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Nomenclature
HRWA = angular momentum vector of the three reaction wheels,

N-m-s
HSC = angular momentum vector of the spacecraft,N-m-s
IRWA = 3 £ 3 diagonal matrix with the moments of inertia

of three reaction wheels on its main diagonal, kg-m2

ISC = 3 £ 3 inertia matrix of the spacecraft, kg-m2

qi = Euler parameters (i D 1, 2, 3, 4)
T = 3 £ 3 coordinate transformationmatrix from the

reaction wheel frame to the spacecraft
coordinate frame

½ = reaction wheel’s angular rate vector, rad/s
½i = angular rate of the i th reaction wheel about

its spin axis, rad/s
X = spacecraft’s angular velocity vector, rad/s
!i = i th component of the spacecraft’s angular

velocity vector (i D x; y, z axes), rad/s

Introduction

T HE Cassini spacecraft was launched on 15 October 1997. Af-
ter an interplanetary cruise of almost seven years, the Cassini

spacecraft will arrive at Saturn in July 2004. Major science objec-
tives of the Cassini mission include investigations of the con� gu-
ration and dynamics of Saturn’s magnetosphere, the structure and
composition of the rings, the characterizationof several of Saturn’s
icy moons, and others. Detailed descriptions of various science in-
struments carriedonboard the Cassini spacecraftare given in Ref. 1.

Several attitude-control algorithms onboard the spacecraft use
knowledge of the Cassini spacecraft 3 £ 3 inertia matrix. This ma-
trix is used in both the attitude-control fault protection algorithms
and attitude estimator. Thruster vector control algorithms, which
are employed to control the spacecraftattitudeduring all propulsive
maneuvers, also make use of the onboard knowledge of the inertia
matrix. Knowledge of the inertia matrix is also used by the reaction
wheel actuator (RWA) controller, which is used to maintain preci-
sion spacecraft attitude control during imaging of science targets.
As such, a highly accurate estimate of this inertia matrix is impor-
tant to spacecraft operations. An overview of the Cassini attitude
control subsystem design is given in Ref. 2.

Before launch, Cassini’s inertia matrix was estimated by adding
together the moments of inertia of the individual components of
the spacecraft. The moments of inertia of individual components
were computed with respect to the predicted center of mass of the
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overall spacecraft before being summed. After launch the onboard
spacecraft inertia matrix is updated periodically using estimates of
how much propellant has been used to date, as well as any discrete
events (for example, the deployment of the magnetometer boom)
that would affect the inertia matrix. The inertia matrix of the space-
crafton15March2000,usingthe“sum-of-all-components”method,
is estimated to be
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5 kg-m2 (1)

This method of calculating the inertia tensor had not been validated
in-� ight using an independentapproachuntil this study. The goal of
this Note is to propose and validate a methodology that can be used
to estimate the Cassini spacecraft inertia tensor.

In the literature Tanygin and Willians3 showed how to estimate
the spacecraft inertia matrix of a spinning rigid body using Euler’s
equation. The Euler equation approach leads to a formulation that
must account for energy � ow into and out of the spacecraft. Any
unknown dissipative torque within the spacecraft is dealt with as
measurement noise with an estimated covariance matrix. By con-
trast, Peck4 proposed a method that is based on the conservation
of the total angular momentum (instead of energy) of the space-
craft. This approach eliminates the need to estimate the uncertainty
associated with the energy dissipation process. The conservation
of angular momentum approach is independently proposed in this
study to estimate the inertia matrix of the Cassini spacecraft. The
usefulness of this approach is established via its application on the
Cassini spacecraft.

Problem Formulation
Whena spacecraftis slewedusingtheRWAs, the totalangularmo-

mentum of the spacecraft expressed in an inertial coordinate frame
is conserved.This conservationoccursbecausethe additionof angu-
lar momentum on the spacecraft caused by external torque, such as
solar radiation torque, is typicallyvery small over the durationof the
slew. Approximate magnitudes of the external torque experienced
by the Cassini spacecraft are given in Ref. 5. On 15 March 2000
the largest per-axis external torque from all sources was about the
spacecraft’s X axis and was less than 1:5 £ 10¡5 N-m. The conser-
vation of angular momentum allows the total angular momentum
evaluated just prior to the beginning of the slew to be set equal to
the total angular momentum evaluated throughout the slew. This
equality gives an equation for each sample time step throughout the
slew with only one unknown Isc, which can then be estimated via a
least-squaresapproach.Note that Isc containsthemoments of inertia
of the three stationary reaction wheels.

