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Abstract. This paper focuses on the modelling and optimization of a
RoboCup Middle Size League (MSL) coil-gun. A mechatronic model cou-
pling electrical, mechanical and electromagnetic models is proposed. This
model is used for optimizing an indirect coil-gun used on limited size
robots at the RoboCup for kicking real soccer balls. Applied to a well
defined existing coil gun [6], we show that optimizing the initial position
of the plunger and the length of a plunger extension leads to increase
the ball speed by 30% compared to the results presented in a previous
study.

Keywords: Coil gun · Electro magnetic launcher · Mechatronics ·
Modelling · RoboCup

1 Introduction

An electromagnetic launcher (EML) is a system using electricity for propelling
a projectile [5]. A coil gun is a type of EML, having only the ability to launch
magnetic objects (such as iron rods) by converting electrical energy into kinetic
energy using a coil [1].

Launching non-magnetic objects cannot be done directly using coil guns
because they are not affected by magnetic field but can be done using an “indirect
coil gun”, having a magnetic plunger accelerated by a coil, propelling an non-
magnetic object by continuous contact or elastic shock. Both these propelling
techniques can be combined in a multi-phase EML. Optimization of this type of
launcher is the purpose of this work.

Optimizing limited size indirect coil guns is the scope of this paper. For
illustrating our purpose, we have chosen to optimize a kicking system used at
the RoboCup in Middle Size League, which is a competition of robot playing
soccer and having a limited size and weight for embedding soccer balls launching
systems. This article is divided into three parts:
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– In Sect. 2, principles of coil guns are presented with limitations concerning
their modelling.

– In Sect. 3, a mechanic and electromagnetic model is proposed and imple-
mented using finite elements simulation tools for the electromagnetic part of
the coil gun, and using Matlab Simulink for the mechanical and electrical
aspects.

– In Sect. 4, simulation results are discussed in order to optimize the parameters
of an existing indirect coil gun.

RoboCup is an international competition of robot teams playing soccer with
a goal: winning against a soccer professional team by 2050. In Middle Size League
(MSL), teams are composed of 5 robots playing autonomously on a 22 m by 14 m
soccer field with a real soccer ball (diameter 22 cm) weighting 450 g. Each robot
have a maximum length of 52 cm, a maximum width of 52 cm and a maximum
height of 80 cm. Current kicking systems used in MSL have the ability of pro-
pelling balls with a speed of 12m.s−1. This speed is interesting and allows to
kick balls at a distance of 15 m but is limited compared with real soccer players.
In order to make a comparison, a shoot from a professional soccer player can
reach 130 km.h−1, compared with 43 km.h−1 for current MSL robots. In terms
of kinetic energy, EK = 1

2 mv2 = 32 J is transmitted to the ball at the RoboCup,
compared to EK = 300 J transmitted by a real professional player. The ratio
is about 10 times, showing that an important step has to be done in order to
compete with humans.

Fig. 1. Kicking system in a RoboCup robot

RoboCup MSL case study has been chosen due to the relevancy of trade-off
consisting in an optimization of the speed of a ball kicked by an indirect coil gun,
while having strong size constraints due to competition rules. RoboCup robots
need compact but powerful coil guns. Existing systems able to strike a ball at
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12m.s−1 have an acceleration of about 100G and a strike time of about 20 ms.
As shown in Fig. 1, the size of the whole kicking system, including the indirect
coil gun, is about 30 cm including the coil and the iron rod, with a coil size of
about 10 cm to 12 cm in length, a rod size of about 13 cm in length, and a rod
stroke of about 12 cm.

2 Principles of Coil Guns

2.1 Physical Concept

Coil guns are made using a variable reluctance magnetic circuit composed of a
fixed magnetic circuit looped by an magnetic iron projectile. A coil is placed
around the stroke of the iron rod in order to magnetize the magnetic circuit and
to create a magnetic force on the rod.

Considering that the magnetic field in a magnetic circuit tends to be maxi-
mized if possible, the air gap in a magnetic circuit tends to be reduced, resulting
in a force on the rod propelling it when the magnetic circuit is excited with a coil
crossed by a current pulse as shown in Fig. 2. This is the principle of a variable
reluctance actuator.

Fig. 2. Coil gun principle

In our case study, a large capacitor (4700µF) is discharged in the coil in
order to produce a high current generating the magnetic field and force. A mobile
plunger (iron rod) is able to move in this field, sliding in a stainless steel tube.
Iron rod is attracted to the centre of the stainless steel tube and thus accelerated
until it reaches this point. It can be slowed down if the plunger goes over this
point while the current in the coil is still present, but this doesn’t happens in
real conditions as shown later.

