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ABSTRACT

Analysis of attitude sensor data from the Aqua
mission showed small but systematic differences

between batch least-squares and extended Kalman

filter attitudes. These differences were also tbtm
be correlated with star tracker residuals, gyros bia

estimates, and star tracker baseplate temperatures.

This paper describes the analysis that shows lieatt
correlations are all consistent with a single cause
time-dependent thermal deformation of star tracker
alignments.

These varying alignments can be separated into
relative and common components. The relative

misalignments can be determined and compensated

for. The common misalignments can only be
determined in special cases.

1. INTRODUCTION

The Aqua spacecraft was launched on May 4, 2002
into a nearly circular, sun-synchronous, polar torbi
Primary attitude sensors consisted of two Charge-
Coupled Device (CCD) Star Trackers (ST). These
sensors, together with an inertial reference unit
(IRU)—also referred to as gyros, are designed to
maintain the spacecraft at an Earth-pointing atétu
with an attitude knowledge requirement of 25 arcsec
(30) on all axes.

The National Aeronautics and Space Administration
(NASA) Goddard Space Flight Center (GSFC) Aura
flight dynamics attitude team had the responsibiit
verifying that the onboard attitude system was
achieving the required accuracy. For Aura the
attitude validation using a ground batch least-segia
(BLS) algorithm showed significant attitude
differences (on the order of +15 arcsec). This pape
discusses identification of the source of these
differences.

Section 2 describes the observations that led ¢o th
ultimate conclusion that the attitude differencesrev
due to a thermally-induced variation in the stacker
alignments. Section 3 presents analysis thatteswla
the time-dependent misalignments into relative and
common components. This section shows how the
relative misalignments may be compensated, what the

effects of this compensation are, and why
compensation for the common misalignments is more
difficult.  Section 4 summarizes the results and
presents conclusions that will affect subsequent
similar missions (for example Aura).

2. OBSERVATIONS

Attitude validation is normally accomplished by
comparing ground BLS with onboard extended
Kalman filter (EKF) attitude solutions. The ground
solutions are considered more accurate because:

« alarger star catalog is used

more complete star identification algorithms are
available

e star position corrections (such as for velocity
aberration and precession) can be used

e a more accurate, post-facto definitive ephemeris
is used.

For Aqua, differences between onboard and ground
attitude solutions varied in a range of about %15
arcsec [1-4]. These differences appeared to repeat
with a period similar to the orbital period (ab&®00
seconds). Fig. 1 compares the EKF and BLS attitude
over a period of three orbits.

All plots of EKF data in this paper were computed
using a ground EKF. The cited references show that
the results of the ground EKF are almost identioal
those of the onboard EKF. The data used were &om
three day period (19-21, June 2003).

Initial analysis attempted to determine if the oled
attitude differences were caused by a change ia gyr
bias. The gyro bias variation was presumed to be
thermally induced. Variations in gyro bias would
appear as differences between EKF and BLS solutions
because the BLS algorithm assumes a constant gyro
bias over the batch, whereas the EKF estimates time
varying biases.

The gyro biases were found to vary regularly with a
period of several orbits. In initial studies, tfepeat



period was 4-orbits but with later data it reduted®-
orbits!
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Fig. 1. Attitude Differences Between EKF and BLS
Aqua Attitudes Over a Three Orbit Period
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To model these periodic variations in Aqua
measurements, a parameter referred to as “3-orbit
phase” was developed. The 3-orbit phase is idantic
to orbit phase but continues to increase for three
satellite revolutions (from 0 to 1080 degrees (Yleg)
Fig. 2 shows the computed X-, Y-, and Z-gyro biases
plotted against 3-orbit phase.

The data used in this analysis were taken fronday3-
continuous span of Agua observations. This span
covers 44 full orbits and represents almost 15rs¢pa
cycles of 3-orbit phase. The data (in this case gy
bias) were grouped in bins within a range of 3orbi
phases. The range was generally 1 deg. For each b
the corresponding value is calculated as the méan o
all samples within the bin, and the uncertaintie $hee
standard deviations over the samples within theesam
bin.

Thus, each point in Fig. 2 represents the meanl of a
computed gyro biases at the corresponding 3-orbit
phase in bins of 1 deg. Superimposed on thesewalu
are error bars representing their standard dewistio
The repeatability of the biases is striking.

