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Numerous studies on magnetic robots at the millimeter or micrometer-scale have focused on motion control and a few other functions such as surveillance or object pickup and drop-off. However, with these basic functions only, magnetic robots are still far from their true potential. More complex functions could be achieved with a powerful and intense energy source, which is difficult to implement with their small size. In this paper, a new magnetic robot topology, based on the conventional permanent magnet synchronous motor, is proposed. It features at the same time a motion control solution and a wireless charging solution that reduces the dependency of the robot on its power source. The multi-physics modeling of the robot and the magnetic platform is presented. Then, the simulated results are analyzed.

INTRODUCTION

The concept of magnetic robots controlled wirelessly in terms of movement and orientation by an external source of magnetic field is popular in minimally invasive medicine, micro-robotic control, and automation of in-vitro and in-vivo bioengineering tasks [START_REF] Pawashe | Modeling and experimental characterization of an untethered magnetic micro-robot[END_REF]- [START_REF] Giltinan | Simultaneous six-degree-of-freedom control of a single-body magnetic microrobot[END_REF]. However, their practical application is rather narrow because these robots are often small, in micrometer-to millimeter-scale, and do not have enough space to integrate an energy source with enough power and capacity for more complex functions than just moving, monitoring, picking up, or dropping off objects.

In this paper, the energy autonomy of magnetic robots is addressed with the goal of integrating more sophisticated actuators and sensors. A magnetic robot with a shape similar to that of a pill-sized endoscopic capsule is proposed. The robot comes along with a magnetic platform that not only allows it to move freely in a solution but also to recharge itself wirelessly with energy. It has a structure similar to an electric motor with a diametrically-magnetized permanent magnet rotor that can rotate around its axis, as shown in Fig. 1, and a coil wound around the magnet (not represented) to harvest power.

When an external rotating magnetic field is generated by the magnetic platform, the rotor tries to align itself with this field and rotates at the same speed. In charging mode, the coil embedded in the stator is connected to an electrical circuit that converts the mechanical energy of rotation of the rotor into electrical energy. The mechanism is commonly called electrodynamic wireless power transmission (EWPT) [START_REF] Garraud | Electrodynamic wireless power transmission to rotating magnet receivers[END_REF]- [START_REF] Halim | Miniature electrodynamic wireless power transmission receiver a micromachined silicon suspension[END_REF]. If no onboard power is needed, the coil is set in open circuit. Then, the robot orientation and its translational motion can both be remotely controlled by setting the local magnetic field and field gradient respectively. The advantage of the proposed solution is to mutualize the use of a single magnet to achieve both functions of motion control and wireless power charging.

The work here focuses on the modeling of an optimized magnetic platform consisting of eight electric coils that can remotely control a 30 mm long capsule-shaped magnetic robot in a box-shaped 15-cm-side workspace (Fig. 1). The details on the system are depicted in the next section. This is followed by a multiphysical modeling approach that relates all physical variables such as currents in coils, resulting local magnetic field amplitudes and gradients, coil temperatures, magnetic forces, and torques. The last section presents and discusses simulation results, as well as some updates on the experimental phase.

II. DESCRIPTION OF THE MAGNETIC ROBOT AND THE

MAGNETIC PLATFORM

When a magnetic object or a robot, small enough to be considered as a magnetic dipole with net magnetic moment 𝑚 ⃗⃗ , is placed in a non-uniform magnetic field 𝐵 ⃗ , it experiences a magnetic torque 𝜏 𝑀𝑎𝑔 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ tending to align it with the magnetic field and a magnetic force 𝐹 𝑀𝑎𝑔 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ attempting to draw it along the magnetic gradient toward the larger magnetic field:

{ 𝜏 𝑀𝑎𝑔 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ = 𝑚 ⃗⃗ × 𝐵 ⃗ 𝐹 𝑀𝑎𝑔 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ = ∇(𝑚 ⃗⃗ • 𝐵 ⃗ )
From the Gauss and Ampère laws for a space without electric current passing, the spatial magnetic gradient can be represented by five independent components including Gxx, Gxy, Gxz, Gyy, and Gyz, with 𝐺 𝑖𝑗 = 𝜕𝐵 𝑖 /𝜕𝑗. By fully controlling these gradient components and three spatial magnetic fields Bx, By and Bz, one can achieve the 5 degrees of freedom (DOFs) control of the magnetic robot with an additional DOF for the magnet orientation on its axis.

