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Introduction

S EVERAL of the spacecraft in use today are spin-stabilizedand
are thus equipped with some form of nutation control system.

Spacecraftnutationcontrol devicescan be active or passive.Passive
nutationdampingsystems limit spacecraftnutationthroughonboard
energy dissipation, and the design of such systems is based, for the
most part, on well-establishedattitude stability criteria for spinning
bodies.1,2 When disturbedslightly from its positionof stable spin, a
spacecraftwith internalenergydissipationwill, in general, regain its
original orientationfaster than one without energy dissipation.This
fact has led to the designof severalpassivedevices that are triggered
into dissipating energy onboard of a spacecraft anytime that the
spacecraft attitude motion is disturbed.Such devices have included
simple mass-spring-dashpot systems, damped physical pendulum,
viscous � uid in ring-shaped tubes, etc.3 ¡ 5

Spacecraft systems often include several rod-like appendages or
booms attached to the main spacecraft bus, which serve various
purposes during the vehicle’s mission. In this study it is proposed
to use two such booms on a given spacecraft for nutation control
purposes. The idea is to replace the usual rigid attachment of such
booms to the bus,with a one-degree-of-freedom hinge, togetherwith
a torsionalspringand damper system.This effectivelyconvertseach
boom into a pendulousdamper for the spacecraft.Such arrangement
differs markedly from the usual design of pendulous dampers in
that the mass center of each boom would be outboard of the pivot
point and the length would substantially exceed that of traditional
pendulum dampers.

Motivation for this work comes from experiencewith the Galileo
spacecraft,6,7 where one such boom—its magnetometer boom—
was used successfully as pendulous damper8 to control spacecraft
nutation. One area of concern for Galileo’s single-boom damper
design is stiction because of the small boom motions that are to
be expected from such a damper design. Another is the possible
deleteriouseffect of the dynamic imbalance that can result from the
combinationof spacecraft spin motions and boom de� ection during
thrusting,a phenomenonoften referred to in the literatureas wobble
ampli� cation.9 In the case of Galileo, requirementson stictionwere
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met without dif� culty; however, wobble ampli� cation was thought
to pose enough danger to warrant the inclusion of a wobble control
algorithm7 in the attitude and articulation control subsystem.

The objective of this work is to explore the possibility of using
more than one long pendulousboom as nutationdamping device for
spinning spacecraft.Speci� cally, we wish to study the effectiveness
of using two identical pendulous booms arranged symmetrically
with respect to the spacecraft’s main bus as shown schematically in
Fig. 1. There are two main potentially advantageous features of the
proposeddesign.First, the symmetryof the arrangementeliminates,
or at least drasticallyreduces, the imbalanceor wobbleampli� cation
problem. The design also introduces some degree of redundancy in
the nutation control system.

Equations of Attitude Motion
The physical system of interest is shown schematically in a gen-

eral con� guration in Fig. 1. A is the spacecraft’s main bus, and B
and C are booms that are connected to A through one-degree-of-
freedomhinges.Stiffnessand damping at the hinges are represented
by the torsional spring and damper systems shown. Assuming that
1) A, B, and C are all rigid bodies; 2) A is uniform, homogeneous,
and axisymmetric,with mass center at A ¤ ; 3) B and C are identical,
uniform, and homogeneous, with mass centers at B ¤ and C ¤ , re-
spectively;theequationsof attitudemotionof the systemare derived
usingthe symbolmanipulatorsoftwareAUTOLEV.10 The samesoft-
ware is also used to linearize these equations about the solution of
pure spin, that is, a motion in which A spins about the zz 0 axis, and
b = h = 0. The resulting equations are

IA + 2I + 4m A P2 Z 2 + 2m[(L + Y )2 + Z 2(2P ¡ 1)2] Çu1

+ [I + m L(L + Y )]( Çu4 + Çu5) = X IA + 2J + 4m A P2 Z 2

¡ 2I ¡ JA ¡ 2m[(L + Y )2 ¡ Z2(2P ¡ 1)2] u2

+ X 2[J ¡ I ¡ m L(L + Y )]( b + h ) (1)

