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Abstract: Reluctance coil-guns are electromagnetic launchers having a good ratio of energy1

transmitted to actuator volume, making them a good choice for propelling objects with a limited2

actuator space. In this paper, we focus on an application : launching real size soccer balls with a3

size constrained robot. As the size of the actuator cannot be increased, kicking strength can only be4

improved by enhancing electrical to mechanical energy conversion, compared to existing systems.5

for this, we propose to modify its inner structure, splitting the coil and the energy storage capacitor6

into several ones, and triggering the coils successively for propagating the magnetic force in order to7

improve ef�ciency.8

This article presents �rst a model of reluctance electromagnetic coil guns using a coupled9

electromagnetic, electrical and mechanical model. Four different coils guns structures are then10

simulated, concluding that splitting the kicking coil into 2 half size ones is the best trade-off for11

optimizing energy transfer, while maintaining an acceptable system complexity and controllability.12

This optimization results in robust enhancement and leads to increase by 104%the energy conversion13

compared to a reference launcher used. This result has been validated experimentally on our RoboCup14

robots. This paper also proves that splitting the coil into a higher number of coils is not an interesting15

trade-off.16

Beyond results on the chosen case study, this paper presents an optimization technique based on a17

mixed mechanic, electric and electromagnetic modelling that can be applied to any reluctance coil18

gun.19

Keywords: Coil Gun, Reluctance, Electromagnetic Launcher, Mechatronics, Electronics, Mechanics,20

Simulation, RoboCup21

1. Introduction22

Propelling projectiles with a controlled speed and trajectory is a technological challenge having23

lots of applications ranging from kicking soccer balls to launching rockets or satellites, including24

testing military ammunitions. In this introduction we focus on propulsion techniques having strong25

accelerations, so that an important speed can be obtained in a short distance. Common propulsion26

techniques of this type are among the following ones :27

� Chemical propulsion : mainly used for propelling weapons or rockets, chemical propulsion uses28

the product of a chemical explosive or expanding reaction to push out a projectile [ 1]. Bene�t of29

this propulsion is to have a high density of energy stored in a small size as a chemical product30

Submitted to Appl. Sci., pages 1 – 23 www.mdpi.com/journal/applsci

http://www.mdpi.com
https://orcid.org/0000-0002-2099-1150
http://www.mdpi.com/journal/applsci


Version June 26, 2021 submitted toAppl. Sci. 2 of 23

leading to strong accelerations, without the need of being connected to a power supply. Its31

drawback is that the propulsion is a single shot one due to the chemical reaction.32

� Mechanical propulsion : there are many types of mechanical propulsion systems. Among the33

solutions allowing a strong acceleration of the payload are the inertial launchers. They are mostly34

using an energy storage in heavy high speed rotating mechanical parts such as iron cylinders.35

These parts are accelerated slowly by a standard motor and part of the stored energy is transferred36

in a very short amount of type to a projectile by friction. These systems are very simple but their37

size is much more important than the size of chemical or electromagnetic launchers for a given38

propelling strength. An example is presented later in this paper.39

� Rail Gun propulsion : a rail gun is composed by a pair of conductive parallel rails connected40

to a direct current (DC) power supply. Electrical circuit is closed a sliding conductor where a41

payload is placed. Once current �ows through the rails, a Lorentz force is created, accelerating42

the payload to launch it. This propulsion technique is very ef�cient, and output speed can be43

higher than using a conventional chemical propulsion as shown in [ 1], for a launching structure44

having the same overall size. Compared with chemical propulsion, this solution can be far less45

expensive than chemical propulsion for launching limited size payloads such as small satellites46

[2]. However, the presence of a mechanical contact between the rails and the payload propeller47

can lead to several issues reducing the energy transfer such as friction losses [3] and plasma48

phenomena at very high speeds [2,4],49

� Coil Gun propulsion : a coil gun is an electromagnetic launcher (EML) converting electricity50

into kinetic energy using coils [ 5,6]. There are two types of coil guns. First one is based on51

induction to accelerate a conductive non-magnetic projectile using eddy currents induced in a52

conductive/non-magnetic moving rod place inside a magnetic �eld created by a �xed coil [ 7].53

This solution has an important drawback due to magnetic losses leading to heat generation and54

controllability loss. Second one is based on accelerating a magnetic projectile by minimizing the55

reluctance between the projectile and a magnetic �eld generated by a current �owing through a56

�xed coil [ 8]. This type of coil gun, also named reluctance accelerator are simpler to drive than57

induction coil guns and very compact.58

1.1. Comparison of existing soccer ball launching systems59

In this article, we focus on a case study having strong constraints : a real size soccer ball kicking60

system embedded in robots participating in the RoboCup (the autonomous robot soccer World Cup) in61

