been studied and improved in the previous two chapters.

The interface here presented has a working space of 10 cm x 10 cm and is capable of outputting force up to 2.5N. This force can be further increased by reducing the air gap distance separating the upper and lower primaries of the motors. The DSLIM can output low to high frequencies, but the current structure of the handle seems to attenuate a bit the feel of high frequencies. Its weight must be further reduced to allow high frequencies to be felt.

The limiting aspect is the motor's end-effect, which causes the interface to vibrate, especially when the width of the secondary plate is less than two pole pitches, so the width of the secondary plate should be at least equal to the distance of two pole pitches to limit the vibration. This, however, will add weight and inertia to the interface's handle, forcing us to optimize by choosing a compromise. Designing motors with a smaller pole pitch is one possibility for optimization. This interface is undoubtedly interesting since it is based on different innovative technologies, including the principle of induction, air bearing system, tracking, etc. However, it is also quite clear that the interface is bulky, heavy, requires linear power supplies and amplifiers, requires a compressed air input of 5 bar, a fast motion tracking system that involves computation, etc. At the end of the next chapter, we advocate for and propose another planar interface design based also on the induction principle with reduced inertia. The main advantages of this proposed alternative interface are the reduced number of electronics and motors, as well as the simpler and more compact design.

In the final chapter, we will discuss in more detail the division of degrees of freedom, the bi-manual manipulation, and their benefits for teleoperated micro-assembly tasks, which were the main ideas behind which a planar interface was initially proposed. This chapter introduces the Axial-DSIM (Double-Sided Induction Motor), a rotary induction motor with a lightweight, thin disc-shaped rotor. The operating principle of this motor is fundamentally the same as that of the DSLIM, but instead of providing a linear force, the Axial-DSIM delivers torque. This motor is also particularly intriguing for haptic applications due to its low inertia, low friction, high bandwidth, and ability to render a high fidelity steady torque, a vibrating torque, and a range of interesting feedbacks for both tactile and kinesthetic senses.

INTRODUCTION

Introduction

While improving the DSLIM and noting its specificities for haptics while also comprehending its limits, notably those related to end-effects, we had the idea to design a rotary version. Because on the one hand, a rotary design has no end effect, and on the other hand, having a rotary motor with a lightweight, thin rotor capable of producing high-resolution torque is interesting for haptics.

The Axial-DSIM has the same operation principle as a DSLIM; both are double-sided sheet induction motors with non-ferromagnetic conductive lightweight and low inertia secondaries. Aside from the fact that the Axial-DSIM produces a torque rather than a linear force like in a DSLIM, the Axial-DSIM has a slew of other advantages:

• it has no open-ends and therefore no end-effect (Figure 5.3),

• and its secondary fills the whole surface area of its air gap, resulting in higher efficiency compared to short-secondaries DSLIMs, i.e., provide the same mechanical power for a lower electrical input power. Unlike the DSLIM, the Axial-DSIM does not have half-fitted slots or overlapping coils; the coils in an Axial-DSIM are arranged in a loop like in traditional RIMs, but instead of radial magnetization, the Axial-DSIM provides axial magnetization. As a result, the Axial-DSIM has an evenly distributed magnetic field in its air gap, and since the secondary covers the entire surface of the air gap, the torque produced is unaffected by the angular position of the secondary.

The Axial-DSIM can thus deliver a very smooth torque, free of any unwanted noise or vibration due to the lack of the end-effect. And via amplitude modulation, desired vibrations can be added to a constant torque to combine tactile and kinesthetic feedback.

The idea behind the design of this rotary version was also inspired by the design of Eddycurrent clutch actuators as in TIMoN haptic interfaces (Figure 5.5). In Eddy-current clutch actuators, a motor is used to rotate magnet-carrying discs around a non-ferromagnetic low inertia conductor to induce force on it (Figure 5.4). The newly designed rotary induction actuator uses two arranged groups of electromagnets that surround the rotor. Thus, instead of having a fixed magnetic field that is moved mechanically, we will have a magnetic field generated by electromagnets whose amplitude and speed are determined by the amplitude and frequency of the windings input supply. 

Rotary haptic interfaces based on Eddy current effects

The TIMoN interface series developed at ISIR is explicitly designed for interactions with the micro-world. The interface consists of two motors, a large and a small one; the two motors are connected by an Eddy-current coupler that masks the inertia of the larger motor. The large motor rotates two magnet-carrying discs around a low inertia conductive disc that is linked to the shaft of the smaller motor and the handle of the interface. [START_REF] Millet | The ultimate haptic device: First step[END_REF].

This interface was initially presented in the work of [Millet, 2009] and improvements of the control have been made by [START_REF] Mohand-Ousaid | Haptic interface transparency achieved through viscous coupling[END_REF] and [START_REF] Weill-Duflos | Optimizing transparency of haptic device through velocity estimation[END_REF]. The total inertia felt is low. Only the intrinsic inertia of the small motor, the handle, and the aluminum disc inside the coupler is felt. This combination of the two motors via a viscous coupler offers a wide dynamic range and very low inertia. Despite the effectiveness of the Eddy-current viscous coupler in masking the inertia of the large motor, the system has drawbacks that require a lot of attention in the control of the interface:

• For instance, in order to estimate the force provided by the Eddy-current coupler, the larger motor must be controlled in speed. One of the main challenges therefore is to track the position of the large motor that rotates the magnets in order to calculate the speed at which the magnets, i.e. the magnetic field, rotate. This is because the processing capacity of high-resolution optical encoders under rapid rotation is exceeded.

[ [START_REF] Weill-Duflos | Optimizing transparency of haptic device through velocity estimation[END_REF] proposed the use of lower resolution encoders compensated by the use of estimation and filtering algorithms to increase the robustness and reliability of the interface.

• The response time at the output of the viscous coupler is not very fast because in order to change the direction of torque; it is necessary to change the rotation direction of the large motor that spins the magnet-carrying discs of the viscous coupler. And because the inertia of the motor and the magnetic carrying disc is large, the change in direction will be slower, resulting in a slower response time. The smaller motor must be controlled to accommodate this by providing torques during transient operation to increase the response time.

• In addition, when one moves the handle while the large motor is not active, one feels the viscosity due to the interaction between the aluminum plate and the permanent magnets. And this of course hinders the transparency of free movement.

Therefore, great attention must be paid to the control of the interface to ensure a reliable torque rendering with a fast response time.

These problems become no longer a threat if an axial flux rotary double-sided sheet induction motor is used instead. The main advantage of an Axial-DSIM is that the rotating magnetic field is generated by an arranged set of electromagnets, making its mechanical design and control simpler. The strength of the magnetic field and its rotation speed become governed by the amplitude and frequency of the three-phase signal feeding its three phases. The control of this signal gives complete control over the rendered force. As a result, encoders aren't needed to estimate thrust, making control considerably easier and less complicated without the need for a closed-loop system. And if the motor is not powered and the handle is moved, no viscosity is felt.

Axial flux motors

Before going over the design of the Axial-DSIM, it is worth noting the specificities of axial flux motors, for nowadays, these motors are gaining popularity due to their many advantages.

In an axial flux motor1 , the rotor faces the stator (Figure 5.6 (b)), and the direction of magnetic flux between the stator and the rotor is oriented parallel to the axis of rotation rather than radially as in the case of conventional radial gap motor (Figure 5.6 (a)). This type of motor geometry became commercial with the advent of brushless DC motors [Parviainen et al., 2005]. However, this geometry can be applied to almost any operating principle (e.g., brushless DC, stepper, induction, etc.).

Brushless DC axial motors are now seen as the ultimate future for vehicles, particularly for electric aviation motors, due to their high torque-to-weight ratio, which is perfect for aircraft. These motors are now undergoing extensive research and development by automobile and aviation companies and research centers.

With the advent of SMC (Soft Magnetic Composite) materials, both the motor core design and its production processes became easier. SMC cores are made by coating a powdered iron mix with an electrically insulating non-magnetic substance and pressing it into the desired shape. This is a low-waste technology that allows for the formation of complex structures that would be difficult to achieve with traditional laminated silicon steel materials. As a result, this manufacturing method has made axial flux stator cores easier to manufacture and, therefore, more attractive for a wide range of applications [START_REF] Pompermaier | Axial flux pm machines for compressor application[END_REF], [START_REF] Maloberti | 3-d-2-d dynamic magnetic modeling of an axial flux permanent magnet motor with soft magnetic composites for hybrid electric vehicles[END_REF], [START_REF] Geng | High torque density fractionalslot concentrated-winding axial-flux permanent-magnet machine with modular smc stator[END_REF], [Pennander et al., ].

