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Helicoidal Electromagnetic Field for Coilgun
Armature Stabilization

Giancarlo Becherini and Bernardo Tellini

Abstract—In this paper, stabilization of an induction type
coilgun inside the bore armature is considered. The projectile
moves with a helicoidal motion and such a movement is obtained
using a double-fed induction launcher furnished of two coils:
the main one generates a traveling magnetic field providing, as
a consequence, the axial motion, while the other one produces a
rotating magnetic field that is responsible for the rotation. The
aim of this work is to investigate the effects of the interference
between the traveling and rotating magnetic fields on the in-bore
armature stability.

Index Terms—Armature stability, coilgun, helicoidal motion.

I. INTRODUCTION

I N A RECENT paper [1], a tubular coilgun induction motor
able to provide a helicoidal motion to the armature has been

proposed. The aim of such analysis was to increase the stability
of the projectile after it leaves the bore of the gun on the basis
of gyroscopic effect. The analog effect is obtained for a chem-
ical gun by utilizing a rifled barrel. The proposed launcher com-
prises two stator windings: one of them is coiled and fed as for
an induction asynchronous motor, the other one as for a linear
induction motor. Fig. 1 shows, schematically, the launcher real-
ization. Feeding the windings coiled in theand directions, a
traveling and a rotating field are, respectively, obtained. Analog
result can be reached utilizing helicoidal windings; in such a
case we probably have a more complex design, and once the
coils are placed, since the magnetic field waves in theand
directions have the same frequency, the translating and rotating
velocities are strictly related to each other.

In Fig. 1, the mobile part (armature) is also represented, and
it is possible to recognize the core, realized, in actual case, of
nonmagnetic and nonconducting material, surrounded by a con-
ductor sleeve. The armature is levitating only by air and electro-
magnetic forces and no other physical means. This kind of re-
alization induces serious problems in armature stability [2]–[4];
in particular, it is possible that the armature can find itself offset
from the axis of the barrel because of the initial position or me-
chanical disturbance during the travel. In this case, the restoring
force and the torque must realign the armature axis without
touching the walls of the barrel. The impact of the interference
between traveling and rotating field on the armature stability is
the principal goal of this work.
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Fig. 1. Magnetization as a function of applied field.

II. M AGNETIC SUSPENSION

The magnetic suspension of the armature during the motion is
obtained through the radial force component. Both the surface
current density along the and directions participate to the
determination of such a force. The and current sheets,
located at the radius and of Fig. 1, produce, respectively,
the and radial force component. The force expres-
sion has been calculated in a previous paper [5], while the
force has been derived as the sum of and in [1].

For sake of clearness, we report here theforce expression

(1)

where , , , and are the modified Bessel functions,
the magnetic permeability, the wave number, the sleeve

radius, and and the slip along the and directions. The
terms

are the critical slips [1]; represents the sleeve thickness,
the sleeve conductivity, and the synchronous speed along
the and directions.

III. A RMATURE STABILITY

The stability is assured if a suitable restoring force is applied
on the sleeve each time its axis position differs from that of
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the barrel one. As described in Appendix I, and recalling that
represents the axial displacement, the stability condition and

the restoring force are

(2)

(3)

Taking the derivative of (1) by, we obtain

(4)

where

(5)

Since the modified Bessel functions are always positive, the
stability condition (2) is satisfied. Equations (4) and (5) show
the dependence of restoring force on thedirection slip. Such
force reaches its maximum value at the slip

(6)

where .
The come true of (2) assures the stability but it cannot guar-

antee that the armature does not touch the wall of the barrel.
Equation (3) shows that only high values of the derivative of

, i.e., of the stability coefficient , permit to work with rel-
atively small values of the clearance between the barrel and the
armature. If the armature axis is initially rotated of with re-
spect to the barrel axis, with a consequent axial displacement,
a restoring torque is originated. The torque calculation is
shown in Appendix II and its expression is ,
where is the torque constant.

The armature equation of motion, neglecting all damping
causes, is

(7)

where is the transversal inertia moment of the armature. The
solution of (7) is

(8)

Equation (8) shows that the armature oscillates around the
barrel axis; the amplitude and the period of the oscillation are,
respectively, and

(9)

The restoring force and torque, above determined, are not
affected by the current along thedirection; however, such a
current, responsible for armature rotation, has an effect on the

Fig. 2. Disturbance forces applied to the armature of the tubular motor.

armature stability and must be considered. The rotating arma-
ture can be seen as a gyro and, therefore, as it is known from
the gyro theory, a restoring torque arises when an overturning
torque is applied. This torque is obtained deriving the moment
of the momentum with respect to time. It is also known that a
gyro precession is obtained steadily around its gyroscopic axis,
with precession speed , if the angular speed is greater than
the critical one .

