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Theme

THE effect of both gravity-gradient torques and the near-
Earth environment on the attitude motion of a dual-spin

spacecraft with nutation damper is predicted by digital
simulation. The program employs a geometrical modeling
technique to determine the total unshadowed spacecraft sur-
face area required for the computation of aerodynamic
torques. In addition, the deliberate steering of the satellite
spin axis with magnetically induced torques is described.

Content

The dual-spin Small Astronomy Satellite (SAS-A) scans the
entire celestial sphere to determine the location of X-ray
sources relative to the fixed position of the stars. A digital
computer program was developed to predict the attitude
motion and was based upon the following dual-spin flight con-
figuration (Fig. 1): a slowly rotating (-^ rpm) main body
including four extensible solar panels, a high-speed rotor whose
spin axis is parallel to the main spacecraft figure axis (Z), and
a pendulous-type nutation damper constrained to move in a
plane perpendicular to Z and supported by a torsion wire
pivot that also provides a restoring torque.

The attitude dynamics and stability of this satellite in a
torque-free environment were treated previously.1 The non-
linear equations of motion were derived using the quasi-
Lagrangian formulation.1 The present paper describes the
method of simulation and the predicted continuous effect of:
the generalized gravity-gradient torques, magnetic torques
created by the reaction of generated dipole moments along the
three axes of the main body with the Earth's magnetic field,
and aerodynamic torques.

For a near-Earth satellite the largest perturbation is attrib-
uted to aerodynamic forces and torques, which are dependent
on the atmospheric density, the relative velocity between the
satellite and the earth's atmosphere, and the angle of inci-
dence between the impinging molecules and the nonshadowed
(exposed) surface area of the spacecraft. The effective (non-
shadowed) projected area is a function both of the particular
surface area determined by the velocity vector and the local
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Fig. 1 SAS-A flight configuration.

surface normal, and of the shadowing of this surface by other
parts of the spacecraft structure.

The aerodynamic force calculations were greatly simplified
by assuming the force to be caused by the collision of free flow
air molecules with flat surfaces. Secondary collisions of mole-
cules with other elemental surfaces were ignored, and the air
density was assumed to be a constant around the orbit. Then,
by employing a geometrical modeling technique similar to
that developed by Skladany,2 the total unshadowed space-
craft surface area could be determined. Each surface ele-
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Fig. 2 Steady-state attitude motion, rotor on, with
gravity gradient and aerodynamic torques.

913



914 FUECHSEL, BAINUM, AND GRUNBERGER J. SPACECRAFT

0.6

j «'o.4
o S1

NMAGNETIC.
/IANUEVER" TRANSIENT DECAY

E
B 50

30

10

i&s»—
20 80 100

Fig. 3

40 60

TIME (minutes)

Magnetic steering maneuver with rotor on.

ment of the satellite is divided into a number of equivalent flat
plate surfaces, each having a normal vector that can be ex-
pressed in the spacecraft body axes system. For a given space-
craft figure axis orientation, the following quantities are com-
puted for each panel: the incident angle between the relative
velocity vector and the surface normal, the projected exposed
surface area, and the center of pressure relative to the center
of gravity of the satellite system. The resultant torque acting
on the spacecraft is obtained by summing the torque contri-
bution of all surfaces. The aerodynamic torques are precom-
puted for systematic changes in spacecraft orientation and
stored in a table; A table look-up technique with linear inter-
polation is used by the simulation to obtain torque compo-
nents for the computed satellite attitude at each integration
time step.

Numerical runs were made assuming a balanced spacecraft
in a 300 naut-mile circular equatorial orbit. The steady-
state motion is characterized by a T^ rpm spin rate of the main
body (momentum = 1.75 slug-ft2-rpm) the momentum wheel
rotating at 2000 rpm (16.9 slug-ft2-rpm) and the damper un-
caged. Figure 2 is representative of the attitude motion
when the spacecraft is perturbed by both gravity-gradient and
aerodynamic torques and the damper uncaged. It can be
seen that the maximum nutation buildup is 0.011° resulting
from torques having a peak value of 400 dyne-cm. The nuta-
tion angle is defined as the angle between the Z axis and the
total angular momentum vector. When the figure axis drift
is linearly projected over 24 hr, the precession is ^5.7° in
right ascension and 0° in declination, for an initial spin axis
declination of 60°. This precession exceeds the mission re-
quirements of a maximum allowable figure axis precession rate
of 5 deg/day. It was expected that this projected drift rate
represented a conservative upper bound for the following
reasons: 1) The value of density used (4 X 10~15 gm/cm3)
was twice as great as the maximum expected value correspond-
ing to the highest solar activity.3 2) Preliminary simulation

results indicated that declination angles near 60° result in the
largest values for aerodyhamic torques when averaged over
the entire orbit. Satellite flight data have shown average
daily drift rates of 5° or less.

Since the celestial sphere is to be scanned for X-ray emit-
ting sources, it will be necessary to slue the spin axis to new
orientations in inertial space. The maneuvering torque is
generated by the interaction of the Earth's magnetic field and
a commandable dipole (50,000 pole-cm) aligned with the Z
axis (Z dipole).

The nutation angle response (Fig. 3) is characterized by two
distinct phases. The first, during the maneuver, shows the
initial amplification and decay of nutational motion under the
presence of magnetic (precessional) torques and the second
illustrates the transient decay of the nutation angle resulting
from the terminal conditions of the magnetic maneuver. For
the second phase the nutation angle plot shows a damping
time constant r of 25 min. This compares with the time con-
stant of 21 min for the least damped mode from the linearized
analysis of the torque-free system.1

The precession in figure-axis right ascension as a result of
the magnetic maneuver should be noted. It is also apparent
that without the action of the nutation damper, sufficient
reduction in the residual nutation angle resulting from the
terminal conditions of the magnetic maneuver would not
occur.

In the event of rotor failure, the satellite's spin rate is in-
creased from y1 -̂ rpm to j rpm with the magnetic spin control
system to increase the angular momentum of the main body
from 1.75 slug-ft2-rpm to 5.25 slug-ft2-rpm. The nutation
damper spring constant is reduced from 610 dyne-cm/rad to
25 dyne-cm/rad, and the damping coefficient is increased to
6700 dyne-cm/rad/sec to optimize damping performance.1

The steady-state nutation angle is predicted to be no larger
than 1.20°. This is well within the 45° maximum allowable
nutation angle for the case of rotor failure.

A magnetic maneuver was simulated for the rotor-ofY case
with the Z dipole turned on for 30 min. During that interval,
the nutational angle increased from 1.6° to 8.8° with the spin
axis slueing from 90° to 45° in right ascension under a maxi-
mum torque of 16,000 dyne-cm. After the Z dipole is turned
off, the projected decay in nutation angle results in a time
constant of 13 hr. The nutational motion was large enough
during and after the maneuver to force the damper to hit the
±20° mechanical stops.
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