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which, of course, is the authors’ result [Eq. (A15)], because
., = 0 is equivalent o [» =~ Iy However, returning to Eq.
(2), with A = 0 and using (4) as the initial conditions, we have

w(t) = (=h/Iy + khp/LuQ.)e ™" — khp/In,  (5)

which expands to

k 1 kh
o) = h <122§ - I_u> cosQut — 1225 (6)
wo(t) = h(1/kly — p/I22,) sinQ,t @)

The system performance should now be evaluated on the
basis of Egs. (6) and (7) with &£ — 0, @, — 0, rather than the
authors’ Eqs. (A18) and (A21). Using the Euler angles of
Fig. 1 to define the inertial motion of the body axes, the
angles of interest (for small angles) are given by

d~w+fp Bmw—ap ®)

Substituting (6) and (7) in Egs. (8) with «(0) = B3(0) = 0 and

&(0) = —h/Iy, the solution for the tilt angle @ and the cant
angle 8 is

a = — h (sinat)/TuQn )

B=h(1 — cosQut)/p(In — Is) (10)

Equations (9) and (10) define the deviation of the e; axis
from the angular momentum vector. In the limit as &, — 0
(i.e., Ins — I3), Eq. (9) reduces to the authors’ result o =
—ht/I; as given by Eq. (A23). But Table 1 clearly shows
that the concept cannot be reduced to practice. The authors’
values are used, with wy = p = 10.46 rad/sec, Jo& = h =
0.0225 ft-Ib-sec, and I;; = 124 slug-ft2. Is/Iy; is taken to be
1.4.

It is clear that the e; axis never departs very far from the
angular momentum vector even when e and Is; differ by less
than one part in a million. The requirements on I3 and I3
for @ to reach the desired 15° are

1 > Iss/I3 > 0.99999999 (approximately) (11)

Also, the cant angle 8 is not zero and must be accounted for.
For example, Bmax = 2h/[p(I33 — I'1)], which for the preced-
ing example is 0.005°, a value probably unacceptable for the
2400-line, 15° picture.

There are some other areas of difficulty in the proposed
technique (i.e., alignment, thermal distortion, and residual
excess energy). Since there is no preferred spin axis, any
finite amount of excess energy in the system will result in an
unwanted drift about the e; axis. The difficulty inherent in
stabilizing a spinning body having two nearly equal moments
of inertia is analyzed on an energy dissipation basis in Ref. 3.
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Fig. 1 Euler angles defining spacecraft motion.
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Table 1 Maximum available tilt angle, amax

Toa /153 Q,, rad/sec Omax, deg
0.99 0.66 0.0158
0.999 0.209 0.0498
0.9999 0.066 0.158
0.99999 0.0209 0.498
0.999999 0.0066 1.58

In summary, it may be said that the “practical method of
control” referred fo in the authors’ footnote! must be directed
toward the inequality (11) which leaves little for the engineer
to work with when considering the proposed technique.
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Reply by Authors to L. H. Grasshoff

NorMmaN H. BeEacHLEY* AND Joun J. Uicker Jr.*
University of Wisconsin, Madison, Wis.

HE point raised by L. H. Grasshoff is very significant.

His analysis shows the extreme mechanical accuracy
necessary for the example of Ref. 1 to work in the manner
indicated, and should contribute to a better understanding of
systems of this type. Our computer simulation results, from
continuing development of this concept, agree with the values
presented by Grasshoff. We must agree, therefore, that the
coneept in its pure form is indeed very sensitive to small
errors in the Is/Is ratio (nominally unity), much more so
than one would like.

The numbers presented by Grasshoff in his Table 1 all
apply to the “stable” case, with Iz > I». It is equally
important, in working out the details of a practical system,
to consider the ‘“unstable’ case with Is; < I, (Since we also
have I3 > I, this corresponds to the condition of ‘“‘unstable
equilibrium” of a rigid body rotating about its principal axis
of intermediate moment of inertia.) With this unstable con-
dition, the tilt rate & will increase as the tilt angle a increases
(up 10 90°), the amount of this increase depending upon degree
of instability. We will discuss individually the two applica-
tions: a) inversion of a spin-stabilized satellite, and b) spin-
scan earth photography with the camera rigidly attached to
the basic satellite structure.

Spacecraft Inversion

For inversion of a spin-stabilized satellite, one probably is
not concerned with the exact tilt rate or the degree of nutation
during the maneuver itself, but merely wants a quick, reliable,
low-energy-consumption technique. A larger flywheel could
overcome a practical error tolerance in the Is/I3; ratio and re-
duce inversion time, but the flywheel’s size and power con-
sumption would no longer be insignificant. Probably a better
approach is to have the spacecraft slightly stable during
normal operation, but changed (as by a small translating
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Fig. 1 Inversion maneuver of system without flywheel,
controlled by weight translation alone.

weight) to be slightly unstable during the inversion maneuver.
If this is done, the maneuver can be shown to work very
nicely. The exact degree of instability is not too im-
portant, but the speed of the maneuver increases with the
degree of instability. But even if made to be highly unstable
during the maneuver, the satellite is still in equilibrium (even
though it is unstable equilibrium) at its original attitude and
the completely inverted attitude, so that & is very low around
these two positions. The exact timing of the translating
weight is therefore not too critical.