The magnetic field and its gradient are generated and controlled by a system of electromagnets or electrical coils. A stationary system requires at least six coils placed in different positions, surrounding the robot workspace to control the robot motion along its axis. However, a magnetic platform with more DOFs allows to simultaneously control the robot movement at will and optimize the required electrical energy. A properly designed system must be able to control independently the eight magnetic field quantities, and hence, it typically consists of eight coils [START_REF] Petruska | Minimum bounds on the number of electromagnets required for remote magnetic manipulation[END_REF].

A. The magnetic robot

The robot has a 30-mm-long and 15-mm-diameter capsule shape consisting of a cylinder with hemispherical ends. It contains a 12-mm-long and 5.5-mm-diameter NdFeB magnet, along with other sensors and actuators. The magnet has a cylindrical shape whose axis is aligned with the main axis of the micro-robot and is guided by a shaft and bearings.

The general behavior of the robot is modeled in the magnetic, electrical and mechanical domains [START_REF] Pawashe | Modeling and experimental characterization of an untethered magnetic micro-robot[END_REF]. The dynamic of the robot is described by the equations of motion, while the behavior in the wireless power charging mode linking the rotor rotation with the external magnetic field and the harvested power are described as in [START_REF] Garraud | Modeling and experimental analysis of rotating magnet receivers for electrodynamic wireless power transmission[END_REF].

The first equation in (1) describes the robot trajectories due to the gravitational force 𝑚 𝑟 𝑔 , the buoyancy force 𝑉 𝑟 𝜌 𝑓𝑙𝑢𝑖𝑑 𝑔 , the fluid friction 𝐹 𝐷𝑟𝑎𝑔 ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ and the magnetic force 𝐹 𝑀𝑎𝑔 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ . To save the energy required to levitate the robot, it is designed so that its average bulk density is slightly higher than that of the surrounding solution to compensate mostly for the gravitational force. The second equation assumes the rotation of the robot around its three axes is due to the magnetic torque 𝜏 𝑀𝑎𝑔 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ and the friction torque components from the fluid 𝜏 𝐷𝑟𝑎𝑔-𝑟 ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ and from the magnet 𝜏 𝐷𝑟𝑎𝑔-𝑚 ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ . Next, the third equation describes the rotation of the magnetic rotor around the robot shaft. It depends on the magnetic torque applied on the robot, the electrical torque representing the electric load of the robot 𝜏 𝐸𝑙𝑒𝑐 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ and the friction 𝜏 𝐷𝑟𝑎𝑔-𝑚 ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ between the magnet and the stator.

Finally, the last equation relates the power transmitted to the electrical load of the robot 𝑃 𝑜𝑢𝑡 to the electrical frequency fe and the electromechanical coupling between the magnet and the receiver coil 𝑘 0 . For a given load, the output power scales with the square of the electrical frequency, indicating that increasing fe is key to maximize the wireless power transmission. This formula is valid as long as the magnet rotates synchronously with the rotating field, i.e. while the operating frequency 𝑓 𝑒 is lower that a pull-out frequency 𝑓 𝑙𝑖𝑚 depending, among others things, on the magnetic field amplitude (as defined in [START_REF] Garraud | Modeling and experimental analysis of rotating magnet receivers for electrodynamic wireless power transmission[END_REF]). 

{

B. The magnetic platform

At a given location in the workspace, the magnetic amplitude and gradient must be generated independently by the magnetic platform to provide the required translational movement and orientation of the robot. By using a stationary system with eight coils, the magnetic field quantities are linked to the coil currents as in [START_REF] Kummer | OctoMag: An electromagnetic system for 5-DOF wireless micromanipulation[END_REF].