Fig. 3 shows the corresponding residuals from star
tracker 1. The residuals are defined as the vector
difference between the body frame star tracker
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Fig. 2. Mean and Uncertainty of EKF Gyro Biases as
Functions of 3-Orbit Phase
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Fig. 3. Mean and Uncertainties of Star Tracker 1
Residuals Biases as Functions of 3-Orbit Phase

The systematic patterns in biases, residuals, and
attitude differences, were not due to variationthef
gyro temperatures. A temperature sensor at the IRU
showed no significant temperature variations. In
contrast, a temperature sensor at the star tracker
baseplate showed exactly the pattern of variation
shown by the gyro biases. Fig. 4 shows these
temperatures plotted against orbit phase, in theeup
portion, and against 3-orbit phase, in the lower
portion. All observed temperatures at 8 second
intervals are included in this figure as dots (dhe
width of the “lines” is indicative of the varialtji of

measurements and the star tracker reference vectors temperatures that occur at the same 3-orbit phase.

converted into the body frame using the current
attitude estimate. The star trackers have a sg8are
deg. field-of-view (FOV) and are situated with thei
boresight unit vectors approximately [0.67 0.6684).
and [-0.67 0.66 -0.34] in the body frame.

The 3-orbit repeat time of the pattern arises from
activation of a heater. In each orbit the stackea
baseplate temperature increases during the sunlit
portion of the orbit and decreases in darkness.
Superimposed on this periodic variation is a cartsta
decrease in temperature. When the temperature fall
below a threshold (at orbit phase of about 300ideg
the third orbit) a heater is activated, raising the



temperature to the starting point of the cyclerl\Eia

the mission, the secular cooling trend was slowner a
the heater activated only every 4 orbits. This aixsl
the change from a 4-orbit cycle to a 3-orbit cycle.
Because the star trackers are not directly exptsed
the Sun, there is a lag time in the heating andirog.o
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Fig. 4. Star Tracker 1 Baseplate Temperatures
(deg C) as Function of Orbit Phase and 3-Orbit has

The origin of the 3-orbit phase representation is
arbitrary. Here, it is consistently defined sotttize
orbit in which the heater is activated has 3-opbiase
from O to 360 deg.

Similar patterns can be found in examining the star
tracker residuals and the differences between BiF a
BLS attitudes. The patterns are less apparentuBeca
of random variations in the properties compared.
Analysis was performed in an attempt to understand
the cause of these variations.

The coincidence of the pattern of star tracker
baseplate temperature and variations in gyro bjases
sensor residuals, and attitude differences must be
causal. However, there is no simple correlation
between temperature and any of the observed
parameters.

The following analysis shows that variation in star
tracker alignment explains all of these observation
The alignment variation is expected to be a fumctio
of secular and spatial temperature gradients
addition to the temperature.

in

3. ANALYSIS

Temperature variations can easily cause alignment
shifts. If the star tracker alignments change, the
residuals (differences between observed and referen
star vectors) will not be consistent with gyro
measurements. The effect of this inconsistencthen
filter is to cause a change in the solution. Thange

will be distributed between the attitude and theogy
bias depending on how the filter is tuned.

To better understand the details of the effecteofsr
misalignment changes on attitude and gyro bias
solutions, it is useful to separate misalignments i
two types: relative misalignments and common
misalignments.

Relative misalignments are misalignments that chang
the relative position of two sensors but do notngjea
their mean positions. Common misalignments are
misalignments that change the positions of two
sensors together, so that their relative posit@mains

the same but their mean position changes. Indatidu
changes in alignment of two sensors can always be
expressed as changes in relative and common
misalignments.

3.1 RelativeMisalignments

Relative misalignments can be directly observed and
computed using attitude independent algorithmse Th
3-day span of Aqua data investigated was dividéa in
periods during which the spacecraft moved 5 deg. of
orbit phase (about 82 seconds). During each afethe
periods, the AliCal [5] algorithm was used to conepu
the relative misalignment of the two star trackers.
The solutions for common 3-orbit phases were
averaged and the standard deviations of the samples
computed. Fig. 5 shows the resulting mean relative
misalignments for tracker 1 and their associated
uncertainties.

The misalignments in Fig. 5 are plotted in a mean
boresight frame. This frame is defined so thaZits
axis is the mean of the two tracker boresights itsxd
Y-axis the cross product of the two boresightsthis
frame, the relative misalignment (which changes the
separation of the boresights) is primarily a rotati
about theY-axis. Vectors in the mean-boresight frame
are indicated by the subscript™

Relative misalignments of two sensors have equal
magnitudes and opposite signs in the mean cooalinat
system so only tracker 1 misalignments are shown.
Misalignment components corresponding to rotations
around theY,raxis result in sensor measurement
residuals in the two sensors that are also equal in
magnitude and opposite in sign. These residuals
influence the attitude determination system in
opposite directions and produce no net attitudegha
and no net EKF bias change.

