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An Optimal Design of Capacitor-Driven Coilgun

Seog-Whan Kim, Hyun-Kyo Jung, and Song-Yop Hahn

Abstract—This paper presents an analysis and optimal design
of a capacitor-driven inductive coilgun. An equivalent circuit
is used for a launch simulation of the coilgun. The circuit equa-
tions are solved together with the equation of motion of the
projectile by using the Runge-Kutta method. The numerical
results are compared with the experimental values to verify the
usefulness of the developed simulation program. It is shown
that the numerical and the experimental results are in a good
agreement. In the design of the system the optimization is
achieved by employing the genetic algorithm. The resultant
specifications of the coilgun optimally designed by the proposed
algorithm are tested by experiment. Finally the obtained re-
sults are compared with those designed by approximate equa-
tions and by linear search methods as well. It is found that the
proposed algorithm gives a better result in the energy efficiency
of the system, namely it enables one to obtain a higher muzzle
velocity of the projectile with the same amount of energy.

I. INTRODUCTION

LECTROMAGNETIC launch systems have advan-

tages compared with the existing chemical launch
systems. Generally the electromagnetic launchers are cat-
egorized into two kinds of systems: railguns and coilguns.
The railgun is suitable for small projectiles and concep-
tually simple. However, it has inherent problems and lim-
itations. On the other hand, the coilgun is not suitable for
small projectiles, but only for large launch masses. Es-
pecially, the capacitor-driven inductive coilgun which is
almost free from the friction between barrel and sleeve is
recommended for rapid acceleration. It can be easily in-
stalled and repeatedly used, the electromagnetic launch
does not damage the launch devices, and the force exerted
on the projectile is distributed uniformly [1]-[3].

The inductive coilgun is relatively complex. Designing
the coilgun based on an analytic approach is not an easy
task, because the whole launch process is in a transient
state and the mutual inductances between the driving coils
and the projectile sleeve change with time. Hence it is
necessary to rely on numerical approaches to design a
coilgun with good launch characteristics. The design us-
ing the numerical approaches usually requires the system
modeling technique as well as optimization algorithm
[41-81.

In this paper, an optimal design of the capacitor-driven
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Fig. 1. Structure of a capacitor-driven coilgun.

inductive coilgun is presented by using a numerical ap-
proach. For the design a launch simulation is combined
with an optimization algorithm. An equivalent circuit is
used for the simulation, and its circuit equations are solved
numerically together with the equation of motion of the
projectile. To illustrate the usefulness of the simulation
an experimental verification has been performed concern-
ing the optimization problem of the coilgun, the genetic
algorithm to search for a global maximum is applied to
the optimization of the design parameters. Finally the
sample design of a one-section coilgun demonstrates the
potential of the proposed design method. The use of ca-
pacitor-driven polyphase excitation of the coilgun, and the
approach used for the work reported here, are based on
the earlier work by Zabar’s group at Polytechnic [4], [5],
(81, [91.

II. STRUCTURE AND MECHANISM OF COILGUN

Fig. 1 shows the structure of a capacitor-driven induc-
tive coilgun [4]. The coilgun consists of a moving sleeve
and driving coils fixed on the barrel. The capacitor bank
is connected to the coils as an energy source. Due to the
sequential switching from switch S, to §,,, a traveling field
is established inside the barrel and eddy currents are in-
duced on the surface of the conductive sleeve. The pro-
jectile is accelerated by the electromagnetic force from
the interaction between the traveling magnetic field and
the eddy currents in the sleeve.

In practical cases, a simpler structure is required than
the structure shown in Fig. 1 which requires many
switching devices and some complex control circuits. As
shown in Fig. 2, the six-coil structure can be a simple and
suitable one. The driving coils are connected for gener-
ating four poles.
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Fig. 2. Coil connection of a four-pole type coilgun.
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Fig. 3. Experimental system.

III. LAUNCH SIMULATION AND EXPERIMENT
Since the distribution of eddy currents in the sleeve is
not uniform, the sleeve is assumed to be composed of
shorted coils. The inductances of the equivalent circuit
are calculated by using the flux integration method [10].
The circuit equations and the equation of motion of the
projectile are represented as follows [4]:

d
{lL] + M1} 211 =W -’ - ylGIHY, (1)
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where [G] = d/dx [M], and M, and v, are the mass and
velocity of the projectile, respectively. Solving (1), (2),
(3), and (4) by using the Runge-Kutta method, all param-
eters describing the characteristics of the coilgun are ob-
tained.

Fig. 3 shows the experimental system. The capacitance
per phase is 760 uF. The driving coils have 48 turns. The
barrel is made of a bakelite tube and its thickness is 1.2
mm. Three shunt resistors are used for measuring currents
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TABLE I
SPECIFICATION OF THE MODEL USED IN THE SIMULATION AND EXPERIMENT

Coil turns of driving coils 48 turns
Thickness of driving coils 6 mm
Length of driving coils 25 mm
Inner diameter of driving coils 61.4 mm
Gap between each coil 2.0 mm
Length of projectile 100 mm
Thickness of projectile 1.6 mm
Outer diameter of projectile 58.4 mm
Material of projectile Aluminum
Mass of projectile 76 g

Conductivity 2.861 x 10’ [S/m]
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Fig. 4. (a) Voltage waves (experiment). (b) Voltage waves (simulation).

and a photo diode for measuring velocity. The firing se-
quence becomes A, —C, B and the firing interval between
each switch actuation is 60°.

