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The ability of the Chandra X-Ray Ol to achieve image ion is due, in part, to the ability to the sp
attitude history. This is done with a Kalman filter and Rauch-Tung-Striebel (RTS) smoother, which are key components of the overall aspect solution software. The
Kalman filter/RTS smoother work by combining data from star position measurements, which are accurate over the long term but individually noisy, and spacecraft
rate information from on-board gyroscopes, which are very accurate over the short-term, but are subject to drifts in the bias rate over longer time scales. The

of these tw sources are The gyro rate data minimizes the effects of noise from the star measurements, and the long-term
ccuracy of the star data provides a high-fidelity estimate of the gyro bias drift. Analysis of flight data, through comparison of observed guide star position with

osition and of the X-ray image point spread function, supports the that goals (1.0 mean
aspect error, 0.5 arcsecond aspect error spread diameter) were met.

An enhanced kalman filter module which will function with degraded or limited sensor data is currently being studied. Advanced estimation techniques to increase
robustness of the algorithm may be able to maintain aspect accuracy in the case of a problem with on-board aspect hardwara, such as gyro or aspect camera failure
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This schematic illustrates the basic fow of the Kalman filter design for Chan- -
pect determination. The main purpose of the filter is to maintain a +
accurate estimate of the spacecraft angular position, or attitude, at any p “ .ot . y
in time. Together with fiducial light data for estimating spacecraft fle i - N
attitude estimate is used to accurately determine the source in the celestial ., L. »
sphere of X-rays detected by the science instruments, [ AR !
The Filter estimates two main quantities: error in current attitude estimate, The data shown on the right demonstrates the quality of the aspect solution 1 .
and gyroscope drift rate. of thone quaite is cxtimated abou hie Pr te Stat Incorporate with current Chandra data. The top two charts show the difference hetween +
axes, resulting in six estimated quantities refer s the ‘stats opogate State Measurement a known guide star position and the aspect software’s best estimate of that T S e
The schumaic o the gt llntrates the buse o "ot the B, Tiestnsins _ extrapols — upds guide star's position ver a 50,000 second observation. Both top charts show T e rendl
with an estimate of the state, and initial statistics which characterize ewtrapolate position update position the same d: t the one to the right has fixed axes at +/- 1 arcsec in RMS = 0,05 arcaee
How well the state entinates e known (the “covariance?), the fler fteraten ~ extrapolate covariance - update gyro drift rate each direction, and the star has been centered at (0,0). While the absolute
through two steps. — update covariance position of the star is quite good in this data (near 0.1 arcsecond radius/axis), o
calibration accuracy has a significant cffect. on absolute position accuracy.
First, as shown in the upper left bos, e datais received. The state estimate The recentered image on the right more clearly reflects the contribution of i
of gyro bias is subtracted from the r data, and the spacecraft attitude the Kalman filter and smoother in particular to the quality of the aspect 3o 1
s updated according Lo tho ssulae motion derived from the corrected wyeo solution. i
dat tatistics associated with the state are also updated, since B
uncertainty in gyro bias will grow over time, and attitude errors due to rate The data contributing to this top right image is plotted in the bottom two of 1
uncertainty will also increase. In this way the state and attitude estimate are State charts to the right. The middle chart shows the difference between the known
maintained and propagated forward in time until a star camera measurement star location and the best estimate of star location (adjusted for zero-mean)
is available. position error estimate (3) along the spac is as a function of time. The bottom chart shows . .
