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SPACECRAFT METHODS AND SYSTEMS FOR 
AUTONOMOUS CORRECTION OF STAR 

TRACKER CHARGE-TRANSFER-EFFICIENCY 
ERRORS 

GOVERNMENT RIGHTS 

[0001] This invention Was made With government support 
awarded by the government. The government has certain 
rights in this invention. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates generally to space 
craft and, more particularly, to spacecraft attitude control. 

[0004] 2. Description of the Related Art 

[0005] A spacecraft typically has an attitude-control sys 
tem for active control of the spacecraft’s attitude and the 
attitude-control system often receives attitude-measurement 
signals from one or more star trackers. Star trackers gener 
ally process received star light through focusing optics to a 
solid state structure such as the structure 20 of FIG. 1A 
Which includes an array 22 that de?nes a large number 
(e.g., >200,000) of pixels (23 in FIG. 1A) that each receive 
light into a respective photodiode Which converts the inci 
dent light into a corresponding electrical charge. 

[0006] The generated charge at each pixel is then trans 
ferred to an edge of the array 22 in a conveyor-belt-like 
fashion in Which the charge moves betWeen each pair of 
pixels via a charge-coupled device (CCD) that includes a 
transfer gate of an associated complementary-metal-oxide 
semiconductor (CMOS) device. Therefore, the array 20 is 
typically referred to as a CCD array. In addition, charges 
associated With the CCD array are collectively referred to as 
a frame and a readout of the frame is referred to as a frame 
readout or frame transfer. 

[0007] An exemplary readout structure of generated 
charges has been shoWn and described (e.g., see Holst, 
Gerald C., CCD Arrays, Cameras and Displays, JCD Pub 
lishing, Winter Park, Fla., 1998, pp. 59-61) to have hori 
Zontally-arranged serial CCD registers 24 positioned at the 
upper and loWer perimeters of the array 20. In this arrange 
ment, the array is divided into four quadrants and each pixel 
charge of a quadrant is vertically transferred doWn a CCD 
column to a respective register 24. 

[0008] Each time the respective register 24 is ?lled With 
the vertically-transferred charges, these charges are then 
horiZontally transferred to a respective sense ampli?er 26 
Which effectively forms an array output port 28. The sense 
ampli?er typically includes a capacitor (e.g., formed by a 
?oating diode) Which converts each arriving electrical 
charge to a corresponding voltage Which is then delivered to 
the output port 28 by the sense ampli?er 26. 

[0009] Although the readout structure of FIG. 1 realiZes a 
rapid frame readout because it assigns a horiZontal register 
24 and corresponding sense ampli?er 26 to each array 
quadrant, this structure adds to the array complexity. The 
above-cited reference, for example, also shoWs simpler 
readout structures such as one in Which an upper half of the 
array 20 is served by a single upper register that has an 
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output port at the array’s upper right corner and a loWer half 
is served by a single loWer register that has an output port at 
the array’s loWer left corner. 

[0010] FIG. 1B shoWs pixels 22 of the array 20 that are 
Within an exemplary circle 1B of FIG. 1A. The light from 
a single star is typically focused on the array as a star image 
Which generates electrical charges in a contiguous group of 
pixels 23 such as those Within the star image 30 of FIG. 1B. 
The electrical charges Will typically be quite small for pixels 
adjacent the perimeter of the star image 30 and progressively 
increase With distance from that perimeter. Star trackers 
generally include a processor that calculates a centroid 32 of 
the electrical charges Within the star image 30 and it is the 
measured coordinates Crns of this star image centroid that are 
delivered through the array output ports (28 in FIG. 

[0011] The star tracker readout process is susceptible to a 
number of errors. A ?rst class of these errors concerns the 
addition of random noise (e.g., background and electronic) 
Which induces temporal noise TN in the readout signals. 
Centroid jitter is generated as the star image moves across 
pixel boundaries and this jitter is a primary source of a 
second class of errors Which are typically referred to as high 
spatial frequency errors Ehsf. Finally, loW spatial frequency 
errors E15f include calibration residuals, color shift errors and 
charge transfer efficiency (CTE) errors. Calibration residuals 
are caused by temperature-induced focal length shifts and 
color shift errors are caused by chromatic aberration in the 
focusing optics. 

[0012] CTE errors are generated because the charge trans 
fers of the array’s CCD devices are not perfect but rather, are 
determined by the star tracker’s CTE Which is de?ned as the 
proportion E of charges that are actually transferred from a 
trailing pixel to a leading pixel. Accordingly, a fraction 1-e 
of charge is left behind in the trailing pixel. As explained in 
the above-cited reference, charge is not lost but charge is 
rearranged so that trailing pixels gain charge from leading 
pixels. 