The axial flux configuration has also gained attention in designing electric generators for low speed wind power generation [START_REF] Wirtayasa | Performances comparison of axial-flux permanent-magnet generators for small-scale vertical-axis wind turbine[END_REF]. That is because brushless DC axial flux generators have higher efficiency and power density compared to brushless DC radial generators [START_REF] Kappatou | 3-d fem analysis, prototyping and tests of an axial flux permanent-magnet wind generator[END_REF], [START_REF] Pranjić | Rotor mechanical stress analysis of a double-sided axial flux permanent magnet machine[END_REF]. Air-core 2 axial flux brushless DC generators are also gaining attention since there is no cogging torque due to the lack of attraction between the stator and rotor, this also gives the generator a low 100 5.4. DESIGN OF THE MOTOR cut-in speed, which improves energy yield. An air-core design also reduces the structural mass required to provide air gap clearance while reducing manufacturing and assembly costs [START_REF] Cakal | Axial flux generator with novel flat wire for direct-drive wind turbines[END_REF]. However, the majority of wind turbine generators used specially for high speed wind power generation are conventional radial induction generators3 .

Although axial induction motors are not yet recognized and widespread, primarily because of the costly manufacturing of their core [START_REF] Kubzdela | Magnetodielectrics in induction motors with disk rotor[END_REF], axial induction motors have some performance characteristics that are superior to conventional radial induction machines [START_REF] Nasiri-Gheidari | A survey on axial flux induction motors[END_REF]. One main advantage of this topology is that the motor can be built to have small or high inertia [Chan, 1987]. So, one of the most distinguishing characteristics is its low inertia, which ensures a low mechanical time constant and makes it suitable for servo and high-speed applications, particularly for haptics in force rendering, because the motor also presents no cogging.

For high inertia applications, the axial induction motor could also be beneficial. For instance, by extending the diameter of the rotor and thickening its width, the rotor becomes a flywheel. Usually when a flywheel is used, its axis would be attached to the shaft of a conventional motor. In an axial topology, though, the rotor might also serve as the flywheel. This has a number of advantages, including the ability to drive the flywheel directly, the system taking up less space (being less bulky), and high-speed braking becoming much easier to control.

With advances in stator manufacturing, it is believed that this induction motor topology will soon find its way into many industrial and automotive sectors and a generator for wind and hydroelectric turbines.

As in the case of LIMs, the axial induction motor also have mainly two configurations: the single-sided configuration and the double-sided configuration. Here our focus is directed toward the double-sided configuration because it has a higher torque density, and the rotor is non-ferromagnetic and not backed with an iron sheet as in the case of a single-sided configuration.

Design of the motor

Design of the primary cores

Aside from the primary core's material considerations, its geometry is also quite important. In the initial design that was intended to be sent to fabrication (Figure 5.7), we wanted the primary to have an outer diameter of no more than 8 cm to avoid increasing the inertia of the secondary by increasing its diameter, and a deep slot with a small opening to reduce the slotting effect while yet allowing for the placement of coils with a sufficient number of turns.

With SMC materials, complex shapes could be formed and fabricated at a lower cost than traditional silicon steel laminations. Making the mold is the most expensive aspect of the production process. Manufacturing a tiny amount is not cost-effective, which is why in this proof of concept, we have chosen as an alternative to use the primaries that are already used in the manufacture of single-sided axial brushless DC motors (Figure 5.8). Brushless DC motors have a smaller air gap surface area than induction motors because they are designed to interact with permanent magnets rather than sheet conductors. However, although this primary core is not ideal for an induction motor, it could very well demonstrate its operating principle and advantages as an haptic actuator. We have seen in Chapter 2 that in the case of a DSLIM, there are mainly two types of windings design: the one-layer planar (concentrated) non-overlapping windings and the overlapping double-layer windings. The preferred choice for induction motors is the overlapping 102 5.4. DESIGN OF THE MOTOR double-layer windings design, which provides a traveling field with fewer harmonic content than the one-layer planar windings design. Here we have chosen to combine the two by adopting a three-layer planar, double-layer winding design (Figure 5.9). This winding design is not recommended for single-sided configurations because the magnitude of the magnetic field generated by the phase closer to the air gap (third layer) is stronger than the amplitude of the field generated by the phase of the first layer. However, in a double-sided configuration that could be accounted for in the design by reversing the order of layers in the second side (Figure 5.9).

The winding design

The motor consists of four poles, and each phase on each side consists of four sets of 60-turn coils connected in series. 

The rotor

The rotor thickness and conductivity are also important parameters to consider. The higher the electrical conductivity of the rotor, the higher the thrust produced. Here, aluminum was prioritized as in the case of DSLIMs because it has the best weight to conductivity ratio. Keeping a rotor with a small thickness allows for a smaller air gap width. That falls to our advantage in minimizing the weight and inertia of the rotor.

Reducing the thickness of the secondary enormously is not recommended either because it reduces the amount of conductive material and, therefore, the torque produced. The rotor also becomes malleable, which is not recommended. Here, in this first prototype, a rotor with a diameter of 8 cm and a thickness of 1 mm was chosen. Figures 5.12 and 5.13, show the image of the SMC primary core and the rotor used. Usually, in conventional radial induction motors, the conductors of the rotor are often skewed slightly along its length to change the speed-torque characteristics of the motor, minimize starting current, or maximize low-speed torque. Here, we simply utilized a uniform metal disc. Still, it would be compelling as a next step to improve the design structure of the rotor by adopting a skewed rotor disc in an attempt to further improve performance, particularly at low speeds. 

Shape of the field in the air gap

If the slotting effect is neglected and by assuming that both the input supply and the magnetic field in the air gap vary sinusoidally. And by also assuming that the magnitude of the field is not affected by the wedge-shaped segments of the primary core teeth. The rotating magnetic field can be expressed with these Cartesian coordinates x = r cos α; y = r sin α;

z = B max sin pα 2 -ωt (5.1)
p corresponds to the number of poles that constitute that motor. In Figure 5.15, p is equal to four. This is also the number of poles in our Axial-DSIM design. B max is the amplitude of the field. In calculating B max , the adverse effects of slotting and winding distribution can be accounted for by using adequate factors. The flux is obtained by integrating the magnetic field over α and r 1 to r 2 . r 1 and r 2 being the inner and outer radius of the primary core where the coils are located.

φ = B dA (5.2) φ = 2π/p 0 r 2 r 1 rB max sin pα 2 -ωt dr dα (5.3) φ = 2 B max p r 2 2 -r 2 1 cos ωt (5.4)
Increasing the surface area of the air gap by decreasing r 1 and increasing r 2 , for example, increases the magnitude of flux and hence the torque. That's why we wanted the surface area to be slightly larger in our initial design.

Unlike the DSLIM, the Axial-DSIM has no end-effects, making the analytical equations simpler and straightforward.

The experimental setup

Since the main interest is the quality of the rendered torque, the axis of the rotor has been attached to an ATI nano-17 force sensor. The motor and sensor are mounted on an antivibration plate to limit noise and vibrations coming from nearby equipment. The shape of the input supply of the motor has a great influence on the quality of the rendered force. Care therefore must be taken in the choice of the motor drive of the motor. So, as was the case with the DSLIM, the Axial-DSIM must also be fed by a sinusoidal supply to limit noise, unwanted vibrations, and heat generation. We used the same power supply system that was used for testing the DSLIM. Therefore, the Axial-DSIM was supplied by three 120 degrees phase-shifted sinusoidal waves amplified by linear power amplifiers. 106 5.7. THE EXPERIMENTAL RESULTS

Signal generator

The experimental results

The resulting torque shape generated by the Axial-DSIM proved to be smooth as expected. Figure 5.17, shows the shape of the torque when the motor is fed with a sinusoidal three phase supply. The Axial-DSIM could be controlled by a fixed-frequency / variable-voltage drive, a variable-frequency / fixed-voltage drive, or by variable-frequency / variable-voltage drive. This control flexibility falls to our advantage because it allows us to act on both the frequency and the amplitude to create intriguing and varied haptic renderings. Figure 5.18, shows the plot of torque and current per phase when the frequencies vary while the voltage remains constant. Hence, if a fixed-frequency / variable-voltage drive is to be used, the frequency should be adjusted at the primary core's rated frequency, which is roughly 75 Hz, as seen in the plot of Figure 5.18. The maximum torque that can be generated with this particular design is about 100 Nmm. The maximum torque could be significantly increased if the primary cores were designed in the manner depicted in Figure. 5.7.

Haptic feedback with an Axial-DSIM

The haptic rendering of the motor is of high quality; when a constant torque is rendered, the feel of that torque is so smooth, free from unwanted vibrations, cogging, or ripples. Moreover, when the windings are not powered, no viscosity is felt, as in the case of permanent magnets eddy-current clutches, here only the intrinsic inertia of the rotor, the carbon fiber shaft, and the 3D printed handle are felt.