Middle Size League (Fig. 1). This competition put strong constraints on the robot size and weight,62

requiring to choose the launcher having the highest ratio of energy transmitted to launcher volume63

(Fig. 2).64

65

Ball used for the competition are real soccer ball (diameter 22cm) having a weight equal to 450g.66

Size constraints on the robots are a maximum width and length L = W = 52cm and a maximum67

height H = 80cm. Considering these robots are all using omnidirectional propulsion with 3 or 468

wheels, the space for embedding the kicking system is very small and cannot exceed a length of 30cm69

and a width of 20cmas shown in Fig.3. Moreover its height must be limited because the gravity centre70

of the robot must be as low as possible in order to allow high accelerations.71

72

A comparison of existing soccer ball launchers is �rst proposed in this section. Chemical73

propulsion has not been considered because they are dangerous and not reusable. Moreover, [1]74

shows that the size of a chemical launching system is equivalent to an electromagnetic one. The only75

advantage that it doesn't need any power supply, but it is not a problem in our case considering the76

robot has one.77

78
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Figure 1. RoboCup 2019 - Sydney - Australia

Figure 2. RoboCup RCT robot 2020 Figure 3. Cut view of RCT robot 2020

The reference for understanding ball kicking systems is the human. Best professional soccer79

players shots can reach130km.h� 1 = 36m.s� 1, corresponding to an kinetic energy equal to EK = 290J.80

As shown in Fig. 4, the surface swept by the leg during a kick is important and approximately equal81

to one third of the surface of a circle having a radius R = 80cm. The mass of a soccer player leg is82

approximately equal to m = 20kg.83

84

Mechanical propulsion is also one the most commonly used methods for propelling a soccer85

ball. Commercial system shown in Fig. 5, is able to launch soccer balls at a maximum speed of86

105km.h� 1 = 29m.s� 1 corresponding to an kinetic energy equal to EK = 190J, using two 10kgcylinders87

coated with rubber. The propulsion part (cylinders and motors) of the system weights 15kg and its88

dimensions are W = 65cmand L = 25cmand H = 25cm.89

Another mechanical system that can be used for propelling a soccer ball is a robotic leg powered90

by a motor as shown in the kicking from Adidas [ 9] or as described in [10]. These solutions are using a91

robotic arm having multiple degree of freedom [ 10] or a set of rotary and linear spring-loaded actuators92
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Figure 4. Human kicking sequence

Figure 5. Mechanical inertial rotating launcher

[9]. Adidas solution is composed of a 0.6m robotic thigh rotating at 85RPM and 0.6m shank rotating93

at a maximum speed of 165RPM, leading to a maximum ball speed of 21m.s� 1 corresponding to an94

kinetic energy equal to EK = 100J. However, the whole system is heavy (more than 50kg) and its95

dimensions are important as it sweeps a 1.2m radius cylinder as shown in Fig. 6.96

Figure 6. Mechanical robot leg
97

These mechanical systems are interesting for simulating a football player leg [ 9,10] and for98

training humans in real conditions. However, embedding them in a RoboCup robot is very99

dif�cult. This is probably the reason why the RoboCup researchers community is mainly focused on100

electromagnetic launchers, and more especially on variable reluctance coil guns. [11] introduces a101

design of a variable reluctance coil gun (Fig. 7) that is used in the RoboCup robots of the 2019World102

Champion team. This actuator dimensions are L = 30cm, W = 9cmand H = 9cm, its weight is 4.5kg103

and ball maximum speed can reach 11.4m.s� 1, corresponding to an kinetic energy equal to EK = 29J.104

Output speed is smaller than mechanical design ones, but volume has been divided by factor 20105
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compared with an inertial rotating launcher.106

107

Figure 7. Tech United Reluctance Coil Gun

Table 1 shows a comparison between existing ball launchers, including humans. These solutions108

are very different. This comparison is done considering the weight and size for each system, as it is109

a strong constraint in our case study. It is important to note that the energy transferred to the ball is110

close to the maximum value for all systems, except for the robot leg. This one is based on an industrial111

actuator able to carry heavy loads, and largely oversized for launching a soccer ball in terms of torque112

and power. Because it is not used at full power, its ratio of energy transmitted to launcher volume is113

very low compared to other solutions. However, this solution takes too much space due to the rotation114

of the leg and is not relevant for a small size launcher.115

Length Width Height Volume Weight Ball Ball Energy
Volume

Launcher Speed Energy
(cm) (cm) (cm) (cm3) (kg) (m.s� 1) (J) (J.dm� 3)

Soccer player leg 160 20 80 133.103 20 36 290 2.18
Rotating inertial launcher 25 65 25 40.103 25 29 190 4.75