[0013] A transfer arroW 34 in FIG. 1C indicates that the 
charges Within the initial star image 30 are in the process of 
being transferred doWnWard. Because of the CTE-induced 
effect described above, the trailing edge 36 of the star image 
30 has been extended and, as a result, the initial star image 
centroid 32 has been translated aWay from the leading edge 
38 of the star image 30 to a subsequent position 32S. The 
difference betWeen the initial and subsequent centroids 32 
and 32S is a CTE error Which is included in the measured 
star coordinate Crns that corresponds to the subsequent star 
image centroid 32S. 

[0014] Typically, this CTE error is quite small. Scienti?c 
grade star trackers, for example, have CTEs that exceed 
0.999999 so that net transfers across thousands of CCDs (to 
the output ports 28 of FIG. 1A) are quite high (e.g., >0.99). 
In long term spacecraft missions, hoWever, time and incident 
radiation generally degrade the CTE and this degradation 
may be suf?cient to generate signi?cant errors in a space 
craft’s attitude control system and threaten the survival of 
the mission. 

SUMMARY OF THE INVENTION 

[0015] The present invention recogniZes that measured 
star coordinates Crns of star image centroids include CTE 
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errors Which are functions of the CCD path lengths over 
Which the associated electrical charges traveled. In particu 
lar, the errors are substantially a product of the path length 
and a star-coordinate error factor E Which, in turn, is a 
function of the star image magnitudes msi. The invention 
further recogniZes that information contained in different 
measured star coordinates Crns can be organiZed to facilitate 
the estimation of the star-coordinate error factor E With 
conventional estimation processes. 

[0016] From this recognition, the invention provides struc 
tures and methods for deriving corrected star coordinates 
Ccmd from measured star coordinates Crns that include CTE 
errors and, accordingly, provides improved spacecraft atti 
tude control systems. 

[0017] In a method embodiment, CCD electrical charges 
are transferred over corresponding ?rst and second paths of 
a CCD array at respective ?rst and second times that differ 
by a measurement time interval 6t to thereby provide respec 
tive ?rst and second measured star coordinates. The mea 
sured star coordinates are differenced to form measured 
star-coordinate differences 25cm and, in addition, a star 
coordinate movement 6C due to rotation of the spacecraft 
over the measurement time interval 6t is determined. 

[0018] With the measured star-coordinate differences 
6cm, the star-coordinate movement 6C and knoWledge of a 
maXimum path length LrnaX in the CCD array, a composite 
coordinate-measurement signal Srnsoom is formed Which sub 
stantially equals the sum of the erroi factor E and a mea 
surement variance oms. The composite coordinate-measure 
ment signal Srnsomnp is processed in accordance With the star 
image magnitudes mSi to derive an error factor estimate E* 
of the error factor E. Finally, the measured star coordinates 
Crns are corrected With the error factor estimate E* to thereby 
realiZe the corrected star coordinates C crctd' 

[0019] The novel features of the invention are set forth 
With particularity in the appended claims. The invention Will 
be best understood from the folloWing description When read 
in conjunction With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIG. 1A is a front vieW of a conventional star 
tracker CCD array; 

[0021] FIGS. 1B and 1C are enlarged vieWs of piXels 
Within the circle 1B of FIG. 1A Which illustrate CTE 
induced errors in star image centroids; 

[0022] FIG. 2 is a vieW of a spacecraft Whose attitude in 
various orbital and non-orbital paths may be determined 
With the aid of the CCD array of FIG. 1; 

[0023] FIG. 3 is a CCD array vieW similar to that of FIG. 
1 Which illustrates electrical charge transference of the 
invention; 

[0024] FIG. 4 is a plot of a star-coordinate error factor of 
the invention as a function of star image magnitudes in the 
CCD array of FIG. 3; 

[0025] FIG. 5 is a How diagram that illustrates process 
steps of the invention; 

[0026] FIG. 6 is a block diagram of a coordinate-correc 
tion system that practices the process steps of FIG. 5; 
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[0027] FIG. 7 is a block diagram of a star-coordinate error 
factor estimator in the system of FIG. 6; 

[0028] FIGS. 8A-8C comprise vieWs of a spacecraft for 
practicing the invention; and 

[0029] FIG. 9 is a block diagram of an attitude control 
system in the spacecraft of FIG. 8. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0030] FIG. 2 illustrates a spacecraft 40 Which has solar 
panels 41 coupled to a spacecraft body 42. The spacecraft is 
shoWn in association With various spacecraft orbital paths 43 
(e.g., a parking orbit 44, a geosynchronous orbit 45 and a 
transfer orbit 46) about the Earth 48 and a non-orbital path 
49 that is directed aWay from the Earth. As described above, 
CTE errors in the star trackers of the spacecraft 40 may be 
suf?cient to degrade the spacecraft’s attitude control system 
and endanger the spacecraft’s mission. 

