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Reluctance coil-guns are electromagnetic launchers having a good ratio of energy transmitted to actuator volume, making them a good choice for propelling objects with a limited actuator space. In this paper, we focus on an application : launching real size soccer balls with a size constrained robot. As the size of the actuator cannot be increased, kicking strength can only be improved by enhancing electrical to mechanical energy conversion, compared to existing systems.

for this, we propose to modify its inner structure, splitting the coil and the energy storage capacitor into several ones, and triggering the coils successively for propagating the magnetic force in order to improve efficiency.

This article presents first a model of reluctance electromagnetic coil guns using a coupled electromagnetic, electrical and mechanical model. Four different coils guns structures are then simulated, concluding that splitting the kicking coil into 2 half size ones is the best trade-off for optimizing energy transfer, while maintaining an acceptable system complexity and controllability. This optimization results in robust enhancement and leads to increase by 104% the energy conversion compared to a reference launcher used. This result has been validated experimentally on our RoboCup robots. This paper also proves that splitting the coil into a higher number of coils is not an interesting trade-off.

Beyond results on the chosen case study, this paper presents an optimization technique based on a mixed mechanic, electric and electromagnetic modelling that can be applied to any reluctance coil gun.

Introduction

Propelling projectiles with a controlled speed and trajectory is a technological challenge having lots of applications ranging from kicking soccer balls to launching rockets or satellites, including testing military ammunitions. In this introduction we focus on propulsion techniques having strong accelerations, so that an important speed can be obtained in a short distance. Common propulsion techniques of this type are among the following ones :

• Chemical propulsion : mainly used for propelling weapons or rockets, chemical propulsion uses the product of a chemical explosive or expanding reaction to push out a projectile [START_REF] Tzeng | Comparison of Electromagnetic and Conventional Launchers Based on Mauser 30-mm MK 30-2 Barrels[END_REF]. Benefit of this propulsion is to have a high density of energy stored in a small size as a chemical product Submitted to Appl. Sci., pages 1 -23 www.mdpi.com/journal/applsci leading to strong accelerations, without the need of being connected to a power supply. Its drawback is that the propulsion is a single shot one due to the chemical reaction.

• Mechanical propulsion : there are many types of mechanical propulsion systems. Among the solutions allowing a strong acceleration of the payload are the inertial launchers. They are mostly using an energy storage in heavy high speed rotating mechanical parts such as iron cylinders.

These parts are accelerated slowly by a standard motor and part of the stored energy is transferred in a very short amount of type to a projectile by friction. These systems are very simple but their size is much more important than the size of chemical or electromagnetic launchers for a given propelling strength. An example is presented later in this paper.

• Rail Gun propulsion : a rail gun is composed by a pair of conductive parallel rails connected to a direct current (DC) power supply. Electrical circuit is closed a sliding conductor where a payload is placed. Once current flows through the rails, a Lorentz force is created, accelerating the payload to launch it. This propulsion technique is very efficient, and output speed can be higher than using a conventional chemical propulsion as shown in [START_REF] Tzeng | Comparison of Electromagnetic and Conventional Launchers Based on Mauser 30-mm MK 30-2 Barrels[END_REF], for a launching structure having the same overall size. Compared with chemical propulsion, this solution can be far less expensive than chemical propulsion for launching limited size payloads such as small satellites [START_REF] Mcnab | Progress on Hypervelocity Railgun Research for Launch to Space[END_REF]. However, the presence of a mechanical contact between the rails and the payload propeller can lead to several issues reducing the energy transfer such as friction losses [START_REF] Cao | Analysis of Rail Erosion Damage During Electromagnetic Launch[END_REF] and plasma phenomena at very high speeds [START_REF] Mcnab | Progress on Hypervelocity Railgun Research for Launch to Space[END_REF][START_REF] Wetz | Experimental Results on a 7-m-Long Plasma-Driven Electromagnetic Launcher[END_REF],

• Coil Gun propulsion : a coil gun is an electromagnetic launcher (EML) converting electricity into kinetic energy using coils [START_REF] Orbach | Reluctance Launcher Coil-Gun Simulations and Experiment[END_REF][START_REF] Meessen | Analysis and design of a slotless tubular permanent magnet actuator for high acceleration applications[END_REF]. There are two types of coil guns. First one is based on induction to accelerate a conductive non-magnetic projectile using eddy currents induced in a conductive/non-magnetic moving rod place inside a magnetic field created by a fixed coil [START_REF] Bencheikh | Analysis of capacitively driven electromagnetic coil guns[END_REF].