IV. NUMERICAL AND EXPERIMENTAL RESULTS

To verify the validity of the simulation program, the
numerical results are compared with the experimental val-
ues for several cases. The specifications of the model used
in the analysis and the experiment are shown in Table I.
The numbers of the driving coils and the effective coils
of the sleeve are 6 and 20, respectively. The charging
voltage of the capacitor bank and the capacitance per
phase are 300 V and 760 pF, respectively, and the firing
interval is 60° (450 us).

Figs. 4 and 5 show the waves of the voltage and current
of the driving coils respectively. It is noted that the nu-
merical and experimental results show little difference be-
tween them.

Figs. 6, 7, 8, and 9 show the comparisons between the
numerical and experimental results for the various charg-
ing voltages, capacitances, firing intervals, and initial po-
sitions of the projectile. At the starting point, the charging
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Fig. 6. Muzzle velocities versus charging voltages.
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Fig. 7. Muzzle velocities versus capacitances.
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Fig. 9. Muzzle velocities versus initial positions of projectile.

voltage, capacitance and firing interval are 300 V, 760 uF
and 60° (450 us), respectively.

In these figures, all the experimental values are slightly
smaller than the numerical results. One reason is that fric-
tion between the barrel and the sleeve may have been
present, but was not considered in the simulation.

V. OpTIMAL DESIGN BY GENETIC ALGORITHM

The barrel length, gap size between two coils, coil
turns, firing interval and initial projectile position are
taken as design variables which are the same ones as the
input variables of the simulation program. The five design
variables are shown in Fig. 10. The length I. and the
thickness t. of each coil are calculated from the following
equations,

h, — 5%
=% "1 5
. 6 , (5)
S. X
=222 ©6)
I

where [, is the barrel length, /; the gap size between two
coils, n the number of coil turns and S, the cross sectional
area of the coil as shown in Fig. 10.

Since the design variables interact with each other in
the course of the design, it is very difficult to obtain op-
timum results by using existing methods. Also a global
optimization cannot be reached easily with deterministic
methods, because the problem has many local optima. To
get around these difficulties, a numerical simulation
method and the genetic algorithm for optimization are
used. The genetic algorithm is based on evolution through
generations. The evolution consists of three steps: repro-
duction, crossover and mutation [11], [12]. In this paper
the ‘‘biased roulette wheel spinning’’ method for repro-
duction is used and a method similar to the uniform cross-
over method for crossover. The probability of mutation is
given by

(mutation probability) = 0.0047 + (generation) X 0.002.
@)

Table II shows the optimal design results of the coil-
gun. For given charging voltage, capacitance and the di-
mensions of the projectile, the barrel length, gap size be-
tween two coils, coil turns, firing interval and initial
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Fig. 10. Design variables for the coilgun.

TABLE II

RESULTS OF OPTIMAL DESIGN FOR 1 SECTION COILGUN

Aluminum
projectile

Driving coils

length [mm]
thickness [mm)]
outer diameter [mm]
mass [g]

initial position {mm]

turns

thickness [mm]
length [mm]

gap size [mm)]

inner diameter [mm)]

capacitance per phase [ uF]
charging voltage [V]
firing interval [ us]
muzzle velocity [m/s}

100
1.6
58.4
76
14.66

36
3.48

20.715
2.572

61.4

760

363.64
18.57
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Fig. 11. (a) Driving coil voltage waves of optimized coilgun (experiment).
(b) Driving coil voltage waves of optimized coilgun (simulation).

position of projectile are determined for a maximum muz-

zle velocity.

Figs. 11 and 12 show the voltage and current waves of
the driving coils obtained by experiment and simulation.
Figs. 13, 14 and 15 show the positions, velocities and
accelerations of the projectile, respectively.

The coilgun in [4] has been designed by the approxi-
mate equations, and the muzzle velocity of the projectile
is 3.5 m/s. When the coilgun is designed by the proposed
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Fig. 12. (a) Driving coil current waves of optimized coilgun (experiment).
(b) Driving coil current waves of optimized coilgun (simulation).
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algorithm with the same charging voltage and capacitance
used in reference [4], the muzzle velocity becomes 4.7
m/s. From these results, it is seen that the proposed al-
gorithm gives a better performance of the coilgun with
respect to the muzzle velocity.

VI. CoNCLUSION

This paper describes a launch simulation and an opti-
mal design for the capacitor-driven inductive coilgun. For
the simulation an equivalent circuit is used. The voltage
and current waves of the driving coils are obtained by
solving the circuit equations. The relationship between the
muzzle velocity and the charging voltage, capacitance,
firing interval, and initial position of projectile is ob-
tained. The usefulness of the simulation program is proven
by the comparisons between the numerical and experi-
mental results; the simulation results are in good agree-
ment with the experimental results. For the optimal de-
sign of the coilgun, the optimization is achieved by using
a genetic algorithm. From the comparisons between the
results obtained by the proposed algorithm and those by
other algorithms, it can be concluded that the optimal de-
sign method employing the genetic algorithm is more
powerful than other existing methods. In future work, the
proposed method will be applied to the design of a multi-
stage coilgun.
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