[0031] Accordingly, the present invention is directed to 
the reduction of CTE errors in star tracker CCD arrays. It 
realiZes this reduction by recogniZing that CTE error in the 
measured star coordinate Crns of a star image centroid Whose 
associated electrical charges traveled over an array path can 
be approximated as a product of the path length and a 
star-coordinate error factor. The invention further recogniZes 
that information contained in different measured star coor 
dinates Crns can be organiZed to facilitate the estimation of 
the star-coordinate error factor With conventional estimation 
processes. 

[0032] FIG. 3 illustrates a solid state structure 60 Which is 
similar to the solid state structure 20 of FIG. 1 (With like 
elements indicated by like reference numbers) eXcept the 
registers 24 have been replaced by full Width registers 61. In 
FIG. 3, star light has been focused to form a star image 62 
Whose centroid has a true vertical star coordinate Ctr on the 
CCD array 20. In accordance With the invention, the elec 
trical charges associated With the star image 62 are trans 
ferred at a ?rst time along a ?rst array path 63 to a ?rst array 
port 28A and provide a ?rst measured vertical star coordi 
nate Cmsl. The invention recogniZes that the ?rst array path 
63 has a ?rst vertical path length L1 and that an associated 
star-coordinate error factor [3 Will generate a readout error of 
[3L1 so that, 

[0033] Wherein Ctrl is the true coordinate at the ?rst time 
and Ehsf, E15f and TN are the high spatial frequency errors, 
loW spatial frequency errors and temporal noise that have 
been previously described as other contributors to array 
readout errors (and Wherein coordinates are referenced to the 
loWer side of the array 20 so that upWard errors are consid 
ered to be positive errors). 

[0034] In a second frame readout at a second time that is 
delayed by a measurement time interval 6t from the ?rst 
time, the electrical charges associated With the star image 62 
are transferred along a second array path 64 to a second 
array port 28B and provide a second measured vertical star 
coordinate Cmsz. The second array path has a second vertical 
path length L2 Which induces a readout error of [3L2 and, 
accordingly, 



US 2002/0125375 A1 

[0035] wherein Ctr2 is the true coordinate at the second 
time. 

[0036] Differencing the ?rst and second measured coor 
dinates Crnsl and Crnsz produces, 

[0037] Wherein the measured star-coordinate difference 
6cm is the difference betWeen the measured coordinates Crn 
and Crnsz the true vertical coordinate movement 6C is CH1 
Ctrz and represents movement of the true vertical coordinate 
due to rotation of the spacecraft over the measurement time 
interval 6t and the sum of oEhsf, oElsf and oTN represent 
measurement noise over the measurement time interval 6t. 

[0038] If the height of the CCD array is LmaX, then it is 
apparent that the ?rst path length L1 can be simply de?ned 
as the true vertical star coordinate C1 at the ?rst time and the 
second path length L2 can be de?ned as LrnaX less the true 
vertical star coordinate C2 at the second time Wherein the 
?rst and second times differ by the measurement time 
interval 6t. Therefore, L1+L2=LrnaX +6C and equation (3) can 
be reWritten as 

[0039] In accordance With the present invention, equation 
(4) is organiZed to de?ned a composite coordinate-measure 
ment signal Srnsoomp in Which 

2 [0040] and the right hand term has been replaced by om 
because it represents a measurement variance om2 (i.e., the 
coordinate measurement includes an error With a mean 

standard deviation om). Equation (5) facilitates an estima 
tion of the star-coordinate error factor [3 and a subsequent 
correction of the measured coordinates Crns to realiZe cor 
rected coordinates Ccrctd in Which CTE errors have been 
substantially eliminated. It is noted that L1+L2=LrnaX only 
When 6C=0 and, accordingly, FIG., 3 illustrates an exem 
plary situation in Which L1+L2zLrnaX because there has been 
a positive vertical coordinate movement 6C during the 
measurement time interval 6t. 

[0041] The teachings of the invention can be practiced 
With any readout sequence that facilitates formation of the 

measured star-coordinate differences 6cm of equation For example, the charge transfers to the output ports 28A and 

28B of FIG. 3 may be complemented With similar charge 
transfers to the output ports 28C and 28D With the readouts 
then differenced in any predetermined sequence to form 
measured star-coordinate differences 6cm such as that 
shoWn in equation The readout and differencing is 
preferably performed to minimiZe the measurement time 
interval 6t betWeen differenced readouts and to facilitate the 
associated computation processes. 