IA + 2J + 4m A P2 Z2 + 2m Z 2(2P ¡ 1)2 Çu2

= ¡ X IA ¡ JA + 4m A P2 Z 2 + 2m Z 2(2P ¡ 1)2 u1

¡ J X (u4 + u5 ) (2)

[I + m L(L + Y )] Çu1 + I ¡ m A L2 P2 + m L2(1 ¡ 2P2 ) Çu4

+ m L2 P Çu5 = X [J ¡ I ¡ mL(L + Y )]u2 ¡ r u4

¡ {K + X 2[I ¡ J + mL(L + Y )]}b (3)

[I + m L(L + Y )] Çu1 + mL2 P Çu4 + I ¡ m A L2 P2

+ m L2(1 ¡ 2P2) Çu5 = X [J ¡ I ¡ m L(L + Y )]u2

¡ r u5 ¡ {K + X 2[I ¡ J ¡ mL(L + Y )]}h (4)

and

Çu3 = 0 or u3 = X = const (5)

where, in addition to the quantities shown in Fig. 1, IA and JA are,
respectively, the transverse and spin central moments of inertia of
A; I , and J are the corresponding inertia scalars for B or C ; m A is
the mass of A; m is the mass of B or C ; X is the constant spin rate
of A under pure spin condition; and

P = m / (m A + 2m) (6)

Furthermore,thegeneralizedspeedsui (i = 1, 2, 3) are the a1 , a2 , a3

scalar components of the inertial angular velocity of A, and u4 and
u5 represent the respectiveangular speeds of B and C relative to the
main body A. The precedinglinearizeddynamical equationscan be
supplemented with the kinematical differential equations

Çb = u4 , Çh = u5 (7)

The stability of the pure spin solution can be studied through eigen-
value analysis and leads straightforwardly to the determination of
the time constant of the damper system.
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Fig. 1 Dual-pendulum damper system.

Fig. 2 Time constant vs damping factor; X = 1.0 rad/s.

Results
To evaluate the performance of the passive nutation damper sys-

tem under study,damper time constantvalues for system parameters
that are representative of spacecraft of the Galileo class were de-
termined. Two sets of parameter values were used for most of the
study;one representsthe beginningphaseof a typicalmission,when
propellant tanks are full and the spacecraft is heavy, and the other
is representative of a light spacecraft that is close to the end of its
mission, with the propellant nearly depleted.

First, we examined how changes in damping factor at the boom
hinges affect the rate at which the system would damp out nuta-
tion. Figure 2 shows plots of the nutation damper time constant as
function of damping factor r for four values of the torsional spring
stiffness K and heavy spacecraftspinningat the rate of 1 rad/s. Sim-
ilar results were obtained for the same spacecraftat 0.3 rad/s and the
light spacecraftat 0.3 and 1 rad/s. We observe, as has been observed
with other passive nutation damping devices, that there appears to
exist an optimum value of damping factor for a given spring stiff-
ness. We also notice the remarkable fact that the time constant is
relatively insensitive to parameter changes. This result is in great
contrastwith what oneobtainsfor traditionalpassivedamperswhere
“tuning” of the damper is almost always a necessity if one desires

reasonablysmall time constants.The proposeddesignwould be par-
ticularly appropriate for long interplanetary� ights that usually take
a spacecraft throughvaried environmentswhere damper parameters
can vary widely.

Next, the effect of the ratio of the mass of the booms to that of the
spacecraft on damper performancewas explored. This was done by
varyingthe boom to system mass ratio q while keeping the lengthof
each boom constantand maintaining the spring stiffness at the same
value throughout. The assumption was that the change in boom
mass could be accomplished in practice by using different types
of material, either heavy or light material. In this case we found
that as the ratio q was increased from 0.05 to 0.3 time constant
values decreased, at � rst, for all values of the damping factor. But
this trend only held for as long as the mass ratio remained below
some limiting value q L . As q was increased beyond q L , the trend
reversed, and higher values of q led to a degradation in damper
performance. It turned out that the value q L at which trend reversal
occurred decreased with spin rate. We conclude that increasing the
mass of the booms as compared to that of the whole spacecraft is
bene� cial up to a point, but can substantiallydegrade performance
if a certain limit is exceeded.The effect of boom inertia change that
is not a result of change in mass was also studied.The mass of each
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boom was kept constant at some value, and the length of the boom
was varied, thus resulting in an inertia change.The results obtained
here were similar to those observedfor boom mass change.Damper
performancecan be greatly enhancedby using very long booms, but
there is a limit to admissible boom length both from the practical
pointof viewas well as the point of view of systemperformance.We
also found that changes in boom length had a much more dramatic
impact on damper performance than changes in boom mass.

