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Influence of Thermal Distortion on Gravity
Gradient Stabilization

Robert L. Goldman*
Martin Marietta Corporation, Baltimore, Md.

This paper is concerned with the problem of determining the influence of solar heating on the low-frequency,
dynamic stability of a gravity gradient satellite. The scope of the effort includes the development of a computer
program that uses a quasi-static approach for describing a satellite's unsteady orbital motion. The essential
feature of the quasi-static approach is that the satellite's long, slender booms reach their thermal equilibrium
position solely as a result of thermal bending without consideration of the dynamic effects of boom vibration. A
nonlinear analytical model and a corresponding computer program have been developed to study the effect of
absorptivity, sun angle, and hinge stiffness on the stability of a satellite's motion. Tied to this study is a
requirement to explain the source of the observed anomalous unstable behavior of the Naval Research
Laboratory's gravity gradient satellite 164 (NRL 164). Within the confines of a relatively narrow stability
criteria, the quasi-static model provided a valid means of predicting the anomalous behavior of NRL 164. The
occurrence of computed unstable responses closely resembling flight data tended to confirm that the source of
the instability is related to thermal distortion and is particularly sensitive to sun angle.

Introduction

THE apparent simplicity offered by the concept
of gravity gradient control of an earth orbiting

satellitel~3 has had a stimulating effect on the design of several
spacecraft configurations. From an analytical point of view it
seemed clear that three-axis passive stabilization of a
spacecraft could be achieved through the clever use of tip-
weighted extendable booms. If stability were possible, a
desirable earth-pointing equilibrium attitude of a satellite
could be attained solely by a judicious arrangement of these
booms.4-6

Experience with several gravity gradient systems has in-
dicated that unexpected destabilizing disturbances may be
present that can induce excessive attitude errors or actual at-
titude inversions. Such anomalous motions were clearly seen
in the flight data collected during a series of gravity gradient
experiments conducted by the Naval Research Lab. and
examined in Ref. 7. In the course of this examination, a
relationship was observed between sun angle (angle between
the sun's vector and the normal to the satellite's plane)
and the character of a satellite's response; this observation
subsequently led to the conclusion that thermal distortion is a
critical factor in a satellite's dynamic behavior. Since a
boom's thermal bending and twisting is related to the sun's
angle on the boom, it was subsequently suggested that a
satellite's stability would be greatly influenced by the thermal
distortion properties of its booms.

It should be pointed out that the unpredictable behavior
examined in Ref. 7 appeared to be a sustained low frequency
rigid body oscillation dominated primarily by large yaw
motions. This motion was apparently unrelated to the much
high frequency flexural oscillations of a sun-lighted boom
predicted by Frisch.8
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It is clear that gravity gradient satellites have been suffering
from an hitherto unpredictable low frequency instability
associated with solar radiation. If a correct analytical model
of this instability mechanism could be obtained, then the
chances of designing gravity gradient satellites in such a way
as to avoid the detrimental effects of solar radiation would be
considerably enhanced.

The principal objective of the research reported here is con-
cerned with the problem of ascertaining the influence of solar
heating on the low frequency, dynamic stability of a gravity
gradient satellite. The scope of the effort includes the develop-
ment of a computer program that uses a quasi-static approach
for describing a satellite's unsteady orbital motion. Tied to
this objective is a requirement to explain the source of the ob-
served anomalous unstable behavior of the Naval Research
Laboratory's gravity gradient satellite 164 (NRL 164), shown
in Fig. 1.
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Fig. 1 Satellite geometry, NRL 164.
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The quasi-static approach, based on the dynamical satellite
equations described by Hooker9 was developed as a means of
simplifying the computational procedures necessary for
solving the equations of motion. The approach, which is
similar to that used by Kanning10 eliminates the numerical
analysis problems that arise if boom vibrations are con-
sidered. The elimination is justified by the relatively large
ratio between a satellite's boom vibration frequencies and its
gravity induced rigid body frequencies. In essence, boom
bending is considered solely in terms of static thermal defor-
mation. Assumptions of importance in the quasi-static ap-
proach are that: 1) The boom reaches its thermal
equilibrium position solely as a result of thermal bending
without any consideration of boom vibration; 2) The
inertial and geometric properties of the satellite are altered
as the tip weights at the ends of massless booms are displaced
by boom deformation; 3) the sun line and thermal properties
of a boom determine the magnitude and direction of a boom's
tip deflection.