Over a spacecraft slew good estimates of the followingquantities
are available, either from direct measurement prior to launch or
from the telemetrydata sent down from the spacecraft:1) spacecraft
angular rates (!x , !y , and !z/, 2) spin rates with respect to the
spacecraft of the three RWAs (½1 , ½2 , and ½3 ), 3) spacecraft Euler
parameters (q1, q2, q3 , and q4), 4) inertia matrix of the three RWAs
(IRWA ), and 5) transformationmatrix from the three RWA spin axes
to the XY Z body coordinate frame T .

The total angular momentum vector of the spacecraft, as ex-
pressed in the spacecraft body frame, has two components:
HTotal D HSC C HRWA . The componentcausedby the spacecraftrates
is HSC D ISC X , where X D [!x ; !y; !z]T . To determine the angular
momentum of the RWAs, � rst de� ne ½ D [½1; ½2; ½3]T . The RWA
spin axes are oriented 120 deg apart when they are projected on
the spacecraft X –Y plane. All three spin axes are 54.73 deg off the
spacecraft’s CZ axis. Knowing the orientations of the three RWAs
relative to the XY Z body frame, a transformation matrix T (from
the RWA coordinate frame to the spacecraft XY Z body coordinate
frame) can be determined.

To � nd HRWA in bodycoordinates,simply multiply½ by the inertia
matrix for the RWAs, and thenmultiplyby the transformationmatrix
T . The component of HRWA caused by spacecraft rates has already
been accounted for in HSC:

HRWA D T IRWA½ (2)
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The conservationof angularmomentumis only valid in an inertial
coordinatesystem.As such, a transformationmatrix P , de� ned here
from the J2000 inertial frame to the body coordinate frame, must be
de� ned. The transformationmatrix is computedusing the four Euler
parameters (q1 , q2, q3, and q4 ). Multiplying the total angular mo-
mentum of the spacecraft in body coordinates by the inverse of the
transformationmatrix P gives the total angularmomentumvectorin
the inertial coordinate frame. The resultant vector is approximately
conserved over a spacecraft slew:

HTotal D P¡1 ISC X C P¡1T IRWA½ (3)

The spacecraft is quiescent just prior to the slew, with all angular
rates approximately zero. As such, the initial angular momentum
vector is given by

HTotal.0/ D P¡1.0/T IRWA½.0/ (4)

Invoking the conservationof angular momentum, one gets

P.t/¡1 ISC X .t/ C P.t/¡1T IRWA½.t/ ¼ P¡1.0/T IRWA½.0/ (5)

Now, for the sake of simplicity,consider the specialcase in which
the spacecraft slews about one axis at a time. In this case the rate
components about the other two axes go to zero. For example, for a
slew about the X axis, Eq. (5) becomes
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5 D P.t/P¡1.0/T IRWA½.0/ ¡ T IRWA½.t/ (6)

Denote the right-hand side of Eq. (6) by a new vector: Q.t/ D
[Q x .t/ Q y.t/ Q z.t/]T . Using this notation, the � rst component
of the vector matrix Eq. (6) is Ix x !x .t/ D Q x .t/. In Eq. (6) both
!x .t/ and Q x .t/ will take on a new value for each sample instant
t throughout the slew, producing a separate equation for each sam-
ple instant. If $x and Qx represent NS £ 1 column vectors of data
points fromall sample instances(NS is the totalnumberof samples),
a least-squaresapproachcan be used to � nd the best estimate of Ix x :

OI xx D [$T
x $x ]¡1$T

x Qx (7)

This process can be repeated for Iyx and Izx using the pairs of
vectors [$x ; Qy ] and [$x ; Qz], respectively. The entire process
can then be repeated for slews about the Y and Z axes as well.
This process will give one estimate for each of the moments of
inertia (MOI) and two estimates for each one of the products of
inertia (POI). The two POI estimates have been averaged together
to obtain the best estimate.

An alternative to the approach just described is to estimate all six
independentcomponentsof the inertia matrix simultaneouslyusing
all of the slew data (X-, Y -, and Z -axis slews) at the same time.
The axis-by-axis approach just described was used because of its
relative simplicity.

