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Fig. 1 Full moon.

Fig. 2 Moon observed with » = 75 deg.

Instrument Description and Mode of Operation
The moon–sunattitudesensoris expectedto be a low-costconven-

tional charge-coupled-device(CCD) camera that tracks the moon
and records its images in the visible spectrum. The images could
be provided by means of a camera that outputs a matrix of pixels,
each representing a gray tone. The camera signal threshold (which
establishes the maximum value of the measured radiance at which
the minimum of the gray tone scale is assigned to a pixel) should
be based on the emission value, in the visible spectrum, of the new
moon (moon not illuminated).

The operationalphases of this instrument could be consideredas
the following: 1) the acquisition/identi� cation stage, during which
the sensorlooksfor themoonby scanninga regionof the skyuntil the
moon is captured within the instrument FOV (the moon is identi-
� ed as such if the observed moon magnitude falls within the moon
magnitude range) and 2) the tracking stage, the nominal operational

Fig. 3 Moon as observed by the camera.

mode, when the instrument constantly tracks the moon while its
images are being processed.

As a function of the S/C–moon distance, the moon appears, in
the SRS, as a circle with radius ranging from 0.2336 to 0.2912 deg.
For a three-axis-stabilizedS/C, the camera FOV should be designed
accordingto the maximum relativemoon motion,which occursdur-
ing the longest Earth obscuration time. This occurs to the highest
altitudeS/C orbitingon the moon orbitalplane.During the Earth ob-
scuration period, for a 36,000-km S/C, the moon direction appears
displacedby 2.65 deg, while for a 500-km S/C, it appears displaced
by 2.25 deg. Therefore,with the constraintof having the moon cen-
tered at (xo D 0, yo D 0), the camera FOV should be at least twice
the moon direction displacement angle, that is, 2 £ 2:65 D 5:3 deg.
Should this FOV imply too small a pixel size to keep a good image
resolution, it would be possible to decrease it to a compromised
value, provided that during the Earth obscuration period, the moon
tracking is based on predictions derived from the previous relative
moon motion in the camera referencesystem. In the followingpara-
graphs, the moon orbit and magnitude, the instrument operability,
the data reduction, and the attitude determination will be brie� y
analyzed.

Moon Orbit
Inasmuch as the moon’s mass (7:355 £ 1022 kg) cannot be disre-

garded with respect to the Earth’s mass (5:98£1024 kg), a Keplerian
orbit model does not describe the motion of the moon suf� ciently
well. A simpli� ed orbit model can be based on the three-body the-
ory to take into account the sun’s gravitational effects. The special
perturbation and the general perturbation models (some of which
involve up to 1600 periodical terms) are more accurate. It is also
possible to have expressions derived by a best � t of the measured
data. One of these expressions,American Ephemeris,1 which is pre-
sented next, describes the moon mean motion:

’m D 270:434164 C 13:1763965268t

¡ 8:5 £ 10¡13t2 C 3:9 £ 10¡20t 3

!m D 334:329356 C 0:1114040803t

¡ 7:739 £ 10¡12t 2 ¡ 2:6 £ 10¡19t 3 (1)

Äm D 259:183275 ¡ 0:0529539222t

C 1:557 £ 10¡12t 2 C 5 £ 10¡20t 3

im D 5:145396374
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where t is the time difference (in days) between the time at which
the computation is required and the reference time (Jan. 1, 1900,
at 12:00; Julian date D 2415010). This model has been adopted, as
well as the followingmoon orbit data:moon–Earth averagedistance
of 384,400km, orbitalaverageperiodof 27.31661days,eccentricity
ranging from 0.044 to 0.067 (average, 0.054900489), orbit inclina-
tionwith respectto theeclipticplanerangingfrom4±580 to 5±190 (av-
erage, 5±804300), period of the right ascensionof the ascendingnode
derivative of 18.6 years, period of the perigee argument derivative
of 8.85 years, equatorial plane inclined by 6±410 and 1±3203000 with
respect to orbital and ecliptic planes, respectively, and, � nally, the
moon radiusof 1738km. Furthermore,the sun–Earth distancerange
is 1:47£108¥1:5£108 km (average,1:4959965£108 km D 1 AU).

Instrument Operability
With the exceptionof magnetometers (the practical use of which

is limited to altitudes less than 1000 km) and Earth horizon sensors,
all other sensors are subjected to an eclipse period. A conventional
systemusing,for instance,anEarthhorizonsensoranda solarsensor
cannot control the S/C attitude when the sun is hidden by the Earth,
nor can a moon–sun-based system maintain control when the moon
is not visible (the moon and the sun have approximately the same
probability of being visible by a S/C). Thus, what really matters is
the percentage of operational control time with respect to the orbit
period.