[0042] In an exemplary sequence, frames of electrical 
charges are transferred in a sequence of ports 28A, 28B, 
28C, 28D, 28A and so on and differencing of horiZontal and 
vertical coordinates alternated. That is, horiZontal coordi 
nates from ports 28A and 28B differenced, vertical coordi 
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nates from ports 28B and 28C differenced, horiZontal coor 
dinates from ports 28C and 28D differenced and so on. In 
another exemplary sequence, frames of electrical charges are 
alternately transferred only to ports 28A and 28B With 
differencing of horiZontal and vertical coordinates per 
formed for each successive pair of readouts. 

[0043] Charges associated With the star image 62 of FIG. 
3 have been transferred over the vertical paths 63 and 64 and 
information from this transference has been organiZed in 
equation (5) to facilitate estimation of the error factor [3. The 
star image charges have also been transferred over the 
horiZontal paths 73 and 74 of FIG. 3. Because the CCD 
array 22 (and its associated registers 61) may exhibit dif 
ferent vertical and horiZontal CTEs, information from this 
transference can also be organiZed (as taught above) to 
facilitate estimation of a horiZontal error factor 0t. In order 
to enhance description simplicity and understanding of the 
invention, the folloWing descriptions are often expressed in 
terms of a generaliZed error factor E With the understanding 
that it may, in practice, comprise particular error factors 
(e.g., the horiZontal and vertical error factors 0t and In 
terms of this generaliZed error function, the organiZation of 
equation (5) becomes 

[0044] CTE is not constant but rather, it changes as a 
function of various parameters Which include charge inten 
sity and temperature. Temperature can be controlled but 
charge intensity is dependent upon star magnitudes and their 
corresponding star images. Accordingly, the invention rec 
ogniZes that the star-coordinate error factor E is a complex 
function of the star image magnitude mSi and is preferably 
expressed in terms of base functions such as polynomials. 

[0045] FIG. 4 illustrates an exemplary plot 80 of the error 
factor E as a function of star image magnitude msi. It is noted 
that the error factor E generally decreases With reduced star 
image magnitude (corresponding to a brighter star) because 
of CCD limitations (e.g., surface state interactions). FIG. 4 
provides an expression in Which the error factor of the plot 
80 is expressed as a polynomial With star image magnitude 
mSi as a variable and With coefficients En that are appropri 
ately selected to construct the plot 80. Although the plot 80 
of FIG. 4 can be adequately de?ned With constant, linear 
and quadratic polynomial terms, additional terms (e.g., 
cubic) may be needed to express more complex error factor 
plots. 
[0046] FIG. 5 is a How diagram 90 Which recites process 
steps of the invention and FIG. 6 shoWs a coordinate 
correction system 100 that practices the process steps of 
FIG. 5. The process steps form a method for deriving 
corrected star coordinates Ccrctd from measured star coordi 
nates Crns that include CTE errors Wherein the corrected star 
coordinates C d improve attitude determination of a space 
craft. 

crct 

[0047] The ?rst process step 91 is performed in response 
to each of a plurality of star images that are focused on a 
CCD array and this step transfers corresponding electrical 
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charges over corresponding ?rst and second paths of the 
CCD array at respective ?rst and second times that differ by 
a measurement time interval 6t to thereby provide respective 
?rst and second measured star coordinates C C 

[0048] In accordance With the invention, these measured 
star coordinates include errors that are substantially propor 
tional to products of the lengths of their respective paths and 
an initially unknoWn star-coordinate error factor E. The CCD 
array has a maXimum path length LrnaX and, as previously 
noted, the error factor E is a function of star image magni 
tudes msi. The ?rst process step is realiZed in FIG. 6 With a 
star tracker 102 that focuses light from stars 103 onto a CCD 
array and transfers these charges to star tracker output ports 
to generate the measured star-coordinates Cm. 

[0049] In a second process step 92 of FIG. 5, the measured 
star coordinates Crns are differenced to form measured star 
coordinate differences 6cm. This step is performed by a 
measurement signal generator 104 in FIG. 6. Process step 
93 determines star-coordinate movement 6C due to rotation 
of the spacecraft over the measurement time interval 6t. 
Rotation signals (or rotation rate signals) are provided by 
gyroscopes 106 in FIG. 6 (e.g., the rotation signals 00 are 
measured in a spacecraft coordinate frame of roll aXis X, yaW 
aXis y and pitch aXis Z). The rotation or rotation rate signals 
00 are processed in conventional manners in a star-coordinate 
movement computer 108 to determine the star-coordinate 
movement 6C. 