The principal disturbance mechanism considered is
assumed to be due to geometrical and subsequent inertial
changes resulting from thermal distortion. Thermal defor-
mation of each of the satellite's three booms is presumed to be
due solely to a thermal bending moment induced by solar
heating. The resulting deformation alters the position of each
boom's tip weight and, in accordance with the quasi-static ap-
proach, changes the satellite's inertial properties. As the iner-
tial properties vary a new set of principal axes appear and
reorientation of the satellite occurs. The essential question
raised is: under what conditions does the resulting reorien-
tation process become unstable?

To answer this question, the basic equations describing the
rotational dynamics of NRL 164 are obtained in terms of
kinematic, dynamic, orbital mechanic, and thermal distortion
equations. The resulting derivation including the essential
features of the quasi-static approach, leads to a set of first or-
der, nonlinear differential equations of motion. A computer
program based on this formulation has been developed and
used to examine the effects of absorptivity, sun angle, and
hinge stiffness on the stability of the satellite's motion.

Satellite Characteristics

The basic geometry of NRL 164 is illustrated in Fig. 1. The
three-axis, two-body gravity gradient stabilization system
consisted of three extendable, interlocked nonperforated
booms arranged in a symmetric pattern about the plane of the
pitch-yaw axes. The primary body was made up of the
payload, main boom and front lateral boom (fixed to the
payload); the secondary body consisted solely of the lateral
damper boom. Nominally, the lateral booms were located in
the horizontal pitch-roll plane. The damper boom was con-
nected to the primary body through a single-axis hinge
mechanism that constrained boom motion to a vertical plane.
The hinge provided hysteresis damping torques and torsion
wire spring restoring torques.

By skewing the horizontal principal axis of the damper
boom out of the orbital plane, all motions become strongly
coupled. Under these conditions, three-axis damping of the
entire satellite is achieved by the single-degree-of-freedom
motion of the damper boom about its hinge. n

The basic physical and thermal properties of the satellite as
well as its orbital characteristics are summarized in Table 1.
The booms were considered to be long, slender beryllium cop-
per tubes with highly reflective, silver-plated outer surfaces.
For the sake of simplicity the mass of the booms was ignored.

Satellite NRL 164 was stable throughout its initial period of
eclipsing orbits (passage through the earth's shadow) and un-
stable in yaw sometime after its first excursion into a fully
sunlit orbit. In fact, during the entire first passage through
eclipsing orbits and first entrance into full sunlight, all at-
titude errors were small. The perturbations were confined to

approximately one-cycle-per-orbit oscillations in pitch and V*
cycle-per-orbit oscillations in yaw.

As the satellite, in full sunlight, approached the 0° sun
angle position the amplitude of the Vi cycle-per-orbit
oscillations in yaw unexpectedly increased. The satellite
rapidly became unstable with several yaw inversions and large
amplitude oscillations in both pitch and roll. After passing
through the 0° sun angle position, the instability ceased and
was followed by a period of stable operation.

Simulation
For simulating the flight behavior of NRL 164 the vector

dynamical equations developed by Hooker9 are used since
their application eliminates many of the difficulties common
to the Lagrangian approach.4 With respect to the basic
equations, the final quasi-static attitude of the two-body
satellite, including associated kinematics, dynamics, orbital
mechanics, and thermal distortion, leads eventually to the
problem of seeking a solution to a set of first-order, nonlinear
differential equations of motion.

In the derivation of these equations that follows, boldface
is used to identify a vector while a tilde is used to indicate a
dyadic. Each time derivative with respect to inertial space is
denoted by an additional dot over a given element.

Reference Frames

In the present case, the three orthogonal frames illustrated
in Figs. 2 and 3 have been chosen. The basic inertial frame,

[a] = [aja2a3]

Table 1 Physical and orbital properties of NRL 164

Property Value Units

Lateral and damper
boom tip mass

Main boom tip mass
Payload mass

Lateral and damper
boom length

Main boom length
Distance from payload

e.g. to hinge
Lateral and damper

boom diameter
Main boom diameter
Lateral and damper

boom wall thick
Main boom wall

thickness

Payload moment of
inertia

Yaw rotation of lateral
boom

Yaw rotation of hinge
axis

Damper spring constant
Damper damping con-

stant

Eccentricity
Semi-major axis
Earth radius
Gravitational constant
Mean orbital rate

0.118
0.159
8.800

35.0
60.0

1.375

0.25
0.50

0.14x 10'2

0.20X10-2

slugs
slugs
slugs

ft.
ft.

in.
in.

