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Gyroscopic Stabilization of Launch Package In
Induction Type Coilgun

Giancarlo

Abstract—The aim of this paper is to study the problem of
gyroscopic stabilization of the launch package in induction type
coilguns. This result can be obtained by utilizing a double-feed
induction coilgun which provides rotation to the launch package
while it is accelerating. Such launcher is comprised of two coils,
one generating a travelling magnetic field (and consequently the
axial acceleration) the other a rotating magnetic field for the
rotation of the projectile. Electromagnetic analysis, based on a
cylindrical sheet current model, allows one to determine, as a
function of the two slips (in the translation motion and in the rota-
tion motion) all the electric, magnetic and mechanical quantities.
Thermal and mechanical stress are determined too. Finally the
results for a launcher, in which a 2 kg projectile is accelerated, are
reported. For this application time dependence of the principal
electromechanical quantities are shown. A comparison with the
same launcher running as a linear induction launcher is developed
too.

Index Terms—Gyroscopic stabilization of the projectile,
induction coilgun.

. INTRODUCTION

Becherini

z-direction coil
_iihihihihihihihihihihih h hhrsrrh s>

N N N INE
|

.S

It
T'ib T

Y
UINES L INEIL N LN

@-direction coil

Fig. 1. Schematic representation of double-feed induction launcher.

We discard the first method because a spherical projectile has
ballistic characteristics worse than cylindrical ones, the second
because it needs fins on the terminal part of the projectile. The
authors consider gyroscopic stabilization the best method for
induction coilguns as it does not require projectiles constructed
with particular characteristics; consequently, it is possible to use
projectiles with the most desirable ballistic characteristics (e.qg.

HE LITERATURE contains multiple theoretical and ex10 facilitate atmospheric entry). From the ballistic point of view

perimental treatments of induction type coil-guns whicke best performance is obtained by massive and long projec-
discuss the advantages of electromagnetic launchers compéited. Such projectiles have aerodynamic center of buoyancy be-
to conventional chemical launchers [1]-[5]. In a few paper&re the barycenter and so they are inherently unstable [9].

the problem of projectile stabilization during its in-bore fligh
[6]-[8] has been considered (problem of interior ballistics). Th

t Gyroscopic stabilization is obtained by a rotation of the
jgunch package round the thrust axis with a speed greater than

problem arises since the projectile is supported only by air aftitical speed (such speed depends on dimensions and shape of

electromagnetic forces but not by any other physical means.

Ve projectile).

know of no paper where the stabilization of the trajectory of the In conventional launch systems, the projectile rotation is

launch package during its in-air flight is considered. In consi

@btained by utilizing a rifled barrel with an opportune pitch.

ering the question of projectile trajectory stabilization (i.e. th& induction coil-guns barrel-projectile contact is missing and

projectile must always maintain its own axis tangent to its tr

80 a different solution is necessary. In this paper a double-feed

jectory), this paper analyzes the behavior of the projectile onigluction launcher (DFIL) is analyzed. Such launcher is

it has left the barrel and is in free flight (problem of exterior ba

lequipped with two coils, as shown in Fig. 1. One of them is

listics). A solution is also proposed which, in our opinion, magoiled in the -direction (as in a linear induction launcher) and

have positive effects as well on the stabilization of the project
within the barrel itself.

Historically the stabilization problem has been resolved
one of the following ways [9]:
utilizing spherical projectiles;
utilizing projectiles with an aerodynamic center o
buoyancy behind the barycenter;
utilizing gyroscopic stabilization.
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irroduces translational motion, the other one is coiled in the
z-direction (as in the stator of a polyphase induction motor)
ind produces the rotational motion.

The thickness of the sleeve conductor around the launch mass
is chosen to be less than the penetration depth so that the current
gdistribution is relatively uniform in the radial direction. In this
way it is possible to reduce the actual current distribution, of
both the sleeve and the barrel, to a cylindrical surface.