[0050] In response to the measured star-coordinate differ 
ences 6cm, the star-coordinate movement 6C and the maXi 
mum path length LmaX, the composite coordinate-measure 
ment signal Srns of equation (6) is formed in process step 
94 of FIG. 5. AmsnpshoWn above in equation (6), this com 
posite measurement signal substantially equals the sum of 
the error factor E and the measurement variance (XmSZ. This 
processing step is realiZed in the measurement signal gen 
erator 104 of FIG. 6. 

[0051] In step 95 of FIG. 5, the composite coordinate 
measurement signal Srnsomnp is processed in accordance With 
the star image magnitudes mSi to derive the error factor 
estimate E* of the error factor E. This step is performed in 
FIG. 6 by the star-coordinate error factor estimator 110. 
Finally, in process step 96, measured star coordinates Crns 
are corrected With the error factor estimate E* (by appro 
priately adding or subtracting products of the error factor 
estimate E* and the corresponding path lengths Which are 
given by the measured coordinates Cm) to thereby realiZe 
the corrected star coordinates Ccrctd . This step is performed 
by a measured star-coordinate corrector 112 in FIG. 6. 

[0052] As described above in equation (6) and as indicated 
by substitution arroW 114 in FIG. 6, the composite coordi 
nate-measurement signal 5mm is de?ned as (6CmS—-6C)/ 
(LrnaX +6C). Although the process steps of FIG. 5 can be 
realiZed With dedicated structural elements 104, 108, 110 
and 112 of FIG. 6, the steps are preferably performed With 
an appropriately-programmed data processor. The program 
ming is preferably structured in a matriX form in Which the 
star-coordinate error factor E of FIG. 4 is represented as the 
product of a roW vector of variables mSi and a column vector 
of coef?cients EU as shoWn by the substitution arroW 115 in 
FIG. 6. 

[0053] It Was stated above that the process step 95 of FIG. 
5 is performed by the star-coordinate error factor estimator 
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110. The estimator is preferably realiZed With various con 
ventional estimating methods, e.g., batch least squares esti 
mators and recursive least squares estimators. A exemplary 
batch least squares estimator provides a state estimate at 
current time using a batch of composite coordinate-mea 
surement signals taken during a ?Xed time span. Asequential 
least squares estimator updates the state estimate once the 
composite coordinate-measurement signal is made at the 
current time. 

[0054] FIG. 7 illustrates an eXemplary recursive processor 
in the form of a Kalman ?lter 120 Which provides the error 
factor estimate E* at an output port 122 in response to the 
composite coordinate-measurement signal Srns at an input 
port 121. The Kalman ?lter 120 utiliZes a Weighting func 
tion, called the Kalman gain K, Which is optimiZed to 
produce a minimum estimate variance (x62 (i.e., the accuracy 
of the error factor estimate E* is maXimiZed). In particular, 
the Kalman ?lter 120 combines a current composite mea 
surement signal S(tn) With measurement predictions S*(tn_) 
that are based on past measurements (and thus apply to a 
time tn just before tn) to provide a state estimate X*(tn) at a 
time tn just after the time tn‘. As indicated by the subscript 
n, the ?lter successively and recursively combines the mea 
surements and measurement predictions to obtain an esti 
mate With a minimum estimate variance (x62 (i.e., maXimum 
accuracy). The current composite measurement signal S(tn) 
is the composite coordinate-measurement signal Srnsomnp FIG. 
6. 

[0055] This process is summariZed in a state estimate 
update equation 

X*(ln)=X*(ln’)+K(ln){5010-5 *(ln’)} (7) 
[0056] in Which a state estimate prediction X*(tn_) just 
before the measurement S(tn) is updated by a portion K(tn) 
of a residue Which is the difference betWeen the composite 
measurement S(tn) and a measurement prediction S*(tn_). 
The product of the gain and the residue is a correction 
K(In){S(In)—S*(In_)}Wh1Ch corrects the state estimate pre 
diction X *(tn_) to form a state estimate update X*(tn) for a 
time tn just after the signal measurement S(tn) Was provided. 
The portion K(tn) is the Kalman gain Which is calculated as 

Kan)=ae2(tnT)/{ae2(tnT)+am2} (8) 
[0057] in Which (xe2(tn_) is the estimate variance just 
before the measurement signal S(tn) and otm2 is the mea 
surement variance of equation (6) above. The estimate 
variance is recursively updated in accordance With 

ae2(tn)={1_K(tn)}ae2(tnT)' (9) 
[0058] In the beginning of the recursive process, the 
estimate variance is generally much greater than the mea 
surement variance so that the gain K(tn) approaches one. As 
the process continues, the estimate variance ote2 is reduced 
beloW the measurement variance otm2 so that the gain K(tn) 
declines to a value much less than one. It is apparent from 
equation (7), therefore, that a large portion of the residue 
S(tn)—S*(tn_) is initially used to update the state estimate 
prediction X*(tn_) into the updated state estimate X*(tn) but 
this portion decreases as the process continues. It has been 
shoWn that the estimate variance can be expressed as otm2 /n 
and thus, it asymptotically approaches Zero as more com 
posite signal measurements are obtained. 