This solution has an important drawback due to magnetic losses leading to heat generation and controllability loss. Second one is based on accelerating a magnetic projectile by minimizing the reluctance between the projectile and a magnetic field generated by a current flowing through a fixed coil [START_REF] Abdo | Performance analysis of coil-gun electromagnetic launcher using a finite element coupled model[END_REF]. This type of coil gun, also named reluctance accelerator are simpler to drive than induction coil guns and very compact.

Comparison of existing soccer ball launching systems

In this article, we focus on a case study having strong constraints : a real size soccer ball kicking system embedded in robots participating in the RoboCup (the autonomous robot soccer World Cup) in Middle Size League (Fig. 1). This competition put strong constraints on the robot size and weight, requiring to choose the launcher having the highest ratio of energy transmitted to launcher volume (Fig. 2).

Ball used for the competition are real soccer ball (diameter 22cm) having a weight equal to 450g.

Size constraints on the robots are a maximum width and length L = W = 52cm and a maximum height H = 80cm. Considering these robots are all using omnidirectional propulsion with 3 or 4 wheels, the space for embedding the kicking system is very small and cannot exceed a length of 30cm and a width of 20cm as shown in Fig. 3. Moreover its height must be limited because the gravity centre of the robot must be as low as possible in order to allow high accelerations.

A comparison of existing soccer ball launchers is first proposed in this section. Chemical propulsion has not been considered because they are dangerous and not reusable. Moreover, [START_REF] Tzeng | Comparison of Electromagnetic and Conventional Launchers Based on Mauser 30-mm MK 30-2 Barrels[END_REF] shows that the size of a chemical launching system is equivalent to an electromagnetic one. The only advantage that it doesn't need any power supply, but it is not a problem in our case considering the robot has one. Mechanical propulsion is also one the most commonly used methods for propelling a soccer ball. Commercial system shown in Fig. 5, is able to launch soccer balls at a maximum speed of 105km.h -1 = 29m.s -1 corresponding to an kinetic energy equal to E K = 190J, using two 10kg cylinders coated with rubber. The propulsion part (cylinders and motors) of the system weights 15kg and its dimensions are W = 65cm and L = 25cm and H = 25cm.

Another mechanical system that can be used for propelling a soccer ball is a robotic leg powered by a motor as shown in the kicking from Adidas [START_REF] Schempf | Roboleg: a robotic soccer-ball kicking leg[END_REF] or as described in [START_REF] Vahidi | Dynamics of a 9-DoF robotic leg for a football simulator[END_REF]. These solutions are using a robotic arm having multiple degree of freedom [START_REF] Vahidi | Dynamics of a 9-DoF robotic leg for a football simulator[END_REF] or a set of rotary and linear spring-loaded actuators [START_REF] Schempf | Roboleg: a robotic soccer-ball kicking leg[END_REF]. Adidas solution is composed of a 0.6m robotic thigh rotating at 85 RPM and 0.6m shank rotating at a maximum speed of 165 RPM, leading to a maximum ball speed of 21m.s -1 corresponding to an kinetic energy equal to E K = 100J. However, the whole system is heavy (more than 50kg) and its dimensions are important as it sweeps a 1.2m radius cylinder as shown in Fig. 6. These mechanical systems are interesting for simulating a football player leg [START_REF] Schempf | Roboleg: a robotic soccer-ball kicking leg[END_REF][START_REF] Vahidi | Dynamics of a 9-DoF robotic leg for a football simulator[END_REF] and for training humans in real conditions. However, embedding them in a RoboCup robot is very difficult. This is probably the reason why the RoboCup researchers community is mainly focused on electromagnetic launchers, and more especially on variable reluctance coil guns. [START_REF] Meessen | A football kicking high speed actuator for a mobile robotic application[END_REF] introduces a design of a variable reluctance coil gun (Fig. 7) that is used in the RoboCup robots of the 2019 World Champion team. This actuator dimensions are L = 30cm, W = 9cm and H = 9cm, its weight is 4.5kg and ball maximum speed can reach 11.4m.s -1 , corresponding to an kinetic energy equal to E K = 29J.

