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.

Attitude stability criteria are developed for “dual spin’® spacecraft, which consist of two pri-

mary bodies capable of unlimited relative rotation about a eommon axis. Such vehieles,
typified in existing hardware by the Orbiting Solar Observatory (OS0) satellites, have applica-
bility to missions for which the simplicity, reliability, and longevity of spin stabilization com-
bine with a requirement for unidirectional pointing of a component, such as an antenna or a
solar panel. The utility of dual spin systems is substantially inereased by the results of
attitude stability analysis, which reveals the possibility of obtaining passive stable spin-axis
attitude by spinning a vehiele about its axis of greatest or least inertia, providing only that an
eflective energy dissipation deviee is attached to a counter-rotating platform which has
greatly reduced “‘spin.”> This result is eontrary to common interpretation of the familiar
“muajor axis spin’’ requirement for stability, according to which energy dissipation in a vehiele
rotating about its axis of least inertia must produee instability. Stability eriteria are de-
veloped first by Routhian analysis of a system with energy dissipation capability in only one
of the two primary bodies, and subsequently in more general (but less rigorous) terms for a

fully dissipative vehicle.

Introduction

’l‘Hl‘] influence of energy dissipation on the stability of mo-
tion of freely spinning bodies has been examined ex-
tensively in recent years, due to its relevance to problems of
space vehiele attitude stability. Damping in the vehicle
determines whether the nominal spinning motion is asvmp-
totically stable (=0 initial infiniteximal perturbations attenu-
ate and the svstem returns asymptotically to simple spin)
or unstable (xo initial infinitesimal perturbations inerease
bevond an arbitrary preassigned limit, and the “wobble™ of
the vehicle grows).,

Particular emphasis has been given to the special case
of slightly flexible, dissipative systems in which there appear
neither motors nor rotating elements. A stability eriterion
for such svstems was first established in 1957 (by V. D. Lan-
don and R. N. Bracewell, independently); these results
were dramatically eonfirmed by the unanticipated insta-
bility of Explorer I in February of 1958. In brief, the re-
quirement for stability of such svstems ix spin about the
centroidal axis of maximum moment of inertia, here called
the “major axi=.”  Since first publication of this stability
criterion' =3 the stability of freely spinning vehicles has re-
ceived widespread attention in the aerospace industry, as
evidenced by published papers, company reports, and flight
hardware development programs.  Many presently fune-
tioning =atellitex derive their primary orientation stability
through =pin, and each of these has been dexigned on the
basis of this eriterion.  Most of the rescarch emphasis has
been on the development of methods for the quantitative
determination of the influence of energy dissipation on the
motion of =pinning bodies,* =% and on the application of these
methods to artificially damped vebicles spinning about their
major axix.  There has been very little attention given to
the exploration of conditions under which a flexible, dissipa-
tive vehicle may be stable in spin about its minor axis (cen-
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Numerical integration and model studies provide eorroboration.

troidal axix of mininnu inertia); in faet, it has generally been
assumed that minor axis spin stabilitv iz impossible for
flexible, dissipative svstems.  This assumption seems to be
a consequence of uneritical aceeptance of the major axis spin
requirement ax a rule of thumb; there is no analytical basis
for the indiseriminant application of thix eriterion to vehicles
containing motors or rotating partz.  (In a recent attempt’
at rigorous proof of the major axis spin requirement, this
clas= of vehieles i explicitly exeluded.)

That the major axis =pin stability criterion does not always
apply to dual spin vehicles has been dizcovered independently
by V. D. Landon and A. J. lorillo, and apparently also by
others more recently.  Dissemination of carly results was
thwarted by the unfortunate rejection in 1962 of Landon’s
first paper, in which the problem wax treated approximately
by evaluating at the force-torque level stabilizing tendencies
in dampers. A later attempt, published with B. Stewart,®
emploved the “encrgy-sink”™ approximation previously used
in application to spinning satellites;?2+¢ thix analy=is® is
limited to fully axisymmetric dual spin vehicles with a
massless energy dissipation “sink” in one of the bodiex.