Furthermore, the accuracy of the estimation could be improved
by one or more of the following approaches: 1) increase the num-
ber of samples via lengthening the spacecraft per-axis slew times,
and 2) adopt a weighted least-squares approach. In the weighted
least-squaresapproach the quantities given in Eq. (6) are � rst “nor-
malized”usingtheir respectiveestimationuncertaintiesbeforecom-
putingthe least-squaresestimationviaEq. (7). In this way accurately
estimated quantities (with smaller estimation uncertainties) are
weighted more heavily in computing OISC. Approximate magnitudes
of the estimation uncertaintiesof the spacecraft’s per-axis rates and
the RWA spin rates are given in the Discussion of Results section.

Input Data
At the time when this study was made, only one maneuver had

been donewith the Cassini spacecraftusing the RWAs. This maneu-
ver was done on 15 March 2000 and lasted four hours. As seen in
Fig. 1, this maneuver consisted of a slew about the Y axis, followed
by a slew about the X axis, another slew about the Y axis, a slew
about the Z axis, and � nally a very small slew about the Y axis.
Telemetry data for the Euler parameters, spacecraft per-axis rates,
and RWA spin rates are available over the entire slew duration, at a
sample frequency of 0.25 Hz.

Fig. 1 Time histories of spacecraft per-axis angularrates on 15 March
2000.

Discussion of Results
The data from 15 March 2000 were analyzed using the proposed

methodology. The resulting best estimate for the inertia matrix of
the spacecraft was
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When compared to the inertia matrix obtained using the existing
method [see Eq. (1)], this result validates the existing method, as
they are reasonablyclose. The current results are consistentlylower
than their counterparts given in Eq. (1) by at most 3%. This offset
could point to a bias in the estimate of the spacecraft inertia matrix
prior to launch.A bias in the prelaunchestimate is possiblebecause
the knowledge requirement for the MOI of the “dry” spacecraft
is §10%. Also, the POI estimates are within 40 kg-m2 of their
counterparts given in Eq. (1). The magnitudes of the POI estimates
are all larger than their counterparts given in Eq. (1), which again
could be evidence of a bias. Prelaunch, the knowledge requirement
for the POI of the dry spacecraft, is §75 kg-m2 .

The estimation uncertainty matrix associated with OISC is derived
in Ref. 5. To compute the estimationuncertaintyof OISC, note that the
one-sigma estimation uncertainty of the per-axis spacecraft rates is
1 £ 10¡5 rad/s. Also, the one-sigma estimation uncertainty of the
RWA spin rates is 0.42 rad/s. Three quantities, which have been
measured/estimated with great accuracy, were not included in the
uncertainty analysis. The quantities are 1) RWA inertia property,
known to better than 0.5%; 2) RWA spin axes relative to the space-
craft coordinate frame, known to better than 0.5 deg; and 3) the
measurement uncertainty of the spacecraft’s attitude relative to in-
ertial frame is estimated to better than 5 £ 10¡6 rad. The computed
one-sigma estimation uncertainty matrix of OISC is

¾ OISC
D
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3
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Conclusions
The least-squares estimate of the Cassini spacecraft’s inertia

matrix obtained through the conservation of angular momentum
method just describedagreescloselywith that determinedby the ex-
isting method.This agreementvalidatesthe conservationof angular
momentum method. Using this method, the moments and products
of inertiaof a spacecraftcould be easilyestimatedwhenever teleme-
trydataassociatedwith slewingthe spacecraftby the reactionwheels
are available.
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Introduction

I T has been recognized that atomic oxygen is one of the most
important factors that in� uences the erosion of many space ma-

terials, especially polymericmaterials, in low Earth orbit. Although
a number of polymeric materials are utilized in space systems,
polyimide is one of the most widely used polymeric materials in
spacecraft applications. The erosion rate of polyimide � lm due to
atomic oxygen attack in low Earth orbit was reported to be 3.00 £
10¡24 cm3/atom, and, hence, polyimide � lm has been used as one
of the reference materials to evaluate the erosion rate of other
materials.1 For the reference material, erosion rates at various ex-
posure conditions need to be well understood. However, the ex-
isting basic knowledge on the erosion of polyimide due to atomic
oxygen is not extensive enough for predicting the erosion of poly-
imide � lm under various exposure conditions. One of the ma-
jor factors that in� uences the erosion rate of polyimide � lm is
the impingement angle of atomic oxygen. However, an accurate
measurement of the impingement angle dependence has not been
reported.

