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Abstract --This paper presents an analysis and optimal design
of a capacitor-driven inductive coilgun. The electromagnetic
FEA model of the capacitor-driven inductance coilgun is
established and simulated by using Ansoft. In order to speed up
the optimization, an equivalent circuit is designed for simulation
of the performances of coilgun. A piece-wise model of projectile
is built to account for the eddy current. The simulated results are
compared with the modeling of FEA value to verify the
developed circuit model. It shows that the results are in a good
agreement. The optimization of coilgun is achieved by employing
the genetic algorithm (GA) based on the circuit model. It is
suggested that the proposed algorithm achieves a better result in
the energy efficiency of the coilgun system, and obtain a higher
muzzle velocity of the projectile.

Index Terms--Capacitor-driven inductive coilgun, Circuit
model, Treanor method, Genetic algorithm (GA).

I. INTRODUCTION

Electromagnetic launch systems have advantages
compared with the existing chemical launch systems.
Generally the electromagnetic launchers are categorized into
three kinds of systems: railguns, coilguns and reconnection
guns. The railgun is suitable for small projectiles and is
conceptually simple. However, it has inherent problems and
limitations. The coilgun may be applied in large projectile
launching. Especially, the capacitor-driven inductive coilgun,
which is almost free from the friction between barrel and
projectile, is recommended for rapid acceleration. It can be
easily installed and repeatedly used, the electromagnetic
launch does not damage the launch devices, and the force
exerted on the projectile is distributed uniformly [1]. The
reconnection gun’s potential performance is shown to be
superior to that of a modern railgun for projectiles with a
mass of greater than a few hundred grams. It has several
advantages for producing higher acceleration including no
barrel, no drop in acceleration with increase of projectile
mass, higher peak pressure on the projectile and smaller
differences between average and peak pressure [2].

The analysis of inductive coilgun is relatively complex. It
is not easy to design the coilgun based on an analytical
approach due to time-varying mutual inductances between the
driver coils and the projectile in the transient launch process.
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Hence it is necessary to rely on finite element software or
numerical approaches to design a coilgun to achieve good
launch characteristics. The design using the numerical
approaches usually requires the system modeling technique as
well as optimization algorithm [3]-[5].

The capacitor-driven coilguns are categorized into two
kinds: the “asynchronous” mode and the “synchronous” mode
[3]. In the first case, the driver coils may be connected in
series or in parallel to form a limited number of phase
windings, as is done in conventional machines. The driver
coils on the barrel are energized with a certain time sequence
so as to generate a traveling electromagnetic wave, which
interact with the current in the projectile. The characteristic of
this mode is that the performance is relatively poor, because
relative movement between projectile and traveling wave
causes the induced current reduced. In the second case, the
velocity of the projectile is exactly equal to that of the
traveling wave. The currents must be impressed on the
projectile by external circuit. The driver coils must be
energized separately by external source, which is controlled
by switches. The turn on and off time of the switches must be
governed by the position of the projectile. The size of each
capacitor must be chosen considering the speed of projectile
and derivative of mutual inductance with respect to
displacement. Because of the complexity of the control
system and the power supply system, it is not easy to achieve
a good performance.

In this paper, an optimal design of capacitor-driven
inductive coilgun by using a deduced equivalent circuit model
and genetic algorithm (GA) is presented. To deduce the time
of optimization, an equivalent circuit model coupled with the
motion equation of the projectile is built up for the
performance simulation of the coilgun. The 2-Dimensional
axial-symmetrical transient finite element analysis (FEA) and
the equivalent circuit model are respectively applied to
simulation of a prototype designed by Sandia Laboratory [6]-
[7]. Comparison of the simulated results calculated by both
FEA and circuit model and the experimental results provided
by Sandia laboratory shows the correction of circuit model.
Concerning the optimization problem of the coilgun, the
genetic algorithm is applied to the design parameter



optimization of one-stage coilgun, which demonstrates the
potential of the proposed design method.