Robot arm [9] 240 240 30 1360.103 50 21 100 0.07
Reluctance coil gun [11] 30 9 9 2, 4.103 4.5 11.4 29 12.08

Table 1. Existing ball launchers comparison

In conclusion of this section, the most relevant launching systems in terms of energy transferred116

to the ball for a given actuator volume are reluctance coil guns, with a ratio of energy transmitted to117

launcher volume better than rotating inertial launchers by a factor 2.5, and better than humans by a118

factor 5.119

Since these electromagnetic coil guns seem to be the most promising solution for launching balls, this120

paper will only focus on improving that solution in order to maximize this energy transfer without121

changing the volume and the weight of the actuator.122

1.2. Reluctance coil guns : a ball launcher that can be optimized123

Even if reluctance coil guns are a relevant solution for kicking soccer balls ef�ciently, it is important
to note that they are not very ef�cient in terms of energy conversion. In [ 11], electrical energy for the
coil gun is stored in a capacitor having a capacitance value C = 4700mF under 425V. Stored electrical
energy is equal to :

EC =
1
2

CU2
C = 424J

Consequently, the ratio of ball kinetic energy to input electrical one is only 7%, and the ratio of overall124

mechanical transmitted energy (including the kinetic energies of the iron rod, the lever and the ball as125

explained later) to the input electrical one is 12%. However, the energy necessary for kicking like best126

human soccer players is already stored in the capacitor. This means that if a robot kick is 10 times127
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less powerful than a human one, it is not an issue related to available energy, but it is a problem of128

inef�ciency of energy transfer in reluctance coil guns.129

130

Optimizing this energy transfer can be done in 2 main ways without changing the size and the131

weight of the launcher. First one is to adjust the initial position of the plunger, and the length of its132

non-magnetic extension. [12] shows that energy transmission can be increased by 70% using this133

technique compared to the reference case presented in [11]. This optimization is interesting because134

nothing is changed on the coil gun structure and size, it is only an optimization of initial conditions135

and a plunger parameter adjustment.136

137

A second way of improving the energy transfer of a coil gun is to modify its inner structure138

by splitting the coil and the energy storage capacitor into several ones [ 7,13], without changing the139

overall quantity of coil copper and the overall capacitance value. Instead of sending an energy pulse140

to a single coil, a sequence of smaller energy pulses will be sent to the different coils propagating the141

magnetic force along the coil as the plunger enters it. The number of coils and the triggering sequence142

are the parameters to be optimized.143

144

This paper focuses on this second method for optimizing the energy transfer in a reluctance coil145

gun. It is divided into three sections :146

� Section 2 recalls the principles of coil guns.147

� Section 3 describes4 mechatronic coupled models of reluctance coil guns. All these coil guns148

are using the same coil copper quantity and have the same overall electrical energy storage149

capacitance, but they have respectively one, two, three and four coils. The electromagnetic part of150

each model has been implemented using FEMM 4.1, a �nite elements electromagnetic simulation151

tool, and Matlab Simulink is used for modelling the electrical and mechanical parts.152

� Section 4 presents results, which are discussed in order to conclude on the most relevant coil153

structure for maximizing the ball speed and the energy transfer of the reluctance coil gun, while154

maintaining a high level of robustness.155

2. Principles of Coil Guns156

2.1. Physical concept157

Magnetic �eld in a looped circuit composed of magnetic material and air gap tends to be158

maximized when a current is applied. Hopkinson law used in magnetic circuits tells that : NI = RF ,159

with :160

� I : current in the coil (A)161

� N : number of turns of the coil162

� F : �ux (Wb)163

� R : reluctance (H � 1)164

Increasing magnetic �eld is similar to increase F . For a given current and number of coil turns, this165

increase can done by reducing reluctanceR of the magnetic circuit. Its expression is R =
1

m0mr

l
S

, with :166

� m0 = 4p 10� 7H.m� 1 : permeability of vacuum167

� mr : relative magnetic permeability168

� S : cross-sectional area of the circuit (m2)169

� l : length of the magnetic circuit (m)170

The way to reduce reluctance is to minimize the air gap in the magnetic circuit, replacing it by a portion171

of the iron plunger (having a relative magnetic permeability equal to 5000or more). Thus, under a172
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strong coil current, the plunger will be propelled in order to reduce the air gap, with an important173

force dependent on the coil current and the number of coil turns. Fig.8 shows a 3 stages coil gun. In174

this case, coil1 is powered �rst, then coil 2 is powered, then coil 3. This is the principle of a multi-stage175

variable reluctance actuator.176

Figure 8. Three Coils Electromagnetic Launcher Principle [14]