When vibrations were added to the constant torque by amplitude modulation of the input signal, the feel was particularly interesting, especially at high frequencies. Because at high frequencies, the amplitude of vibration becomes small, providing the ability to produce custom textures, something particularly interesting for teleoperated tasks involving high dynamics or surface exploration.

A first demo was built to show the specificity of the motor, in which the motor was linked to a virtual environment containing three regions and a mover. A magnetic encoder was attached to the motor to measure the angular position and send it to the virtual environment to make the mover move along the axis. When the user rotates the handle, the mover (the big black dot in Figure 5.21) moves, and a torque is conveyed to the user depending on where the mover is positioned. When the mover is located in zone 1 of the virtual environment, a constant high toque is conveyed to the user to the right. In zone 2, no toque is rendered to show the liberty in free movement. In zone 3, a gradient of toque is felt to the left, and the more we approach the extremity, the torque increases. From the right and left extremities, there is the option to pass from zone 1 to zone 3 and vice versa this way; the user feels a sudden change in the direction of the torque. Finally, a bump was put in the middle of zone 2, which produces a clicking effect as the mover goes over it. This short demo allows the user to feel the transition between the different stages, demonstrating the motor's efficiency, resolution, and dynamics. The feedback from those who tried out this demo was overwhelmingly good.

Conclusion

The Axial-DSIM, a prototype rotary haptic actuator with a low inertia rotor, was designed and built. The experiments performed have proved that the Axial-DSIM is indeed interesting for haptics due to its wide range of rendering abilities that no other type of actuator of only one kind could provide.

The Axial-DSIM's response time to change is the direction of thrust, and its ability to render vibrations over a large bandwidth demonstrates that the motor is ideal for both kinesthetic and tactile perception. The simplicity of its design and control makes it more interesting than magnet-carrying Eddy current coupling devices.

Interesting ideas for future work with the Axial-DSIM include:

• The further optimization of the motor and its design.

• The use of the motor to conduct studies on the perception and discrimination of force and vibration.

• The coupling of the Axial-DSIM with a slave micro-manipulator to perform micro teleoperated tasks (the specificities of the motor makes it ideal for use in applications such as micro-teleoperation where high dynamics and vibrations are present).

• The build of a 1 DoF rotary to linear interface using a cable and pulley mechanism. The first straightforward test using a cable attached to the shaft of the Axial-DSIM revealed it to be quite interesting, mainly because torque vibrations can be conveyed very efficiently, especially when added to a constant torque (when the cable is tense).

• The build of a pantograph 2 DoF haptic interface based on two Axial-DSIM. This interface may easily replace the planar haptic interface based on DSLIMs described in the previous chapter; its design is simpler and uses fewer electronics.

Finally, we believe that the use of this motor design, can be extended to more applications other than haptics, especially in applications where the effect of weight and inertia are not required. Interface coupling is one of the main three challenges in micro-teleoperation to ensure telepresence, reliability, security, and real-time control. When the number of DoF increases, the more the options, but in these cases, problems might arise some technical and other related to human command of these multiple degrees of freedom. This chapter proposes some coupling ideas to make interaction with the micro-world easier, more intuitive, less tiring, and more secure.

INTRODUCTION

Introduction

In some professions, direct manipulation of small objects is difficult and requires experts to complete the tasks. These artisans must also hold positions that are often uncomfortable for long periods of time, during which each movement, each tremor, can be problematic. Musculoskeletal disorders (MSD) are frequently diagnosed among artisans. A document on ergonomics at work in the watchmaking industry identifies the different typical painful areas that can be found in craftsmen who adopt bad postures [START_REF] Suvapro | Travail de précision dans l'industrie horlogère -des postes de travail ergonomiques augmentent le bien-être et la productivité[END_REF].

Teleoperation with haptic feedback adds to the visual sense the haptic sense in order to make the hazards of the micro-world controllable by the dexterity of the user. Aside from the technical requirements that the system must meet in order to ensure high-fidelity interaction, the system must also ideally be ergonomic and intuitive in order to reduce fatigue, facilitate manipulation, and improve working conditions. In micro-telecommunication chains, reducing fatigue and facilitating interaction are also very important aspects to consider [Sakr, 2020].

In this chapter, we will discuss some prospects that we consider very important to take into account in the design of teleoperation systems with haptic feedback, such as the division of degrees of freedom and how to act on and improve microscale positioning. In previous chapters, we discussed the importance of designing haptic actuators and their drivers to ensure good force transmission to the human operator with high dynamics and accurate feedback. Similarly, actuators that act at the micro-scale when used in a teleoperation chain necessitate great care in how they are addressed and controlled. Because, these actuators must be able to move quickly but accurately in order to ensure telepresence and accuracy while performing the task.

The division of degrees of freedom and the bi-manual teleoperation

A disadvantage of direct three-dimensional manipulation with a one-handed haptic interface is its lack of precision. It is difficult to keep the arm at a fixed position in space and the induced movements complicate the realization of manipulation tasks, even if algorithms are developed to automatically adapt the scale factor and increase the precision of the interactions [START_REF] Frees | Precise and rapid interaction through scaled manipulation in immersive virtual environments[END_REF], [Weill-Duflos, 2017]. The three-dimensional manipulation with one hand becomes even more tiring when the interface is transparent and does not exhibit viscosity in the free movement.

The intent behind the design of the two-degree-of-freedom planar haptic interface is to decouple the degrees of freedom by combining it with a one-degree-of-freedom interface for three-dimensional bi-manual interactions with the micro-world. Using both hands, each assigned to a high-fidelity haptic interface with a very specific role, is expected to provide greater certainty, precision, intuitiveness, reduced fatigue, and speed in task completion. Most of our daily tasks involve the use of both hands. Complex tasks such as medical surgery, soldering electronics, and mechanical assembly are usually performed by using both hands. Thus, keeping this kind of interaction in teleoperation will have a great impact on the quality of the task realization. Some studies on the action of both hands and their benefits can be found in [START_REF] Leganchuk | Manual and cognitive benefits of two-handed input: An experimental study[END_REF]] and [Guiard, 1987].

The table below summarizes two studies that highlight the merits of decoupling degrees of freedom using two-handed haptic interfaces for bi-manual interactions.
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Study title

Haptic interfaces Summary A two-handed haptic interface for bimanual vr interaction. [START_REF] Murayama | Spidar g&g: A two-handed haptic interface for bimanual vr interaction[END_REF] SP IDAR -G&G: a pair of string-based 6 DOF haptic device called SP IDAR-G.

Two handed manipulation takes shorter completion-time than one handed manipulation. Users can intuitively manipulate and express complex spatial relation with two easy-to-use grips and control the motion of virtual objects. User's task performance in two-handed complementarymotion teleoperation. [START_REF] Agbalé | User's task performance in two-handed complementary-motion teleoperation[END_REF] Two 3 DOF haptic master interfaces to control a 6 DOF slave manipulator.

Bimanual teleoperation system with complementary DOFs decrease the completion time and allows the user to better execute separate but simultaneous motions. Table 6.1: A brief summary of two studies on two-handed haptic interfaces for bi-manual interactions.

The figure below depicts the teleoperation chain that we were aiming to mount with our own interfaces coupled to a micro manipulation system based on PSS (Piezo Stick-Slip) actuators. This slave micro-manipulation was installed during Sofia Sakr's thesis work and was used to conduct teleoperation experiments [Sakr, 2020]. This micro-manipulator robot is made up of a sample holder platform with three degrees of freedom in the plane and a micro-gripper positioned on a motorized translation along the z-axis. Therefore, it was planned to assign the planar haptic interface to the planar platform of the micro-manipulator (sample holder) and another haptic interface to the control of the z-displacement and gripping force of the force-sensing micro-gripper.

In pick and place tasks, for example:

• The planar haptic interface guides and assists the human operator to reach in ease and with precision the place of the desired micro-objects, and could prevent the user form 114 6.3. THE PIEZOELECTRIC STICK AND SLIP (PSS) ACTUATOR approaching certain predefined zones, etc. Moreover, color information from the top camera can be rendered to the user as texture to help guide his actions while navigating the teleoperated environment.

• The other haptic interface would help guide the user in positioning along the Z-axis. It can also provide and render the gripping force of the micro-gripper to the user, allowing him to bring into play his dexterity to prevent the risk of damaging fragile micro-objects or even the tip of the micro-gripper. And it could also provide feedback when performing tasks involving insertion and verification of link quality.

The Piezoelectric Stick and Slip (PSS) actuator

Micro-positioning became important in many production processes such as micro-assembly, accuracy pick and place, high resolution microscopes and Telescopes, just to name a few. Nowadays micro and nano-positioning become increasingly important, research institutions around the world are investing on the development of ultra precise micro-stages and microrobots to fill the need of various companies and research labs in need of this technology.