II. EQUIVALENT CIRCUIT MODEL

Fig. 1 shows the structure of a capacitor-driven inductive
coilgun [8]. The coilgun consists of a moving projectile and
driver coils fixed on the barrel. The capacitor bank is
connected to the coils as an energy source. The switches S; to
S, are turned on and off in controlled sequence. The transient
magnetic field is established inside the barrel, and eddy
currents are induced on the surface of the conductive
projectiles. The projectile is accelerated by the
electromagnetic force produced by the interaction between
the traveling magnetic field and the eddy currents in the
projectile.
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Fig. 1. Structure of a capacitor-driven coilgun

Since the distribution of eddy currents in the projectile is
not uniform, as shown in Fig. 2(a), the projectile is assumed
to be composed of shorted coils. Fig. 2(b) shows the

geometry of the armature, i.e. projectile.
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Equivalent projectile model

In this paper, an improved projectile model is presented.
The armature is approximated as a collection of rectangular
cross-section hoops, whose number and geometry are
determined to achieve sufficient precision of the current
density distribution. The current density is uniform in any
hoop. The induced currents flowing through different hoops
are also different. The multi-turn coils are modeled as single
element because their current density is uniform across the
face. The equivalent circuit for this system is shown in Fig.3.
The inductances in the equivalent circuit are calculated by
using the Flux Integration method.
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Fig. 3. Equivalent circuit model of a capacitor-driven coilgun

The circuit equations and the equation of motion of the
projectile can be seen as follows[3].
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where L and M are self- and mutual inductances matrices of
driver coils and projectile, respectively. V. is the voltage of
capacity bank. | is a vector of currents flowed in driver coil
and hoops in projectile. M+ Vv and X are the mass. velocity
and position of the projectile, respectively. Equ. (1) is solved
by using the Treanor method [9].

III. COMPARISON AMONG SIMULATION AND EXPERIMENT
RESULTS

To verify the validity of the simulation using improved
projectile model and equivalent circuit model, the numerical
results are compared with the FEA results and the
experimental results for the prototype of one-stage coilgun
produced by Sandia Laboratory, USA. The specifications of
the prototype are listed in Table I. The model of the coilgun
in Maxwell 2D, a commercial FEA package, is the same as



that in Fig. 2(a). The initial velocity of projectile is 11.9 m/s.

TABLE I
SPECIFICATION OF THE COILGUN

design variables Values
Coil turns of driver coils 38
Thickness of driver coils (mm) 11.3
Length of driver coils (mm) 107
Inner diameter of driver coils (mm) 147
Length of projectile (mm) 203
Thickness of projectile (mm) 15
Outer diameter of projectile (mm) 140
Voltage (V) 4600
Capacitance (mF) 20.485
Initial position of projectile (mm) 28.5
Material of driver coils Copper
Material of projectile Aluminum
Mass of projectile (kg) 5.0

Simulated results by FEA and the developed circuit model
are shown in Figs. 4 to 7 respectively. The velocity of
projectile at the end of stage one and the peak current of the
driver coil by FEA are 87.83 m/s and 37.153 kA, respectively,
while that by developed circuit model are 86.82 m/s and
37.374 kA, respectively. It is noted that the calculations by
the developed circuit model and the FEA are in a good
agreement.
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In the experiment results provided by [7], the peak current
of the driver coil and the muzzle velocity of projectile at the
end of Stage One are 30.8 kA and 80.0 m/s respectively.
Because the position at which the capacitor bank switch is
triggered was not provided in [7], there is error between
simulation and experiment results.

IV. INFLUENCE OF DESIGN PARAMETERS ON THE PROPERTIES
OF INDUCTION ELECTROMAGNETIC LAUNCH SYSTEM

In order to analyze the influence of various design
parameters on the properties of the induction electromagnetic
launch system, the first stage of the six-stage coilgun of
Sandia Laboratory in the United States is taken as an
example. Only one parameter is changed for each time to
carry out simulation analysis to study the effect of the
parameters.

A. Influence of projectile length on electromagnetic launch
system

The changes in the length of projectile affects not only the
muzzle velocity of projectile (short as velocity), but also the
efficiency of the launch system. By changing the length of
projectile, the speed and launch efficiency curves are shown
in Fig. 8. As the length of projectile increases, the quality of
the projectile increases while the velocity gradually decreases.



The maximum launch efficiency exists because the induced
current mainly concentrates in the rear of the projectile so that
we can reduce the length of projectile appropriately and the
efficiency will increase. However if the length of projectile is
over-reduced, the current access will become smaller so that
the induced currents will decline, resulting in reduced
efficiency.
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Fig. 8. Simulation results within various lengths of projectile

B. Influence of thickness of projectile on electromagnetic
launch system

If the other conditions remain unchanged, e.g. the outer
diameter of projectile is fixed at 70 mm, a series of simulation
are carried out with different thicknesses of the projectile, and
simulation results are shown in Fig. 9. In the process of
changing the thickness of projectile, the maximum velocity of
launch system can be found. There is an optimum thickness of
projectile to reach the highest efficiency.
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Fig. 9. Simulation results within various thicknesses of projectile