Our case study focuses on coil gun implementations having 1, 2, 3 or 4 coils, with a �xed overall177

size and quantity of copper, as shown in Fig. 9. It is important to note that between each coil, an iron178

plate have been placed in order to close the magnetic circuit around each coil at best.179

Figure 9. Coil gun con�gurations with 1, 2, 3 and 4 coils sharing the same quantity of copper.
180

In our case study, each coil is powered by an identical capacitor. These capacitors have an global181

overall capacitance equal to (4700mF). This capacitance is split into n smaller equal ones, where n is the182

number of coils. Each capacitor can be discharged, one at a time, in its corresponding coil producing a183

strong current which generates a magnetic force. The iron rod, mobile part of the magnetic circuit184

slides in a stainless steel tube in order to reduce the air gap of the magnetic circuit. This iron rod is185
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attracted and accelerated as long as the air gap can be minimized. It is slowed down if the plunger186

goes to far and the air gap increases again. To avoid that, the duration of the current pulse in each coil187

has to be limited in time.188

189

Discharge from the capacitor to the coil inductor can be described by a second order RLC190

differential equation. This equation has non-constant coef�cients because the value of the inductor191

highly depends on the value of the current in the coil and on the plunger position in the sliding tube.192

This mixed non linear model combining electrical and mechanical inputs will be presented in the193

following sections.194

2.2. Electromagnetic theory and simulation software195

Model of an electromagnetic actuator has to take into account many non-linearities such as :196

1. The saturation of magnetic materials under high currents [15] as shown in Fig. 10197

2. The impact of the plunger position leading to change locally the relative magnetic permittivity198

by a factor 5000 or more.199

Figure 10. Example of magnetic �eld saturation [15]

Considering this, it is impossible to �nd a theoretical solution to calculate the strength of the200

force applied to the rod. For taking non-linearities into account, the model used is a �nite elements201

one obtained using an open-source simulation tool called FEMM 4.2. It has been developed by202

D.C. Meeker. This tool calculates force and inductance values under different conditions [ 16]. More203

precisely, magnetic �eld
�!
B and potential vector

�!
A are calculated everywhere using a successive204

approximation �nite element solver on an axisymmetric model with a spherical boundary as shown205

on Fig. 11.206

207

Mesh used for this computation is determined using an heuristic approach having the following208

characteristics : a maximum allowable mesh size is then computed as 1% of the length of the diagonal209

of the bounding box of any region, leading to generate a default mesh with about 4200 elements in an210

empty square region as shown in Fig. 12. Fine meshing is also forced in all corners and a 5 degrees211

default discretization is used for arc segments.212

213

Evaluating force and inductance value which are integral values on the mesh is also done by214

FEMM 4.2 on pre-de�ned speci�c parts of the system such as the iron plunger or the inductance of the215

coil. Computation needs approximately 5 seconds on a standard Intel Core I7processor.216

217
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Figure 11. FEMM 4.2 model : �ux density
Figure 12. FEMM 4.2 mesh with its
boundary

In order to compute force and inductance for all the possible combinations of currents and plunger218

position, a LUA script is used in FEMM 4.2. Simulations have been done for 30different positions of219

the plunger and 6 different currents for each coil : 0A, 40A, 80A, 120A, 160A and 200A. Simulation220

times are the following ones :221

� 1 coil : 180 combinations - 15 minutes222

� 2 coils : 1080 combinations - 90 minutes223

� 3 coils : 6480 combinations - 9 hours224

� 4 coils : 38880 combinations - 54 hours225

Considering the high computational cost of the electromagnetic simulations, our study has been226

limited to 4 coils, but we will show later that it is not necessary to go further.227

2.3. Electrical model228

At each stage of the coil gun, a
4700

n
mF, 450V capacitor C is discharged in the inductance L using229

a controlled switch based on a MOSFET Transistor as shown in Fig. 13. In this LC circuit, resistor R230

must be considered because its value is not negligible at all due to the important number of loops in231

the coil. R =
r L
S

can be evaluated or measured, wherer is the resistivity of copper, L the total length232

of the coil wire and S the surface of a wire section. This leads to the differential equation (1) where L is233

not constant, but depends on the plunger position and on the coil current. Considering that, equation234

(1) must be solved by numerical simulation.235

Figure 13. Electric circuit

d2UC

dt2
+

R
L

dUC

dt
+

1
LC

UC = 0 (1)

As shown in Fig. 14, FEMM 4.2 simulations shows that L inductance varies by a factor 20 from236