Concurrent development of the dual =pin stabilization
concept by Torillo resulted in a presentation® in 1965 that
extended scope o axisymmetrie vehicles with damping in
both bodies.  Thix extension 1= important because without
it one cannot establish the feasibility of the dual spin ~ta-
bilization concept for space vehicles of realistic complexity.
In this paper other analytical approximations are introduced
to support the result= of an energy sink analy=is.

The present paper is a brief report on the results of an
intensive study with the objective of establishing more
rigorously and more generally the eriteria for attitude sta-
bility of dual spin sy=tems*1  All published studies had
cmploved approximations that were subject to argument,
and had been restricted to fully axisymmetric vehieles, 1t
has proven possible to remove analytically cach of these ob-
jeetions individually, but not simultancously.  Accordingly,
thix paper includes both an entirely rigorous Routhian
analysis of a specialized class of vehieles and an energy sink
approximation of a more general vehicle idealization.  Sub-
stantiation of results by digital computer numerical integra-
tion and by observation ol a demonstration model is also
noted.



LIKINS

Routh Stability Analysis

Consider the specific dual spin system shown in Fig. 1 to
consizt of an asvymmetric body A4 with an attached axisym-
metric rotor S and a mass-spring-dashpot damper aligned
with the spin axis and removed from it a distance 5. When
the damper mass m is in its neutral position (spring unde-
formed), the mass center of the total system defines the point
O fixed in body A, and m lies on the principal axis of the total
undeformed system designated by the unit vector ai.t The
rotor axis s fixed along the principal axis of A identified by
a;.  Ax the mass m moves a distance Z in the direction of
as, the svstem mass center (designated €) moves a distance
Z from O in dircetion ag, where

Z = m/ % =uz (1

with ./ the total system mass and g the mass ratio.

Equations of motion of this system are derived here in
rather more general terms than this particular system re-
quires, in order to permit casier visualization of the more
ceneral case. From first prineiples the rotational equations
of motion of a completely general flexible body are written
as a vector-dvadic equation involving integrals, and for the
special case given these integrals are evaluated and scalar
equations of rotation are written  These equations are
supplemented by two scalar equations describing the internal
motion of rotor and damper mass. The total set of equa-
tions 1s satisfied by =pin in inertial space of both the symme-
tric and asvmmetrie bodies (at different rates) about their
common axis. Linecarized variational equations are written
for thix motion, and these equations are subjected to a Routh
stability analysis.

As a starting point, the equation

M =h (2)

is accepted, where dot over a vector indicates the time de-
rivative i inertial space, M is the applied moment about the
system mass center C) and h is the =system angular momen-
tum about C.

By definition, the angular momentum about € is the in-
tegral over the system mass

h=fR X Rdn = fR X (0 X Rydm +
SJR X Rldm (3)

with R the vector from C to differential mass element din, @
the angular velocity of A in inertial space, and R’ the time
derivative of R in reference frame A.

The evaluaton of these integrals is complicated by the fact
that R is a generie position vector relative to the system
mass center C, with respect to which all parts of the body are
moving. It is convenient to work with vectors relative to
the point O, fixed in 4 at the point occupied by € when the
system is undeformed.  If Rg is the vector from C to O, and
r is the generie veetor from O to a point of the system,

R=Ry+r 4)
and after manipulation h becomes

h = fr X (0 X ndm + Ry + o X Ro] X WRy +
Jr X r'dn =11-a + MR X Ro + fr X r'dm  (5)

where the inertia dyvadie 1I of the total system about point
0 is defined by this substitution.

If the total system consisted of the rigid body A, the last
two terms in Eq. (5) would be zero, and the inertia dyadic
would have constant elements in the vector basis ai, a, as.
In the general case at hand, flexible appendages on body A
make the elements of 1T in this basis variables, although
body A and symmetric rotors with axes and mass centers

T Unit vectors are identified by a caret (A).
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Fig. 1 Idealized dual spin system.

fixed in .1 make constant contributions to these elements of
the dyadic.