Output speed is smaller than mechanical design ones, but volume has been divided by factor 20 compared with an inertial rotating launcher. Table 1 shows a comparison between existing ball launchers, including humans. These solutions are very different. This comparison is done considering the weight and size for each system, as it is a strong constraint in our case study. It is important to note that the energy transferred to the ball is close to the maximum value for all systems, except for the robot leg. This one is based on an industrial actuator able to carry heavy loads, and largely oversized for launching a soccer ball in terms of torque and power. Because it is not used at full power, its ratio of energy transmitted to launcher volume is very low compared to other solutions. However, this solution takes too much space due to the rotation of the leg and is not relevant for a small size launcher. In conclusion of this section, the most relevant launching systems in terms of energy transferred to the ball for a given actuator volume are reluctance coil guns, with a ratio of energy transmitted to launcher volume better than rotating inertial launchers by a factor 2.5, and better than humans by a factor 5.

Since these electromagnetic coil guns seem to be the most promising solution for launching balls, this paper will only focus on improving that solution in order to maximize this energy transfer without changing the volume and the weight of the actuator.

Reluctance coil guns : a ball launcher that can be optimized

Even if reluctance coil guns are a relevant solution for kicking soccer balls efficiently, it is important to note that they are not very efficient in terms of energy conversion. In [START_REF] Meessen | A football kicking high speed actuator for a mobile robotic application[END_REF], electrical energy for the coil gun is stored in a capacitor having a capacitance value C = 4700µF under 425V. Stored electrical energy is equal to :

E C = 1 2 CU 2 C = 424J
Consequently, the ratio of ball kinetic energy to input electrical one is only 7%, and the ratio of overall mechanical transmitted energy (including the kinetic energies of the iron rod, the lever and the ball as explained later) to the input electrical one is 12%. However, the energy necessary for kicking like best human soccer players is already stored in the capacitor. This means that if a robot kick is 10 times less powerful than a human one, it is not an issue related to available energy, but it is a problem of inefficiency of energy transfer in reluctance coil guns.

Optimizing this energy transfer can be done in 2 main ways without changing the size and the weight of the launcher. First one is to adjust the initial position of the plunger, and the length of its non-magnetic extension. [START_REF] Gies | Modeling and Optimization of an Indirect Coil Gun for Launching Non-Magnetic Projectiles[END_REF] shows that energy transmission can be increased by 70% using this technique compared to the reference case presented in [START_REF] Meessen | A football kicking high speed actuator for a mobile robotic application[END_REF]. This optimization is interesting because nothing is changed on the coil gun structure and size, it is only an optimization of initial conditions and a plunger parameter adjustment.

A second way of improving the energy transfer of a coil gun is to modify its inner structure by splitting the coil and the energy storage capacitor into several ones [START_REF] Bencheikh | Analysis of capacitively driven electromagnetic coil guns[END_REF][START_REF] Williamson | Design of pulsed coil-guns[END_REF], without changing the overall quantity of coil copper and the overall capacitance value. Instead of sending an energy pulse to a single coil, a sequence of smaller energy pulses will be sent to the different coils propagating the magnetic force along the coil as the plunger enters it. The number of coils and the triggering sequence are the parameters to be optimized.

This paper focuses on this second method for optimizing the energy transfer in a reluctance coil gun. It is divided into three sections :

• Section 2 recalls the principles of coil guns.

• Section 3 describes 4 mechatronic coupled models of reluctance coil guns. All these coil guns are using the same coil copper quantity and have the same overall electrical energy storage capacitance, but they have respectively one, two, three and four coils. The electromagnetic part of each model has been implemented using FEMM 4.1, a finite elements electromagnetic simulation tool, and Matlab Simulink is used for modelling the electrical and mechanical parts.

• Section 4 presents results, which are discussed in order to conclude on the most relevant coil structure for maximizing the ball speed and the energy transfer of the reluctance coil gun, while maintaining a high level of robustness.

Principles of Coil Guns

Physical concept

Magnetic field in a looped circuit composed of magnetic material and air gap tends to be maximized when a current is applied. Hopkinson law used in magnetic circuits tells that : N I = RΦ, with :

• I : current in the coil (A)

• N : number of turns of the coil

• Φ : flux (Wb) • R : reluctance (H -1 )
Increasing magnetic field is similar to increase Φ. For a given current and number of coil turns, this increase can done by reducing reluctance R of the magnetic circuit. Its expression is R = 1

µ 0 µ r l S
, with :

• µ 0 = 4π10 -7 H.m -1 : permeability of vacuum
• µ r : relative magnetic permeability

• S : cross-sectional area of the circuit (m 2 )

• l : length of the magnetic circuit (m)