C. Influence of outer semi-diameter of projectile on
electromagnetic launch system

The outer radius of projectile affects the magnetic coupling
between the projectile and the coil. When the other conditions
remain unchanged, simulation is carried out with different
radius of the projectile, and the simulation results are shown
in Fig. 10. Both the muzzle velocity and efficiency increase
gradually when the outer radius of projectile increases,

because the larger the outer diameter of projectile is, the more
closely the projectile and the coil are magnetically coupled,
resulting in the increase of the electromagnetic efficiency.
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Fig. 10. Simulation within various outer radiuses of projectile

D. Influence of number of coil turns on electromagnetic
launch system

The number of coil turns is an important impact factor on
the velocity and efficiency of the launch system. When the
other conditions remain unchanged, simulation is carried out
with different numbers of coil turns and the velocity curves
are shown in Fig. 11. It indicates that the number of coil turns
in the driver coil design should be minimized, especially that
in the width direction.
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Fig. 11. Simulation results with various numbers of coil turns
E. Influence of initial position of projectile on
electromagnetic launch system

According to the principle of electromagnetic launch
system, the initial position of the projectile should be behind
the center face of the coil. The initial position has great
impact on the performance of the launch system. When the
other conditions remain unchanged, simulation is carried out
with different initial positions of the projectile, and the
velocity curve changing with the center-distance of the driver
coil is shown in Fig. 12. Therefore initial position of
projectile should be properly chosen.
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F. Influence of capacitance on electromagnetic launch

system

Simulation in the case of different discharges of capacitor
is carried out, and the velocity curve changing with different
capacitances is shown in Fig. 13. It indicates that the greater
the capacitance is, the larger the muzzle velocity is obtained.
There is an optimum capacitance value to reach the highest
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Fig. 14. Simulation results with various voltages of capacitor

TABLE I
OPTIMAL DESIGN FOR THE DRIVEN COILGUN

Optimal Constraints of design

results variables
Coil turns of driver coils 11 turns [10~307*[1~5] turns
Thickness of driver coils 5.64 mm 5.64~16.92 mm
Length of driver coils 62 mm 56.4~169.2 mm
Inner diameter of driver coils 130 mm 130~170 mm
Length of projectile 286.6 mm 100~300 mm
Thickness of projectile 13.7 mm 10~20 mm
Outer diameter of projectile 123 mm
Voltage 5865V 3000~6000 V
Capacitance 22.9 mF 1~31 mF
Initial position of projectile 25.9 mm 0~100 mm
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Fig. 13. Simulation results with various capacitances

G. Influence of voltage of capacitor on electromagnetic
launch system

Simulation results in the case of different charge voltages
of capacitor are shown in Fig. 14. The velocity curve,
changing with the voltage of the capacitor, indicates that the
higher the voltage of the capacitor is, the greater the muzzle
velocity will be. There is an optimum charge voltage to reach
the highest efficiency.

V. OPTIMIZATION OF COILGUN

The objective function is to achieve the maximum of
velocity of projectile at the end of driver coil. The outer
diameter, length and thickness of projectile, turns of coil,
thickness of coil, charging voltage, capacitance and initial
projectile position are chosen as the design variables.

Because of the premature in optimal problem, the genetic
algorithm for optimization is used. The genetic algorithm is
based on evolution procedure through generations. The
evolution consists of three steps: reproduction, crossover and
mutation [10]-[11]. The optimal design results of the coilgun
are shown in Table II.

The velocity, force as well as position of projectile and
current flowing in driver coils simulated with the optimized
parameters by FEA and the developed circuit model are
shown in Figs. 15 to 18, respectively. The muzzle velocity
simulated by the developed circuit model reaches 159 m/s
compared with the former result 86.82 m/s.

VI. CONCLUSION

This paper presents the transient simulation and
optimization for the capacitor-driven inductive coilgun. An
improved projectile model is presented for accurate eddy
current calculation. An equivalent circuit model is used to
calculate the dynamic performance of coilgun. The simulated
results are verified by FEA and experiment results. The
influences of various design parameters on properties of
induction electromagnetic launch system are analyzed. The
optimization of coilgun is achieved by using genetic



algorithm and the optimization results are in good agreement
with FEA. By the comparisons between the optimized results
and the original model, it can be concluded that the muzzle
velocity can be increased. In the future work, the presented
simulation and optimization method may be applied to the
design of a multi-stage coilgun.
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