The moon–sun sensor operability is inhibited in three orbital cir-
cumstances: 1) when the moon cannot be observed because it is
hidden by the Earth, 2) in the rare cases of moon eclipses (the next
moon eclipses will occur at 03:59–07:21 March 24, 1997, as par-
tial; 18:08–21:24 Sept. 16, 1997, as total; and 11:22–13:44 July 28,
1999, as partial), and 3) when the sun falls into the sensor FOV.
To avoid this last event, which coincides also with the case that the
moon is not illuminated,a sun presencesensor shouldcommand the
instrument shutter closed.

Cases 1 and 2 can easily be predicted by moon, S/C, and sun
orbit positions. The moon obscuration or the moon eclipse, which
are both identi� ed by the same equation, occur when

VT
m V < r 2

e ¡ VT
m Vm ¡ r 2

e VT V ¡ r 2
e (2)

where V D Vc for the moon obscuration and V D Vs for the moon
eclipse.

If #FOV is the camera FOV, then case 3 occurs when

vT
mcvsc > cos #FOV (3)

The moon visibility timetable is derived from the moon’s rela-
tive motion in the body coordinate system. This timetable provides
insight into the tracking system control law, which is actually de-
termined by the moon image motion as detected and measured by
the tracking camera.

Fig. 4 Moon visibility.

Table 1 Phase law table

» P.»/ » P.»/ » P.»/

0 1.000 50 0.288 110 0.041
5 0.929 60 0.225 120 0.027
10 0.809 70 0.172 130 0.017
20 0.625 80 0.127 140 0.009
30 0.483 90 0.089 150 0.004
40 0.377 100 0.061 160 0.001

Fig. 5 Moon magnitude range.

Figure 4 shows the moon visibility percentage (moon not ob-
scured by the Earth) as a function of the S/C altitude, ranging from
500 km up to 36,000km, and for two extremecasesof circularorbits
lying on the moon’s orbital plane (equatorial) or perpendicularto it
(polar).

Moon Magnitude
The moon visual magnitude M depends mainly on two parame-

ters: the distance jVcm j between the S/C and the moon and the angle
» between the moon-to-sunand moon-to-S/C directions.The func-
tion M . jVcm j; » / has been provided by introducing the phase law
P.» /, experimentally derived,1 and given by Table 1.

If jVcm j is expressed in astronomical units, the moon visual mag-
nitude M .jVcm j; » / is given by

M.jVcm j; » / D 0:23 C 5 log10.jVcm j/ ¡ 2:5 log10[P.» /] (4)

Figure 5 shows the behavior of the moon magnitude as a func-
tion of the angle » for the Earth–moon average distance jVm j D
384,400 km (the dotted line) and for the two S/C–moon limit dis-
tances, jVcm jmin D 342,021:9 km and jVcm jmax D 426,242:5 km,
of a S/C orbiting at 36,000 km in the orbit plane of the moon. As
shown, the moon magnitude falls within the range from ¡13 to ¡5.
The visualmagnitudesof the otherbrightobjectsare Msun D ¡26:7,
Mvenus D ¡4:4 (at itsmaximum), and Msirius D ¡1:5 (brighteststar).
Therefore, with the exception of very rare and momentary events
(i.e., the 1906 supernova, which appeared with magnitude ¡9:5/,
no bright objects fall within the moon magnitude range. Hence, the
measured moon magnitude can be used to identify the moon during
the acquisition phase.

Attitude Data in the IRS
Based on the orbital ephemeris, it is possible to evaluate the S/C,

moon,and sunpositions,that is, theVc, Vm , andVs vectors,at a given
time and de� ned in the IRS. The S/C-to-moon and the moon-to-sun
vectors are simply given as Vcm D Vm ¡ Vc and Vms D Vs ¡ Vm ,
respectively,whereas the correspondingunit vectors are

vcm D
Vcm

VT
cmVcm

vms D
Vms

VT
ms Vms

(5)
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The angle » , between vmc.D ¡vcm/ and vms , is given by

» D cos¡1 ¡vT
ms vcm (6)

and the symmetry axis of the moon illuminated area v± (perpendic-
ular to vmc , toward the sun side) is

v± D .vms C vcm cos»/=sin » (7)

The moon’s spin axis vk , whose direction can be considered ap-
proximately � xed in space, is inclined 1±3203000 with respect to the
Earth’s spin axis, whereas its longitude, derived from the moon’s
latitudinal libration motion, is provided by available software. It is,
however,convenient(the reasonswill be clari� ed in the next section)
to evaluate the unit vector vk as perfectly perpendicular to vcm .