Current discharge on the coil can be described by a second order RLC dif-
ferential equation, but having non-constant coefficients because of the changing
value of the inductor over the time. In this paper, we propose an electrical model
taking into account the variation of the inductance when the iron rod slides for-
ward in the coil.
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2.2 Electromagnetic Theory and Simulation Software

Hopkinson law is the base a variable reluctance actuators: F = NI = RΦ, with:

– F : magnetomotive force (MMF and the unit is ampere-turn: At)
– N: number of turns of the coil
– I: intensity in the coil (A)
– R: reluctance (H−1)
– Φ: flux (Wb)

Consequently, magnetic flux is equal to: Φ =
NI

R
and coil force is equal to:

−→
F =

−−→
grad(

−→
M · −→

B ) with
−→
M = IS−→n .

Going deeper into a theoretical electrical model is interesting if the reluctance
is constant, in order to find an analytical solution. However, there are 2 main
factors making it non-constant: the first one is the position of the plunger, and
the second one is the saturation of the magnetic circuit as shown in Fig. 3,
which can be very important if the coil current is high. In order to take these
non-linearities into account, a finite-element model based simulator is used for
calculating the force and the inductance values under different conditions [4].
Open source software used is FEMM 4.2, programmed by D.C. Meeker.

FEMM 4.2 approximates the values of
−→
B at any place of the system for

each plunger and current combination. Numerical computation is performed in
a static way, meaning that the kicking system evolution can be considered as
a succession of short time independent magneto-static problems. For each of
these problems, following equations link magnetic field intensity B and magnetic
excitation H:

∇ · −→
B = 0 (1)

∇ × −→
H = J (2)

−→
B and

−→
H can be linked together in a linear approach:

−→
B = μ

−→
H (3)

or in a more realistic non-linear approach:

−→
B = μ(

−→
H )

−→
H (4)

FEMM software tries to find a field that satisfies the linear approach and
the flux density equation with the magnetic vector potential

−→
A defined as:

−→
B = ∇ × −→

A (5)
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Fig. 3. Magnetic field saturation in iron

Fig. 4. FEMM 4.2 simulation with the plunger outside the coil

−→
A can be found by the software using Eq. 4 with a conjugate gradient method,

so we can rewrite Eq. 2 as:

∇ ×
(

1

μ(
−→
H )

∇ × −→
A )

)
= J (6)

Using this equation, the software calculates
−→
A

−→
B in every place of the EML as

shown on Fig. 4. It also evaluates integral values on a specific part of the system
such as the inductance of the coil or the force applied on the iron plunger.
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2.3 Electrical Model

The coil gun inductance L is powered by a pre-loaded high value and voltage (i.e.
4700µF, 450V) capacitor C, switched by an Insulated Gate Bipolar Transistor
(IGBT) has shown in Fig. 5. Resistor R has to be taken into account considering
the high number of loops of the coil. This leads to the differential equation 7.

R

C

L

E

Fig. 5. Electric circuit

d2UC

dt2
+

R

L

dUC

dt
+

UC

LC
= 0 (7)

This equation can be solved easily when L, C and R are constants, but L is not
constant in our case. As shown in Fig. 6, simulations on FEMM 4.2 using a LUA
script shows that L inductance value can vary by a factor 18 in our studying
case, going from 19 mH to 342 mH for the same coil depending on the plunger
position and on the coil current.

When the plunger is outside the coil and when the current is high, the induc-
tance has the lowest values. When the plunger is at the centre of the coil and
when current is low, magnetic field is well guided and magnetic materials are
not saturated, leading to a high inductance value.

2.4 Mechanical Model

As explained before, force on the plunger cannot be calculated analytically. Sim-
ulations using FEMM 4.2 combined with a LUA script shows (Fig. 7) that force
varies in our case study from 0 to 850N for the same coil depending on the
plunger position and on the coil current.

When the plunger is outside the coil, the force is very small due to the size
of the air gap which is too important. When the plunger is exactly at the centre
of the coil, force is null for any value of the current because air gap is minimal.
The maximal force strength is obtained for high currents and plunger positions
between 40 mm and 80 mm from the centre of the coil.

3 Mixed Electrical and Mechanical Model of the Indirect
Coil Gun

Inductance and magnetic force values are necessary to build a model of the coil
gun for simulating it precisely. Calculated using FEMM 4.2, they are imple-
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Fig. 6. Variation of the inductance value depending on the plunger position and the
coil current

Fig. 7. Variation of the force on the plunger depending on its position and the coil
current

mented using look-up tables taking into account plunger position and coil cur-
rent in order to approximate inductance and force for every configurations of
the system.