Since nutation is not a concern, it is also feasible to omit
the flywheel for this inversion maneuver, accomplishing it
by weight translation alone. Figure 1 shows how an inver-
sion maneuver would take place for three values of Iwn/I3;.
With no flywheel, inversion would theoretically occur only if
there were an offset angle ¢ between the spin axis (angular
momentum vector) and the principal axis of intermediate
moment of inertia at the beginning of the maneuver. In
practice, of course, it would be impossible to achieve ¢ = 0,
but the question might be raised as to whether or not one
should design the weight movements to achieve a certain
angular offset ¢ at the start. In Fig. 1, curves for ¢ = 1.0°
and 0.1° (the angles being in the ese; plane), have been plotted
for the three I»/I; ratios. Although the maximum ¢ is
virtually unaffected by ¢, there are two points in favor of
using a very small angle: 1) The « achieved before the satellite
starts to return to its initial attitude is greater. With ¢y =
1.0°, for example, a tilt of 178° is achieved, whereas a 0.1°
offset gives 179.8°.  The closer to a full 180° one can achieve,
the smaller the oscillations that have to be eliminated after
“recapture’” (i.e., returning to the condition of I3 > I»). 2)
The smaller the ¢, the greater the period of time, for any
given Iy /I3 ratio, during which satisfactory recapture can be
achieved. It might be advantageous to use a relatively high
¢o, however, if one were to perform the maneuver by a
programed weight movement, i.e., by maintaining the Iy > I3
condition for a predetermined period of time. The smaller
the initial offset, the closer the tolerance one would have to
hold on its exact value to get an accurate estimate of the time
required for the maneuver.

1t might be emphasized here that such inversion could be
very valuable for synchronous satellites even without devices
like the radiation cooler mentioned in Ref. 1. It would be
convenient to keep the same end of the satellite in the shade
throughout the entire year, since less extreme variations in
thermal environment would facilitate the design of all ex-
posed satellite components.

Spin-Scan Photography with Fixed Camera

Here the high sensitivity pointed out by Grasshoff presents
a greater challenge, as a precise & is imperative, and excessive
nutation cannot be tolerated. KEven if the /I3 ratio could
be adjusted on the ground to an accuracy of better than one
part in 108, it would be unrealistic to expect it to maintain this
accuracy during operation, with thermal expansion, centrif-
ugal forces, and nonuniform compliance.

A feedback control system could be used to make adjust-
ments to the Is/I5; ratio during the course of the maneuver,
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based on the actual tilting action. With such a system, the
satellite would alternate between the stable and unstable
condition. Preliminary studies indicate that such a control
system would work very well, but it would have the dis-
advantage of requiring a signal of either « or & to an accuracy
somewhat better than that to be maintained.

A slight modification of the basic wobble-spin concept has
evolved that looks promising as a technique to be operated in
an open-loop manner. This modified system (Fig. 2) consists
of the basic spacecraft, a small flywheel, and a pair of weights,
or “‘dumbbell,” located along the intersection of the ese; plane
and a plane perpendicular to the spin axis. To give the de-
sired &, the flywheel is rotated exactly as in the basic concept
while the dumbbell is rotated, with respect to the main body,
in the same direction as the flywheel but at a speed equal in
value, although opposite in direction, to & The two dumb-
bell weights will remain therefore in a plane perpendicular to
the instantaneous spin axis throughout the entire tilting
maneuver. The dumbbell would probably be mechanically
geared to the flywheel. If the combination of the basic
vehicle and flywheel (i.e., the total satellite except for the
dumbbell) is made “cylindrical” about the e; axis, then this
system will allow the instantaneous spin axis to remain the
axis of maximum moment of inertia throughout the maneuver.
This system could be used for inversion too, of course, if the
dumbbell were given freedom to rotate at least 180°.

It is relatively easy to analyze a perfect system of this type.
The equation for tilt rate is, with clarification of I1;, the same
as for the basic concept,!

& = — Jo/Iu

where J, is the moment of inertia of the flywheel, Q is the fly-
wheel speed relative to main body, and I, is the moment of
inertia, about the e, axis, of the total vehicle excluding the
dumbbell.

An investigation is under way to determine its sensitivity to
various combinations of mechanical errors. If the dumbbell
is large enough, then the system will be relatively insensitive to
mechanical errors, as may be seen by visualizing an extreme
case: a satellite in which the nontilting dumbbell comprises
99.9%, of its inertia, the tilting “main body” is a tiny cylinder,
and the flywheel is almost infinitesimal. One goal of current
work is to answer the following question: With the type of
mechanical accuracy one can maintain in practice with such
a satellite, what is the size dumbbell necessary for satisfactory
open-loop spin-scan operation? The attractiveness of this
modification depends, of course, on the answer.

In summary, the basic wobble-spin concept—that a “cylin-
der” spin-stabilized about a transverse axis can be tilted about
its axis of symmetry by internal mass movement alone—is
sound. There are problems to be worked out, but further
development and some ingenuity will, it is felt, lead to prac-
tical systems that are very useful for certain types of satellites.
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