The analytical solution permits the determination of all
electromechanical quantities. Consequently the thermal and
mechanical stress in the sleeve can be determined too. Also
the effects of the interference between the travelling and the
¥otating fields is considered, and the corresponding losses are
calculated.

0018-9464/01$10.00 © 2001 IEEE
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I 5, =—F ¢ 7
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X \ \ X From (4)—(7), withw,, indicating the rotation speed, the ve-
] locities in both directions are:
j] az “\ / VA alp
________ > ’ a V, = (1 - Sz)vsz (8)
\ S ar W2
v a(P y U({; =WmTs = (1 - 3({;)7’5(405 = (1 - S‘P)Ts ? (9)

y a,
Because the thickness of the sleeve in the radial direction is

Fig. 2. Conductor sleeve and cylindrical coordinates. small the actual current distributions can be reduced to cylin-
drical surface current sheets. The same choice can be made
In Fig. 2 the conductor sleeve and the cylindrical coordinatésr the current distributions in the barrel [10]. Under these hy-

utilized in the analysis are represented. potheses there are two surface current densities (A/m) in both
the and~ directions located at an effective radiysandr,,
IIl. GYROSCOPICSTABILIZATION respectively, as shown in Fig. 1. Assuming a traveling-wave

Stabilization of the projectile trajectory is achieved if the prof-O fm and phasor notation, one can write:

jectile rotates around its longitudinal axis (i.e. around the direc-Ks, = K, cos(w1t — 3z)a, = Re {Kb@eﬂ‘“‘lt“’z) } a,
tion tangent to the trajectory) with an angular velocity greater —Re{ i Ja
than a critical velocityw,,.obtained from (1) [9]. - by

K. = K. cos(wat — p)a, = Re {szcj(“’zt_p@)} a,

2 |K,.
.= — l -
wer J Cr Rth ( ) = R'e{KbZ}aZ
where: Neglecting the displacement current, the Laplacian of the
2 magnetic vector potential,is:
R=Crps ™ @ " T :
2 V*A, =V-A,a.+V Awa@ +V4,.a, =0 (10)
K, = b (K, +C,) ©) Co.nsidering_, fyrthermore, the relationships relativg_ to flux
14 density, electric field and sleeve surface current densities:
p In (1)—(3) the symtf)c_)ls are defined: B =B,a, + Boa, + B.a.
moment of inertia o 0A. O, 04, 1 0(rAs,)
Ji transversal moment of inertia G a, - —=a, += = A
14 projectile length row ? ! ! !
R aerodynamic drag (11)
g,, coefficie_nt qf aerodynamic drag E=E,a, +E,a,+ E.a,
max pro!ecnle transversal section _9A, 9A, OA.
p air density = & + 3¢ 2 + 5 2 (12)
v projectile velocity
K, aerodynamic lift gradient K, =0,a5(E+vaB) (13)
b distance between center of mass and center of aevdierea, ando, are the sleeve thickness and the sleeve conduc-
dynamic buoyancy tivity, respectively, and
vV =v,a,+v.a, (24)

lll. M ATHEMATICAL MODEL is the velocity, it is possible to obtain, as demonstrated in the

The coil placed in the-direction produces a magnetic fieldAppendix, the components of flux density and surface current
travelling with a synchronous speeg. while the coil placed densities in the sleeve.
in the -direction produces a magnetic field rotating with an It is therefore possible to determine the force density (Pa)
angular synchronous speed(the corresponding tangential ve-acting on the sleeve by the relation:

