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In this work, a four stage induction coil-gun has been designed and the parameters acting
on the bullet velocity has been investigated. The mutual inductance variation depending on
the bullet coil position, determination of firing point exposed to the maximum force with
respect to the length, and appropriate material selection for the bullet coil have been ana-
lyzed. Optimum solutions for these parameters have been presented.
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1. Introduction

Coil-guns are electromagnetic guns that use the by
Lorentz (JxB) force to accelerate a projectile with a conduct-
ing armature. In recent years, the developments on the
power electronics have provided important progress in the
area of applications of electromagnetic coil-guns. The mul-
ti-stage induction coil-guns among the electromagnetic
weapons with different types [1,2] and different working
principles [3–9] might be considered as the guns having
greater expectancy in the near future [10–12]. In our study,
a micro-controller controlled, four stage induction coil-gun
with new characteristics has been designed.

In this paper, after giving a short presentation of the
system developed, the effects of the geometry of the coils
within the firing assembly of the system, the material used
to manufacture the coil, and the firing point on the velocity
reached with the system are investigated and the results
are discussed in detail.
. All rights reserved.

. Kalender).
2. The design approach for the system

The induction coil-gun developed here is composed of
an electromagnetic firing assembly made up of a four-stage
driver coil set, an electronic switching circuit using thyris-
tors, and a measurement and control system utilizing a
micro-controller and a computer. The system block dia-
gram can be seen in Fig. 1. The electrical equivalent circuit
for one stage is shown in Fig. 2 where Ld is the driver coil
inductance, Id is the current passing through it and Rd is
the internal resistance of it, Lp is the inductance of the rotor
coil, Ip is the current and Rd is the resistance of it. The volt-
age charged in the capacitor C is discharged through the
driver coil by means of the switch S. The magnetic field
created within the driver coil induces a voltage on the
projectile coil. Since the current passing through the
projectile coil is in the opposite direction to the current
of the driver, a pushing force is created. If the mutual
inductance between the two coils is M and the pushing
force between the two coils is Fm, then the magnitude of
this force can be found by the Eq. (1) in accordance with
the Lenz Law as follows:
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Fig. 1. The block diagram of the induction coil-gun.

Rp

Id 
Rd 

Driver 

Ip

Projectile

Ld Lp 

C

Mdp

S

Fig. 2. The circuit diagram of the induction coil-gun.
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Fig. 4. Conventional driver and projectile coil model. (a) Electrical
equivalent network. (b) The partial 3D FEM model.
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Fp ¼ IdIp
dM
dx

ð1Þ

As you notice that the effects of geometries of the driver
and projectile coils, operating voltage, the slope of the mu-
tual inductance between the two coils, electrical and mag-
netic properties of the material used, and the power source
supplying the circuit on the velocities achieved by the
induction coil-gun developed could be large enough.

A conventional driver and projectile types used in the
applications of induction coil-gun are depicted in Fig. 3.
The partial 3D FEM model belonging to the coils and their
electrical equivalent network are shown in Fig. 4.

In order to simulate the effect of driver coil geometry on
the mutual inductance and magnetic flux, some experi-
ments are carried out by changing the ratio of rd2/rd1. A
d.c. current of 1 A is applied to the stator coil and it is seen
that although the value of the current was not changed, the
flux of the stator has been increased in parallel with the in-
crease in the ratio rd2/rd1. However, the value of the mutual
inductance has decreased. The boundary conditions have
been defined as 6.5 times that of the coil length as shown
in Fig. 5, where the energy is assumed to be zero.

The results of the simulation can be seen in Fig. 6.
Fig. 3. Conventional type driver and projectile coils.
Under the same simulation conditions, the ratio rp2/rp1

of the projectile coil has been changed in order to see the
effects of the projectile coil geometry on the mutual induc-
tance and magnetic flux linkage. The results are shown in
Fig. 7.

When we look at the simulation results in Figs. 6 and 7,
we conclude that the stator and projectile coils need to be
close to each other and the magnetic flux path passing
through the stator coil must not be away from the projec-
tile coil.

In our practical work, the driver coil developed is made
up of wounds in the shape of a toroid as seen in Fig. 8. In
such a coil, the magnetic flux (U) can be found by Eq. (2).

For U along the coil

U ¼
Z
~B � d~S

U ¼ l0i0N
2p

Z rd2

rd1

Z h

0

Z 2p

0

1
2

drdzdU
Fig. 5. The changes of boundary conditions, depending of mutual
inductance.
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Fig. 7. Flux linkage and mutual inductance change depending on the ratio
rp2/rp1 of the projectile coil.
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Fig. 6. Flux linkage and mutual inductance changes depending on the
ratio rd2/rd1 of the stator coil.
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U ¼ l0i0Nh
2p ln

rd2

rd1
ð2Þ

With a coil sequence of length l, the mutual inductance
between the stator and projectile coils can be calculated by
the following equation:

Mdp ¼
Up

Id
¼ l0NdNppr2

l
ð3Þ
rd1

h 

rd2

S 

dz ds 

   dr dΦ

Fig. 8. Toroid shaped coil.
We notice from the Eqs. (2) and (3) that the flux U and
the mutual inductance depend on the coil geometry. Fur-
thermore, this situation is in line with the simulation
results.