The PSS actuator is one of the best actuators in micro and nanorobotics due to its compact, non-bulky design and its capability to perform fast, long, and fine displacements with a nanometer resolution.

A stick-slip actuator has two modes of operation: stepping mode for high-speed macroscopic travels (a few centimeters at a few millimeters per second) and scanning mode for high-resolution micro-displacements (a few hundred nanometers to a few micrometers with a nanometer resolution). During the "stick" phase, a progressive displacement is applied by the PSS actuator, during which the slide is carried through friction by its guide; then when the voltage driving this displacement suddenly drops, the friction element slips and changes its position, but not that of the slide (Figure 6.2). By repeating this sequence, macroscopic travel of the slide can be achieved, and the frequency of its repetition determines it speed. In every stick phase, as long as the friction element is not accelerated too quickly, the slide will follow the friction element's movement. The direction of the slider will be determined by the direction of the signal's ramp. The frequency, amplitude, and direction of the saw-tooth signal applied to the actuator play a key role in controlling its position and speed.

Stick

The PSS controller

I had the opportunity to work on the design of a saw-tooth generator to drive the SLC 1720-S1 PSS actuator, which is the same type of actuator as the ones utilized in the slave manipulator platform shown in Figure 6.1. This saw-tooth generator has been designed initially to control the PSS actuator in a large motion range in stepping mode. But, the approach used in designing the saw-tooth generator has enabled the PSS actuator to be close-loop controlled not only in stepping mode but also in scanning mode whilst following the reference in position. This saw-tooth generator was used in the work published in [START_REF] Oubellil | Mixed stepping/scanning mode control of stick-slip sem-integrated nano-robotic systems[END_REF] and used in various applications requiring micro-positioning including bilateral coupling with haptic interfaces. The saw-tooth generator has three analog inputs, namely the three voltages Amp, Freq, and Dir to set respectively the amplitude, frequency, and direction of the saw-tooth signal at its output.

The advantage of this saw-tooth generator is that it can access the scanning mode and the stepping mode depending on the magnitude of the error between the position reference and the actual measured position of the slider. This can be achieved simply by controlling the frequency and direction of the saw-tooth signal (Figure 6.5). The plot in Figure 6.6 shows the closed-loop response in position to a sinusoidal reference displacement with an amplitude of 1 µm and a frequency of 1Hz. The reason why this saw-tooth generator can drive the PSS in scanning mode in addition to the stepping mode is that the saw-tooth signal generation is based on voltage increments/decrements.

To generate a saw-tooth signal, the DAC value is incremented in steps and when the amplitude is reached, the DAC resumes incrementing from zero. When the direction is changed, the DAC starts to decrement in steps and when zero is reached, the DAC resumes decrementing from the amplitude value (Figure 6.7).

This generator can therefore access the scanning mode thanks to this simple operating principle. This can be done simply by controlling the frequency and direction of the sawtooth signal (Figure 6.5 and 6.6). Thus, by the very principle responsible for generating the saw-tooth signal, it is also possible to generate voltages capable of positioning the slider in scanning mode (Figure 6.7). The scanning mode is accessed when the slider position approaches the position reference, i.e. when the error becomes small, the controller in this case sets a very low saw-tooth frequency and increases the step resolution (the step size becomes smaller). And the controller alternates between incrementing and decrementing the voltage to maintain the desired reference, depending on the sign of the error (Figure 6 The frequency of the saw-tooth signal varies in a range of [1 Hz -20 KHz], at high frequencies there are few steps per period while there are 4096 steps (the full resolution of the DAC) per period at low frequencies. The saw-tooth signal is filtered and processed before being sent to the PSS actuator to smooth out the steps.

The positioning resolution of the system can be improved by enhancing the precision of 118 6.4. VERSATILE POSITIONING SOLUTIONS FOR IMPROVED ACCESSIBILITY AND SAFETY the encoders used to measure the position of the slider and by upgrading to a much faster microcontroller board with a higher resolution and a faster sampling rate DAC. In the closedloop control, we can also act on the amplitude and account for the PSS actuator's hysteresis impact.

This type of approach is very interesting for micro-manipulation, specifically for microteleoperation tasks, because with this approach, the PSS can be controlled very quickly over large ranges and with good precision of the order of few nanometres, ensuring precise manipulation and a feel of telepresence during the execution of the task.

Versatile positioning solutions for improved accessibility and safety

Fast and accurate positioning at the micro scale is essential. The interface of a remotely operated system must therefore facilitate the navigation to ensure fast and accurate positioning in complete safety. In this section, a versatile positioning solution is proposed with the Axial-DSIM to facilitate navigation in the micro-world.

Consider the following example shown in Figure 6.8, in which the Axial-DSIM is coupled to a PSS on which a micro-force sensor is installed. If for example at a distance of 2 mm apart from the sensor tip a sample is located and the user want to approach it precisely for characterization/exploration. And, because the sensor tip is fragile, let's say the system has been programmed so that each turn of the interface corresponds to 20 µm, which is precise enough for a good characterization, but if the sample is 2 mm far away from the sample, it means that the user will have to turn the handle of the interface about 100 times to get to the sample, which is frustrating and not ideal. To overcome these challenges, we took inspiration from different existing methods used in various types of positioning. For example, analog joysticks are commonly used for variable speed positioning, while rotary encoders are used for precise positioning.

We have therefore decided to combine these various modes, so that each time the user accesses a mode the haptic interface will convey the same feedback as the latter. For example, if the tip of the sensor is far from the sample, the user could start by accessing the joystick mode. By accessing the joystick mode, the interface would act as a joystick (Figure 6.9), and the more the user turns the handle to the right, for example, the more torque he will feel to the left and the more the speed of the slave micropositioner will increase towards the front.
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And by approaching the sample, the user will be able to change to stepping mode (Figure 6.9). In stepping mode, the interface will behave like a rotary encoder. Thus, by turning the handle, the user will experience clicking effects, each click corresponding to a step in position performed by the slave micropositioner.

When in stepping mode, the user can also select the width of a step. The main advantage of using the stepping mode is that the user knows each time he feels a click that it corresponds to a step of 1 µm, for example. He can therefore easily find his way around and manipulate with more confidence without necessarily needing a microscope.

When the sensor tip starts detecting a force (when the tip touches the sample), in this case, automatically the stepping mode will be deactivated, the fineness of the positioning will increase, and the measured force will be rendered to the user via the interface, allowing him to explore the sample. 

Hands-on demonstration

The coupling between the Axial-DSIM and the PSS actuator and micro-force sensor as shown in Figure 6.8 has not been established, although everything has been planned and prepared for that purpose, including the sawtooth generator. However, since the PSS actuator and the micro-force sensor are a bit fragile and relatively expensive to be used in a demo, we decided to couple the Axial-DSIM with another system that looks quite similar but is much 120 6.5. CONCLUSION bigger, sturdy, and much cheaper. The purpose of the demo is to test the various positioning modes in order to improve the system, particularly from a haptic and perceptual standpoint.

The demo is shown in Figure 6.10 in which the Axial-DSIM is coupled to a motorized slider based on a Nema 17 stepper motor. When the stepper motor turns, it causes the slider to move along the slide. On the right side of the slide is mounted a strain gauge sensor that carries an axial magnet. The slider also carries an axial magnet that faces the other magnet with the same polarity. So, the closer the slider is to the load cell, the more repulsive the force will be. The detected force will then be sent to the user via the haptic interface. In joystick mode, the stepper motor was set to do fast repetitive micro-stepping. This repetition rate varied according to the angle made by the user. The larger the angle, the faster the repetition rate, the faster the displacement.

In stepping mode, the motor was set do a step each time the user passes over a click while turning the handle of the interface. Each step is made up of N micro-steps, which the user can choose to define the step width.

The initial results appear to be very compelling and promising. However, there are some important features that should be added in the future, such as changing modes with the same manipulating hand without having to let go of the interface and adding a small screen next to the interface to show the user the current mode and step width, for example, if they are in stepping mode.

Conclusion

Aside from the importance of haptic interfaces being able to convey to the user the dynamics and forces of the micro world, haptic interfaces must also be able to facilitate the addressing of micro positioners at the micro-scale in order to have a fast and accurate system that ensures task security and comfort.

The slave manipulator must be fast and accurate to ensure telepresence, stability, and safety while performing the task. PSS actuators are an example of such an actuator that is capable of making large movements with high speed and resolution. In this chapter, we have introduced the concept of a very simple PSS controller that is capable of making the slider of the PSS actuator follow the reference in position very fast but also in accuracy. Another indication of the importance of actuator and drive selection on both sides of the micro-manipulation chain.