L = 13mH to L = 253mH in a 1 coil kicking system.237

Inductance value depends on the plunger position and on the saturation of the magnetic circuit238

due to the current in the coils. In Fig. 14, discrete values of the inductance are calculated for positions239

of the plunger (Fig. 15) varying from x = � 100mmto 60mmby increment of 5mm, and for coil currents240
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Figure 14. Variation of the inductance value depending on the plunger position and the coil current

Figure 15. RoboCup reluctance coil gun kicking system

varying from 1 A to 200A by increment of 50A.241

242

It is important to note that :243

� Inductance value L increases as the plunger enters the coil, is maximized when the plunger244

centre is aligned with the coil centre, and decreases after. This is because magnetic �eld is well245

guided when the plunger is inside the coil with a low air gap.246

� Inductance value is highly dependent on the coil current. For a current I = 1A, L varies,247

depending on plunger position, from L = 13mH to L = 253mH whereas for a current I = 100A,248

L varies only from L = 13mH to L = 24mH. There is an important difference between maximal249

values because at a low current, magnetic material is not saturated, leading to a high inductance250

value. In contrast, there is no difference between minimal values because when the plunger is251

outside the coil, the air gap is so important that it leads to a huge reluctance in the air gap part252

which prevents saturation of the magnetic circuit.253
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2.4. Mechanical model254

Mechanical model has been de�ned following the coil gun structure described in [ 11]. However,255

our kicking system is very similar in terms of dimensions and weight to that one which served as256

a reference design for most RoboCup teams. Consequently, this model will be reusable for other257

teams, and can be adapted for other use cases by changing the content of some blocks according to the258

chosen mechanical design. However, changing parameters of the coil requires to simulate again the259

electromagnetic part, as force depends on coil gun geometry, current and plunger position.260

261

As for the electrical model, an analytical calculation of the force is not possible. Finite elements262

model using FEMM 4.2 shows that force varies in our case study from � 1900N to 19000N for the same263

coil depending on the plunger position and on the coil current (Fig. 16). Discrete values of the force264

are calculated for positions of the plunger (Fig. 15) varying from x = � 100mm to 60mm by increment265

of 5mm, and for coil currents varying from 1 A to 200A by increment of 50A.266

Figure 16. Variation of the force on the plunger depending on its position and the coil current
267

It is important to note that :268

� Force F is almost linear with coil current in any situation.269

� ForceF is highly dependent on the plunger position. For a current I = 100A, F varies, depending270

on plunger position, from F = � 954N to F = 954N, with F = 0N when the plunger is exactly271

aligned with the centre of the coil. This is because magnetic �ux tends to be maximized in a272

magnetic circuit, leading to reduce the air gap. Consequently, as shown on Fig.16, magnetic force273

on the plunger is symmetrical around the point where the centre of the plunger is aligned with274

the centre of the coil. Thus, it is important to stop powering the coil as soon as the plunger has275

crossed the coil.276

� Force is very small if the plunger is outside the coil. This is normal considering the important277

length of the air gap replacing the plunger for looping back the magnetic circuit. We can also278

note that when the plunger is at the centre of the coil, force is null for any value of the current279

because magnetic �ux can not be maximized.280

3. Mixed electrical and mechanical model of the reluctance coil gun281

Implementation has been done using Matlab Simulink for this mechatronic model. Simulated282

inductance and magnetic force values using FEMM 4.2 are implemented in look-up tables interpolating283
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data in order to have a force and inductance value for any position of the plunger and any coil current.284

Fig. 17 shows the model of a 1 coil electromagnetic launcher used for simulations. Fig. 18 shows285

the model of a 4 coils electromagnetic launcher used for simulations. Mechanical simulation part286

is unique in both models, whereas electrical part is replicated by the number of coils present in the287

electromagnetic launcher.288

Figure 17. Mechatronic model of a 1 coil electromagnetic launcher

Figure 18. Mechatronic model of a 4 coils electromagnetic launcher

3.1. Electrical Model289

A model of the electrical part of the �rst coil of the electromagnetic launcher is described in Fig.290

19 in the case of a 1 coil launcher, and in Fig. 20 in the case of a 4 coils launcher. Electrical differential291

equations (1) are implemented using discrete blocks because coef�cients of the equation are not292

constant due to the dependence of inductance L to the current and position of the plunger.293

294

As shown on Fig. 19 and Fig. 20, the only difference between both models is the number of inputs295

of the inductance look-up table (LUT) block interpolating linearly the value of L using the simulations296



Version June 26, 2021 submitted toAppl. Sci. 13 of 23

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

performed with FEMM 4.2. In the case of a4 coils EML, there are 5 inputs : plunger position, and the297

currents on each of the 4 coils.298

It is important to note that there is a trigger input in each block. This input corresponds to an electronic299

trigger supplied by a pilot board and used for piloting the MOS transistor commutating the capacitor300

on the coil. There is one trigger input per coil, so that it is possible to drive them independently.