The way to reduce reluctance is to minimize the air gap in the magnetic circuit, replacing it by a portion of the iron plunger (having a relative magnetic permeability equal to 5000 or more). Thus, under a strong coil current, the plunger will be propelled in order to reduce the air gap, with an important force dependent on the coil current and the number of coil turns. Fig. 8 shows a 3 stages coil gun. In this case, coil 1 is powered first, then coil 2 is powered, then coil 3. This is the principle of a multi-stage variable reluctance actuator. Our case study focuses on coil gun implementations having 1, 2, 3 or 4 coils, with a fixed overall size and quantity of copper, as shown in Fig. 9. It is important to note that between each coil, an iron plate have been placed in order to close the magnetic circuit around each coil at best. In our case study, each coil is powered by an identical capacitor. These capacitors have an global overall capacitance equal to (4700µF). This capacitance is split into n smaller equal ones, where n is the number of coils. Each capacitor can be discharged, one at a time, in its corresponding coil producing a strong current which generates a magnetic force. The iron rod, mobile part of the magnetic circuit slides in a stainless steel tube in order to reduce the air gap of the magnetic circuit. This iron rod is attracted and accelerated as long as the air gap can be minimized. It is slowed down if the plunger goes to far and the air gap increases again. To avoid that, the duration of the current pulse in each coil has to be limited in time.

Discharge from the capacitor to the coil inductor can be described by a second order RLC differential equation. This equation has non-constant coefficients because the value of the inductor highly depends on the value of the current in the coil and on the plunger position in the sliding tube.

This mixed non linear model combining electrical and mechanical inputs will be presented in the following sections.

Electromagnetic theory and simulation software

Model of an electromagnetic actuator has to take into account many non-linearities such as :

1. The saturation of magnetic materials under high currents [START_REF] Rao | Effective Use of Magnetization Data in the Design of Electric Machines With Overfluxed Regions[END_REF] as shown in Fig. 10 2. The impact of the plunger position leading to change locally the relative magnetic permittivity by a factor 5000 or more. Mesh used for this computation is determined using an heuristic approach having the following characteristics : a maximum allowable mesh size is then computed as 1% of the length of the diagonal of the bounding box of any region, leading to generate a default mesh with about 4200 elements in an empty square region as shown in Fig. 12. Fine meshing is also forced in all corners and a 5 degrees default discretization is used for arc segments.

Evaluating force and inductance value which are integral values on the mesh is also done by Considering the high computational cost of the electromagnetic simulations, our study has been limited to 4 coils, but we will show later that it is not necessary to go further. 

Electrical model

d 2 U C dt 2 + R L dU C dt + 1 LC U C = 0 (1)
As shown in Fig. 14, FEMM 4.2 simulations shows that L inductance varies by a factor 20 from L = 13mH to L = 253mH in a 1 coil kicking system.

Inductance value depends on the plunger position and on the saturation of the magnetic circuit due to the current in the coils. In Fig. 14, discrete values of the inductance are calculated for positions of the plunger (Fig. 15) varying from x = -100mm to 60mm by increment of 5mm, and for coil currents It is important to note that :

• Inductance value L increases as the plunger enters the coil, is maximized when the plunger centre is aligned with the coil centre, and decreases after. This is because magnetic field is well guided when the plunger is inside the coil with a low air gap.

• Inductance value is highly dependent on the coil current. For a current I = 1A, L varies, depending on plunger position, from L = 13mH to L = 253mH whereas for a current I = 100A, L varies only from L = 13mH to L = 24mH. There is an important difference between maximal values because at a low current, magnetic material is not saturated, leading to a high inductance value. In contrast, there is no difference between minimal values because when the plunger is outside the coil, the air gap is so important that it leads to a huge reluctance in the air gap part which prevents saturation of the magnetic circuit.

Mechanical model

Mechanical model has been defined following the coil gun structure described in [START_REF] Meessen | A football kicking high speed actuator for a mobile robotic application[END_REF]. However, our kicking system is very similar in terms of dimensions and weight to that one which served as a reference design for most RoboCup teams. Consequently, this model will be reusable for other teams, and can be adapted for other use cases by changing the content of some blocks according to the chosen mechanical design. However, changing parameters of the coil requires to simulate again the electromagnetic part, as force depends on coil gun geometry, current and plunger position.