For this mechatronic model combining mechanic, electric and magnetic mod-
elling, Matlab Simulink tool has been used as shown in Fig. 8.
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Fig. 8. Mechatronic model of the coil gun

3.1 Electrical Model

The electrical part is described at Fig. 9. It implements the electrical differential
equation 7 using discrete blocks. This is necessary because coefficients of the
equation are not constant due to the dependence of inductance L to the current
and the position of the plunger.

As said before, this dependence is modelled using a look-up table (LUT)
interpolating linearly the value of L using the simulations performed with FEMM
4.2.

3.2 Mechanical Model

The indirect coil gun mechanical system used for kicking balls is described at
Fig. 10.

This model is not simple because as shown in Fig. 10, plunger hits a rotating
aluminium bar near its centre, in order to transmit movement to the ball. Thus,
movement can be split in 3 phases as shown in Fig. 11:

– Phase 1: the plunger is accelerated without contact on the rotating bar. Accel-
eration is due to the magnetic force only as shown in Eq. 8. Force Fmagneto

is a function of plunger position and current I. Again, this dependence is
modelled using a look-up table (LUT) interpolating linearly the value of F
using the simulations performed with FEMM 4.2.

mpẍ = FMagneto(x, I) (8)

– Phase 2: an elastic shock happens when plunger hits the rotating bar. We
assume that kinetic energy is conserved as described in Eq. 9, even if for a
few milliseconds a part of this one is absorbed by the ball and then given back
before the ball is kicked. In theory, speeds of ball, bar and plunger are not
similar after the shock, but in reality they are all moving together thanks to
the deformation of the ball which ensure that the contact is permanent after
the shock as shown in the slow motion picture in Fig. 12.

1
2
mp ˙xInit

2 =
1
2
mp ˙xFinal

2 +
1
2
mB

R2
2

R2
1

˙xFinal
2 +

1
2
J

˙xFinal
2

R2
1

(9)
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Fig. 9. Electrical part of the coil gun model, including a look-up table obtained with
FEMM 4.2

Fig. 10. Simulated kicking system

This leads to a plunger speed just after the shock equal to the xfinal given
in Eq. 10.

˙xFinal =

√√√√√ mp

mp + mB
R2

2

R2
1

+
J

R2
1

˙xInit (10)



80 V. Gies et al.

Fig. 11. Plunger speed in m.s−1 over the time in s

Fig. 12. Ball deformation after phase 2

– Phase 3: plunger is accelerated in contact with the rotating bar, which one is
also in contact with the ball. This means that the bar applies a force on the
plunger in subtraction of the magnetic force as shown in Eq. 11. This force
is an inertial one due to the acceleration of the ball and the bar as shown in
Eq. 12.

mpẍ = FMagneto(x, I) − FBar (11)

where

FBar =
JBar + mBR2

2

R1
θ̈ with : JBar =

mBarR
2
2

3
(12)

For small θ angles, θ̈ � ẍ

R1
, this leads to:

mpR
2
1 + J + mBR2

2

R2
1

ẍ = FMagneto(x, I) (13)

This mechanical model is implemented with Matlab Simulink using discrete
blocks and switches for simulating the different phases of the movement (Fig. 13).
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Fig. 13. Mechanical part of the coil gun model

4 Indirect Coil Gun Simulation Results

The indirect coil gun system presented before and used in robots at the RoboCup
has been simulated using Matlab Simulink. Even if the mechanical structure
and the electromagnetic properties of the kicking system have been completely
defined as in Fig. 10, there are 2 remaining degrees of freedom in order to optimize
its power: the initial position xinit of the plunger, and the length Lext of the non-
magnetic extension of the plunger.

In order to compare results with other previous studies, the kicking system
simulated is Tech United Team one described in [6]. Parameters of the model
are the following ones:

– Distance from rotating bar axis to plunger touch point: R1 = 13 cm
– Distance from rotating bar axis to ball touch point: R2 = 24 cm
– Coil length: LCoil = 11.5 cm
– Coil number of turns: NCoil = 1050 turns
– Plunger iron rod diameter: DPlunger = 25 mm
– Plunger iron rod length: LPlunger = 11.5 cm
– Plunger iron rod mass: mPlunger = 690 g
– Plunger extension diameter: DExt = 18 mm
– Plunger extension length: LExt cm
– Plunger extension mass: mExt = 0.68 ∗ LExt (in m)
– Distance from coil to rotating bar: DBar = 4 cm
– Vertical bar mass: mBar = 80 g
– Ball mass: mBall = 450 g
– Capacitor value: 4700 uF
– Capacitor charge voltage: 450V
– Coil resistance: 2.5Ω

Considering these parameters, we can notice that if Lext < xinit +DBar, the
plunger with its extension is not in contact with the vertical bar at the beginning
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Fig. 14. Impact of initial plunger position and plunger extension length on the ball
kicking speed

of the move, and consequently this one will be divided in 3 phases. In the limit
case where Lext = xinit +DBar, the move will have only on phase: the third one
with the plunger in contact with the vertical bar from the start.