Construction of the equations of rotational motion requires
only the mertial differentiation of h; Eq. (2) becomes

M=1T"e+Il-w+oXIl-o +
MRy 4+ 20 X Ry + & X Ro + o X (0 X Ry)] X
+Jr X1"dn + @ X fr X t'dn  (6)

Evaluation of the terms in the basic equation (6) is par-
ticularly simple for the system of Fig. 1; the contribution of
a symmetric rotor to the two integrals becomes simply the
mertial time derivative of the angular momentum of the
rotor S relative to the body A, and the contributions of indi-
vidual particles (such as the damper mass) are eaxily summed.

The rotor relative angular momentum can be written ex-
plicitly as

“l‘l‘\' = [;;‘\'Qag (7)

where 35 1s the three-axis moment of mertia of the rotor and
Q 1s the angular speed of rotor S relative to body A, with the
right-hand rule establishing the positive sense.

Then the rotor contributes to the basic equation of motion
the term

hY = [908; + [Sefa, — [, (8)

The inertia dyadie 11 for the total system about point () may
be written in the vector basis of body A as

11 = [,58,ag 9)

where repetition of Greek indices indicates summation from
one to three. The moments and products of inertia for the
total system, as indicated by doubly subscripted letters [,
are caleulated below; letters I with single subscripts are the
three prineipal axis moments of inertia of the undeformed
system about point O, the mass center of the system when
undeformed

Iy =1, + mZz2 Lo =1, + mZ2 I35 = [3
(10)

/12:]21':[23=132=0 [13=[31: —))IbZ

The equations of motion (6) involve also the term Ry,
which from (1) is
R() = —KZZa;{ (11)

Substitution into the vector equation of motion (6) of Kqua-
tions (8-11) and their derivatives provides the three scalar
equations
[1&)1 bt wgwg(lg b 13) + [3‘\'9(403 + )Il(l i /.L)LLHZ“2 i
m(l — wwwsZ? + 2m(l — pwiZZ — mbayZ —
mbwywZ = 0 (12)
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Lws — wsan(ls — 1) — I35Qw + m(l — p)w.Z? +
m(l — wWwwsZ? + 2m{l — ww,ZZ — mbZ +
mbw?Z — mbw;*Z = 0 (13)
and
mbwswsZ + I35 + 350 — wion(ly — [y —
2mbw 7 —mbinZ = 0 (14)

These three basic equations in the five unknowns w;, ws,
ws, &, and Z must be supplemented by some internal specifi-
cation of the behavior of the rotor and the damper mass to
obtain a complete set of five scalar equations.

The rotor, by virtue of its symmetry, experiences a total
angular rate in inertial space wy® given by

Ihas = T (15)

with T the magnitude of the moment applied about the rotor
axi= or, since

wd = wy + (16)
the supplementary cquation for the rotor is
IS(as + ) = T amn

In this application, the only a-axis moment applied to the
rotor ix the combination of bearing frietion and motor torque.
In a =atellite application of this system, the motor torque
would normally be determined by a closed-loop control sys-
tem designed to maintain a specified rate wy.  If ws is held
at the orbital rate and a; is normal to the orbital plane, the
asymmetric body maintains an earth-pointing attitude.

The damper mass motion in the az direetion is given by the
a; component of the equation

F = ma (18)
where a is the inertial acceleration of the damper mass point.
The a; component of the force applied to the damper mass is
simply that of the spring and the dashpot. Consequently
Eq. (18) provides
m(l = WZ + ¢Z 4+ kZ — m(l — py(w® + wZ +

mbwiws — mbay, = 0 (19)

Equations (12-14, 17, and 19) constitute a complete set.
They are satisfied by the solution

w3 = Wa a constant
Q = Qs a constant (30 wy® = w4 + s = ws)
w = we = Z = 0 identically (20)

providing that motor torque balance bearing friction so 7' =
0.

To establish necessary and sufficient conditions for the
asymptotic stability of this solution, one can construct the
variational (perturbed) equations about solution (20), linear-
ize these equations in the variational coordinates, and sub-
ject the lincarized variational equations to a Routh stability
analysis.