Figure 20. Electrical model of the �rst coil of an electromagnetic launcher with 4 coils.
301

302

3.2. Mechanical Model303

The reluctance coil gun mechanical system shown in Fig. 15 has been described in a former work304

[12]. This model takes into account the transmission of the movement from the plunger to the ball305

through an aluminium lever. Movement can be split in 3 phases as shown in Fig. 21 :306

� 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 Fmagnetodepends non linearly on



Version June 26, 2021 submitted toAppl. Sci. 14 of 23

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

plunger position and current I . A look-up table (LUT) interpolates linearly the value of F using
the simulations performed with FEMM 4.2.

mpẍ = FMagneto(x, I ) (2)

� Phase 2 : Impact on the lever corresponding to an elastic shock when plunger hits it at a distance
R1 from its rotation centre. Kinetic energy is conserved as described in equation (3).

1
2

mp �xInit
2 =

1
2

mp �xFinal
2 +

1
2

mB
R2

2

R2
1

�xFinal
2 +

1
2

JLever
�xFinal

2

R2
1

(3)

where JLever is the inertial moment of the lever, R1 and R2 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 (4).

�xFinal =
vu
u
u
t

mp

mp + mB
R2

2

R2
1

+
JLever

R2
1

�xInit (4)

307

308

� Phase 3 : plunger is accelerated in contact with the lever, which one is also in contact with the309

ball. This means that the lever applies a force on the plunger in subtraction of the magnetic force310

as shown in equation (5). This force is an inertial one due to the acceleration of the ball and the311

lever as shown in equation (6). It is important to note that theoretically speeds of ball, lever and312

plunger are not equal after the shock, but in reality they are due to the elastic deformation of the313

ball as shown in the slow motion picture in Fig. 22.314

mpẍ = FMagneto(x, I ) � FLever (5)

where

FLever =
JLever+ mBR2

2
R1

q̈ (6)

with :

JLever =
mLeverR2

2
3
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For small q angles, q̈ '
ẍ

R1
, this leads to :

mpR2
1 + JLever+ mBR2

2

R2
1

ẍ = FMagneto(x, I ) (7)

Figure 22. Ball deformation after phase 2

Implementation of this 3 phases mechanical model has been done using Matlab Simulink. Fig. 23315

shows the mechanical part model of a 1 coil electromagnetic launcher, whereas Fig. 24 shows the316

mechanical part model of a 4 coils electromagnetic launcher. It is important to note that, as shown on317

Fig. 22, plunger, lever and ball are in contact after the shock. This is due to the softness of the ball,318

and because the ball is close to be in contact with the lever before the impact. Thus, the hypothesis319

of a perfect elastic shock is almost veri�ed except for a transitional short period of less than one320

millisecond after the shock of the rod on the lever.321

322

However, in order to understand more accurately what is going on during this transition, impact323

of the plunger on the lever and impact of the lever on the soft ball will be modelled in a further work324

(for example using MSC ADAMS software), but this is out of the scope of this paper.

Figure 23. Mechanical part model of a 1 coil electromagnetic launcher
325

As shown on Fig. 23 and Fig. 24, the only difference between both models is the number of inputs326

of the force look-up table (LUT) block interpolating linearly the value of F using the simulations327

performed with FEMM 4.2. In the case of a4 coils EML, there are 5 inputs : plunger position, and the328
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Figure 24. Mechanical part model of a 4 coils electromagnetic launcher

currents on each of the 4 coils.329

330

4. Reluctance coil gun simulations331

4.1. Hypothesis332

The reluctance coil gun previously described and used in robots at the RoboCup has been333

simulated using Matlab Simulink. In this study we focus on optimizing the inner structure of the coil334

gun and especially we aim at �nding the optimal number of coils and the optimal instant and duration335

of triggering for each coil in a sequence.336

337

Optimality is not only focused on the ball speed which must be as important as possible, but338

also on the reliability and robustness of the triggering system, which can be very sensitive to a small339

change in the triggering delay when several coils (especially 3 or 4) are used.340

341

This last point is important because we have decided of not adding an observer of the plunger342

position in the system such as a set of infrared light barriers. This choice has been done considering343

the mechanical dif�culties for inserting sensors inside the coil gun structure, and the issues about344

robustness it can raise due to the huge impacts and vibrations on the EML structure. Instead of that a345

simple and robust open loop driving has been chosen, each coil being commutated during a �xed time346

and with a �xed delay from the start of the sequence. Considering the initial conditions of the plunger347

position are always the same ones (this is true because the plunger is returned to its initial position by348

an elastic restoring force), the ball speed has been measured to be almost the same at each shooting349

sequence.350

351

This paper doesn't focus on optimizing the initial position xinit of the plunger, and the length352