In order to find the best set-up corresponding to the highest ball speed, the
kicking system has been simulated for different values of xinit and Lext chosen
as: xinit ∈ [0; 12 cm] and Lext ∈ [0;xinit + DBar].

Results are presented on Fig. 14. The best configuration is to have a plunger
initial position xinit = 120mm, and a plunger extension length Lext = 30 mm,
leading to a ball speed of vBall = 14.46m.s−1. This means that the plunger must
be nearly outside the coil at the start and have a short extension of 30 mm only.
In this optimal configuration, the movement is a three phase one, with an elastic
shock.

4.1 Comparison with Previous Experimental Results

In [6], Tech United Team use the same indirect coil gun in another configuration,
using a plunger non magnetic extension always connected to the rotating bar.
Their case corresponds to xinit = 110 mm with a plunger extension length Lext =
150 mm. Measured ball speed at full switch duty cycle is 11.2 m ([6] in page 1664),
compared with 11.1m.s−1 obtained by our simulation.

Even if the comparison with external samples is too limited, this shows that
our model fits very well a real behaviour. It is interesting to note that without
changing the mechanical and electromagnetic structure of the coil gun, our opti-
mization leads to a ball speed of 14.46m.s−1. This speed is 30% higher than the
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Fig. 15. Simulation using Tech United [6] one phase configuration

obtained speed, corresponding to 70% more energy transmitted using a 3 phases
move.

This can be explained comparing the simulation results. In the optimal case,
as shown in Fig. 16 maximum coil current reaches 115A at t = 12 ms. Plunger
position at this instant is x = 75 mm optimal for transmitting force to the
plunger as shown in Fig. 7. That means force as a function of position is maximal
simultaneously with the current in the coil, leading to an optimal force on the
plunger, reaching F = 850N.

Fig. 16. Simulation using the optimal three phases configuration
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In continuous movement used by Tech United team, as shown in Fig. 15
maximum coil current reaches 115A at t = 12 ms also. Plunger position at
this instant is x = 100 mm, which is not optimal for transmitting force to the
plunger as shown in Fig. 7. That means force as a function of position is not
simultaneously maximal with the current in the coil. Consecutively, force on the
plunger only reach F = 720 N at this time. This delay is due to the fact that
the plunger is continuously in contact with the vertical bar and the ball. Thus,
acceleration with the ball �300m.s−2 is much smaller than without contact
�1100m.s−2, leading to a smaller plunger move when current reach its maximum
value.

Fig. 17. 3D diagram of a system with multiple coils [3]

5 Conclusion

In this paper, we have proposed a method for optimizing indirect coil guns
operation. For illustrating our purpose, we have chosen to optimize a kicking
system used at the RoboCup in Middle Size League. In a first time, principles
of coil guns have been presented, then a mechatronic model coupling mechanic,
electromagnetic and electric models have been proposed and implemented. In
a third part, simulation results have been discussed in order to optimize the
parameters of an existing indirect coil gun. Even if this simulator has been
described on a specific application, the method can be easily used in any other
indirect coil gun for optimizing it.

In our application, results show that output speed of a non-magnetic object
propelled by the EML can vary a lot depending on the initial configuration
of the iron plunger, and depending on the size of its non-magnetic extension.
Optimal results are obtained with a three phase propulsion, including an elastic



Modelling and Optimisation of a RoboCup MSL Coilgun 85

shock. However, this result rely on the assumption that deformation of the non-
magnetic object ensures a permanent contact after the shock. This is a strong
hypothesis, but easily true when the projectile is deformable. Moreover, in case
of a non-deformable contact, the non-magnetic object would have to be very
resistant to the very important instantaneous acceleration during the shock.

In a further work, the structure of our coil gun will be optimized dividing the
coil in several smaller coils activated sequentially. For example, scenarios using
2, 3 or 4 coils (each one having a half, a third or a quarter of the total turns
of the initial coil), triggered sequentially by software or using a position sensor
instead of a single coil as shown in Fig. 17 will be evaluated as in [2,7]. This
will lead to have successively a maximum current on each coil when the rod is
optimally placed in the coil, leading to a increased projectile speed.
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