Based on the S/C, moon, and sun orbital positions, as well as on
the moon attitude(to take into accountboth the moon latitudinaland
longitudinallibrations), it is possible to obtain in the IRS the image
of the moon as seen from the S/C. This moon image generator
(MIG) can be implemented with a given range of sophistication,
dependingon the attitude accuracy requirements.This range would
span from the simplest MIG model, which would produce only the
edge of the moon illuminated area (moon illuminated horizon plus
sun terminator), through an intermediate more detailed one, which
could additionally consider some surface features (i.e., some large
craters edges), up to the most sophisticated image, which would
be obtained, similarly to virtual reality images, by including also
the shadows of the known features of the viewed moon surface.
The better the MRI is, the more it will resemble the observed one;
thedifferencewouldbe thattheMRIwouldappearrotatedbya phase
angle # with respect to the MOI. In this case the MRI, like the MOI,
is available as a pixels matrix of gray tones. It is then possible to
assign a weight value to each pixel, for instance, proportional to its
gray tone.The MRI can then be regardedas a two-dimensionalmass
body and, therefore, its two principal inertia axes v1 and v2 can be
evaluated.

Attitude Data in the SRS
Let us consider the moon image as detected by the tracking cam-

era shown in Fig. 3. By processing the moon image, the theory of
which is not dealt with in this paper, it is possible to identify the
coordinates .xo; yo/ of the minimum-radius circle of the lunar hori-
zon (from which the direction scm is easily derived), as well as the
image symmetry axis s± of the moon illuminated area (s± is perpen-
dicular to scm and directed toward the sun side). These data could be
computed, for instance, by an easy image processing scheme that
considers all of the nonblack pixels as white. Thus, the symmetry
axis becomes a � gure’s inertia principal axis, whereas the coordi-
nates .xo; yo/ could be derived as follows: 1) by measuring, in the
MRI, the distance of the � gure’s center of gravity from the moon’s
center and transposing this distance, in the MOI, along the symme-
try axis and 2) by the evaluation, in the MOI, of the center of the
circle of minimum radius containing the illuminated area (i.e., by
applying a best � tting technique).

The angle » could be derived in three different ways using 1) the
orbitephemerisandEq. (6), 2) theobservedmoon magnitudeM , and
3) a best � tting technique of the expected sun terminator equation
with the observed sun terminator. Method 2 leads to the de� nition
of the function ».M; jVcm j/ that can be obtained, for instance, by
applying a best � tting technique (using either the simple or the
Legendre orthogonal polynomials) to the data .M; » /, provided in
Table 1 and Eq. (4), for the givenS/C–moon distance jVcm j. Because
Eq. (4) ampli� es, by the term log10[P.» /], the small errors at the
highest value of » , a high polynomial degree is needed (to keep
the precision). This implies, unfortunately, a loss of precision due
to a quasisingular matrix inversion. Therefore, particular attention
must be given to the best � tting techniqueused. Based on performed
trials, the collapsed axis method best � tting technique (Annex A of
Ref. 2), which compresses the » axis, with a six-degreepolynomial
is suggested. Method 3 requires evaluation of the sun terminator
equation, which is the equation of a projected ellipse.

Once both scm and s± have been evaluated, the moon-to-sun di-
rection is provided by

sms D ¡R[s± £ scm ; » ] scm (8)

where

R[n; » ] D I cos» C .1 ¡ cos» /nnT C Qn sin » (9)

represents the 3 £ 3 matrix performing the rigid rotation about the
unit vector n D s± £ scm of the » angle.

The two principal inertia axes of the moon illuminated area, s1

and s2 , are evaluatedby consideringeach pixel of the MOI as having
a mass proportional to its gray tone.

The evaluation of the phase angle # can be obtained by shifting
the MRI over the MOI until the overlapping images match the best,
that is, when a least-square difference between them is at a mini-
mum. The best condition for the phase angle determination would
occur when the moon appears as fully illuminated (Fig. 1), whereas
the » angle is roughlydetermined.Exactly the oppositeoccurswhen
the bright moon portion becomes small. This quite good compen-
sation effect allows the attitude estimation accuracy to be almost
independent of the moon lighting values, that is, of the whole »
angle range. As shown by comparison between Figs. 1 and 2, the
smaller » becomes (that is, when the illuminated area increases),
the more the contrast of the moon image decreases; this represents
another good compensationeffect. The phase angle # could also be
computed by � tting the observed sun terminator with its equation.