4.0

-30.0

120.0

0.714xlO-3

0.395

slug-ft2

deg

deg

ft-lb/rad

ft-lb-sec/rad

0.0
7302.4

6378.2
3.98 x l O 5

0.1012X10'2

km
km
km3/sec2

rad/sec

Absorptivity
Thermal coefficient of

expansion
Thermal conductivity
Heat radiation of source

0.13

0.104xlO'4
4.167
3.065

in/in-°F
Btu/hr-in-°F
Btu/hr-in2
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is fixed in space with its origin at the earth's center. The local
vertical, or orbital reference frame,

the inertial angular velocity vector,
frame,

where, in the body

[E} = [EjE2E3]

has its origin fixed at the satellite's center of mass and moves
with it along its orbital path. The body frame

has its origin fixed in the satellite and is used in conjunction
with the inertial frame and local vertical frame to define the
satellite's motion. The nominal orientation of the un-
deformed NRL 164 satellite in terms of the unit vectors e j , e2
and e3 is depicted in Fig. 3

The rotational position of the body frame with respect to
the inertial frame is described through the orthogonal direc-
tion cosine transformation

O) 0 = (2)

and co, are the body axis components of inertial rotation. For
a system of moving axes the inertial derivatives of vector {e}
are given by12

(3)

where

— C02

-co5

0

CO;

C02

-CO;

0

[e] (1)

where the direction cosine elements of the matrix [A] are
functions of the usual Euler angles (defined here as the angles
of pitch, roll, and yaw) and the true anomaly of the orbital
path, \l/.

Kinematic Equations

The kinematic equations consist of the set of direction
cosine rate equations that relate the elements of matrix [A ] to

Orbital path
Top View

Satellite

Earth

Orbital plane''

Side View

Fig. 2 Inertial and orbital reference frames.

,-Tip mass

-Main boom

HingeN
Damper boom

Lateral boonK

Payload-

Side View Top View

Fig. 3 Body frame and satellite orientation.

Since in inertial space {a} = 0, Eqs. (1) and (3) lead directly to
the kinematic identity

(4)

which when expanded yields the kinematic differential
equations

AH

A u

A 13

A 21

A22

A23

A12u3-A13u2

A]}u3+A13u]

Anu2-A12u1

A22u3-A23u2

(5)

=A2]u2-A22u1

Only six equations are necessary since the orthogonality of the
direction cosine matrix [A ] dictates the intrinsic values of the
remaining three elements, A 3], A 32, and A 33.

Dynamic Equations

The complete vector dynamical equations for NRL 164
using the results of Ref. 9 can be written in the form

(6)

As derived in Ref. 13 the dyadics 4?0, 4>/0, 4>07, and 4>7 / are
obtained from the geometrical and inertial properties of the
satellite while the torque vectors E*0 and E] arise from con-
sideration of moments due to gyroscopic torques, gravity
gradient torques, hinge-acceleration torques, gravitational
forces interacting through the hinge and hinge torques due to
damper rotation. In the dynamic equations, 6 = the angular
rotation of the damper boom about its hinge axis and, as
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shown in Fig. 3, g / = the vector direction of the hinge axis. In
matrix form Eq. (6) can be written as

Thermal bending of the boom induced by solar heating is
presumed to cause a tip deflection

GOO aoi
s (7)

Introducing the new dependent variable A such that 5 — A,
permits the dynamic equations [Eq. (7)] to be expanded into
the scalar form

YT=yTT (12)

whose direction T, is not only away from the sun and per-
pendicular to the U axis but is also in a plane that contains the
sun's vector. The direction vector, T, is obtained from the
vector triple product relationship

^21

1 3,

1 41

0

In

1 22

1 32

1 42

0

1,3

1 23

^33

1 43

0

1 14

^34

1 44

0

0 '

0

0

0

1

<*>!

T3

T4

A

(8)

where T lf T2, and T3 are the magnitudes of the torque vectors
about each of the body frame coordinates and T4 is the torque
acting about the damper boom hinge axis.