We've also seen that dividing the degrees of freedom and operating bi-manually might be a great way to reduce user fatigue and risks of breakage, especially when dealing with delicate objects. Unfortunately, due to time and equipment constraints, we didn't achieve yet the final coupling of the bi-manual interface with the slave micro-manipulator. Once completed, conducting user studies with it will be the object of an interesting study to evaluate and validate the system's efficiency.

Finally, the versatility in changing modes for positioning seems to be a compelling solution to navigate easily and securely in the micro-environment.

General Conclusion

This thesis addressed the challenges of transparent haptic interface design based on doublesided sheet induction motors for micro-teleoperation. The main aim is to contribute to the challenge of micro-assembly robotization through an operator-centered approach. The work in this thesis combines the fields of electromagnetics, haptics, and micro-robotics. Most of the work, however, has focused on the electromagnetics part, involving the design of sheet induction actuators for haptic interfaces. Sheet induction actuators are interesting for haptics due to the low weight and inertia that their secondaries are capable of having. Haptic interfaces based on this type of actuator can be more transparent, thus contributing to an improvement of the quality of the operated task especially when dealing with microenvironments were the dynamics are high and the bandwidth of force is large.

The first part of the work focused on optimizing the design of DSLIMs and their power drivers. Having a well thought-out design and a good driver improves the performance of the motor and the quality of its rendered thrust. Finite element analysis (FEA) of various motor designs was carried out in order to optimize design choices to improve the shape of the magnetic field in the air gap of the motor and its distribution. The emphasis on the shape of the field and its distribution was an important step in optimizing the motor's winding design. The offset between the primary and the addition of overlapping coils have improved the shape and distribution of the field. Although in our case, the offset between the primaries did not result in a significant increase in efficiency, it is still something important to consider, especially for motors with smaller air gaps and smaller opening slots. Supplying the motor with purely sinusoidal waves has greatly enhanced the quality of thrust and has led to much less noise, vibrations, and secondary overheating. For that reason, we have designed our own three-phase signal generator to drive the motors, capable of generating pure sinusoidal waveforms that can be controlled in frequency, amplitude, and direction.

The second part demonstrated that the DSLIM is capable of rendering and controlling both tactile and kinesthetic stimuli. This was something expected from the beginning because, when supplied with a six-step drive, vibrations were present in the generated thrust corresponding to the steps of the six-step input supply. After optimizing the motor and using a sinusoidal drive to eliminate the majority of the unwanted vibrations, adding controlled vibrations to the thrust was simply done through amplitude modulating the three-phase input supply of the motor. The sole remaining issue of DSLIMs with short, thin, and lightweight secondaries is the vibration caused by the end-effect and the concern of how to mitigate this effect without necessarily extending the secondary length in order to keep its inertia and weight low.

The third part included the realization of a planar haptic interface V2 based on the newly designed and optimized DSLIMs and power drives. The novelty of this interface, apart from its motor part, is the improvements brought to its air system and its tracking. The proof of concept made on position tracking using a magnet and a hall-effect sensor appears to be 6.5. CONCLUSION quite interesting. This technique, however, is yet to be validated because it hasn't been used in the real-time control of the interface.

The fourth part introduced the Axial-DSIM (Double-Sided Induction Motor), a rotary induction motor with a lightweight, thin disc-shaped rotor whose operating principle is similar to that of the DSLIM, but instead of generating a linear force, it delivers torque and has no end-effect related issues because the motor has no open-ends. This motor is particularly interesting for haptic applications due to its low inertia, low friction, high bandwidth, and ability to render a high fidelity steady torque, a vibrating torque, and a range of interesting feedbacks for both tactile and kinesthetic senses. The simplicity of its design and control makes it more interesting than magnet-carrying Eddy current coupling devices. Several interesting ideas for near future work on the Axial-DSIM include the further optimization of its design, designing a Pantograph based on two Axial-DSIMs, coupling the Axial-DSIM with a slave micro-manipulator to perform micro teleoperated tasks, and using the motor to conduct studies on force perception and discrimination.

The fifth part presented some prospects for improving micro-teleoperation chains, such as the two-handed teleoperation, the division and matching of degrees of freedom, the quality and form of the haptic rendering, the positioning at the micro scale, etc. Throughout this thesis, the importance of having a separate/dedicated signal generators for each actuator on both sides of the chain was highlighted. Demonstrating how crucial it is to get the best performance out of the actuators in order to make the system faster, more reliable, secure, precise, and without latency. These things are essential to ensure transparency and telepresence while performing the tolerated task. A signal generator for the induction motor has been designed to deliver three sinusoidal waves controllable in amplitude, frequency, and direction, allowing for precise control of the force delivered and its direction. And a saw-tooth signal generator for PSS actuators has been designed, allowing to control the actuator in its two modes (stepping and scanning). This controller succeeded in controlling the actuator with sub-micron resolution on displacements of a few centimeters at a speed of several millimeters per second.

The design of micro-teleoperated chains requires many technical and HMI (Human Machine Interaction) considerations, especially if the environment in question is the micro-world due to the scaling effects. The technical aspect of this thesis focused on designing doublesided sheet induction actuators for haptic interfaces that have distinct characteristics and are capable to faithfully reproduce the force and dynamics of the micro-world. And on the HMI side, some issues were discussed in order to improve the comfort and safety during task execution.

An essential next step for a near future study would be to conduct haptic perception experiments with these induction-based haptic interfaces to detect the lowest felt force and also to try to establish a texture library based on the characteristics of the input signal. This study is beneficial, especially for the coupling step with the slave micro-manipulator, in which we intend to render to the user the color information captured with the upper camera of the slave micro-manipulator as texture to help guide his actions while navigating the micro-environment. 

A.7 The surface current density of the primary

The current carried out by the windings of the motor can be replaced by a thin fictitious layer of current, called the "current sheet", distributed over the surface of the stator facing the air gap. The complex form of surface current density for the primary can be expressed as:

j s1 = J sm exp j ωt - π τ x (A.21)
Its amplitude J sm is

J sm = m 1 (2w 1 k w1 ) √ 2I 1 S L (A.22)
The current sheet strength, J sm , is therefore the amount of current per stator length (amp/meter). m is the number of phases, k w1 is the winding factor, w 1 is the number of series turns per phase, I 1 is the RMS value of the input current, and S L is the length of the secondary.

A.8 The surface current density of the secondary

The surface current density for the secondary j r1 is given by: .23) where σ s = σ 2 d is the effective surface conductivity for the secondary, v x is the speed of the secondary.

j r1 = σ s (E z + v x B y ) (A
From the Maxwell-Faraday equation which states that magnetic field variation with respect to time always accompanies a non-conservative electric field, and vice versa.

∇ The field intensity in the air gap is composed into three parts. The first term is the normal traveling wave, which moves at synchronous speed. The second and the last term is the entryend forward and the exit-end backward traveling wave, which attenuates along x-direction and whose attenuation constant is λ 1 and λ 2 , respectively. More information on this can be found in [START_REF] Yang | Performance calculation for doublesided linear induction motor with short secondary[END_REF].

Where H ym = J sm τ g e π 1 + (SG) 2 (A.28)

ϕ = tan -1 1 sG (A.29)
The average thrust is given by

F av = 2a S L 0 Re (j * s1 • µ 0 H y ) dx (A.30)
Where j * s1 is the the conjugate of j s1 and 2a the primary stack width. In this particular design the nine coils of the LIM collectively embrace eleven teeth and each single coil embraces three consecutive teeth. And since the three coils of each phase are connected in series therefore the voltage across each phase determines the flux of the nine teeth embraced by each phase. E a , E b , and E c are the voltages applied to the three phases of the motor A, B, and C, respectively. And I a , I b , and I c are the currents passing through these three phases.

             ∂ /∂t(Φ A + Φ B + Φ C -Φ D -Φ E -Φ F + Φ G + Φ H + Φ I ) = E a ∂ /∂t(-Φ B -Φ C -Φ D + Φ E + Φ F + Φ G -Φ H -Φ I -Φ J ) = E c ∂ /∂t(Φ C + Φ D + Φ E -Φ F -Φ G -Φ H + Φ I + Φ J + Φ K ) = E b (B.3)
The flux in each tooth is calculated by considering the flux produced by each of these nine coils separately, then summed up by applying the superposition principle.

Thus, the flux produced by coil1 passes through A, B, and C at one instant of time, and returns through D, E, F, G, H, I, J, and K. Similarly, the flux produced by coil2 passes through B, C, and D at one instant of time, and returns through A, E, F, G, H, I, J, and K, etc. 
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 6 .1. BENEFITS AND CHALLENGES OF WORKING AT THE MICRO-SCALE

Figure 1 . 1 :

 11 Figure 1.1: Size comparison micro and nano scales.

10 1

 10 .3. MICRO-SCALE TELEOPERATION WITH HAPTIC FEEDBACK

Figure 1 . 4 :

 14 Figure 1.4: Schematic diagram of a bilateral coupling in teleoperation.

  Figure 1.5: Haptic = Tactile + Kinesthetic.