i 2 the same quantity for the spacecraft y-axis. The calculated root mean square - - o e o
‘The second step is shown in the upper right box. A measurement (the location gyro bias rate estimate (3) (RAIS) vahues for this date are showe on the chart, and are 0.05 arcsoconds
of & guide star) is received from the aspect camera and incorporated into and 0.04 arcseconds, respectively. This is equivalent to 2 0.13 arcsecond RAMS RS = 0.04 arcaee
the filter's state estimates and error statistics. The filter mathematically diamoter, significantly better than the fmage reconstruction requirement of
compares the new attitude estimate based on the current measurement with . 0.5 arcsecond RIS diameter o
the expected attitude from the prior propagation step. The error statistics of State, Covariance
the expected attitude and the expected error of the measurement (the noise Since other errors can contribute to overall image reconstruction, the charts i
from the star camera) are taken into account, and new estimates of attitude below expand on an examination of aspect quality by calculating X-ray image o 1
error and gyro bias drift are calculated. Since more data leads to a more apect Teconstruction. The examination of the guide star Miage reconsruc. ¥
accurate attitude estimate, the error statistics are updated to reflect more s clear the ability of the Kalman filter to provide a highly "
accurate attitude knowledge, and the cycle begins again with additional gyro g Spacecral attitude estimate on which (o build overall aspect accu. o 1
data. v
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1 To farther quantify overall aspect quality, a 50,000 second observation was examined. A point source was identifled in this observation,
and a circular region around the point source with a radius of approximately 1 arcsecond was isolated. The chart above on the left show:
the detictor X coordinate of the events from this region for (he firet 20,000 soconds of the beervation. The 1000 second period dither
02k ] o2k ] pattern is clearly visible. The chart to the right shows the aspect corrocted X coordinate for the same 20,000 seconds, resulting from sky
= = into the At reference frame. The effect of this transformation is to make any dither frequency remaining
2 R in the sky cnordulatua after aspect processing more clearly visible as a single frequency oscillation. While the overall aspect accuracy
g ¢ of the data is good, it is difficult to see whether any residual oscillation at the dither frequency is present with the background noise
T T Ul prenemt. e charts elow show an attempt. to Mrthoer process the datn to identify ovcliations % the dither frequency. by redeing
I & background noise.
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i Residual aspect crrors after processing are expected to be most visible near 5, e s 1000, S e ot 7
1 the aither frsquency. The tramformed sky coordlinates shown i e above B B
04 osl right chart do not show any visible oscillations, but the amount of noise is
o 00 200 300 oo 500 o o0 200 300 w00 00 e compared to potentially small amplitude oscillations. O
Time (ssc) Time (sec) el evonts and make small amplitude oseilations
4 at the dither frequency. This
The two charts shown above on the left show the aspect pipeline Kalman filter performance on test data, not flight data, and are shown cosetting ovent (s o ~(ime mod (dithor poriad)" This tschnique
primarily to ilustrate {he bohavior over time of the Alter. In the uppor loft graph, the solid e shows actual error i pitch attitude lata shown in the top charts at the right. Time only
estimate for a 500 second nominal dither observation. The dashed lines represent the root mean square (RMS) value of the covariance goes from 0 to the dither period, and events later than an integer number of
for pitch error (i.e., the filter’s own estimate of how accurate approximately 2/3’ of yaw estimates will be). Note that in this plot and dither periods are wrapped back to start at time 0 again. In this way, any
the similar plot below it showing error in yaw estimate, the error in each axis quickly converges to a steady state value. The two charts residual aspect crror at the dither frequency is preserved in the data, but