As for the electrical model, an analytical calculation of the force is not possible. Finite elements model using FEMM 4.2 shows that force varies in our case study from -1900N to 19000N for the same coil depending on the plunger position and on the coil current (Fig. 16). Discrete values of the force are calculated for positions of the plunger (Fig. 15) varying from x = -100mm to 60mm by increment of 5mm, and for coil currents varying from 1A to 200A by increment of 50A. It is important to note that :

• Force F is almost linear with coil current in any situation.

• Force F is highly dependent on the plunger position. For a current I = 100A, F varies, depending on plunger position, from F = -954N to F = 954N, with F = 0N when the plunger is exactly aligned with the centre of the coil. This is because magnetic flux tends to be maximized in a magnetic circuit, leading to reduce the air gap. Consequently, as shown on Fig. 16, magnetic force on the plunger is symmetrical around the point where the centre of the plunger is aligned with the centre of the coil. Thus, it is important to stop powering the coil as soon as the plunger has crossed the coil.

• Force is very small if the plunger is outside the coil. This is normal considering the important length of the air gap replacing the plunger for looping back the magnetic circuit. We can also note that when the plunger is at the centre of the coil, force is null for any value of the current because magnetic flux can not be maximized.

Mixed electrical and mechanical model of the reluctance coil gun

Implementation has been done using Matlab Simulink for this mechatronic model. Simulated inductance and magnetic force values using FEMM 4.2 are implemented in look-up tables interpolating data in order to have a force and inductance value for any position of the plunger and any coil current. As shown on Fig. 19 and Fig. 20, the only difference between both models is the number of inputs of the inductance look-up table (LUT) block interpolating linearly the value of L using the simulations It is important to note that there is a trigger input in each block. This input corresponds to an electronic trigger supplied by a pilot board and used for piloting the MOS transistor commutating the capacitor on the coil. There is one trigger input per coil, so that it is possible to drive them independently. 

Mechanical Model

The reluctance coil gun mechanical system shown in Fig. 15 has been described in a former work [START_REF] Gies | Modeling and Optimization of an Indirect Coil Gun for Launching Non-Magnetic Projectiles[END_REF]. This model takes into account the transmission of the movement from the plunger to the ball through an aluminium lever. Movement can be split in 3 phases as shown in Fig. 21 : • Phase 1 : Acceleration of the plunger without contact on the lever, due to the magnetic force as shown in equation ( 2) without contact on the lever. Force F magneto depends non linearly on 

m p ẍ = F Magneto (x, I) (2) 
• Phase 2 : Impact on the lever corresponding to an elastic shock when plunger hits it at a distance R 1 from its rotation centre. Kinetic energy is conserved as described in equation ( 3).

1 2 m p ẋInit 2 = 1 2 m p ẋFinal 2 + 1 2 m B R 2 2 R 2 1 ẋFinal 2 + 1 2 J Lever ẋFinal 2 R 2 1 ( 3 
)
where J Lever is the inertial moment of the lever, R 1 and R 2 the distances between the lever axis and respectively the plunger impact point and the ball impact point as shown in Fig. 15. This leads to a plunger speed just after the shock equal to the x f inal given in equation [START_REF] Wetz | Experimental Results on a 7-m-Long Plasma-Driven Electromagnetic Launcher[END_REF].

ẋFinal = m p m p + m B R 2 2 R 2 1 + J Lever R 2 1 ẋInit (4) 
• Phase 3 : plunger is accelerated in contact with the lever, which one is also in contact with the ball. This means that the lever applies a force on the plunger in subtraction of the magnetic force as shown in equation ( 5). This force is an inertial one due to the acceleration of the ball and the lever as shown in equation [START_REF] Meessen | Analysis and design of a slotless tubular permanent magnet actuator for high acceleration applications[END_REF]. It is important to note that theoretically speeds of ball, lever and plunger are not equal after the shock, but in reality they are due to the elastic deformation of the ball as shown in the slow motion picture in Fig. 22.

m p ẍ = F Magneto (x, I) -F Lever (5) 
where

F Lever = J Lever + m B R 2 2 R 1 θ (6) 
with :

J Lever = m Lever R 2 2
For small θ angles, θ ẍ R 1 , this leads to : Implementation of this 3 phases mechanical model has been done using Matlab Simulink. Fig. 23 shows the mechanical part model of a 1 coil electromagnetic launcher, whereas Fig. 24 shows the mechanical part model of a 4 coils electromagnetic launcher. It is important to note that, as shown on Fig. 22, plunger, lever and ball are in contact after the shock. This is due to the softness of the ball, and because the ball is close to be in contact with the lever before the impact. Thus, the hypothesis of a perfect elastic shock is almost verified except for a transitional short period of less than one millisecond after the shock of the rod on the lever.