The variational coordinates are characterized by the
symbols wy, wy, wa*, Z, and Q% (or ws*), so terms above the
first degree in all these terms and their derivatives are
dropped. The resulting linearized variational equations are
written below:

Ild’l + [(13 — [;3)0),1 + [3"‘95‘]0)-_)_ = 0 (21)

Loy — |(Is — wa + [5Q]ws — mbZ — mbw.?Z = 0
(22)

Liog* + [50% = 0 (23)

[5(ag* + Q%) =T (24)

m(l — p)Z + ¢Z + kZ 4+ mbwiw — mbw, = 0 (25)

Define the symbols

M= (I — D)wa + [5s)/1 =
[[3'103;1 + [3‘\‘0)5 - ]2(1)‘.1]/[1
(26)
A= [([s — IDwa + 505)/1 =

(3w + [5ws — Liwal/Is

Note that the angular momentum magnitude of the nominal
motion in Eq. (20) is

ho = Lws + Sws (27)
so that A and Ay may be written

)\1 = (/lo — [2(1.),1)/[1 kg = (/10 o [1(1)‘4\)/[2 (28)

1f the natural frequeney of the damper in a fixed base is p =
(k/my!2 and the normalized constant of the dashpot is 8 =
¢/m, and further normalization i accomplished by the di-
mensionless parameter definitions (Z/b) = z, and (nd*/[,) =
8, the nontrivial linearized variational equations adopt the
form

(;)] + )\1(;)3 =0
C;J-g - szl — 62 — 5(,0,122 =0 (29)
(1 — ,u)z + ,BZ + p23 + waw — (i)g =0
In ignoring Igs. (23) and (24), one assumes that the sum of
guorng L ) ; ot

bearing friction and motor torque is sufficiently small to
justify the linearization in these equations.  Strictly speak-
ing, this sum must be arbitrarily small, although not pre-
cisely zero.

Either by Laplace transformation or by assuming an ex-
ponential solution, one can obtain from Eq. (29) the char-
acteristic equation
sl — p — 8) + 88 + s*[p? — dwa® + Mho(l — p) —

Méwa] + 88NN + MAp? — Mbwa® = 0 (30)

Routh has established consistency of algebraic sign of the
coefficients of the foregoing s* as a necessary condition for
asymptotie stability.’?  Since for typical systems, § < 1, and
4 < 1, the only nontrivial consequenee of this restriction is

Ahe > 0 31)

To establish necessary and sufficient conditions for asymp-
totic stability from a characteristic equation of the form of
Eq. (30) one can construct the Routhian array'® and invoke
the requirement that all entries in the first colunn be of the
same sign (positive here).

The emerging necessary and sufticient conditions for
asymptotice stability become, upon expanding the array,

a)l —u—38>0 (32)
b) 8>0 (33)
¢) Blpt + M1 — ) — dwalws + N)] —
BAN(l — p—8) >0
or

p2 - 6((0,12 + w_‘l)\l — /\1)\2) > 0 (34)

d) Mhelp? + M — p) — dwalws + A)] —
)\12>\22(1 — n — 6) — )\1)\2[)2 -I— )\16(.0‘43 > 0

or
N [wa? + AN? — Mhwa — hwa?] >0
and since 8 > 0 by definition, thisis

)\1((.0,1 - >\z) (wA2 - /\1)\2) >0 (35)



LIKINS

e) M{Aep? — Swa®] >0 (36)

The inequalities (32-36) are the objective of this section.
They are stability conditions for the dual spin motion of the
system shown in Fig. 1, without approximation or restriction.
For practical systems, several of these inequalities are trivial.
This will be illustrated by considering the hmiting case of
small damper mass, 1t is always assumed that p* > 0, 8 > 0,
as must be the case for a real dashpot and real spring.