  Figure 1.6: Robotic Haptic interface design, actuation, sensing and control to "read andwrite" from the human hand. The effect of the dotted arrows has to be minimized in the design of an haptic devise, meaning that the mechanical design must not mask the small and fine forces generated by the actuators, and reading the position of the device must not disturb its state.

Figure 1 . 7 :

 17 Figure 1.7: Types of electric motors among which are the ones interesting for haptics.

Figure 1 . 8 :

 18 Figure 1.8: (a) Rotor of an iron-core brushed DC motor, (b) rotor of an iron-less (core-less) brushed DC motor.

Figure 1 . 9 :

 19 Figure 1.9: (a) Brushless DC motor, (b) PI (Physik Instrumente) U-shaped iron-less linear brushless motor.

  Figure 1.10: Squirrel-cage asynchronous AC induction motor.

Figure 1

 1 Figure 1.11: (a) Conventional rotary induction motor, (b) double-sided linear induction motor with a sheet short secondary, (c) axial double-sided rotary induction motor with a sheet disc shaped rotor.
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Figure 1 . 12 :

 112 Figure 1.12: Haptic Interfaces that rely on the principle of induction. (a) One-degree-offreedom haptic interface based on DSLIMs, presented at world haptics, (b) planar haptic interface based on DSLIMs [Ortega et al., 2017], (c) 2-DOF LIM proactive desk [Noma et al., 2004], (d) High fidelity interface with a viscous coupler [Mohand-Ousaid et al., 2012].

  Addresses the experimental tests conducted on the motor following the simulations done in Chapter 2 and focuses on the importance of having a pure sinusoidal three-phase input supply. The results show the improvement brought about by what has been taken into account in the design. The chapter concludes by demonstrating that controlled 1.8. THESIS OUTLINE 23 vibrations can be added to the force output via amplitude modulation of the three-phase signal at the motor input.

Contents 2 . 1 7 Finite

 217 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.2 Case study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3 Principle of operation . . . . . . . . . . . . . . . . . . . . . . . . . . 2.4 Motor parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.4.1 The air gap of the motor . . . . . . . . . . . . . . . . . . . . . . . . 30 2.4.2 The pole pitch of the motor and the number of poles . . . . . . . . . 30 2.4.3 The Secondary thickness and conductivity . . . . . . . . . . . . . . . 31 2.5 The windings design of the motor and the slotting effect . . . . 2.5.1 The windings design . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.5.2 The slotting effect . . . . . . . . . . . . . . . . . . . . . . . . . . Element Simulations of the field shape and distribution in the air gap of a DSLIM . . . . . . . . . . . . . . . . . . . . . . . 2.7.1 The shape of the field due to the slotting effect . . . . . . . . . . . . 36 2.8 The equations of the field considering the slotting effect . . . . . 2.8.1 First approximation . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 2.8.2 Second approximation . . . . . . . . . . . . . . . . . . . . . . . . . . 40 2.8.3 The negative force due to slotting . . . . . . . . . . . . . . . . . .

Figure 2

 2 Figure 2.1: (a) Conventional Rotary Induction Motor (RIM) , (b) Single-Sided Induction Motor (SLIM), (c) Double-Sided Induction Motor (DSLIM) with a long secondary, (d) Double-Sided Induction Motor (DSLIM) with a short secondary.

Figure 2

 2 Figure 2.2: Demonstration of Lenz's law with a moving magnet and a conductive aluminum foil.

Figure 2

 2 Figure 2.3: Principle of operation of the motor.

  Figure 2.4: Motor parameters.

  Figure 2.5: The number of poles and the length of the secondary. A simple experiment to demonstrate how the secondary's length affects the force's quality. To avoid ripples, the secondary length should at the very least cover two poles.

Figure 2 . 7 :

 27 Figure 2.7: (a) Primary with a planar (modular) non-overlapping winding design, (b) Primary with a double-layer winding design.

Figure 2 . 8 :

 28 Figure 2.8: The slotting effect.

Figure 2 . 9 :

 29 Figure 2.9: (a) The open ends of a short-secondary DSLIM, (b) the open ends of a longsecondary DSLIM.

Figure 2

 2 Figure 2.10: (a) Secondary positioned in the center along the air gap of a short-secondary DSLIM, (b) secondary positioned to the side along the air gap of a shortsecondary DSLIM.

Figure 2 . 11 :

 211 Figure 2.11: Finite element simulation, showing the shape and distribution of the magnetic field in the air gap of a three-phase 4-pole DSLIM with a double-layer winding design and with a series connection between the windings of each phase.

  Figure 2.11, a three-phased, four-poles DSLIM was simulated, supplied by a sinusoidal three-phased current 120 degrees 36 2.7. FINITE ELEMENT SIMULATIONS OF THE FIELD SHAPE AND DISTRIBUTION IN THE AIR GAP OF A DSLIM phase shifted with an amplitude of 2 A. The motor has a double-layer winding design, each phase consisting of three coils of 100 turns each.

Figure 2 . 13 :

 213 Figure 2.13: Finite element simulation of one phase with two coils to highlight the slotting effect. (a) With an air gap of 2.5 mm, (b) with an air gap of 5 mm, (c) with an air gap of 10 mm, (d) with an air gap of 5 mm and W s > W t .

Figure 2 . 14 :

 214 Figure 2.14: Various types of stator slots, (a) open type, (b) semi-closed type, (c) open type that could host magnetic wedges.

2. 8 .

 8 Figure 2.15: First Approximation.

Figure 2 .

 2 Figure 2.16: Animation, first approximation.

Figure 2

 2 Figure 2.19: Force applied on the secondary considering the harmonic content due to slotting.

Figure 2 .

 2 Figure 2.20: FEMM simulation of a 4-pole six-phase DSLIM with a double-layer winding design.

FundamentalFigure 2 . 22 :

 222 Figure 2.22: Harmonic cancellation by offsetting the primaries.

  Figure2.23 shows the effect of the offset on the shape of the field generated only by a single-phase. When comparing Figure2.23 to Figure2.13, it is evident that the effect of slotting has been significantly reduced.

Figure 2

 2 Figure 2.23: Shift to cancel the slotting effect. Finite element simulation showing the effect of the offset between the primaries. (a) With an air gap of 2.5 mm and an offset of W s between primaries, (b) with an air gap of 5 mm and an offset of W s between primaries, (c) with an air gap of 10 mm and an offset of W s between primaries, (d) with an air gap of 5 mm, W s > W t , and an offset of W s between primaries.

Figure 2 .

 2 Figure 2.24: Shape and distribution of the field in the air gap of a shifted 4-poles DSLIMwith a double-layer winding design and with a series connection between the windings of each phase.
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Figure 2 .

 2 Figure 2.27: (a) Magnetic field distribution of a 4-pole DSLIM with double-layer winding design and a series connection between the coils of each phase, (b) magnetic field distribution of a shifted 4-pole DSLIM with double-layer winding design and a series connection between the coils of each phase.

Figure 2 .

 2 Figure 2.30: FEA showing the distribution of the field in the air gap of a DSLIM with overlapping coils of 100 turns.

Figure 2 .

 2 Figure 2.31: FEA showing the distribution of the field in the air gap of a DSLIM with compensating coils of 50 turns.
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 232 Figure 2.32: FEA of a shifted 7-poles DSLIM.
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Figure 3 . 1 :

 31 Figure 3.1: The experimental setup.

Figure

  Figure 3.2: The DSLIMs.

  Figure 3.4: The three most common voltage shapes in motor drives.

  Figure 3.5: Schematic diagram of the Six-step (Trapezoidal) power drive and the motor.

  Figure 3.6: Image of the Six-step drive supplying the motor.

Figure 3 . 7 :

 37 Figure 3.7: Schematic diagram of the SPWM power drive and the motor.

Figure 3 . 8 :

 38 Figure 3.8: Image of the SPWM drive supplying the motor.

Figure 3 . 9 :

 39 Figure 3.9: Schematic diagram of the Sinusoidal power drive and the motor.

Figure 3 . 10 :

 310 Figure 3.10: Image of the sinusoidal power drive supplying the motor.

Figure 3 . 11 :

 311 Figure 3.11: The shape of the force measured by the ATI nano-17 force sensor as a function of time of a 4-pole motor (Figure 3.2 (b)), supplied with a six-step waveform at 100Hz, secondary placed at the center along the air gap.

Figure 3 . 12 :

 312 Figure3.12: The shape of the current passing through one phase of a 4-pole DSLIM supplied with a six-step waveform at 100 Hz.