m p R 2 1 + J Lever + m B R 2 2 R 2 1 ẍ = F Magneto (x, I) (7) 
However, in order to understand more accurately what is going on during this transition, impact of the plunger on the lever and impact of the lever on the soft ball will be modelled in a further work (for example using MSC ADAMS software), but this is out of the scope of this paper. As shown on Fig. 23 and Fig. 24, the only difference between both models is the number of inputs of the force look-up table (LUT) block interpolating linearly the value of F using the simulations performed with FEMM 4.2. In the case of a 4 coils EML, there are 5 inputs : plunger position, and the 

Reluctance coil gun simulations

Hypothesis

The reluctance coil gun previously described and used in robots at the RoboCup has been simulated using Matlab Simulink. In this study we focus on optimizing the inner structure of the coil gun and especially we aim at finding the optimal number of coils and the optimal instant and duration of triggering for each coil in a sequence.

Optimality is not only focused on the ball speed which must be as important as possible, but also on the reliability and robustness of the triggering system, which can be very sensitive to a small change in the triggering delay when several coils (especially 3 or 4) are used.

This last point is important because we have decided of not adding an observer of the plunger position in the system such as a set of infrared light barriers. This choice has been done considering the mechanical difficulties for inserting sensors inside the coil gun structure, and the issues about robustness it can raise due to the huge impacts and vibrations on the EML structure. Instead of that a

simple and robust open loop driving has been chosen, each coil being commutated during a fixed time and with a fixed delay from the start of the sequence. Considering the initial conditions of the plunger position are always the same ones (this is true because the plunger is returned to its initial position by an elastic restoring force), the ball speed has been measured to be almost the same at each shooting sequence.

This paper doesn't focus on optimizing the initial position x init of the plunger, and the length L ext of the non-magnetic extension of the plunger, as done in [START_REF] Gies | Modeling and Optimization of an Indirect Coil Gun for Launching Non-Magnetic Projectiles[END_REF]. In this study we started using the results presented in [START_REF] Gies | Modeling and Optimization of an Indirect Coil Gun for Launching Non-Magnetic Projectiles[END_REF]. However in a final step, a fine optimization has been done for getting the best possible solution on both parameters.

Model parameters

In order to compare results with other previous studies, the kicking system simulated is identical to the Tech United Team one described in [START_REF] Meessen | A football kicking high speed actuator for a mobile robotic application[END_REF]. However, geometry of our coil gun is very similar to this reference design one. Parameters of the model are the following ones :

• Distance from lever axis to plunger touch point : R 1 = 13cm

• Distance from lever axis to ball touch point : R 2 = 24cm

• Coils number (each coil as been chosen identical) : nb Coils = 1, 2, 3, 4 Increasing the number of coils from 1 to 2 coils allows to increase the speed by 18%, corresponding to an energy transfer optimization of 40%. However, increasing the number of coils from 2 to 3 or 4 coils allows to increase the speed by only respectively 0.6% and 1.8% , corresponding to an energy transfer optimization of respectively 1.2% and 3.6%. This result is not intuitive and is important.

•
Consequently, considering the impact of the adding a coil to the EML in terms of mechanical and electrical integration, the 2 coils EML seems to be the best configuration in our case.

Comparison between the reference case and the chosen configuration

Comparing the reference situation described in [START_REF] Meessen | A football kicking high speed actuator for a mobile robotic application[END_REF], optimization of the number of coils of the EML, the initial position and the extension length leads to increase the ball speed by 42%, from 11.2m.s -1 to 16m.s -1 . This corresponds to an energy transfer improved by 104% compared to the reference situation, without complexifying the coil gun structure too much.

Shooting range, which is defined as the distance of the first rebound in case of a 45 • kick, without considering air friction, increases from 12.5m in the reference situation described in [START_REF] Meessen | A football kicking high speed actuator for a mobile robotic application[END_REF] to 26m in the optimal configuration.

Impact of a variation of the coil triggering instants

Having a powerful coil gun is important, but its behaviour robustness is also a key factor. This is especially true for the triggering instants which are important parameters for optimizing power transmission and have to be tuned carefully.

In the case of a 2 coils EML, simulations show that the second coil optimal triggering instant is 10ms after the first coil. Table 3 shows that a variation of this triggering instant of ±1ms has a very limited impact on the ball speed, which is only reduced by less than 2%, leading to a good robustness of this system. In the case of a 4 coils EML, the fourth coil optimal triggering instant is 15.5ms after the first coil.