Asm — 0 (so uw — 0, § — 0), the nontrivial conditions for
stability of the system with small damper mass become

(l) >\1<w,1 - )\3) (w,{-’ - /\1)\2) >0 (37)

In order to interpret these inequalities, the definitions of N\
and s may be substituted from Iq. (28) and manipulated
to provide for inequality (37)

)\1]10[0),‘([1 + [g) — /I()]?‘/"[l[‘_)? > 0
or equivalently
Niio > 0 (39)

At this point a sign convention is extablished which will be
followed throughout; namely

/10 = 13"‘(4),1 + [3"‘(.0‘\' > 0 (40)

With this convention, any of the nominal spin rates wa, ws,
Qs may be negative or zero.  The convention is equivalent to
seleeting the nominal direetion of the unit vector a; as the
direction of the angular momentum vector.  With /iy > 0, the
stability conditions (38) and (39) i final form hecome

A >0 N >0 1)

For the special case of the fully axisymmetric dual spin
system, inequality (41) becomes simply

A= (hy — Tw))/[ >0 or ho>Tws  (42)

where [ is the transverse inertia of the system.

Another special case of interest is the “despun platform,”
for which ws = 0. Then all the stability conditions are
trivially satisfied for this system, which has damping on only
the asymmetric (despun) part of the system.  Note that this
result is not what would be obtained by indiscriminant ap-
plication of the major axis spin rule for stability; an axially
elongated spinning body is here rendered asymptotically stable
by the addition of a damper to a despun platform of arbitrary
size and shape.

1f, on the other hand, the asymmetrie body containing the
damper is spinning in inertial space, and the symmetric (un-
damped) body is at rest, the stability eonditions become

}\1 = [h() — 12(.04]//[1 = (13‘1 _— [g)wA//[l > 0
)\o = ([3"1 - [1)60‘.1/12 > 0

or equivalently

It — I, >0 Iyp — [ >0 (43)

which is the familiar major axix spin requirement, except that
[, and I include also the contribution of the rotor, if any is
present.

The direet objective of this section has been the deter-
mination of stability conditions for the svstem of Fig. 1.
The methods developed here for this purpose have been
somewhat more comprehensive than the problem requires.
This effort has been justified on the grounds that it facilitates
visualization of more complex systems for which the asym-
metric body A has more general flexibility and dissipation
capability than this simple system permits. 1t is submitted
that from this detailed example one can develop a rather
broad understanding of the dynamics of dampers on spinning
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bodies. This thesis is developed in detail in the reportsio.t!
previously mentioned. It may be noted here that extension
is completely straightforward for a vehicle consisting of a
rigid asymmetric body A4 with several attached particle
dampers and several rigid rotors with axes of relative rotation
fixed in A (although the rotor mass centers need not be fixed
on a prinecipal axis of A).

Energy-Sink Analysis

The results of the preceding section establish unequivocally
the possibility in theory of obtaining asymptotically stable
spin for a body rotating about its axis of least inertia. "The
applicability of those results to a physical system, which is
flexible and dissipative in all its parts, is called into question
however by the preceding conclusion that for an clongated
spinning body (e.g., a spinning missile) with a despun plat-
form, the presence of a damper on the platform alone makes
the motion axymptotically stable, whereas alternative damper
location in the spinning body itself results in instability. To
determine the feasibility of the dual spin stabilization con-
cept, one must confront the case in which damping is present
throughout the system.

If equations of motion are constructed for a specific system
with dampers on both bodies, it develops that the linearized
variational equations have coefficients periodic in time. The
Routh procedure is restricted to constant coefficient equations,
and is thus inapplicable here. The only available alternative
is a Floquet analysis,'® and implementation of this analytical
procedure generally requires numerical integration and can-
not yield the desired algebraie stability criteria. Practical re-
course is taken here to the informal but highly efficacious
energy-sink method.

Initial calculations for this analysis are strictly applicable
only to the simplest idealization; the system is a rigid asym-
metric body with a rigid axisymmetric rotor attached. The
equations of motion for such a system.can be obtained by
specializing Eq. (29) by setting Z = 0:

(;.)1 + )\\wz = wg - )\gwl = 0 (44)

As in the previous section, equations involving the changes
in rotation rates of the two bodies about their common axis
are ignored, under the assumption of small motor and bearing
friction torques. For convenience in manipulation without
Jeopardization of generality, assume the initial conditions

w2(0) = wy w(0) =0 (45)
so that the solutions to (44) become
w = — (.L)o(}\]/’/)\z) 12 Sill[o\l)\z) 1/2”
(46)

wo cos[(AiAg) V2]