[0059] In the Kalman ?lter 120 of FIG. 7, the updated 
state estimate X*(tn) is passed through a time delay 124 to 
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form the state estimate prediction X*(tn_) and provide it to 
a summer 126. The state estimate prediction is also passed 
through a state converter 127 to form the measurement 
prediction S*(tn_) Which is differenced in a differencer 128 
With the composite measurement S(tn) to generate the resi 
due S(tn)—S*(tn_). 

[0060] The Kalman gain K(tn) is provided by a Kalman 

gain calculator 130 Which performs equations (8) and The residue S(tn)—S *(tn_) and gain K(tn) are multiplied in 

a multiplier 132 to generate the correction K(tn){S(tn)— 
S*(tn_)} Which is summed With the state estimate prediction 
X*(tn_) in the summer 126 to realiZe the state estimate 

[0061] The state estimate X*(tn) is then processed through 
another state converter 127 to provide the error factor 
estimate E*(tn) at the output port 122. The state converters 
127 use relationships (e.g., as shoWn by the substitution 
arroW 115 in FIG. 6) to convert the state estimate X*(tn) into 
the error factor estimate As shoWn by substitution 
arroW 134, for example, the state estimate is represented by 
a column vector of coef?cient estimates and the state con 
verter multiplies this column vector With the roW vector of 
FIG. 6 to generate the scalar error factor estimate E*(tn). 

[0062] An exemplary spacecraft 140 for practicing the 
methods of the invention is illustrated in FIGS. 8A-8C and 
an attitude-control system 180 of the spacecraft is illustrated 
in FIG. 9. The spacecraft has solar panels 142 that carry 
arrays 144 of solar cells and extend from rotary actuators 
145 on opposite sides of a spacecraft body 146. The body 
146 carries a plurality of communication equipment and 
communication antennas 148 Which are oriented toWards a 
target (e.g., the Earth) When the spacecraft is in its service 
attitude. 

[0063] Aprimary star tracker 102 (also shoWn in FIG. 6) 
is carried on the body 146 and, as described above, includes 
a charge-coupled device (CCD) detector With a ?eld-of-vieW 
(e.g., 8°><8°) that is centered on a boresight 151. Although 
the primary star tracker is suf?cient for practicing the 
methods of the invention, it is preferably backed up With a 
redundant star tracker 102R that has a boresight 155. 

[0064] The boresight arrangements of the star trackers are 
chosen to reduce intrusion of other spacecraft portions (e.g., 
solar Wings, and antennas) into their ?elds-of-vieW. They are 
also chosen to reduce intrusion of local celestial bodies (e.g., 
the Earth, sun and moon) into their ?elds-of-vieW When the 
spacecraft is in its service attitude. 

[0065] The gyroscopes 106 of FIG. 6 are carried by the 
spacecraft body 146 to provide rotation or rotation rate 
signals. The body 146 also carries torque generators for 
correcting the spacecraft’s attitude. Exemplary generators 
include thrusters 158 and internal momentum Wheels 159. 

[0066] The body 146 carries a poWer control module 160 
Which responds to current 161 from the solar panels 142 by 
generating electrical poWer for operation of the spacecraft. 
The body also carries the attitude control system 180 of 
FIG. 9 Which receives attitude signals from the star trackers 
102 and 102R and directs the torque generators to control the 
spacecraft’s attitude. 

[0067] In FIG. 9, light from stars 103 is focused onto a 
CCD array of the star tracker 102 and corresponding elec 
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trical charges are transferred to star tracker output ports to 
generate the measured star-coordinates Cm. The star tracker 
102 also provides star image magnitudes mSi and these and 
the measured star-coordinates Crns are coupled to a data 
processor 182 of the attitude-control system 180 Which is 
programmed to perform the processes of the How chart 90 of 
FIG. 5. That is, the data processor performs the processes of 
the modules Within the broken line 182 of FIG. 6. In 
addition, the gyroscopes 106 of FIG. 6 provide rotation or 
rotation rate signals 00 to the data processor 182. 

[0068] From the measured star-coordinates Crns and, the 
star image magnitudes mSi and the rotation signals 00, the 
data processor 182 derives the corrected coordinates Ccrctd 
Which it delivers to an attitude controller 184. In response to 
the corrected coordinates Ccrctd and to a commanded attitude 
(from internal or external sources), the attitude controller 
couples attitude control signals 186 to a torque generation 
system 188 Which includes, for example, the thrusters 158 
and momentum Wheels 159 of FIGS. 8A-8C. 