Table 4 shows that a variation of this triggering instant of ±1ms has an important impact on the ball speed which is reduced by 11% or more. Consequently, the EML using 4 coils is far less robust than the EML using 2 coils in terms of sensitivity to the coils triggering instants.

Triggering instant (ms) 13.5 14.5 15.5 16.5 17.5 Optimized ball speed (m.s -1 ) 13.3 14.6 16.4 14.3 13.9 Table 4. Impact of a variation of the fourth coil triggering instant in the case of a 4 coils EML

Experimental results

In order to validate the simulation results, experiments have been done using a 2 coils reluctance coil gun corresponding to the optimal configuration (as explained in Section 5. A custom 4 channel coil-gun driver has been designed but is not in the scope of this paper. It includes 4 MOSFET for capacitor commutation with a 160A current peak under 450V on each coil.

A safety system for dissipating energy stored in the capacitors when the system is switched off or stopped has been implemented in this driver, justifying the aluminium ventilated power heat sink that can be seen on the right board of Fig. 31. For triggering the coils in a very accurate time sequence (and for controlling DC motors and low level sensors), a micro-controller board has been designed and can Average measured ball velocity is equal to V Ball = 15.5m.s -1 . This is consistent with the theoretical value (16m.s -1). Error is only 3.1% and dispersion is low (σ = 0.2m.s -1). These results show that the simulation model used in this paper is accurate, despite many strongly non-linear effects, and that the structure of a reluctance coil gun can be optimized very efficiently without changing the amount of copper used and the size of the actuator.

Conclusion

In this paper, a method for optimizing the structure of a reluctance coil gun has been proposed. Kicking real soccer balls used at the RoboCup in Middle Size League has been chosen as a case study. After having presented the principles of coil guns, a mechatronic model coupling mechanic, electromagnetic and electric ones have been proposed and implemented. Simulation results have been explained and discussed so that this optimization method can be easily reproduced in another application.
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Figure 11 .
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  At each stage of the coil gun, a 4700 n µF, 450V capacitor C is discharged in the inductance L using a controlled switch based on a MOSFET Transistor as shown in Fig.13. In this LC circuit, resistor R must be considered because its value is not negligible at all due to the important number of loops in the coil. R = ρL S can be evaluated or measured, where ρ is the resistivity of copper, L the total length of the coil wire and S the surface of a wire section. This leads to the differential equation (1) where L is not constant, but depends on the plunger position and on the coil current. Considering that, equation(1) must be solved by numerical simulation.

Figure 13 .

 13 Figure 13. Electric circuit

Figure 14 .Figure 15 .

 1415 Figure 14. Variation of the inductance value depending on the plunger position and the coil current

Figure 16 .

 16 Figure 16. Variation of the force on the plunger depending on its position and the coil current

Fig. 17

 17 Fig.17shows the model of a 1 coil electromagnetic launcher used for simulations. Fig.18shows the model of a 4 coils electromagnetic launcher used for simulations. Mechanical simulation part is unique in both models, whereas electrical part is replicated by the number of coils present in the electromagnetic launcher.

Figure 17 .Figure 18 .

 1718 Figure 17. Mechatronic model of a 1 coil electromagnetic launcher

Figure 19 .

 19 Figure 19. Electrical model of the first coil of an electromagnetic launcher with 1 coil.

Figure 20 .

 20 Figure 20. Electrical model of the first coil of an electromagnetic launcher with 4 coils.

Figure 21 .

 21 Figure 21. Plunger speed in m.s -1 over the time in s

Figure 22 .

 22 Figure 22. Ball deformation after phase 2

Figure 23 .

 23 Figure 23. Mechanical part model of a 1 coil electromagnetic launcher

Figure 24 .