The driver coil wounds used in this study are identical
to the wounds used in conventional driver coils, but since
they are in the shape of a toroid, they have a capability to
intensify the flux. The driver and projectile coil geometries
designed in this work are shown in Fig. 9. The partial 3D
FEM model of this coil is given in Fig. 10.

The appearance of the induction coil-gun developed in
this work can be seen in the photograph (Fig. 11).

The length of the driver coil is 38 mm and the length of
the projectile coil is 10 mm for the induction coil-gun sys-
tem developed here. During the design phase of the sys-
tem, the following steps have to be followed.

a. The mutual inductance change depending on the
projectile position has to be determined.

b. Based on the length of the projectile coil, the firing
point where the projectile is subject to the maxi-
mum force has to be determined.

c. Suitable material for the projectile coil has to be
selected.

The findings are given in the following section.
3. Findings

First of all, the simulation results for the mutual induc-
tance between the classical driver coil and the coil having
Fig. 9. The driver and projectile coil geometries designed in this work.

Fig. 10. Simulation model.



Fig. 11. The appearance of the induction coil-gun developed in this work.

Table 1
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flux intensifying capability used in our system, and for the
change in mutual inductance are determined at the exper-
iments. These results are presented in Fig. 12.

As seen in Fig 12, the driver coil having the type of a flux
intensifying coil provides larger change in mutual induc-
tance with the same power conditions and depending on
this larger push force to the projectile can be obtained.

The middle point of the driver coil at the horizontal axis
is the point shown as the zero point. When the projectile
reaches this point, the mutual inductance between the
projectile coil and the driver coil increases and reaches
its maximum value. As the projectile moves in the direc-
tion of the output of the driver coil, the mutual inductance
decreases. The change in the mutual inductance during the
motion of the projectile within the driver coil increases in
both positive and negative directions as seen from the
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Fig. 12. Mutual inductance change depending on projectile position.
curve. This curve is the same as in shape with the curve
of the force acting on the projectile. In other words, the
projectile is pushed to the out in both directions on every
point where the position is not zero.

As seen in Table 1, although the weight of the copper pro-
jectile is greater than that of the titanium projectile, the rate
of change in velocity is faster than that of the titanium. In
this case, if the masses of both projectiles are the same,
the increase in the rate at the output will be greater for the
copper projectile. At the first glance, someone could think
that since the mass of the aluminum projectile is less than
the other two projectiles, its velocity increase would be
higher. However, this is not the case. This comes from the
fact that the rate of increase in velocity is also depend on
the electrical conductivity of the material. A decrease in
electrical conductivity gives rise to decease in the rate of
increase in velocity. For example, the electrical conductivity
of aluminum is the 61% of copper. Therefore, as seen from
Table 1, the copper projectile mass is 2.335 times greater
than the aluminum projectile (0.612/0.266 = 2.335), and
this causes that the velocity of the aluminum projectile to
increase, however since the conductivity of it is 61% less
than the copper, its velocity decreases accordingly. But the
overall effect to the velocity increase will be 2.335 �
0.61 = 1.43. As a result, the rate of increases in velocities
for the copper, aluminum and titanium projectiles with
the same masses will have the same order in the list shown
in Table 1. But the differences between the rate of increase
will not be as great as the values shown in table.

As seen also in Table 2, as the length of the aluminum
projectile increases, the rate of increase in velocity de-
creases. The reason for this is that as the length of the pro-
jectile increases, the resistance of the projectile increases
and depending upon this, Ip and F push force decrease.
4. Conclusion

In this work, a four stage induction coil-gun is designed
and practical application is realized. By changing the type
of the driver coil in oppose to the types used in classical
The speed which has been measured for different materials.

Material Length of
the
projectile
(mm)

Weight
(g)

Initial
velocity
(m/s)

Output
velocity
(m/s)

Rate of
increase
in
velocity
(%)

Copper 10 0.621 3.794 4.032 106.273
Titanium 10 0.51 5.4 5.593 103.574
Aluminum 10 0.266 1.878 3.915 208.466

Table 2
The speed of the aluminum projectiles that are in different length.

Length of the
projectile (mm)

Initial
velocity
(m/s)

Output
velocity
(m/s)

Rate of
increase in
velocity (%)

10 1.878 3.915 208.466
15 2.314 4.711 203.586
20 5.015 7.657 152.681
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applications, a greater push force could be obtained with
the same power conditions. The driver coil type used in
our application is a type having the capability of intensify-
ing magnetic flux.

Our practical system is composed of a capacitor of
2200 lF charged to 750 V d.c. voltage and a coil of 13 turns
with the capability of intensifying the magnetic flux. Driver
coils are energized by the help of a micro-controller con-
trolled system and particular software developed for this
purpose. In order to obtain a maximum efficiency from
an induction coil-gun under the operation conditions avail-
able in this study, it is seen that a projectile coil made from
aluminum with a length of 10 mm is more appropriate
solution than the others.
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