W2

Note the resulting necessary condition for stability :
Ay >0 47)
The kinetic energy of rotation for this idealized dual spin
system is
T = %[16012 + %[26022 + %[3“(603‘4)2 + %[ss(wss)z (48)
and the square of the system angular momentum about its
mass center is
h-h = [12(:)12 ‘{‘ [226032 + ([3‘40.73"l + [3Sw35)2 (49)
Thus far everything is precisely in accordance with lineariz-
ation theory. Now, however, an energy dissipation mechan-

ism, previously ignored, is permitted to funetion, so that
approximately

T = Lww + Lwww + ltegtast + [Swsdass <0 (50)
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although still the angular momentum is constant, so

2(d/diy(h-h) = I2ww + iww, +
([3‘4(.03“ -I— [;;Sw:ss) ([3“(‘;)3‘1 + [3‘\'0’)3‘\‘) =0 (51)

Now of course the solutions (46) can no longer be precisely
correct. Il however, the effects of the energy dissipation
mechanizm are felt slowly, one may in the spirit of the vari-
ation of parameters approach assume solutions of the form
of Eq. (46) but with wy = we(f), a slowly varying function of

time. Letting A = (A\/A)Y2 and abbreviating ¢ = cos,
s = sin, one finds the derivatives
Ll:)1 = —O.J()ASA>\2l — wo)\lCA/\g[
(52)

@y = woeAN — wohsAsANd
so that Eqs. (50) and (51) become, respeetively,
T = §{wNAsANteANS + woonA ANt} +
I3} — woNoASA Nt ANt + wooe2A Nt} +
Itwstwst + [SwsSwss  (53)
and
0 = 12 wo?MASANLeAN -+ wowodA22ANS ) +
L2 — wehaAsANsteANt + womocANL ) +
(I3twst 4 T3Sws®) (T3t + I58a@s%)  (54)
Averaging over the period 7 = 27/2X A filters out all but the
secular terms in Egs. (53) and (54), assuming sufficiently slow
time variations in wp. The result is the approximation
T = $wnin(\/N) 4 3lawod + Tstwytant +

]3swgsd.)3s (55)

=]
il

%[12(000:)0()\1/}\2) + %122000(-;’0 +
(Istwsd 4 IsSs®) (Iy'wst + [3%ws®)  (56)
Solving for wewy from Eq. (56) and substituting into T
vields the following:
wod)() = —2)\2([3‘1(,03"‘ + I3‘Sw3S) (13"1(‘;)3“1 + ];5S(,;)3S)//
(F3N + 12\) (B7)

and

T = —Fent[— st + Tstest + Ii¥ws) X

(I A L) /(LN A TN ] —

IS [—ws® + (Tt + [35w%) X

(I 4 LN) /(TN 4 T2\)] (BS)

The linearization previously employed permits the substitu-
tion of the nominal rates wy and ws for wst and ws¥, respec-
tively.  Then, recalling the definition of 7y and introducing
the new definition

Ao = 110([1/1 + [2A~_r)/<[12>\1 + lngg) (59)
one can write T' as
T = —Litast (N — wa) — [Sa — ws)  (60)
With the further definitions

N =N — wa Ay = N — ws (61)
T takes the convenient form
T = —Itaythg — [S@g s (62)

The two distinet parts of T in (62) may be labeled

Py= —Iitayihg Ps = =135\ (63)

and identified on physical grounds as the first approximation
average energy dissipation rates (units of power) in bodies
A and S, respecetively.  The validity of this identification is
established by rewriting Fiq. (63) as

13‘1(,;)3‘4 = _I)A/)\A I;;Sd)g“' = —I)Sr//\.< (64)

and recognizing the right-hand xides ax the first approximation
torques about the spin axes of bodies A4 and S, (This identi-
fication requires further use of the “averaging’ procedure for
asymmetric bodies.) Since it has been assumed that motor
and bearing friction torques are arbitrarily small, only the
damping mechanisms on bodiex 4 and S ean apply such
torques. This correlation is demounstrated in more detail
in the aforementioned reports. 101
Once this relationship ix accepted, it follows that