 24 Figure 24. Mechanical part model of a 4 coils electromagnetic launcher

••

  Coils length (for each coil) : L Coil = 11.5/nb Coils cm • Coils number of turns (for each coil) : N Coil = 1000/nb Coils turns • Coils resistance (for each coil) : 2.5/nb Coils Ω • Capacitors number : nb Capacitors = nb Coils • Capacitors value (for each capacitor) : 4700uF/nb Coils • Capacitors charge voltage : 425V Plunger iron rod diameter : D Plunger = 25 mm • Plunger iron rod length : L Plunger = 11.5 cm • Plunger iron rod mass : m Plunger = 690 g • Plunger extension diameter : D Ext = 18 mm • Plunger extension length : L Ext cm • Plunger extension mass : m Ext = 0.68 * L Ext (in m) • Distance from coil to lever : D Lever = 4 cm • Vertical lever mass : m Lever = 80 g Ball mass : m Ball = 450 g 4.3. Simulations Simulations have been done using coil guns having 1, 2, 3 and 4 coils. As explained before, the overall quantity of copper and the global number of coil turns is a constant, as is the sum of the capacitors value. Delays and durations of each trigger pulses for each coil have been optimized manually in order to maximize the ball speed. Results of simulation for an EML having 1 coil are presented in Fig.25. Coil 1 is triggered during 25ms. Optimal initial position of the plunger is -92mm. Ball speed reaches 13.45m.s -1 .

Figure 25 .

 25 Figure 25. Simulation of a 1 coil EML used in an optimal way Results of simulation for an EML having 2 coils are presented in Fig.26. Coil 1 is triggered during 15ms, Coil 2 is triggered during 14ms with a delay of 10ms. Optimal initial position of the plunger is

Figure 26 .

 26 Figure 26. Simulation of a 2 coils EML used in an optimal way

Figure 27 .

 27 Figure 27. Simulation of a 2 coils EML used in an optimal way Results of simulation for an EML having 4 coils are presented in Fig.28. Coil 1 is triggered during 10ms, Coil 2 is triggered during 10ms with a delay of 7ms, Coil 3 is triggered during 12ms with a delay of 11ms, Coil 4 is triggered during 14ms with a delay of 15.5ms. Optimal initial position of the plunger is -92mm and optimal plunger extension length is 104mm. Ball speed reaches 16.4m.s -1 .

Figure 28 . 5 . Results and discussion 5 . 1 .

 28551 Figure 28. Simulation of a 4 coils EML used in an optimal way

  1). This launcher is shown in Fig. 29. It is part of our new RoboCup robot presented in Fig 30.

Figure 29 .

 29 Figure 29. 2 coils optimized reluctance coil gun

Figure 30 .

 30 Figure 30. RoboCup robot for testing the optimized coil gun

Figure 31 .

 31 Figure 31. 4-channel reluctance coil gun driver (on the right) Ball speed measurement have been done using a high speed camera on 20 successive tests.

Table 1 .

 1 Existing ball launchers comparison

	Launcher	Length Width Height	Volume	Weight	Ball Speed	Ball Energy	Energy Volume
		(cm)	(cm)	(cm)	(cm 3 )	(kg)	(m.s -1 )	(J)	(J.dm -3 )
	Soccer player leg	160	20	80	133.10 3	20	36	290	2.18
	Rotating inertial launcher	25	65	25	40.10 3	25	29	190	4.75
	Robot arm [9]	240	240	30	1360.10 3	50	21	100	0.07
	Reluctance coil gun [11]	30	9	9	2, 4.10 3	4.5	11.4	29	12.08

Table 2 :

 2 

	Number of coils	1	2	3	4
	Optimized ball speed (m.s -1 ) 13.5	16	16.1 16.3
	Kicking range (m)	18.6 26.1 26.4	27

Table 2 .

 2 Optimal ball speed depending on the number of coils in the EML

Table 3 .

 3 (m.s -1 ) 14.[START_REF] Wetz | Experimental Results on a 7-m-Long Plasma-Driven Electromagnetic Launcher[END_REF] 15.2 15.8 16.1 16 15.8 15.6 Impact of a variation of the second coil triggering instant in the case of a 2 coils EML

	Triggering instant (ms)	7	8	9	10	11	12	13
	Optimized ball speed							
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Results show that the output speed of the non-magnetic object propelled by the EML highly depends on the structure of the coil gun, the sequence for triggering it, the initial position of the iron plunger and the size of its non-magnetic extension. Among the results of this paper, we show that :

• Using a 2 coils EML is 104% energetically more efficient than the reference situation of an existing coil gun [START_REF] Meessen | A football kicking high speed actuator for a mobile robotic application[END_REF], without adding too much mechanical, electrical and algorithmic complexity to the EML. As shown in Table 5, it is also 10 times more efficient than a human considering the ball energy to launcher volume ratio.

• Having a high number of coils is not necessary for optimizing the energy transfer. In our case, having 2 coils in the EML is an excellent trade-off between energy transfer optimization and system complexity.

• Robustness in terms of sensitivity to the coil triggering instants decreases with the number of coils.