[𝐵 𝑥 𝐵 𝑦 𝐵 𝑧 𝐺 𝑥𝑥 𝐺 𝑥𝑦 𝐺 𝑥𝑧 𝐺 𝑦𝑦 𝐺 𝑦𝑧 ] 𝑇 = [𝑏 𝑥 𝑏 𝑦 𝑏 𝑧 𝑔 𝑥𝑥 𝑔 𝑥𝑦 𝑔 𝑥𝑧 𝑔 𝑦𝑦 𝑔 𝑦𝑧 ] 𝑇 𝐼 (2) 
with I the [1x8] matrix representing current values of the eight coils, bx, by, bz, gxx, …, gyz eight [1x8] matrices relating I with the magnetic fields and the magnetic gradients.

The characteristic matrices b and g depend strongly on the relative position and orientation of the robot with respect to the coils. In most cases found in the literature, the coil system is designed to reduce the spatial dependency or to ensure the quasi-homogeneity of the magnetic field and gradient in the workspace. Therefore, the coils should be significantly larger than the size of the workspace and placed far enough away from it. Homogeneity is particularly useful for robot control since the controller does not need to update the current values every time the robot changes its position. The update is made only if the control variables such as the direction or speed of motion or the orientation of the robot change. The constraints on the dynamics of the electrical system and the computational power of the signal-processing card are therefore relaxed.

However, in these systems, the magnetic platform is bulky avoiding easy access to the workspace, and its power consumption is high, often requiring water-cooling. In this project, the proposed magnetic platform is designed to have the smallest size around the workspace regardless of the field spatial homogeneity. The robot position and orientation are assessed with cameras and the currents are updated accordingly. The signal-processing platform used is powerful enough that there is no concern about the higher required update rate.

The magnetic platform is supplied with AC currents only (allowing the use of audio amplifiers), with different frequencies of operation for the motion control mode (~20 Hz) and the charging mode (~450 Hz). As mentioned before, the higher frequency in the charging mode is required to be able to transfer significant power. The platform is designed to minimize the required power while ensuring that, under all operating conditions, the electrical limits of the power amplifier (maximum of 70 V on a minimum 0.5 Ω impedance) and the coil temperatures (maximum of 80°C) are not exceeded.

The optimized topology is comprised of eight coils (four square and four circular) with 25-mm-square cross-section as illustrated in Fig. 2. This topology provides an easy access to the workspace, allowing the robot manipulation and observation. The use of 20-cm-side square coils makes the platform more compact. The four 30-cm-diameter circular coils add the needed DOFs. To reach 1 mT in the center of the workspace, the power consumption of a coil does not exceed 10 W and the total consumption of all coils is lower than 30 W.

I. MODELING OF THE MAGNETIC ROBOT AND THE MAGNETIC PLATFORM

A multiphysics model, as illustrated in Fig. 3, is implemented to simulate the behavior of the robot and the magnetic platform.

This model includes the electrical and magnetic domains defining the relationship between the coil voltages and the resulting currents flowing through the coils with the values of the magnetic quantities such as the magnitude and gradient of the magnetic field. From there, the magnetic force and torque are determined and fed into the dynamic mechanical model as shown by equation ( 1) to obtain the robot dynamic response in terms of direction and velocity in space. In addition, the current values are fed into a thermal model to monitor the coil temperature. Finally, the magneto-electrical wireless linkage between the rotating rotor and the stator coil harvesting power is taken into account. The entire model is realized on MATLAB Simulink, with the magnetic and thermal parts verified in Altair FLUX 3D and COMSOL respectively. 