Misalignment components corresponding to rotations
around X, produceZ,, changes in attitude and EKF
biases while misalignments arouiZy, produce X,
attitude and EKF bias changes. All component$ief t
relative misalignment reduce sensor residuals.
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Fig. 5. Mean-Boresight Frame Tracker 1
Misalignments vs. 3-Orbit Phase

The calculated misalignments can be applied in a
number of ways. The three most common are to
apply half of the relative misalignment to each
tracker, keeping the mean unchanged in the body
frame. Alternatively, the entire misalignment dam
applied to either tracker alone, keeping the unedte
tracker unchanged in the body frame.

Placing equal amounts of misalignment on each
tracker compensates for relative misalignment.
Placing all of the misalignment on one tracker also
compensates for relative misalignment but, in
addition, causes a shift of the common misalignment

Fig. 6 shows the effect of these misalignment
compensations on the X-axis gyro bias. The effects
on the other gyro biases are similar.

Comparison of the top plot in Fig. 6 (misalignments
applied to both trackers) with the top plot in F2gX-
axis) shows that compensation for relative
misalignment does not significantly remove the
pattern of gyro biases. In Fig. 6 the gyro biakepa

is more difficult to see because in addition toeoth
sources of noise, the applied misalignments have a
sizeable uncertainty.

The change in the pattern of gyro biases seendn th
lower 2 plots of Fig. 6 is due to compensation for
common misalignment and will be discussed below.

Similar results are obtained for attitude differen@as
shown in Fig. 7. This figure shows the differenaes
between attitudes computed with no misalignment

compensation, with those compensated in three ways.

Application of relative misalignments to both track
(top plot in Fig. 7) results in only small attitude
differences. The Z-axis was chosen for this figure
because the pattern of attitude changes (see Fig. 1
most distinct.
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In contrast to the lack of changes in attitude gy
biases, the tracker residuals are changed gregtly b
removal of the relative misalignment. These change
are illustrated in Fig. 8 for the X-axis residuats
tracker 1. All axes on both trackers show comgarab
results. The pattern of variation in residuals has
almost completely disappeared as compared tonhat i
Fig. 3. This result is produced regardless of lilogv
relative misalignments are applied.

Considering only the case with both trackers
compensated for relative misalignment (and theeefor
with unchanged common misalignment), the results
shown in Figs. 6-8 can be easily explained. Thé&EK
responds solely to gyro measurements and sensor
error signals (the differences between expected and
measured sensor values). When the relative
misalignments are compensated to an equal extent on
both trackers, the tracker error signals will dase=
This decrease will be about the same size, but



opposite in sign, on the trackers. Thus, the effdéc
the decreased residuals input to the EKF from one
tracker will be nearly exactly compensated by the
decreased residuals from the other tracker. Thgubu

of the EKF (biases and attitudes) will be almost
unchanged.
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Fig. 8. X-axis Star Tracker 1 Residuals After
Compensation for Relative Misalignment

3.2 Common Misalignments

When the relative misalignments are compensated, an
attempt can be made to evaluate the changes in
common misalignments as a function of time. If the
common misalignment of the trackers varies, the
measured gyro bias and attitude may also vary.

If the biases obtained after compensation for iredat

misalignment are compared (see Fig. 6), it is found
that the bias computed after compensating the two
trackers equally is nearly identical to the mearhef

biases obtained by compensating each tracker
separately. Compensating the two trackers equally
does not change the common misalignment.

Compensating them separately changes the common

misalignment in equal and opposite ways. It is
therefore evident that the variation in biasesus tb
change in common misalignment.

The spacecraft’'s control system is designed to keep
the spacecraft Z-axis pointing towards the Earth.
causes the spacecraft to rotate approximately -0.06
deg/seconddp) around the Y-axis. The star trackers
provide the only knowledge of the spacecraft atétu

so their common movement changes the axis about
which this rotation occurs. The rotation is cohiéa

with respect to a frame based on the star tradietrs
varies in the body frame because of the time-varyin
common-misalignment of the trackers.