locity is indicated withv,..). The synchronous speeds, with _ _
and}g indicating the polg )pitch anilj the wave nEmber, respec- F=KaB = fra, +hea, + La.
tively, with p the polar pair, and with, the mean radius of the = (KspBo: — Ks.Bop)ar + Ko (Bry + By2ay
sleeve, are: — K. ,(Br,+ B,.)a. (15)
2 T w1 In phasor notation, denoting with?,and K, the complex
Vox =7 = 17 B “) conjugates off,, and K., the mean values of the force den-
o f w oo sities in ther, ¢, andz, are:
Ws = 2:—2:i (5) _ 1 kT kT
by F,=-1Re {KS@BZ _ KSZB@} (16)
Denoting withs,, s, v. andw,, the slips, and the speeds in L N
the  and z-directions, it is possible to write: Fy =—3Re {Kwa} 17
Usz — Uz - -
== — (6) F.=1Re {K;B,,Z} (18)
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Sending excitation current in only one of the two windings, V. ENERGY LOSS IN THESLEEVE
indicating with ;.. andF',.. the components of radial force ob-
tained by feeding singularly the-direction or thez-direction
winding, one finds:

The Joule power loss in the sleeve, denoting withthe
current density (A/rf), can be calculated by the following

equation:
Bripg K3 (Bre)s- 1 1
E, L= . —- 2 —_ 2 2
? T 2 KL (Brs)(52 + 572) Pioule = = /b J dv > /U(Kw + K )dv. (32)
Ko(Bry)IL(Br,)s" Io(Bm)s K2, (19) Denoting withi, the sleeve length, (32) becomes:

K (Br, 2| e 27rgls
21(/ ) Pjoule = o.a (K52<; + KSQ;.) (33)

_ NOS@SZKI);: sts

F..= (20)  The energy loss in the sleeve is:

4(839 + 8;2) to to 2 {
TTsls
34;32 ungZ (21) Ejoule = /1 Djoule dt = /f (KSQ(; + KSQZ) dt. (34)
F1

= " O
@ 2 +2 f1 s5Ys
55, + 8% 4

5.8%  poBriKi(Bry)1(Brs)

The energy efficiency (neglecting the energy loss due to vis-
cous friction) is defined as the ratio between the projectile’s

— 2
s g2 2rs K1 (Brs) K (22) kinetic energy and the total energy supplied to the projectile.
. When the launcher works as a LIL the efficiency is:
If the coils are contemporaneously fed the surface current L
densities and the force densities become: n= 3 MY (35)
-, . . Ejoule + % vaQ )
Kg({; = K@(,c + aSaSUZB1’Z (23) .. .
. . . For a double-feed launcher, the efficiency is:
K. =K. —as;05v,B, (24) 1,2 17 2
B 5 mv; + 5 Jwy, 36
The new force densities are: T Bowe + Lo + 1 Jw2, (36)
F.=F.,+F,. (25) The energy loss produces a rise in the sleeve temperature.
F; —F, - asastB?v (26) C0n5|d_er|ng an adiabatic process the sleeve temperature can be
f 0 determined as:
F,=F, —a,0,v,B,, (27) t ol
. _ V= + (K2, 4+ K2)dt (37)
Equation (27) shows that the force developed with a 4 TMCO, # g
double-feed launcher is smaller than the one produced withy@erey, is the initial temperature.
LIL This is the price to obtain the rotation; this price has to
be paid also ip conventional chemical guns in which the rifled VI. APPLICATION
barrel determines energy loss. ) ) )
The propulsive force{) and the torque{m) which deter- [N this section we report the results of a numerical example
mines the rotation are: in which the projectile is constituted by a cylindrical part, sur-
rounded by a sleeve, ending with a conical part, as shown in
F, =2nr ], F, (28) Fig. 1, havingd = 10°. Parameter values follow:
T =27r21,F, (29) Sleeve radius rs = 5Cm
Sleeve length [, =25cm
Sleeve thickness a; = 5 mm
IV. EQUATIONS OFMOTION Gap length t=5mm

rrel radius 75 = 6 .CM

Under the hypothesis that the motion inside the barrel has ?minum density 9700 Kg/m?
Yal =