A. The electrical model of the coils

The electrical model relates the voltage applied to each coil to the current flowing through it. The electrical model is briefly described by [START_REF] Tasoglu | Untethered micro-robotic coding of three-dimensional material composition[END_REF] with Uk the voltage applied to the kth coil, Ik and Ii the current values passing through the kth and ith coils, Rk the resistance of the kth coils, and Mik the mutual inductance between the kth and ith coils:

𝑈 𝑘 = 𝑅 𝑘 𝐼 𝑘 + ∑ 𝑀 𝑖𝑘 𝑑𝐼 𝑖 /𝑑𝑡 𝑖=1→8 (3) 
In an AC system, knowing the amplitude and the phase of each current, one can determine the voltage on each coil. When the coils are supplied with purely sinusoidal voltages, (3) can be expressed as ( 4), with f the frequency of operation, |Ii| and ΦIi the amplitude and phase of the ith coil current.

|𝑈 𝑘 | = 𝑅 𝑘 |𝐼 𝑘 | + ∑ 2𝜋𝑓 𝑀 𝑖𝑘 |𝐼 𝑖 |∠(𝛷 𝐼𝑖 + 𝜋/2) 𝑖=1→8 (4) 
The mutual inductance Mik is a function of the number of turns, the coil dimensions and the relative position of the ith and kth coils. The voltage and the apparent power of each coil are limited by the rating value of the power amplifier as in [START_REF] Garraud | Electrodynamic wireless power transmission to rotating magnet receivers[END_REF].

{ |𝑈 𝑘 | < 𝑈 𝑚𝑎𝑥 |𝑈 𝑘 | |𝐼 𝑘 |/2 < 𝑆 𝑚𝑎𝑥 (5) 

B. The interaction between the platform and the robot

Regarding the magnetic interaction between the platform and the robot, it is generally assumed that the robot rotates very quickly to align with the magnetic field at its center of mass when compared to its translational motion. Therefore, the magnetic field orientation is set to orient the robot. Concerning the translation of the robot, the magnetic force to be applied is adjusted according to the dynamic model of the robot. The adjustment is done by modifying the current supplied to the coils. The relationship between the magnetic field, the magnetic forces, and the currents in the coils is given by ( 6). 

with m the [1x3] matrix representing the magnetization direction of the magnet; gx, gy, gz three [3x8] gradient matrices relating the current values I with the magnetic force Fmag.

The fourth line of ( 6) can be derived as an example to show how the magnetic force in the x-direction is calculated: 𝐹 𝑚𝑎𝑔,𝑥 (𝑡) = ∑(𝑚 𝑥 (𝑡) 𝑔 𝑥𝑥,𝑖 + 𝑚 𝑦 (𝑡)𝑔 𝑥𝑦,𝑖 + 𝑚 𝑧 (𝑡)𝑔 𝑥𝑧,𝑖 ) 𝐼 𝑖 (𝑡) 8 𝑖=1 [START_REF] Garraud | Modeling and experimental analysis of rotating magnet receivers for electrodynamic wireless power transmission[END_REF] As the robot magnet rotates around its axis, mx,y,z change sinusoidally with time, along with the currents flowing through each coil. Therefore, the magnetic force is composed of a DC component and a doubled-frequency AC component:

𝐹 𝑚𝑎𝑔,𝑥 (𝑡) = 𝐹 0 + 𝑓 𝑚𝑎𝑔,𝑥 cos(2𝜋𝑓𝑡 + 𝛷 𝑓𝑥 ) (8) 
The DC component F0 determines the global movement of the robot in the x-direction:

𝐹 0 = ∑(𝑚 𝑥 𝑔 𝑥𝑥 𝑖 cos(Φ Ii -Φ 𝑚𝑥 ) + 𝑚 𝑦 𝑔 𝑥𝑦 𝑖 cos(Φ Ii -Φ 𝑚𝑦 ) 8 𝑖=1 + 𝑚 𝑧 𝑔 𝑥𝑧 𝑖 cos(Φ Ii -Φ 𝑚𝑧 )) 𝐼 𝑖 (9) 
Therefore, with a continuously rotating magnetic field, one can completely control the magnetic force at will, as with a DC system. The system is governed by 16 variables, with 8 pairs of amplitudes and phases of the current flowing in the coils. Through some transformations, it is possible to construct a system of equations with 16 variables, including the value of the current flowing in the 8 coils at two instants (e.g. time zero and half-cycle time). With only 6 independent equations, many different solutions can be satisfied and a pseudoinverse method is used to minimize the total losses in the coils.