Lext of the non-magnetic extension of the plunger, as done in [ 12]. In this study we started using the353

results presented in [12]. However in a �nal step, a �ne optimization has been done for getting the354

best possible solution on both parameters.355

356
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4.2. Model parameters357

In order to compare results with other previous studies, the kicking system simulated is identical358

to the Tech United Teamone described in [11]. However, geometry of our coil gun is very similar to this359

reference design one. Parameters of the model are the following ones :360

� Distance from lever axis to plunger touch point : R1 = 13cm361

� Distance from lever axis to ball touch point : R2 = 24cm362

� Coils number (each coil as been chosen identical) :nbCoils = 1, 2, 3, 4363

� Coils length (for each coil) : LCoil = 11.5/ nbCoils cm364

� Coils number of turns (for each coil) : NCoil = 1000/nbCoils turns365

� Coils resistance (for each coil) : 2.5/nbCoilsW366

� Capacitors number : nbCapacitors= nbCoils367

� Capacitors value (for each capacitor) : 4700uF/ nbCoils368

� Capacitors charge voltage : 425V369

� Plunger iron rod diameter : DPlunger = 25 mm370

� Plunger iron rod length : LPlunger = 11.5 cm371

� Plunger iron rod mass : mPlunger = 690 g372

� Plunger extension diameter : DExt = 18 mm373

� Plunger extension length : LExt cm374

� Plunger extension mass : mExt = 0.68� LExt (in m)375

� Distance from coil to lever : DLever = 4 cm376

� Vertical lever mass : mLever = 80 g377

� Ball mass : mBall = 450 g378

4.3. Simulations379

Simulations have been done using coil guns having 1, 2, 3 and 4 coils. As explained before,380

the overall quantity of copper and the global number of coil turns is a constant, as is the sum of381

the capacitors value. Delays and durations of each trigger pulses for each coil have been optimized382

manually in order to maximize the ball speed.383

Results of simulation for an EML having 1 coil are presented in Fig.25. Coil1 is triggered during384

25ms. Optimal initial position of the plunger is � 92mm. Ball speed reaches 13.45m.s� 1.385

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.Coil1 is triggered during386

15ms, Coil2 is triggered during 14mswith a delay of 10ms. Optimal initial position of the plunger is387

� 82mm and optimal plunger extension length is 104 mm. Ball speed reaches 16m.s� 1.388

389



Version June 26, 2021 submitted toAppl. Sci. 18 of 23

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

Results of simulation for an EML having 3 coils are presented in Fig.27.Coil1 is triggered during390

10ms, Coil2 is triggered during 15mswith a delay of 7ms, Coil3 is triggered during 12mswith a delay391

of 11ms. Optimal initial position of the plunger is � 82mm and optimal plunger extension length is392

90mm. Ball speed reaches 16.1m.s� 1.393

394

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. Coil1 is triggered395

during 10ms, Coil2 is triggered during 10ms with a delay of 7ms, Coil3 is triggered during 12ms396

with a delay of 11ms, Coil4 is triggered during 14mswith a delay of 15.5ms. Optimal initial position397

of the plunger is � 92mmand optimal plunger extension length is 104mm. Ball speed reaches16.4m.s� 1.398

399
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Figure 28. Simulation of a 4 coils EML used in an optimal way

5. Results and discussion400

5.1. Discussion on simulation results401

5.1.1. Impact of the coil gun structure402

As presented in the results section, increasing the number of coils allows to transfer more power403

to the ball as shown in Table 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. Optimal ball speed depending on the number of coils in the EML

404

Increasing the number of coils from 1 to 2 coils allows to increase the speed by18%, corresponding405

to an energy transfer optimization of 40%. However, increasing the number of coils from 2 to 3 or 4406

coils allows to increase the speed by only respectively 0.6%and 1.8%, corresponding to an energy407

transfer optimization of respectively 1.2%and 3.6%. This result is not intuitive and is important.408

Consequently, considering the impact of the adding a coil to the EML in terms of mechanical and409

electrical integration, the 2 coils EML seems to be the best con�guration in our case.410

5.1.2. Comparison between the reference case and the chosen con�guration411

Comparing the reference situation described in [ 11], optimization of the number of coils of the412

EML, the initial position and the extension length leads to increase the ball speed by 42%, from413

11.2m.s� 1 to 16m.s� 1. This corresponds to an energy transfer improved by 104%compared to the414

reference situation, without complexifying the coil gun structure too much.415

Shooting range, which is de�ned as the distance of the �rst rebound in case of a 45� kick, without416

considering air friction, increases from 12.5m in the reference situation described in [ 11] to 26m in the417

optimal con�guration.418
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5.1.3. Impact of a variation of the coil triggering instants419

Having a powerful coil gun is important, but its behaviour robustness is also a key factor. This420

is especially true for the triggering instants which are important parameters for optimizing power421

transmission and have to be tuned carefully.422

423

In the case of a2 coils EML, simulations show that the second coil optimal triggering instant is424

10msafter the �rst coil. Table 3 shows that a variation of this triggering instant of � 1mshas a very425

limited impact on the ball speed, which is only reduced by less than 2%, leading to a good robustness426

of this system.