Indicating with the overturning torque, the critical speed
is [6]

(10)

the gyroscopic stabilization is obtained if the rotational speed
satisfies the relation .

Because the condition must be also verified, the
gyroscopic stabilization can play an important role only if

(11)

An approximated expression of the precession speed is [6]

(12)

The stability condition expressed as a function of the slip is

(13)

Let us consider two kinds of disturbance force, represented
in Fig. 2, and able of producing the overturning torque. If only

force is applied, the overturning torque is

(14)

Because the armature does not touch the wall of the barrel, the
angle must be limited to a maximum value determined by

(15)

where is the maximum acceptable displacement in the radial
direction.

The corresponding, minimum, critical speed is

(16)

The precession speed, from (13), results in

(17)
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Fig. 3. Trends of the stability coefficient, the component of the radial force,
and the period of the oscillation as a function of the slip.

Only is applied

(18)

(19)

Equation (19) shows that the armature can react to the action
of with a restoring torque which aligns again the sleeve axis with
the barrel one. This occurs if the critical speed is

(20)

IV. RESULTS

In this section, an example related to the proposed coil-gun is
reported. The adopted data set is as follows:

sleeve length cm;
sleeve thickness mm;
barrel radius cm;
gap length mm;
mass armature kg;
moment of inertia kgm ;
transversal moment of inertia kgm .
Moreover, it is assumed MA m, kHz,

MA m, and Hz.
Fig. 3 shows the trend of the stability coefficientdepicted

as a function of the direction slip. There is a maximum of
about 2.8 10 N m corresponding to a slip of ,
then it decreases until the value 1.410 N m. That means that
there is a zone of stability robustness for slip range between 0.03
and 0.1. When the slip exceeds 0.15,reduces its value about
two times. In the same figure, the trends of the radial force due
to both and directions and the period of the armature os-
cillations are also reported. Such period assumes a mean value
around 10 ms. In Fig. 4, the trends of the maximum of the sta-
bility coefficient and the corresponding slip are represented as a
function of the sleeve radius. It can be noted that large values of
the sleeve radius have a positive effect on the armature stability,
principally for small values of the slip.

Fig. 5 shows the trends of the critical speed and of the cor-
responding slip as a function of the overturning torque. Such a

Fig. 4. Trends of the maximum of stability coefficient and of the
corresponding slip as a function of the sleeve radius.

Fig. 5. Trends of the critical speed, precession speed, and' direction slip as
a function of the overturning torque.

velocity is obtained assuming mm to whom an angle
corresponds. It is possible to observe that the gy-

roscopic stabilization is feasible if the overturning torque is less
than 15 Nm. Higher torque would require a critical slip greater
than the synchronous one. The same figure also shows the trend
of precession speed in the case for which the disturbance force
is of the same form as . If the disturbance force is like , the
restoring gyroscope torque can annul the displacement angle.

V. CONCLUSION

Regarding armature stability, it is possible to state that the ro-
tational motion can play an important role in armature stability.

We can distinguish two separate restoring radial forces: the
first one, due to the restoring radial force, depends only on
the translating field and not on the rotational one (it remains
the same for the single and double-feeding configuration); the
second one, due to the gyroscopic effect, depends on the arma-
ture rotation and it shows a positive effect if the critical speed
is reached. In addition, the gyroscopic effect is negatively influ-
enced by the translating field because it reduces the deflecting
torque.
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APPENDIX I
DERIVATION OF (2) AND (3)

Denoting with the displacement between the barrel and the
sleeve axis along the radial direction, one can write

(I.1)

where .
Stability is assured if the following two conditions are veri-

fied:

concordance with

discordance with

Both conditions are satisfied if

(I.2)

APPENDIX II
RESTORINGTORQUECALCULATION

From Fig. 2, the radial displacement for small values of
varies along the direction as

(II.1)

The restoring force exerted on an elementarylength of the
armature is

(II.2)

The force computed for only one axial half of the armature is

(II.3)

On the other half armature, a force having same amplitude and
reverse direction is exerted.

The equivalent force is applied in the barycentre of the
force distribution. The abscissa can be calculated by the
relation

(II.4)

The equivalent, parallel and reverse, forces operating on each
half of the armature represent a couple whose arm is

(II.5)

The produced torque is

(II.6)
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