Orbital Mechanics

The orbital path of the satellite is derived directly from the
solution of Kepler's equation based on a spherical earth
model. This solution is carried out under the assumption that
perigee occurs at ^ = 0 at which time the orbit path crosses the
inertial al axis. Referring to Fig. 2 the complete formulation
of the decoupled Keplerian orbit is given by the first-order dif-
ferential equation

(/ + € COS I/O2 (9)

where Q0= ( n / a 3 ) Y2 =mean orbital rate, 0 = semi-major
axis, e = orbital eccentricity, //, = gravitational constant, \l/ =
true anomaly.

Thermal Deformation

Thermal deformation of each of the satellite's three booms
is presumed to be due solely to a thermal bending moment in-
duced by solar heating. The resulting deformation alters the
position of each boom's tip weight and, in accordance with
the quasi-static approach, changes the satellite's inertial
properties. As the inertial properties vary, a new set of prin-
cipal axes appear, and reorientation of the satellite occurs.

Deflection of a typical long, slender boom exposed to solar
heating is depicted in Fig. 4. Here, the undeflected boom is
assumed to lie along the U axis while the sun is assumed to be
in the direction specified by the sun vector, o. In the inertial
frame the sun vector is defined by the expression

aa2 (10)

where a. is the sun angle or more explicitly the angle between
the sun's vector and the normal to the satellite's orbital plane.
The sun vector is also tilted so that the angle £ between the
sun's vector and the axis of the undeflected boom is given by
the scalar product

r = (axU)xU
\(axU)xU\ (13)

The tip deflection, yT, for each boom is assumed to be the
deflection that would be attained if all thermal lags were
ignored. For a seamless, thin-walled cantilevered boom of cir-
cular cross-section the tip deflection can be approximated by
the equation

sm £ [ 7 + cos (14)

where £=boom length, ft, and A T is the thermal constant

AT=(oi0eDJs/4hk) (15)

Fig. 4 Boom deflection.

.0001 .001 .01

cos ^- (11)
S P R I N G CONSTANT, KD , ft-Ib / rad

Fig. 5 Rigid body frequencies and linear stability boundary.
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whose elements a 0= absorptivity, D = boom diam, in.
£ = linear thermal coefficient of expansion, in./in. — °F
h=:thickness, in.; Js = solar radiation intensity, BTU/hr-ft2

£ = thermal conductivity, Btu/hr-ft°F.
The tip deflection vectors for the main boom, side boom

and damper boom are determined from the relationships of
Eqs. (10-15). It should be noted that if the satellite is in the
earth's shadow, solar radiation is ignored and yr is set equal
to zero. The sun model used for finding out whether the
satellite is either in full sunlight or in the earth's shadow is
described in Ref. 13.

Computed changes in the magnitudes and directions of the
three tip deflections are used to rederive the dyadics l>00, 4/0,
$07, and l>7/ and subsequently to alter the torque elements on
the right-hand side and the coefficient elements on the left-
hand side of Eq. (8).

Results
The equations describing the quasi-static response of NRL

164 to solar radiation are basically represented by Eqs. (5,8,9
and 14). The representative first-order nonlinear differential
equations of motion along with their associated sup-
plementary equations have been programed for analysis on a
digital computer. The solution is obtained through the use of
Hamming's predictor-corrector method, with starting values
determined by a Runge-Kutta procedure.

The essential aspects of the results presented here cover a
selective investigation of the effect of boom thermal bending
on the stability of the quasi-static model of NRL 164 in a cir-
cular orbit (e =0). Particular emphasis has been placed on the
influence of absorptivity, sun angle, and hinge stiffness on the
satellite's responses in yaw, pitch, and roll.

Basic Characteristics

The motions of NRL 164 in the absence of sunlight and
initially perturbed by the prime conditions are plotted in Fig.
6. This figure serves as an instructive indicator of the basic
nonlinear dynamic behavior of the nominal configuration and
should be used in gaging the changes in response that are
brought about by a parameter variation. As expected in this
case, the satellite is very stable. Although yaw motions are
initially quite large, they damp out rapidly and the system is
close to an equilibrium attitude soon after the fourth orbit.

ORBIT

240
TIME. MINUTES

Fig. 6 Nominal satellite response, no sun.

Stability Criteria

Linearization of the satellite's nonlinear differential
equations of motion provided a means of ascertaining the
stability of NRL 164 in the absence of solar radiation.
Stability, in this case, was determined by the character of the
roots of the linearized equations. The resulting roots were
either real or occurred in complex pairs with each imaginary
pair corresponding to one of the satellite's rigid body frequen-
cies. Linear stability criteria required that all of these roots
have negative real parts.