The identi� cation of the moon spin axis sk can be done only after
evaluationof the phase angle# . Once this anglehas been computed,
then the unknown sk unit vector is provided by

sk D R[vcm ; # ]vk (10)

Attitude Determination
S/C attitude can be optimally estimated by using one of the ex-

isting algorithms3¡6 with the observed directions scm , sms , s± , sk , s1,
and s2 .

The condition for the highest accuracy in three-axis attitude de-
termination is that of having orthogonalmeasured directions.While
a typical 16-deg FOV star tracker would provide (in the best case)
observed directions separated by 16 deg, the moon–sun sensor (in
the worst case of having only the two unit vectors scm and s± )
would provide orthogonaldirections, that is, the best accuracy con-
dition. Moreover, in this case, the attitude matrix can be evalu-
ated using the original nonoptimalTRIAD algorithm3 by the simple
formula

A D [scm s± .scm £ s±/][vcm v± .vcm £ v±/]
T (11)

where the s± unit vector can be replaced by one of the s1 , s2 , and sk

directions.
It is also possible to evaluate the attitude matrix by using the scm

unit vector togetherwith the phase angle # . The attitude matrix can
then be computed as the product of two rigid rotations as follows:

A D R[scm ; #] R
vcm £ scm

jvcm £ scm j
; cos¡1 vT

cmscm (12)

where the � rst rotation, performed about the direction of vcm £ scm ,
brings vcm to be coincidentwith scm , whereas the second rotation is
performed about scm by the phase angle # .

Conclusions
The basic ideas as well as a preliminary feasibilitystudy of a new

attitude sensor, which tracks the moon and records its images in the
visiblespectrum,havebeenpresented.By means of the moon image
processing, this instrument would provide redundant data for atti-
tude determination. The moon orbit and magnitude, the instrument
operability, the data reduction, and the attitude determination have
been brie� y described.The two main featuresmaking this proposed
type of instrument rather interesting are 1) its capability to be used
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in a stand-alonecon� guration for S/C attitude determinationand 2)
its expected low cost.

Whereas a low-cost attitude system, composed of an infrared
Earth horizon sensor and a sun sensor, provides only the S/C-to-
Earth and the S/C-to-sun directions (that is, two unit vectors,which
is also theminimumdatabasis for three-axisattitudedetermination),
the moon–sun sensor would provide 1) the S/C-to-moon direction,
2) the symmetry axis direction of the moon illuminated area, 3) the
angle between the moon-to-S/C and moon-to-sun directions, 4) the
moon-to-sun direction, 5) the phase angle, 6) the moon spin axis,
and 7) the two directions of the principal momentum of inertia of
the moon illuminated area. This is four additional unit vectors and
two angles in the attitude data basis.

The cost is expected to be low for two main reasons. 1) Because
the attitudedata provided by the moon–sun sensor are derived from
the analysis of the moon illuminated area (which involves a high
number of pixels), it is possible to adopt a pixel size much greater
than that of CCD star tracker. 2) The in� uence of temperature vari-
ations on the CCD camera performance should be, for the given
moon magnitude range [¡13 to ¡5], much lower than that of CCD
star trackers and, therefore, an expensive thermal control system
would be avoided. Hence, for these reasons, the moon–sun sensor
image-digitalizing camera could be a conventional low-cost CCD
camera. The cost would increase as the accuracy requirement in-
creases because higher precision would imply more sophisticated
software(i.e., a moredetailedMIG and/or softwareable to recognize
craters edges/shapes and so on). Therefore, the sensor cost would
be dependent on the software complexity. This means that, in the
case of a very sophisticated software, most of the cost would be in
building the sensorprototype;once the software has beendeveloped
and tested, it can be used for all of the moon–sun sensors. Most of
the cost of wide-FOV star trackers is for hardware; every unit has
approximately the same high cost.

From the accuracypoint of view, it is expected that the moon–sun
sensor would provide good/high precision.The pixel size of a con-
ventionalCCD camera is much greater than that of CCD star tracker
and, therefore, provides a lower local precision, but the resulting
� nal precision of the sensor has to be thought of as integrated over
the large illuminated area of the moon. Therefore, as with the cost,
the precision of this sensor would depend on the MIG and the MOI

processingsoftwareandnoton its hardware.Even thoughthemoon–

sun sensor would provide accuracy lower than that supplied by star
trackers, there are a lot of plannedS/C with budget limitationsmuch
more stringent than their attitude precision requirements.

In conclusion, the properties of this sensor should make it quite
suitable when money allocation for attitude sensors is limited but a
three-axis attitude estimation is required.
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