Figure 3 . 14 :

 314 Figure 3.14: The shape of the force as a function of time of a 4-pole motor (Figure 3.2 (b)),supplied with an SPWM waveform at 100Hz, secondary placed at the center along the air gap.

  FORCE RENDERED VS. DSLIM DESIGNS AND SUPPLIES

Figure 3

 3 Figure 3.16: The shape of the force as a function of time of a 4-pole motor (Figure 3.2 (b)),supplied with a sinusoidal waveform at 100Hz, secondary placed at the center along the air gap.

Figure 3 .

 3 Figure 3.18: The shape of the force as a function of time of a 4-pole motor (Figure 3.2 (b)),supplied with a sinusoidal waveform at 100Hz, secondary shifted 3 cm to the left side along the air gap.

Figure 3 Figure 3

 33 Figure 3.19: The shape of the force as a function of time of the DSLIM with overlapping coils (Figure 3.2 (d)) , supplied with a sinusoidal waveform at 100Hz, secondary positioned at the center along the air gap.

Figure 3 . 21 :

 321 Figure 3.21: The shape of the force as a function of time of a DSLIM with overlapping coils (Figure 3.2 (d)) and a shit between its primaries, supplied with a sinusoidal waveform at 100 Hz, secondary positioned at the center along the air gap.

Figure 3 . 22 :

 322 Figure 3.22: The shape of the force as a function of time of a DSLIM with overlapping coils (Figure 3.2 (d)) and a secondary with a length equal to (2/3)τ , supplied with a sinusoidal waveform at 100Hz, secondary positioned at the center along the air gap.

Figure 3

 3 Figure 3.24: Added vibration to the rendered force through amplitude modulation of the three-phase supply.

Figure 3

 3 Figure 3.26: The shape of the force as a function of time of a DSLIM with overlapping coils (Figure 3.2 (d)) and a secondary with a length equal to 2τ , supplied with an amplitude modulated three-phase supply with f c = 100 Hz and f m = 10 Hz.

Figure 3 .

 3 Figure 3.27: The shape of the current passing through one phase of the DSLIM.
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 63 Figure 3.28: The shape of the force as a function of time of a DSLIM with overlapping coils (Figure 3.2 (d)) and a secondary with a length equal to 2τ , supplied with a amplitude modulated three-phase supply with f c = 100 Hz and f m = 100 Hz.

Figure 3 Figure 3

 33 Figure 3.29: (a) The shape of the force of a 4-pole motor, supplied with a sinusoidal waveform at 100 Hz, secondary placed at the center along the air gap (Figure 3.16, Section 3.4.1), (b) The shape of the force of a 4-pole motor supplied with a sinusoidal waveform at 100 Hz, secondary positioned on the side along the air gap (Figure 3.18, Section 3.4.2), (c) The shape of the force of the DSLIM with overlapping coils supplied with a sinusoidal waveform at 100 Hz, secondary positioned at the center along the air gap (Figure 3.19, Section 3.4.2).

  Figure 4.1: The first version of the planar haptic interface [Weill-Duflos, 2017].

Figure 4 . 8 :

 48 Figure 4.8: Tracking of the handle.

Figure 4 . 9 :

 49 Figure 4.9: Magnet and 3D hall sensor for measuring the absolute position of the interface handle in the plane.

Figure 4 . 10 :

 410 Figure 4.10: The planar positioner used to sweep the magnet.

  THE TRACKING OF THE INTERFACE The plots of the magnetic field along the three axis of the hall effect sensor are shown in Figures 4.11

Figure 4 . 12 :

 412 Figure 4.11: The magnetic field measured along the X-axis of the sensor as a function of the 2D position of the magnet.

Figure 4 . 15 :

 415 Figure 4.15: The controllable signal generator.

  Figure 4.16: The three-phase sinusoidal signal generator and the three power amplifiers.

Figure 4

 4 Figure4.17: The operating principle of the three phase signal generator.

Figure 4

 4 Figure 4.18: The assembly of the interface.

FigureFigure 5

 5 Figure 5.1: The Axial-DSIM (Double-Sided Induction Motor).

Figure 5

 5 Figure 5.3: (a) the Axial-DSIM (Axial Double-Sided Induction Motor), (b) the DSLIM (Double-Sided Linear Induction Motor).

Figure 5

 5 Figure 5.4: Left: first design of the TIMoN interface, Right: the Eddy-current coupler [Mohand-Ousaid et al., 2012].

  Figure 5.5: TIMoN interfaces

Figure 5 . 6 :

 56 Figure 5.6: (a) Radial flux motor, (b) Axial flux motor (single-sided configuration).

Figure 5 . 8 :

 58 Figure 5.7: The initial design.

Figure 5 . 9 :

 59 Figure 5.9: The winding design of the Axial-DSIM (The three-layer planar, double-layer winding design).

Figure 5 . 10 :

 510 Figure 5.10: The winding design of the Axial-DSIM, S2 is to be rotated 180 degrees around the z-axis to face S1.

Figure 5 . 12 :

 512 Figure 5.12: Image of the SMC primary core used.

Figure 5 . 13 :

 513 Figure 5.13: Image of the aluminum rotor (secondary).

Figure 5

 5 Figure 5.14: (a) Skewed rotor of a squirrel-cage radial induction motor, (b) sketch showing what a skewed disc of an axial induction motor would look like.

Figure 5 . 15 :

 515 Figure 5.15: (a) The shape of the rotating magnetic field in an axial air gap (4 poles motor), (b) The cross section area of the magnetic flux in axial induction motor.

Figure 5

 5 Figure 5.16: The experimental setup. (a) The "ATI nano-17 force sensor", (b) the handle, (c) first side of the stator, (d) second side of the stator, (e) the rotor, (f) the linear power amplifiers, and (g) the anti-vibration plate.

Figure 5

 5 Figure5.17: Shape of the constant torque as a function of time.

Figure 5 .

 5 Figure 5.18: Measured torque and current per phase as a function of frequency.

Figure 5 .Figure 5

 55 Figure 5.19, shows the reaction time the motor takes to change the direction of torque. The change in direction was simply performed by swapping the power supply of phase A with that of phase B. It only took roughly ten milliseconds for the torque to change direction.

Figure 5 .Figure 5

 55 Figure5.20, shows the shape of the torque exerted on the rotor when the Axial-DSIM is supplied with a three-phase supply of 100 Hz amplitude modulated by a sinusoidal wave of 10 Hz. The motor's vibration bandwidth is quite large; vibrations up to 1000 Hz can be rendered and perceived.

Figure 5 . 21 :

 521 Figure 5.21: Demo 1: the Axial-DSIM coupled with a virtual environment.

Figure 5

 5 Figure 5.22: (a) Pantograph based on two Axial-DSIMs , (b) Rotary to linear.

Figure 6 . 1 :

 61 Figure 6.1: The division of degrees of freedom and the bimanual-teleoperation.

Figure 6 . 2 :

 62 Figure 6.2: The principle of operation of the PSS actuator.
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 66 Figure 6.3: The SLC 1720-S PSS actuator.
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 6 3. THE PIEZOELECTRIC STICK AND SLIP (PSS) ACTUATOR

Figure 6 . 5 :

 65 Figure 6.5: Block diagram of a simple closed-loop position control.

Figure 6 . 6 :

 66 Figure 6.6: The measured position of the slider is shown in red, and the sine reference is shown in blue. The sine reference has a frequency of 1 Hz and a peak-to-peak amplitude of 2 µm.

Figure 6 . 7 :

 67 Figure 6.7: The approach used by the saw-tooth generator to access both modes.

Figure 6 . 8 :

 68 Figure 6.8: The Axial-DSIM coupled to a PSS actuator and a micro force sensor.

Figure 6 . 9 :

 69 Figure 6.9: Positioning modes of the haptic interface.

Figure 6 . 10 :

 610 Figure 6.10: Demo 2: the Axial-DSIM coupled to a stepper motor.
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 7 THE SURFACE CURRENT DENSITY OF THE PRIMARY 129 we obtain the following equation in with all vectors are only in function of x and time t.

  Figure B.2: LIM with a double-layer winding configuration, windings connected in series.

BFigure B. 3 :

 3 Figure B.3, shows the evolution of the magnetic flux density for each tooth following the step-by-step method for five consecutive intervals of time. It can be seen that the shape has an overall sine appearance.

FigureFigure B. 4 :

 4 Figure B.4, shows the distribution of the field.

  

  

  

  

Table 1

 1 

	.2: summary of teleoperative tasks performed at the nano/micro-scale with Haptic
	feedback (Part one).