C. The thermal model of the coils

Two different models are used to evaluate the internal temperature of each coil. The coils are considered thermally independent since they are located relatively far apart. In a first time, a simple analytical model is used during the optimization of the system design on MATLAB. With simplifying assumptions, the problem is reduced to a 1D-heat transfer problem. Then, a FEM model built in COMSOL is used on the optimized geometry to finely evaluate the quality of the system design process.

III. RESULT

The entire model is connected to a PID controller and a joystick module that allows humans to interact with the Simulink system. The users can change the direction of the robot as well as its speed of movement, and switch from the motion control mode to the wireless power-charging mode. In general, the robot can follow the user's command very quickly. In Fig. 4, the system is tested at a low update rate of data feedback (10 times per second), to study its applicability in the real case when the robot position and orientation are sensed by cameras and processed by the selected signal-processing card.

During this simulation, the operating mode is changed twice, from motion control to charging and then back to motion control (at moments indicated by the grey arrows). When the robot moves, the magnet rotates at 20 Hz and when it charges, the magnet rotates at a much higher frequency of 450 Hz to be able to transfer enough power. During the transition from moving to charging, the robot remains in its position (Fig. 4b) but changes very quickly its orientation to follow the reference values. After stabilization, the rotational speed of the magnet gradually increases (Fig. 4a) to 450 Hz. The currents fed to the coils are modulated with a hyperbolic chirp function. For a magnetic field amplitude of 5 mT at 450 Hz, the power harvested by the robot is about 1 W, which is enough to power actuators. Fig. 4c and Fig. 4d show that the average values of the speeds follow also the reference values closely. However, at the lower frequency of operation, speed oscillations can appear, even if little effects are seen on the spatial position of the robot.

Currently, the experimental bench is under construction. It consists of a human-computer interface, through which users can use a joystick to control the robot and surveil it on the computer screen (Fig. 5). The computer is connected to a control system that is based on the MicroLabBox DSP kit of dSPACE. The values of voltage to apply on the magnetic platform are calculated there and sent to the power amplifier. The platform generates the magnetic field required for the operation of the robot.

Preliminary tests are carried to validate the idea of motion control of the robot using rotating magnetic field. The test is straightforward, with two perpendicular coils supplied with alternating current with a phase difference of 90° to create a rotating magnetic field (Fig. 6). The robot is placed in a workspace fulfilled with water and positioned at the center of the coils. As the frequency increases, the robot rotates faster and if allowed to move freely, it moves toward the center of one of the coils, where the gradient of the magnetic field decreases until it becomes zero. It is shown that the robot can be also driven at the bottom of the workspace. More practical results will be presented in the final manuscript.

IV. CONCLUSION

In this paper, a new concept of magnetic robot has been proposed, combining 5D motion control and wireless charging by mutualizing a single permanent magnet embedded in it. The robot is controlled wirelessly by a stationary magnetic platform that is designed based on a new principle of using a continuous rotating magnetic field to move, rotate, and charge (up to 1 W) the magnetic robot. The whole system has been modeled, optimized and implemented in MATLAB Simulink, showing the feasibility of the idea. A test bench is being built to validate this idea before the miniaturization of the robot and the integration of sensors and actuators. 
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 1 Fig. 1. Illustration of the robot and its workspace.
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 2 Fig. 2. The magnetic platform consists of eight coils to control the local field and gradient amplitudes in the 15 cm side workspace.
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 3 Fig. 3. Parameters and multiphysics domains taken into account in the modelling of the magnetic platform and magnetic robot.
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 45 Fig. 4. State variables as a function of time for a simulated case study on Simulink.
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 6 Fig. 6. Preliminary test bench to validate the robot motion control with rotating magnetic field.
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