same characteristics it has in free air motion, the aerodyna

drag can be evaluated by relation (2). ass of Iau_nch package m =2 kgl 5
Neglecting the viscous drag relative to the rotation motio!?ﬁIoment of inertia L J = 0.025 kgm
and denoting withn the total mass the equations of motion ransversal_mpment Qf inertia J; = 0.0031 kg
result: Aerodynamic lift gradient K, =0.035
Air density p = 1.29 Kg/m?
dv, dwpm Coeff. of aerodynamic drag C, =0.35
Iy =m p7an R T=J Tt Aluminum specific heat ¢ = 908 J/kg°C
L , _ Aluminum conductivity o = 1.63 x 107 S/m
Considering (8) and (9), the above equations can be W&, minum stress limit om = 6.9 x 107 Pa
as. Fusion temperature ¥ = 658°C
. ds. 2 2 The coefficient of aerodynamic drag changes with the speed;
Fy = —mvy o T CrpSu,.(1 = 52) (30) it is quasiconstant fold (Mach) < 1, it increases rapidly

ds, around 1 then decreases slowly [9]. For the aim of this work
I=—Juw,— (31) itis sufficient to assume fo€,. a constant mean value equal to
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Fig. 3. Trends of critical angular velocity, and corresponding frequency, as&y. 5. Slip, velocity and projectile position as function of the time.
function of the translation velocity, for some values of the rafié.
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Fig. 4. Trends of the thrust, as a function of the slip, for a launcher working, g axjal and radial force densities as a function of the time for the LIL.

as a LIL and as DFIL.

7
0.35. From (1) it is possible to determine the critical angular ve- 1210
locity of the projectile. Fig. 3 depicts the trends in that velocity, —  axial
and those of the corresponding frequency, as a function of the -~~~ tangentialx100

translation speed, for some values of the rafia

The following results are obtained assumiig,, =
12 MA/m, f1 = 2 kHz, K. = 0.7 MA/m, f, = 300 Hz.

Fig. 4 shows the trends of the thrust force, as a function of the
slip, for the same launcher working as a LIL or as a DFIL. The
DFIL's thrust is lower than the LIL's thrust owing to the braking
force due to the fed-direction coil.

Figs. 5 and 6 show the performance of a launcher utilized as
a LIL. Fig. 5 shows that the 2 Kg projectile can be accelerated
to 1.2 Km/s in about 22 ms with a barrel length 9.2 m. A . ‘ , . .

Fig. 6 represents the force densities in the axial and radial 0 0005 001 0015 002 0.025 003
directions. These densities have maximum vafugs< 10° Pa tims (e)
and3.2 x 10° Pa, respectively. During the launching time theig. 7. Axial, radial and tangential force densities as a function of the time for
sleeve temperature increases 380The efficiency defined by the DFIL.

(35) is 51%.

The trends of force densities in all directions, when théensity has an initial value &f x 10° Pa, then it decreases and
launcher is running as a DFIL, are shown in Fig. 7. This pictuteecomes negative (i.e. a braking force) when the time is greater
confirms a small variation of the propulsive force density (se¢ban 16 ms.
also Fig. 4) compared to the LIL's performance. The radial Fig. 8 shows the trends of translation velocity, angular ve-
force density is practically invariant too. The tangential forclcity, critical velocity, position of the projectile and of the slips

Force density (Pa)
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Fig. 8. Velocity, position, angular velocity, critical velocity and slips as &ig. 10. Velocity, position, angular velocity, critical velocity and slips as
function of the time. function of the time. Trends obtained feeding the coils at different times.

20 , ‘ ' - " During the first phase the Joule loss is of 4.2 kJ and temperature
tangential increases less thafiG. Therefore it can be affirmed that the first
---- axialx10 ) innificati i

phase doesn’t produce significative effects on efficiency and on
material stress.

-
(3.