1/e or 37% of surface current density (standard depth of penetration) Depth Eddy current strength δ Coil Eddy current depth of penetration

  

Figure 2.6: Eddy current depth of penetration in a conductive plate.

axis moving platform Anti-vibration plate

  

	DSLIM
	Piezoelectric film
	Probe (small coil)
	Force Sensor
	Nano-17
	X-

  3.6. POTENTIAL SOLUTION TO LIMIT THE VIBRATIONS DUE TO THE END-EFFECT WITHOUT INCREASING THE LENGTH OF THE SECONDARY 75

		1			
		0.8			
		0.6			
	Fx, N	0.4			
		0.2			
		0			
		1.4 -0.2		1.402 1.404 1.406 1.408	1.41 1.412 1.414 1.416 1.418	1.42
					Time, ms	x10 4
		0.8			
		0.6			
	Fx, N	0.4			
		0.2			
		0			
		-0.2 1.22	1.222 1.224 1.226 1.228	1.23	1.232 1.234 1.236 1.238	1.24
					Time, ms	x10 4
		0.8			
		0.7			
		0.6			
		0.5			
	Fx, N	0.3 0.4			
		0.2			
		0.1			
		0			
		-0.1	1.2 1.202 1.204 1.206 1.208 1.21 1.212 1.214 1.216 1.218 1.22
					Time, ms	x10 4

  THE SURFACE CURRENT DENSITY OF THE SECONDARY The general field solution in the air gap is H y (x, t) =H ym exp j ωt -

	130			A.8. π τ	x + ϕ
					+ C 1 exp -	x λ 1	exp j ωt -	π τ e	x	(A.27)
					+ C 2 exp	x λ 2	exp j ωt +	π τ e	x
							× E = -	∂B ∂t	(A.24)
	In x-direction, we obtain							
						∂E z ∂x	=	∂B y ∂t		= µ 0	∂H y ∂t	(A.25)
	Substituting (A.21) (A.22) (A.23) (A.25) leads to a second order differential equation repre-
	senting the magnetic flux in the air-gap					
			∂ 2 H y ∂x 2 -µ 0 σ e v x	∂H y ∂x	-µ 0 σ e	∂H y ∂t	= -j	π τ	J sm g e	exp j ωt -	π τ	x	(A.26)
	where σ e =	σ s g e	=	σ 2 d g e							

The forcer is the moving part of the motor upon which a force is exerted, also called the secondary

"Cogging" is a term used to describe non-uniform torque or a jerky motion.

At high frequencies, core losses increase and the depth of penetration into the secondary decreases, resulting in lower thrust.

The reluctance, or magnetic resistance, is a physical quantity that characterizes the ability of a magnetic circuit to oppose its penetration by a magnetic field. In the case of a DSLIM, the reluctance in between slots is higher than the reluctance in between teeth.

The effect of the open-ends of the primaries due to the half-fitted slots is neglected, and only the slotting effect is accounted for in the field's equation.

https://www.ati-ia.com/products/ft/ft_models.aspx?id=Nano17

When the speed of the secondary changes, the slip changes and so does the force (Appendix A).

Of course, as the impedance of the windings changes with the change in frequency, the amplitude of the current will change, but the shape will remain sinusoidal.

https://www.baslerweb.com/en/products/cameras/area-scan-cameras/ace2/a2a1920-160umpro

Also known as an axial gap motor, or pancake motor.

The windings have no magnetic material (as iron) in its magnetic circuit.

An induction generator produces electrical power when exited with an external source and when its rotor is turned faster than the synchronous speed.

https://www.smaract.com/technology-introduction-and-options

https://docs.arduino.cc/hardware/due
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Chapter 4

The Planar haptic interface based on DSLIMs In this chapter, a new and improved design for a planar interface based on DSLIMs is presented. This interface uses four DSLIMs with overlapping coils instead of three DSLIMs with four poles and half-fitted slots. The frictionless air bearing system and the tracking system were also upgraded and enhanced. This chapter is primarily concerned with the mechanical integration and design of the interface in order to improve the force's quality and increase the interface's work-space while simplifying its control and handling. 

The air bearing system, frictionless motion

The transparency objectives of the interface require frictionless guidance. That's why an air-bearing system was chosen when the planar interface was first introduced. Using a The relationship between the magnetic field of the magnet and its position can be used to estimate the position of the magnet in the plane from the measured magnetic field. This could be done simply by using lookup tables or artificial neural network circuits. The Axial-DSIM Appendix A

DSLIM equations

This appendix contains the equations, coefficients, and factors used in thrust calculation, taking into account the motor's geometry and design. 

A.1 The slip of the motor

The slip of the motor is the difference between the speed of the traveling magnetic field generated by the primaries of the motor and the speed of the secondary. The slip is given by

V r is the velocity of the secondary and V s is the synchronous velocity of the motor given by

Where, τ is the pole pitch of the motor, the distance between two neighboring poles as seen If there is no relative difference between the velocity of the secondary and the synchronous speed, no force is produced. Meaning that if the secondary is traveling at synchronous speed in the direction of the traveling magnetic field, i.e., V r = V s , S = 0, there will be no electromagnetic force because no current is induced in the secondary. Therefore, an induction motor can never attain synchronous speed. And if the slip is equal to one, S = 1 that means that the secondary is stationary, i.e., V r = 0.

A.2 The depth of penetration

The current induced in the secondary by the traveling magnetic field concentrates on the surface of the secondary and decreases in strength exponentially with depth. The extent of penetration decreases with an increase in frequency, conductivity, and magnetic permeability. The depth at which eddy current density has decreased to 1/e, or 37% of the surface density, is called the standard depth of penetration δ.

K j is the correction coefficient, considering the secondary skin effect. Given by the following expression [Yamamura, 1979], [START_REF] Yang | Performance calculation for doublesided linear induction motor with short secondary[END_REF]]

where d is the thickness of the secondary, and δ is the field depth penetration.The effective conductivity σ 2 is thus expressed as

A.3 The effective air gap and carter's coefficient

The air gap is an important parameter in Linear Induction Motor Design. g is the physical air gap, the distance that separates the two primaries. The air gap g is corrected by Carter's A.4. THE WINDING FACTOR 127 coefficient K c considering the slotted structure of the primary. The length of the air gap considering the slotting g is obtained by

Where

Where λ is the distance between the centers of two consecutive teeth, and γ 1 which has as expression

The effective air gap length g e is equal to the product of g and k g , the correction factor accounting for uninformed of y-component of the field along y-direction in cases when xcomponent of the field could not be ignored.

A.4 The winding factor

The winding factor, K w , is the product of the pitch factor, K p , and the distribution factor,

The pitch factor K p is given by:

θ p is the coil span in electric degrees. if the coil span is equal to the pole pitch of the motor which corresponds to 180 degree electrical, K p becomes equal to one.

The distribution factor K d is given by

α is the slot angle in electrical degrees given as

1 Sometimes in practice γ is simplified to (ws/g) 2 5+(ws/g) 128 A.5. THE GOODNESS FACTOR q 1 is the number of slots-per-pole-per-phase in the stator iron core.

If k d is equal to one, we obtain

q 1 sin π 2mq 1 (A.17)

A.5 The Goodness factor

The performance of a linear induction motor is affected by many parameters. These parameters must be taken into consideration when designing the motor. The goodness factor G is a metric used to determine the performance and 'goodness' of ILMs by taking into account geometric and physical variables [Laithwaite, 1966], [START_REF] Nasar | Linear motion electric machines / S. A. Nasar, I. Boldea[END_REF].

Factors above 1 are likely to be efficient.

A.6 The current sheet in the air gap

x x+dx x y j r j s Electromagnetic equations of the motor taking relative motion between the primary and the secondary are summarized as follows

where H is the magnetic field intensity, B is the magnetic flux density, E is the electric field intensity, J s and J r are the volume current density of the primary and the secondary, respectively, v is the relative velocity between the primary and the secondary. In 1-D analysis

Appendix B

The step-by-step method

The step by step calculation a method used to calculate the flux generated at each tooth in function of the winding design, the connection between the coils of each phase, and the input signal of the motor. This method gives us an idea of what does the field looks like and how does it vary in time in the air gap of the motor. Whoever this method does not provide an accurate representation of the field as in the case of a finite element simulation. In addition Calculations using this method becomes more and more laborious with the increase of the the number of phases and coils. E. R. Laithwaite used the step-by-step method to prove that there is an essential difference between linear motors in which all the coils of each phase are connected in series and those in which they are connected in parallel [Laithwaite, 1965].

This method relies mainly on Faraday's law of induction, that links flux to voltage:

Since the main interest here is the shape and distribution of the field along the length of the stator, in order to simplify the calculation, the resistance r of the coil has been neglected, and the number of turns N is set to one.

Coil

Equivalent model In this way, the relation between flux and the applied voltage can be reduced to:

Applying the principle of superposition gives the total flux in a tooth.