Triggering instant ( ms) 7 8 9 10 11 12 13
Optimized ball speed ( m.s� 1) 14.4 15.2 15.8 16.1 16 15.8 15.6

Table 3. Impact of a variation of the second coil triggering instant in the case of a 2 coils EML

427

In the case of a4 coils EML, the fourth coil optimal triggering instant is 15.5msafter the �rst coil.428

Table 4 shows that a variation of this triggering instant of � 1mshas an important impact on the ball429

speed which is reduced by 11%or more. Consequently, the EML using 4 coils is far less robust than430

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

431

5.2. Experimental results432

In order to validate the simulation results, experiments have been done using a 2 coils reluctance433

coil gun corresponding to the optimal con�guration (as explained in Section 5.1). This launcher is434

shown in Fig. 29. It is part of our new RoboCup robot presented in Fig 30.435

Figure 29. 2 coils optimized reluctance coil gun

A custom 4 channel coil-gun driver has been designed but is not in the scope of this paper. It436

includes 4 MOSFET for capacitor commutation with a 160A current peak under 450V on each coil.437

A safety system for dissipating energy stored in the capacitors when the system is switched off or438

stopped has been implemented in this driver, justifying the aluminium ventilated power heat sink that439

can be seen on the right board of Fig. 31. For triggering the coils in a very accurate time sequence (and440

for controlling DC motors and low level sensors), a micro-controller board has been designed and can441
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Figure 30. RoboCup robot for testing the optimized coil gun

be seen on the left side of Fig. 31. In our test corresponding to the chosen optimal case, the second coil442

has been triggered exactly 10msafter the �rst one.443

Figure 31. 4-channel reluctance coil gun driver (on the right)

Ball speed measurement have been done using a high speed camera on20 successive tests.444

Average measured ball velocity is equal to VBall = 15.5m.s� 1. This is consistent with the theoretical445

value (16m.s� 1). Error is only 3.1%and dispersion is low ( s = 0.2m.s� 1). These results show that the446

simulation model used in this paper is accurate, despite many strongly non-linear effects, and that the447

structure of a reluctance coil gun can be optimized very ef�ciently without changing the amount of448

copper used and the size of the actuator.449

Conclusion450

In this paper, a method for optimizing the structure of a reluctance coil gun has been proposed.451

Kicking real soccer balls used at the RoboCup in Middle Size League has been chosen as a case452

study. After having presented the principles of coil guns, a mechatronic model coupling mechanic,453

electromagnetic and electric ones have been proposed and implemented. Simulation results have454

been explained and discussed so that this optimization method can be easily reproduced in another455

application.456

457
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Results show that the output speed of the non-magnetic object propelled by the EML highly458

depends on the structure of the coil gun, the sequence for triggering it, the initial position of the iron459

plunger and the size of its non-magnetic extension. Among the results of this paper, we show that :460

� Using a 2 coils EML is 104%energetically more ef�cient than the reference situation of an existing461

coil gun [ 11], without adding too much mechanical, electrical and algorithmic complexity to the462

EML. As shown in Table 5, it is also 10 times more ef�cient than a human considering the ball463

energy to launcher volume ratio.464

� Having a high number of coils is not necessary for optimizing the energy transfer. In our case,465

having 2 coils in the EML is an excellent trade-off between energy transfer optimization and466

system complexity.467

� Robustness in terms of sensitivity to the coil triggering instants decreases with the number of468

coils.469

Length Width Height Volume Weight Ball Ball Energy
Volume

Launcher Speed Energy
(cm) (cm) (cm) (cm3) (kg) (m.s� 1) (J) (J.dm� 3)

Soccer player leg 160 20 80 133.103 20 36 290 2.18
Rotating inertial launcher 25 65 25 40.103 25 29 190 4.75

Robot arm [9] 240 240 30 1360.103 50 21 100 0.07
Reluctance coil gun [11] 30 9 9 2, 4.103 4.5 11.4 29 12.08

Optimized coil gun 30 9 9 2, 4.103 4.5 16.4 60.5 25.21

Table 5. Ball launchers comparison including optimized launcher
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