[0069] In response the torque generation system applies 
torques to the spacecraft (140 in FIGS. 8A-8C) Which 
correct its attitude to the commanded attitude. This attitude 
change is coupled to be sensed by the gyroscopes 106 and 
the star tracker 102 as indicated by the broken attitude line 
190. 

[0070] The invention recogniZes that a readout path length 
L and an associated star-coordinate error factor E Will 
generate a readout error of EL in conventional star trackers. 
The invention provides structures and processes that facili 
tate the derivation and estimation of the star-coordinate error 
factor E and the subsequent correction of measured mea 
sured coordinates Crns to thereby realiZe corrected coordi 
nates Ccrctd . In embodiments of the invention, the general 
iZed star-coordinate error factor E may take speci?c forms 
(e.g., horiZontal and vertical error factors 0t and [3) that are 
appropriate for those embodiments. 

[0071] The preferred embodiments of the invention 
described herein are exemplary and numerous modi?ca 
tions, variations and rearrangements can be readily envi 
sioned to achieve substantially equivalent results, all of 
Which are intended to be embraced Within the spirit and 
scope of the invention as de?ned in the appended claims. 

We claim: 
1. A method of deriving corrected star coordinates Ccrctd 

from measured star coordinates Crns that include charge 
transfer ef?ciency (CTE) errors Wherein said corrected star 
coordinates Ccrctd improve attitude determination and con 
trol of a spacecraft, the method comprising the steps of: 

in response to each of a plurality of star images focused 
on a charge-coupled device (CCD) array, transferring 
corresponding electrical charges over corresponding 
?rst and second paths of said CCD array at respective 
?rst and second times that differ by a measurement time 
interval 6t to thereby provide respective ?rst and sec 
ond measured star coordinates CW1, CrnSZ that include 
errors substantially proportional to ms2 products of the 
lengths of their respective paths and an unknoWn 
star-coordinate error factor E Wherein said error fac 
tor E is a function of star image magnitudes mSi of said 
star images and Wherein said CCD array has a maxi 
mum path length L 
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differencing said measured star coordinates Crns to form 
measured star-coordinate differences 6cm; 

determining star-coordinate movement 6C due to rotation 
of said spacecraft over said measurement time interval 
6t; 

With said measured star-coordinate differences 6cm, said 
star-coordinate movement 6C and said maXimum path 
length LmaX, forming a composite coordinate-measure 
ment signal Sm“,mp Which substantially equals the sum 
of said error factor E and a measurement variance (XmS; 

processing said composite coordinate-measurement sig 
nal Srnsomnp in accordance With said star image magni 
tudes msi, to derive an error factor estimate E* of said 
error factor E; and 

correcting said measured star coordinates Crns With said 
error factor estimate E, to thereby realiZe said corrected 
star coordinates Ccrctd . 

2. The method of claim 1, Wherein said maXimum path 
length LrnaX is substantially equal to the sum of the lengths 
of said ?rst and second paths. 

3. The method of claim 1, Wherein: 

said CCD array is arranged so that said maXimum path 
length L comprises maXimum horiZontal and verti 
cal path lengths Lmaxlm? and L 

said transferring step includes the step of transferring said 
electrical charges over corresponding ?rst and second 
horiZontal paths of said CCD array and over corre 
sponding ?rst and second vertical paths of said CCD 
array; and 

said error factor E comprises a horiZontal error factor 
otand a vertical error factor [3. 

4. The method of claim 1, Wherein said determining step 
includes the steps of: 

receiving rotation rate signals from a set of spacecraft 
gyroscopes; and 

deriving said star-coordinate movement 6C from said 
rotation rate signals. 

5. The method of claim 1, Wherein said composite coor 
dinate-measurement signal 5mm comprises the quantity 
(6CmS-6C)/(Lm,X+6C). ‘’ 

6. The method of claim 1, Wherein said measurement 
variance (Xms comprises high spatial frequency error oEhsf, 
loW spatial frequency error oElsf and temporal noise oTN of 
said CCD array. 

7. The method of claim 6, Wherein said measurement 
variance otm comprises the quantity (6EhSf+6E15f +6TN)/ 
(LrnaX +6C). 

8. The method of claim 1, Wherein said star-coordinate 
error factor estimate E* is a least squares estimate of said 
star-coordinate error factor E. 

9. The method of claim 8, Wherein said deriving step 
includes the step of batch generating a least squares estimate 
of said error factor estimate E’? 