The computed frequencies (obtained from the imaginary
part of each root) are plotted in Fig. 5 for a variation in dam-
per spring constant, KD. All other satellite properties are con-
sistent with Table 1. Despite strong coupling between rigid
body motions in yaw, pitch, roll, and damper boom rotation,
each frequency (as indicated in Fig. 5) can still be charac-
terized by one of these rigid body motions.

As the spring becomes weaker a critical value is reached
(KD=0.00064 ft-lb/rad) below which the real part of one of
the roots becomes positive and an instability is revealed. In
this region the destabilizing gravity gradient torque on the
damper boom is large enough to overcome the damper spring
torque and the satellite diverges from its initial orientation to
a new, undesirable equilibrium position. For reference pur-
poses, this divergence boundary delineates the region within
which satisfactory operation of NRL 164 cannot be attained.

The stability of NRL 164 exposed to solar radiation was
deduced through a time domain solution of the satellite's
nonlinear differential equations of motion. In seeking a
solution it was evident that nonlinearities in the simulation
and economic limitations on computer usage would require a
relatively imprecise definition of stability. The nonlinear
stability criteria that was adopted assumed that the satellite
was unstable if, after the model was initially perturbed by a
set of "prime amplitude conditions" in yaw, pitch, and roll, a
yaw inversion occurred within the first four orbits of the
earth. The initial prime conditions selected were yaw = 30°;
pitch = —30°; roll = —10°; and yaw, pitch, and roll rate = 0.

180

240
TIME, MINUTES

RUN 94

ROLLo
PITCH*

YAW +

120 240
TIME. MINUTES

Fig. 7 Effect of absorptivity on response, KD -0.000714 ft-lb/rad,
sun angle = 0°: a) absorptivity = 0.40; b) absorptivity = 0.45.
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180

120 240
TIME, MINUTES

RUN 172

240
TIME, MINUTES

180 180

240
TIME, MINUTES

240
TIME, MINUTES

Fig. 8 Effect of sun angle on response, KD= 0.000714 ft-lb/rad, absorptivity = 0.5: a) sun angle = 0°; b) sun angle = 10°; c) sun
angle = 20°; d) sun angle = 30°.

Effect of Absorptivity

The present thermal instability supposition rests on the
assumption that thermally induced changes in the satellite's
inertial properties due to boom bending may cause a yaw in-
stability. To examine this possitility, satellite responses were
computed for variations in tip deflections [Eq. (14)], brought
about by a change in absorptivity.

Since the outer surfaces of the booms were assumed to be
highly reflective, a low absorptivity, «0=0.13, was specified
as the nominal value. However, data accumulated by NASA's
Goddard Space Flight Center14 suggest that factors other
than absorptivity tend to influence thermal bending, and large
deflections may occur in spite of a low value of absorptivity.
To compensate for these factors, an effective absorptivity of
0.5 was considered to represent the high end of the deflection
scale.

The computed influence of absorptivity on the attitude
motion of NRL 164 is illustrated in Fig. 7. For these responses
in which the sun is normal to the orbital plane (sun angle at
0°) the plots reveal that the amplitude of yaw motion is par-
ticularly sensitive to a slight change in thermal distortion. For
a0 = o.4, the calculated yaw attitude, though large, seems to
be stable. Conversely for a 0 = 0.45, a yaw inversion occurs
prior to the second orbit, and the configuration is considered
to be unstable. The onset of an inversion appears to be closely
dependent upon yaw reaching an angle of — 90°.
Effect of Sun Angle

The observation of absorptivity led directly to the ob-
servation that the satellite's computed response and stability

180

-90
240

TIME, MINUTES

Fig. 9 Effect of hinge stiffness on response, KD =0.0008 ft-lb/rad,
sun angle = 0°.

could be strongly influenced by a small change in sun angle.
This was previously noted in the flight data7 and now tends to
be confirmed by the present quasi-static analysis.

The sensitivity to a change in sun angle is typified by the
computer plots shown in Fig. 8 which depict the yaw, pitch,
and roll motions of NRL 164 for sun angles of 0°, 10°, 20°,
and 30°. Here the magnitude of boom thermal absorptivity is
0.5, a value which for the 60 ft main boom and normal sun in-
cidence results in a computed static tip deflection of ap-
proximately 5 ft.
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In Fig. 8a, with the sun angle at 0°, a yaw inversion starts
almost immediately and, as previously seen in Fig. 7 the
satellite response is excessive. In Fig. 8b, however, just by
shifting the sun angle to 10° the inversion is suppressed and
the motion is surprisingly stable. In fact, in Fig. 8c, a further
increase in the sun angle to 20° still leads to a stable con-
figuration. Finally, in Fig. 8d, at a sun angle of 30° and after
occultationsf have begun, the computed response again in-
dicates a yaw inversion. This inversion is probably involved
with the deflection transient that arises as the satellite enters
into the earth's shadow.