VII. CONCLUSIONS

On the assumption that a quasisteady state prevails during
the operation of the coilgun (i.e. the mechanical time con-
stants are much larger than the electrical ones) this paper
provides the electromagnetic analysis of the DFIL along with
a comparison with a LIL. The DFIL permits one to stabilize
the trajectory of the projectile while it is flying; this is the
important advantage compared to the LIL. There are however
the following disadvantages:

— constructive complications in the realization of the

coils;

— interference between the travelling and rotating mag-
netic field. This produces an effective reduction in the
developed thrust force;
because the angular speed must be greater than the crit-
ical speed the muzzle velocity must be lower;
energy must be expended to rotate the projectile;
energy losses are greater, and the efficiency is worse,
owing to the braking effect caused by electromagnetic

Sleeve current density (MA/m)
o )

0.015  0.02

time (s)

0 n n
0 0.005 0.01

Fig. 9. Trends of the current densities in the sleeve.

in both directions of motion. Because the angular velocity can’t
be less than the critical one, the maximum projectile velocity is
about 600 m/s corresponding to 19 ms. The angular velocity is__
500 rad/s and the barrel length is 5 m.

The sleeve temperature increase is about°@0@nd the
efficiency, calculated by (36) is 33%. The sleeve’s higher _
temperature and lower efficiency obtained with the DFIL is a
consequence of the additional current in theirection coil; interferences:
this current increases Joule losses and produces a braking.  mechanical and thermal stresses are higher.
action on the projectile. These results are confirmed also by, the specific application it has been found advantageous
Fig. 9 in which the actual sleeve current is compared with thgf ,r6vide rotation to the projectile before it is accelerated. In
related to a LIL. o such case the muzzle velocity is the same as the one obtained

Fig. 10 shows the trends of the same quantities represenfiedmnitaneous operation of both coils, but the mechanical and

in Fig. 8, but here the coils are fed sequentially. That is, thferma) stresses are lower and the efficiency is higher.
launch period is divided into two phases: in the first one only

the »-direction coil is fed (therefore the projectile rotates), in
the second one only the-direction is fed and so the projectile
acquires a motion of translation. In the last phase the angulafconsidering null the\, component in the radial direction, in
speed decreases as a consequence of the braking action dé&®b one can write:

the fed coil (the energy loss in the actual case is 4.13kJ). In ¢», 10 <T 3Ab¢a¢,> 4
this case the maximum translation velocity is about 600 m/s, b T oy or
launch time 16 ms, barrel length 4.2 m. It is also found that the I Aypa,
temperature increase 420, and the efficiency is about 51%. + T 9.2

APPENDIX

1 82‘41}@3@
r2 (9(,02

=0 (1a)
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10 [ 9Ana.\ 1 9Ay.a.
24 0 =22, z0z - O by
Vidioa, r Or <7 or ) + 2 J¢?
82Abzaz
02 - 0 (2a)

By substitution of the following equations:

Ay, = Ay, cos(wit — Pz +7,)a,

=Re {Awej(‘“'lt_ﬁz"'%)} a, = Re {Abs@} a, (3a)
Ay, = Ay cos(wat — o +72)a;
—Re {Abzej(“’zt_@""")} a. = Re {Abz} a. (4
the previous equations become:
dQéﬁﬁ(T) . dAi’;j,(T) - </3? + %) Aps(r) =0 (52)
r dQéj,Z(T) " dAf;,(T) —Az(r) =0 (6a)
The solution of (5a) and (6a) are [11]:
Apo(r)y = CrLI(Br) + Co K1 (Br) (7a)
Ayo(r) = Cor + 2 (82)
wherel; andKX; are modified Bessel functions.
With boundary conditions:
Ap.(00) =0 App(00) =0
Ay-(0) = finite Ap(0) = finite
By:(ry ) = Bua(ry) = pok,
Byp(ryy) = Bop(riy) = HoKs.
By (r§) = Bu(r;)  Bue(r],) = Bue(ry,)
it is found that:
—r 2 rp(r 2 rip)
Ay = Kyprypioli (Bry) K1 (Br) (9a)
Ay, = oK, (10a)
o
By =—j —NO‘;?;TZ + jropoBKy, 11 (Bry) K1 (Br)
(11a)
By, = 4“012(;;7’%‘) (12a)
By = =m0 Koo S (Bre) Ko(Br) (13a)
—r<rp(r<ryp)
Ay = rypo K K1 (Bry) 1 (Br) (14a)
Ay, = % NOszT (15a)
By =—j i 110K, + jrupoKe K1 (Br) 8L (6r)
(16a)
By, =3 110Ky (17a)
By =rypo Ko KL (Bro)o(Br) (18a)
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Similarly, imposing at the effective radius of the sleeve, as
shown in Fig. 1, the (unknown) surface current densities in the
@ andz directions