10. The method of claim 8, Wherein said deriving step 
includes the step of recursively generating a least squares 
estimate of said error factor estimate E’? 

11. The method of claim 10, Wherein said generating step 
includes the step of Kalman ?ltering said composite coor 
dinate-measurement signal 5mm to realiZe said error factor 
estimate E’? p 
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12. A spacecraft Whose attitude control is improved With 
corrected star coordinates Ccrctd that are derived from mea 
sured star coordinates Crns Which include charge transfer 
ef?ciency (CTE) errors, the spacecraft comprising: 

a spacecraft body; 

at least one star tracker that is coupled to said body and 
has a charge-coupled device (CCD) array arranged to 
receive focused star light and, in response, generate a 
plurality of star images; 

at least one gyroscope that is coupled to said body for 
generating rotation rate signals; 

a torque generator coupled to generate torques in said 
body in response to torque command signals; 

a data processor programmed to perform the steps of: 

a) in response to each of said star images, transferring 
corresponding electrical charges over corresponding 
?rst and second paths of said CCD array at respec 
tive ?rst and second times that differ by a measure 
ment time interval 6t to thereby provide respective 
?rst and second measured star coordinates CW1, Crnsz 
that include errors substantially proportional to prod 
ucts of the lengths of their respective paths and an 
unknoWn star-coordinate error factor E Wherein said 
error factor E is a function of star image magnitudes 
mSi of said star images and Wherein said CCD array 
has a maXimum path length L rnax a 

b) differencing said measured star coordinates Crns to 
form measured star-coordinate differences 6cm; 

c) in response to said rotation rate signals, determining 
star-coordinate movement 6C due to rotation of said 
spacecraft over said measurement time interval 6t; 

d) from said measured star-coordinate differences 
6cm, said star-coordinate movement 6C and said 
maXimum path length LmaX, forming a composite 
coordinate-measurement signal Sm“,m Which sub 
stantially equals the sum of said error factor E and a 
measurement variance (XmS; 

e) in response to said composite coordinate-measure 
ment signal Srns and to said star image magnitudes 

. . 00m? . . 

msi, deriving an error factor est1mate E* of said error 
factor E; and 

f) correcting said measured star coordinates Crns With 
said error factor estimate E* to thereby realiZe said 
corrected star coordinates C ' and crctd a 

an attitude controller that generates said torque command 
signals in response to said corrected star coordinates 
Cmd and said rotation rate signals. 

13. The spacecraft of claim 12, Wherein said maXimum 
path length LrnaX is substantially equal to the sum of said ?rst 
and second paths. 

14. The spacecraft of claim 12, Wherein: 

said CCD array is arranged to have maXimum horiZontal 
and vertical path lengths L 1 and L 

rnaXhrznt maXvicl’ 

said transferring step includes the step of transferring said 
electrical charges over corresponding ?rst and second 
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horizontal paths of said CCD array and over corre 
sponding ?rst and second vertical paths of said CCD 
array; and 

said error factor E comprises a horizontal error factor 
otand a vertical error factor [3. 

15 The spacecraft of claim 12, Wherein said determining 
step includes the steps of: 

receiving rotation rate signals from a set of spacecraft 
gyroscopes; and 

deriving said star-coordinate movement 6C from said 
rotation rate signals. 

16. The spacecraft of claim 12, Wherein said composite 
coordinate-measurement signal 5mm comprises the quan 
tity (éCms -zsc)/(Lm+esc). ‘’ 

17. The spacecraft of claim 12, Wherein said measurement 
variance (Xms comprises high spatial frequency error oEhsf, 
loW spatial frequency error oElsf and temporal noise oTN of 
said CCD array. 

18. The spacecraft of claim 17, Wherein said measurement 
variance otm comprises the quantity (6EhSf+6E15f +6TN)/ 
(L +6C). max 
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19. The spacecraft of claim 12, Wherein said star-coordi 
nate error factor estimate E* is a least squares estimate of 
said star-coordinate error factor E. 

20. The spacecraft of claim 19, Wherein said deriving step 
includes the step of batch generating a least squares estimate 
of said error factor estimate E’? 

21. The spacecraft of claim 19, Wherein said deriving step 
includes the step of recursively generating a least squares 
estimate of said error factor estimate E’? 

22. The method of claim 21, Wherein said generating step 
includes the step of Kalman ?ltering said composite coor 
dinate-measurement signal Srnsomnp to realiZe said error factor 
estimate E’? 

23. The spacecraft of claim 12, Wherein said torque 
generator comprises at least one thruster coupled to said 
body. 

24. The spacecraft of claim 12, Wherein said torque 
generator comprises at least one momentum Wheel coupled 
to said body. 