In this Note, we report ground-based experimental results of the
impingement angle dependence of the erosion rate of polyimide
� lm due to exposure to a hyperthermal atomic oxygen beam. In

Received 20 April 2001; revision received 2 July 2001; accepted for pub-
lication 6 July 2001. Copyright c° 2001 by the American Institute of Aero-
nautics and Astronautics, Inc. All rights reserved. Copies of this paper may
be made for personal or internal use, on condition that the copier pay the
$10.00 per-copy fee to the CopyrightClearance Center, Inc., 222 Rosewood
Drive, Danvers, MA 01923; include the code 0022-4650/02 $10.00 in cor-
respondence with the CCC.

¤Research Staff, Department of Mechanical Engineering, Faculty of
Engineering, 1-1 Rokko-dai, Nada; yokota@mech.kobe-u.ac.jp.

†Associate Professor, Department of Mechanical Engineering,Faculty of
Engineering, 1-1 Rokko-dai, Nada. Member AIAA.

‡Professor, Department of Mechanical Engineering, Faculty of Engi-
neering, 1-1 Rokko-dai, Nada.

situ mass loss measurements were made during the atomic oxygen
exposureby using a quartzcrystal microbalance(QCM), so that any
possible disturbance in� uencing the reliability of the postprocess
erosion measurement such as moisture absorption, contamination,
or unexpected change in the beam conditions during the exposure
could be eliminated.

Experiments
The laser detonation-type atomic oxygen beam source, which

was originally invented by Physical Sciences, Inc. (PSI), was used
in this study.2 Details of the experimental apparatus are reported
elsewhere.3 The translational energy of the atomic oxygen beam
used in this study was approximately 4.6 eV, whereas the beam
� ux at the sample position was measured at 3.0 £ 1014 atom/cm2/s
by using a silver-coated QCM.4 The polyimide � lm used in this
study was the pyromelliticanhydride(PMDA)-oxydianiline (ODA)
polyimide supplied by Toray Industries, Inc. (Semico� ne SP-510).
The polyimide � lm was spin coated on the QCM sensor crystal
and annealed at 150±C and then at 300±C. Details of the sam-
ple preparation are reported in Ref. 5. The polyimide � lm, thus
prepared, was examined by x-ray photoelectron spectroscopy, and
it was con� rmed that the surface structure was similar to that of
Kapton-H®, which is a commercially available polyimide � lm. The
erosion rate of the polyimide � lm was calculated from the change
in the resonant frequency of the QCM during the atomic oxygen
beam exposure. The frequency of the QCM was measured every
10 s with a frequency resolution of 0.1 Hz, which corresponds to
a mass resolution of 2 ng. The temperature of the � lm was con-
trolled with an accuracy of 0.1±C. Before the mass loss measure-
ments, the polyimide � lm was exposed to atomic oxygen (6 £ 1017

atoms/cm2 ) to saturate the surface oxygen content of the sample.
This is done to avoid the effect of nonlinear mass loss phenomenon
at the beginning of atomic oxygen exposure to pristine polyimide
surfaces.6

Results and Discussion
Figure 1 displays the frequency shift of the QCM during atomic

oxygen beam exposures at impingement angles from 0 to 90 deg.
The impingement angle was taken with respect to the surface nor-
mal. A good linear relationship between the frequency shift and
exposure time, that is mass loss and atomic oxygen � uence, was
observed at all impingement angles. The good linearity of the mass
loss with � uence was also identi� ed for larger timescales.6 The re-
sults shown in Fig. 1 were obtainedat a sample temperatureof 38±C,
but similar results were also observed at sample temperatures from
15 to 70±C. The slope of the mass loss rate at every impingement
angle was calculated by a least-squares � t and was plotted against
the impingement angle. The results are presented in Fig. 2. It is
clear that the rate of frequency shift, or erosion rate, of polyimide
depends on the impingement angle and that the dependence obeys
a cosine law as indicated by the solid line in Fig. 2. Note that the
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Fig. 1 Resonant frequency shift of polyimide-coated QCM under the
atomic oxygen exposures at impingement angles from 0 to 90 deg.