ve on the right demonstrate the improvement in yaw and pitch estimate error with the addition of a smoothing algorithm. random noise can be reduced by averaging, The top charts to the right show
The use of a smoother is possible in the aspect determination system since it is not necessary to calculate the best estimate in real time phase modulated data for the sky coordinates transformed to the spacecraft

for exumple, in the on-board flight software, which uses only o Kalman filter). The smoother allows bstter overall estimates X axis (Ieft chart) and spacecraft Y axis (right chart).

g state and measurement data from the entire time period to improve the estimate at each point in time. The filter alone is ez P
not able 16 use Tature data Lo ctimate any given point. The improvements with a smoother are smaller overall attitude error and much The two charts in the middle at the right show similar data for the X and Y X, e s 100000, 8 20 s 10 e AL i 14 weee
improved performance in the very early part of the data, as seen by the much smaller RMS values. . spacecraft axes. In this case the data has been binned on 50 second intervals,

with the intention of reducing the noise. Ideally, if no residual oscillation were
presea, it woukd be expected (hat the binued data poits vould become as oot
smlle and smaller s U, bin sz becomes lasgor, without shoving any -
notcesble cousant ofet. 1€ oo the oiher hand, & dear siwsoidal s 1 I
‘e present, this should become apparent in the structure of the hmned € T
Aspect Camera Meosured Position Aspect Camera Measured Position Uit paiets. Althowgh eve. the worst ease bisned data paiet fs very o i H
° T T T T ° T T T (less than 0.05 arcseconds). some slight evidence of a residual signal m: H 2 oo
present in the ¥ coordinate charts. The binned data shows a disproportionate § :
. number of positive data points in the first half of the dither interval, and a e o)
= = disproportionate number of negative data points in the second half, Although
§ § difficult t n also be argued that a small oscillation is present in the
£ £ ool E top right ehart, showing the data before binning. & e I —
= = i
5 5  two charts on the bottom at the right show the power spectrum of the = r
3 ] original data in tho spacecraft frame, heforo phase modulation and binning
< < A i il o s o sirong (rend, bt 8 sl increae i power s
s 4 present i o points with periods greater than 800 seconds, and o ot - y o
goib B £ 600 scconds, Further investigation is o determaine £ i
& & Whether thin small oscillntion represents a real trend or is simply an artifact of B H
this data. But it is clear t ny oscillation the dither frequencies are . Tl
vary small, and that the Kalman fiter and smaother have minmized those j
residual oscillations to well below the required accuracy ¥ ,i,
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M s s " ropogate State Measurement Future extensions of the Kalman filtering algorithm for Chandra
- extrapolate position ~ update position, rate et drtermination may iclude the abily (o contine proces-
- ‘ ‘ ‘ ‘ . : ‘ ‘ ising dynarict model. _ update gyro drift rate i i the event of limited hardvare failure, Tn particlar, » dy-
N R R S i T e o e
Time (sec) Time (sec) degradation. Such a filter might be designed as shown at the loft,
where gyro data is considered to be a measurement input, just
as star camera data is currently used. The propagation cquations
The two charts shown above on the left are shown to highlight a key feature of the Kalman filter - the ability to optimally combine (in vonld 1ot e st o Interation of 570 1ate dats but rather o x
the least-squares sense) data which is in one case accurate over long time periods but noisy in the short term, and data which has the § . . .
opposite cﬂamctmmc: of being accurate over short time ullervals,g but dsgrade= over thme. The top left chart shows a characteristic State j:'::‘;:"‘:’:::"i':" S‘“:::“ 4 T e i o Gnetion with the
change in attitude for a single spacecraft axis, similar to the kind of motion typically seen during dither on Chandra. Overlaid on top are position error estimate (3) oumtions of motion nr“!h‘; spacecraft to predics pneeoraft attitude,
estimates of the axis’ position derived from aspect camera type data. The estimates generally track this axis well over time. Contrast rate error estimate (3) The dynamics model would provide the accuratn short term datn
this with the lower left chart, showing the same axis motion tracked only with gyro data. As the unknown gyro bias drifts over time, the gyro bias rate estimate (3) e e e,

rate error grows as a random walk, and diverges significantly as time increases. These two charts demonstrate the superior ability of the
camera data to provide long term accuracy. In contrast, the two charts above on the right show the same data, but only for the first two
“cconds. In this case, the star camera data, shown al the (op right, ix much more in error than the gyro estimates shown below. The
reason for this is simply that for such a short time period, the gyro bias rate has not drifted much, causing the gyro data to be relatively ' sariz
accurate. One key strength of the Kalman filter is the ability to use the short term accuracy of the gyro data to reduce attitude crror State, Covariance
fram noise on star camera data, and at the same tima use the long term nccuracy of the camera data ta estimate gyro bins drift rats,

resulting in a good quality aspect solution over all time intervals.