K., =K, cos(wit — Bz 4+ a,)a,

lwit—Bz+a,
—Re {Kwej(wl , 4+ay)} a,

K. = K. cos{wat —pp + o, )a,
=Re {Kszej(“zt’p@+a‘) } a.

for the regions external to the sleeve in whicty r, and for
those internal where < r,, one finds:

—r>rg
Ast,c = Kst,cTs/vLOIl (/37’5)K1 (/37) (Zla)
. K 2
A,, = Hosels (22a)
2r
- . KszT? . >
By = =i BS54 jrapo Ko 1y (Br) K (Br)
(23a)
> I’LOKSZTE
Bsz = _/37)SI’LOKS({)11 (/375)K0(/37) (25a)
—-r S rs
Ast,c = TSI’LOKS({)KI (/37)5)11 (/37) (263.)
Asz = % I’LOKSZT (273.)

Bsr = _j % NOK@Z + jﬁTs//LOK@(,cKl (/37)5)-[1 (/37)

(28a)
By, =—3 oK. (29a)
B.. = prouo K. K1 (Brs)lo(Br) (30a)

The ¢ and z-components of the electric field expressed by
(12), deriving the magnetic vector potential and calculating in
r = 15, Where the cylindrical surface current sheets are applied,
can be written in phasor form as follows:

Etp :Ebgp + Estp = _7wl(Ab<; + Ast;)
E;; :Ebz + Esz = —7(4)2(14(,;; + Asz)

(31a)
(32a)

From (13) the surface current density in the sleeve can be
found. Sending excitation current in only one of the two wind-
ings [feeding only thep-direction coil, the system works as
a linear induction launcher(LIL); feeding only thedirection
coil, the system works as an asynchronous induction motor],
the ¢ and z-components of the surface current densities in the
sleeve are, in phasor form:

(33a)
(34a)

Kw = CLSO'S(E‘I(; + UZBW)
— U(PB,,Z)

KSZ = G/SO—S(EZ
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WhereBw andB,.. are the radial flux densities produced by the

currents inp-direction and:-direction. Define:
1

= 35
% ag OSNO/stvszKl (/37’5)-[1 (/375) ( a)
h— (362)

Ho
— WayT,T,

2

Ky, =

K,

as the critical slips at which the propulsive forces reach their

maximum value. Setting moreover:
182 -3

£ (37a)

S S

6. =tg

it results that:
BT(; = Bbr(,c + Bsrt,c
_ BripoKy (/37’1;)11 (/37’5)8:Cja‘ Kbt,c

38a
s (38a)

. . . — st e K.

B,. =By, + B, = M (39a)
2,/8% + s¥?

: : ~ Fo spel’s '
B({;:Bbg;—i_Bs({) =—— |14+ ——— | Kb (40a)
Bz = Bbz + Bsz

= PrypoK1(Bre)
*Ko(Bry) I (Br,)ed?: :
SHolBro)a(Bro)e’ ™ | Io(Bry)| Ki,  (41d)

K, (Bro)/s2 + 52

(1]

(2]

(3]
[4]
(5]

(6]

(71

(8]

[9]
(10]

(11]
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—s.1,K1(Bry)e’?: Kb@
rs K1 (frs)\/s2 + st2

—swew% K.

L=t e (43a)

2 *2
1/3@—1—3@

(42a)
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