Effect of Hinge Stiffness

The comparison of most of the computed results with flight
data is in itself quite good. As in flight, the controlling factor

0.80'

0.0
0.0 " 0.0006 0.0007 0.0008 0.0009 0.001

SPRING CONSTANT, KD, ft-lb / rad

Fig. 10 Stability boundary for sun angle = 0 °.

0.80

0.0006 0.0007 0.0008 0.0009 0.001
SPRING CONSTANT, K ft-lb / rad

Fig. 11 Stability boundary for sun angle = 10 °.

0.80

0.0006 0.0007 0.0008 0.0009 0.001

SPRING CONSTANT, KD, ft-lb / rad

Fig. 12 Stability boundary for sun angle = 30°.

tOccultations are indicated by the downward facing steps in the
horizontal line across the topiof Fig. 8d.

in establishing NRL 164's stability boundary appears to be
most closely allied with sun angle. Hinge stiffness, however,
also plays an important role in the results.

Some indication of the sensitivity of the computed response
to a change in hinge stiffness is shown in Fig. 9 for a sun angle
of 0° and a0 = OA. With a nominal hinge stiffness (KD =
0.000714 ft-lb/rad) the satellite's response is stable (see Fig.
7a). In Fig. 9, however, by increasing the hinge stiffness only
about 10%, so that KD = 0.0008 ft-lb/rad, the yaw response
becomes too large.

Figures 10-12 illustrate how the computed quasi-static
stability boundaries for sun angles of 0°, 10°, and 30° were
influenced by variations in hinge stiffness (damper spring con-
stant) KD and absorptivity a.0. The illustrations essentially
summarize the outputs from a large number of computer
runs.

In these figures, the divergence region arises solely from the
consideration that, in the absence of sunlight, the system
becomes unstable for KD<0.00064 ft-lb/rad. Conversely the
unstable regions that are shown in the figures encompass
areas of yaw instabilities that were deduced by applying our
nonlinear stability criteria.

In Figs. 10 and 11, the stability boundary is not only
favorably influenced by a low value of hinge stiffness, but the
stable region increases in area as the sun angle changes from
0° to 10°. For a sun angle of 30°, Fig. 12, the satellite passes
through the earth's shadow, and the stability picture becomes
quite confusing. Now the unstable regions are isolated into
two pockets that restrict the onset of an instability to only cer-
tain limited combinations of absorptivity and hinge stiffness.

Conclusions

Within the confines of relatively narrow stability criteria, it
has been found that, under the quasi-static model, NRL 164
not only becomes unstable but, in a number of cases, re-
sponses were computed that closely resembled flight data.

From a review of the results, it has been discovered that: 1)
The onset of a yaw instability is particularly sensitive to a
small change in sun angle, with the least favorable sun angle
at 0°. 2) In order to obtain an adverse effect from thermal
distortion, it was necessary to assume a larger thermal deflec-
tion than might be inferred from a boom's nominal thermal
properties. Some evidence is available, however, to justify this
assumption.14 3) Occultation of the satellite produces isolated
regions of instabilities believed to be related to the abrupt
changes in boom deflections that occur as the satellite enters
or leaves the earth's shadow. 4) In most cases, an increase in
hinge stiffness tends to be destabilizing. This is probably due
to a corresponding reduction in energy removal as the damper
boom rotational frequency increases.

By comparing the data collected during the computer study,
it has been concluded that the quasi-static approach provides
a valid means of predicting the anomalous behavior of NRL
164. In retrospect, the analysis probably could have been used
to anticipate the instability seen in the flight data of NRL 164.

If three-axis gravity gradient stabilization of a satellite
through the use of long, slender booms is to be considered in
future spacecraft designs, adequate consideration must be
given to the influence of thermal distortion on system per-
formance. Assuming that such satellites are still of practical
consequence, it is important that the designer have available a
means of selecting configurations that are free from the ther-
mally induced instabilities.
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