Assuming the gyro alignment does not change with
respect to the body frame, the spacecraft rotatiosn
will move relative to the gyros. The measured gyro
rates will reflect spacecraft rotation about a time
dependent body axis. Neglecting the responsiveness
of the onboard attitude determination and contiwd,
attitude will always be controlled to hominal, atfe
inconsistent measured gyro rates will be compedsate
for principally by time-varying gyro biases (this
compensation will depend on the “tuning” of the
EKF).

The transformation from the body frame to the teaick
frame can be represented by a time-dependent Euler
rotation vector of &, @, @]". The transformation
from the tracker to the body frame is representgd b
-4, -@. -@]" and the rotation rate in the tracker
frame by P, @, 0]". Using e to represent the
components of the unit vector from these Euler
rotation vectors, an@ to represent its magnitude, the
projection ofa on the body axes is given by:

68 (L-cosd) -¢,sin®
cos® + €&/ (1- cosd)
e, (L-cosd) +gsin®

@)

w. =

b ,

S

For small rotations, an excellent approximation of
Egn. (1) is:
]
w, 0 1 |,
%

)

In addition to detecting the projections of thegkar
rate, w, gyros detect rates due to the movement of the
body by the control system in order to keep theetim
varying star tracker frame pointed nominally. Tdes
rates are just the time derivatives of the negative
the common misalignments. The total measured gyro
rates, including true biasds, are approximately:

_@ @ be (3)
w0 1 |w- qoy + byo
@ @ sz

The bias computed by the EKF will be the difference
between the gyro measured rate and the rate in the
tracker frame. These are controlled to Bexg, 0]".

In the ideal case, EKF biases are approximately:

bx :bxo_a)s¢z_¢x (4)
b,=b, - (®)
bz :bzo 2 _@ (6)



If the common misalignments have the same
approximate magnitudes as the relative
misalignments, they have a range on the order of 10
arcsec. From Fig. 2 it is apparent that misaligmisie
can change over this range in about 1000 seconds.
The termsyp and gare therefore similar in magnitude

and neither can be ignored.

Even if none of the terms in Eqns. (4-6) are
negligible, Eqn. (5) should be relatively simple to
solve for ¢ if the true bias is known. In this case the
y-misalignment at any time, is given by:

t
4,0 = (b, ~b,o)ct )

0
It is also possible to approximately solve the dedp
differential equations (4) and (6). Such a solutio
requires knowledge of the true biases and the &- an
z-misalignment angles at the initial time.

Attempts to solve these equations produced results
that were inconsistent with the observations. The
solutions forg, were not periodic, while those fax

and g, although periodic, increased in magnitude with

time.

The explanation of this failure arises from anyaof
number of approximations including that of optimum
EKF tuning. Tuning changes how the effect of the
tracker residuals is partitioned between attitudd a
bias changes. For Egns. (4-6) to be valid, the EKF
biases must represent the entire effect of the camm
misalignment change. This condition implies tht t
tracker data must be considered extremely reliable.

For Aqua, large vibrations occur due to the operati
of the payload instruments. These vibrations pcedu
the equivalent of significant noise on tracker
measurements. In turn, this large noise term mtsve
accurate integration of the equations.

Despite the failure to integrate Eqns. (4-6), some
conclusions can be made about the common
misalignment. If the entire relative misalignmest
applied to tracker 2, the pattern seen in the gijaees
(see Fig. 6) is much less evident than if the
misalignments are applied solely to tracker 1.
Applying the misalignment to tracker 2 moves the
mean of the trackers towards tracker 2. Clearty th
common misalignment has a similar effect.

4. CONCLUSIONS

The Aqua spacecraft displayed larger than expected
differences between ground and onboard attitude
estimates. These differences have a periodic @atur
and are accompanied by periodic changes in gyro

biases and star tracker residuals. They are cauged
thermal changes in tracker alignments.

The thermal changes in star tracker alignment redul

in periodic variations in calculated gyro biases,
attitude differences, and sensor residuals. Tine-ti
varying relative misalignments can be determined! an
compensated, but computation of the common
misalignments is more difficult. Compensation for
the relative alignment changes reduces the sensor
residuals but has little effect on the attitudeggro
biases.

Although the attitude variations accompanying these
alignment shifts are within Aqua specificationserh
have been some concerns about the Aura mission
(which has a virtually identical platform). The
payload instruments on Aura may be more sensitive t
attitude deviations than those on Aqua. Several
operational possibilities have been discussed fmaA
including raising star trackers temperatures and
reducing their temperature variation.
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