Finally, we assessed the ability of one of the booms to reduce
nutation in the event of a malfunction of the other. As expected,
one boom was not as effective as the two-boom system in damping
out nutation. Nutation damper time constant values increased for
each given spring stiffness and for all values of the damping factor.
However, the performance still remained quite reasonable. For ex-
ample, assuming a spring stiffness of 300 N-m/rad and a damping
factor of 2500 N-m-s/rad (values close to those used on the Galileo
spacecraft), the time constant only increased to about 3 min when
only one damper was functional. It is thus apparent that spacecraft
nutation can still be kept under control even if one of the boom
dampers should malfunction.

Conclusion
This study is motivatedby the fact that many spacecraftcarry rod-

like attachments, which are usually rigidly connected to the space-
craft’s main bus and which are used as antennasor for various other
purposesduring the spacecraft’s mission.The study investigatesthe
idea of convertingany two of such rod-like elements into pendulous
dampers for the purpose of controllingnutation for spinning space-
craft.The study is restrictedto the case where the two booms that are
converted to dampers are identical and placed symmetrically with
respect to the spacecraft’s main body and where the rigid inner body
is a major axis spinner. The results obtained demonstrate that the
proposed arrangement has great merit for several reasons. The rate
at which nutation is damped by the proposeddual-dampersystem is
found to be relatively insensitive to such system parameters as the
device’s damping factor. This is a major advantage over traditional
dampers, for which tuning is normally a necessity. From a practical
point of view, the fact that the damping factor can vary widely with-
out much degradation in performance can lead to a much simpler
physicaldevice for the system’s dashpot.For example, there will be
no need to includeelaboratetemperaturecontrol systems that would
ordinarily be needed to keep the temperature (and thus the damping
factor) of the damper � uid within a tight band.

This study also shows that the performanceof the damper system
is in� uenced by the length of the booms, as well as by the ratio
of the mass of the booms to that of the whole spacecraft. Each of
these has a limiting value,below which an increase in the parameter
improves performance and above which the reverse is the case.
These limiting values dependon the spin rate of the spacecraft; they
are lowered by increasingthe spin rate. In general, changes in boom
length have a more dramatic in� uence on damper effectivenessthan
changes in boom mass. Finally, the proposedarrangement naturally
introduces redundancy into the nutation control scheme. Failure of
one of the boom dampers does not constitute a crisis because the
second damper can continue with the nutation damping process at
a reasonable rate.
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I. Introduction

C ONVENTIONAL system identi� cation theory is mainly fo-
cused on how to obtain a single accurate model of the plant

and how to ensure that the obtainedmodelapproachesthe realmodel
of the plant. It is assumed that the best an identi� cation algorithm
can provide is a good model that is suf� ciently close to the real
model. For controller design purposes, this assumption implies that
a controller, which is designed for a good model, will exhibit good
performancewhen it is applied to the real plant.Such an assumption
has been widely used in control practice.1

Recently, alternativeapproachesto system identi� cation for con-
troller design have been proposed.2 ¡ 5 One of the alternatives is to
derive a family of models instead of a single model to ensure that
the true dynamics of the plant are included in the model family. Ob-
viously, this is a more practical approach than conventional ones,
especially for those plants with highly complex dynamics, such as
aerospace systems.

In this Note, a frequency-domain recursive robust identi� cation
algorithm is proposed for a system with unmodeled dynamics. The
algorithm yields estimates of the system transfer function at N fre-
quencypoints on the unit circle, as well as the error bounds of these
estimates. Such estimation results provide potential data for the so-
called H1 identi� cation approaches,which in turn providepossible
models for the robust (H1 ) controller design.5
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