Pa<0 Ps <0 (65)
Then substitution of Eq. (64) into Eq. (57) yields
. (P4 Ps 2hohs
oo = <>\A + \) (m\, + 122>\2> (66)

As a necessary and sufficient condition for stability
(JJUC;J() < 0 (67)

and since MA; > 0 is also necessary for stability [see Eq.
(47)], and Jy > 0 by convention, Eqs. (67) and (66) together
provide

(PasAs) + (Ps/As) <0 (68)

as a necessary and sufficient condition for stability of the dual
spin motion, within the limitations of the present approxi-
mate analysis.  Sinee P4 and Ps are negative, it is sufficient
(but not necessary) for stability to have s > 0 and A5 >
0. Alternatively, one of these expressions may be positive
and the other negative, as long ax the dissipation rate in the
body corresponding to positive A ix sufficiently high. This
provides the quantitative basis for “trade-off” that is neces-
sary for damper design.

Sinee A4 and Ay are the critical parameters for stability,
and both are defined in Eq. (61) in terms of Ay, this parameter
may profitably be studied further.

From the definition (59), and the definitions of A, and As
in Eq. (26), Ao may be written

N = A ltf, o — Lwa tho — Twa
0= T [1//(1 — Il[gwA + 12/10 - 11120-’.»1

/ [ //n — I—wA }

=N — _ -

0 /101 — [1[2&)4
I fig — I—ujl

No= g [/'}U' - <lllg}1‘)w1:| 9

where I = (I, + [5)/2

Several limiting cases can now be considered. I body A
were svmmetrie (asis body 8),s0/y = [L=1, and

(/\U) = /10//[ (70)
sym

then the stability parameters would become
A2 = (h/I) — w4
sym
(1)
As) = (ho/I) — ws
Sy

As a second special case, consider that of the partially
“despun” system, for which wa = 0. Then X is formed
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from the average transverse inertias, i.c.,
N = ho/I = IiSws/I (72)
and the stability parameters are
N = Ibws/I (73)
and
As = N — ws = [[3%ws — Tws)/I

Clearly any energy dissipation in the despun portion of the
system exerts a stabilizing influence, whereas energy losses in
the spinning element are disadvantageous to stability if the
rotor spin inertia is less than the average total transverse
mertia. The result (68) can also be shown!®1? to conform in
another limiting case to the results of the Routh stability an-
alysis in the preceding section.

Corroboration and Conclusion

It may be emphasized that the two preceding sections rep-
resent analytical approaches of distinetly different levels of
rigor and generality. The arguments based on the encrgy-
sink idealization should be accepted as heuristic and not
considered to represent a formal proof of their conclusions.
The Routh analysis does, however, establish rigorously the
validity of these conclusions for a particular vehicle idealiza-
tion, and adds credibility to the criteria obtained informally
for more general systems.  For further corroboration, simu-
lations are useful.

One can never prove attitude stability by simulating a
system in the laboratory or on a digital or analogue computer,
sinee it is impossible to proceed by trial through all possible
initial conditions in the neighborhood of the nominal mo-
tion.  Yet until the abstractions and idealizations of the
preceding analysis give way to the realities of the laboratory
or the complexities of a digital computer numerical integra-
tion program, there remains a basis for skepticism regarding
the applicability of analytical conclusions to physical sys-
tems. Consequently, the comprehensive study of dual spin
systems reported here included both experimental and nu-
merical aspects.  These simulations included static and
dynamic unbalance, and both accommodated internal closed-
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loop control systems and a motor driving relative rotation
to accomplish pointing control, as well as attitude control
jets to provide intermittent control over spin-axis attitude.
All results conform to the analytical eriteria established
here. (See Ref. 11 for details.)

Although further analysis of dual spin systems may be
expected (Floguet analysix and Liapunov analysis have vet
to be reported), it may be safely concluded at this point that
the validity and feasibility of dual spin stabilization systems
have heen firmly established.
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