Precision Attitude Determination of Spacecraft Using Star Trackers and
Developments of Ground Test-bed

Abstract — In this paper a star pattern identification algorithm 15 addressed for the precision attitude
detertnination of spacecraft Proposed algorithm iz associated in term of pattern recognition. Each star 1z
related with well-defined pattern that can be determined by the surrounding stars. There 15 well-known the
grid algorithm as one of the star identification algorithms related to pattem recognition The proposed
algorithim 15 based on the grid algorithm, Modification methods, polar grid, virtual grids and multi-references,
are proposed to enhance the grid algorithim. The proposed modified grid algorithm 15 also demonstrated by
the numerical simulation For the ground tests of the proposed algorithm Star pattern generation software,

star identification software and a hardware system are developed.
INTRCDUCTION

Whenewver the tission 15 voyaging into the deep space or orhiting the earth, the spacecraft must have
accurate guidance mformation REeliable guidance mformation enables the spacecraft to achieve the given
mission reliably Especially, the loss of the sudance control information dunng a voyage iz big potential
threat. Obtaining the guidance information 15 addressed i this paper establishing an atttude determination
algorithim using star patterns.

The efficient identification techmigue called grid algorithm has been introduced to overcome the
dizadvantage of conventional angle matching method[6]. The gid algortthm 1z classified as pattern
recognition. The algorithm has a database in which each star has well defined pattern determined by the
surrounding stars i the specified field of wiew Measured star field by the star tracker 15 converted a specified
pattern by warious methods. The pattern can be identified by finding the best matching pattern in the star
pattern database. The grid algorithm 13 known to be robust with respect to sensor noise. It also requires less
cotrputer resources compared to other algorithims because of its stoplicty.

A modified grid algonthm for more accurate and reliable identification iz introduced A promising star
identification approach proposed in this paper 15 to use multi-reference stars with which specific patterns are
to be identified. If there i notse m the CCD(Charge Coupled Device) image detector, a angle reference star
could be mis-identified with the generated grid datsbase. Howewver, the possibility of mis-identification can
be reduced for the final star identification by selecting the multi-reference stars as addressed i this study
Another useful proposed approach 15 to generate virtwal grids. The refrence stars outside of the pattern
radiuz are always eliminated in the original grid algorthim since they are located far from the selectsd

reference star. This may lead to mis-identification by eliminating the reference stars because simce they could



provide useful mformation. The reference stars elininated in the original algorithm are employed in this
study by the grids generated virtually on the outside of the virtual CCD plane. The wirtual grid covers the area
heyond that defined by the pattern radus in the ongmal grid agonthm.

The best way to test the star trackers 15 to use the CCD star images captured in the real sky Howewer,
obtaitiing the tnages 15 very limited due to the error sources of the atmosphere. In this paper, a ground-based
test systemn 15 developed to overcome the problem This system consists of three parts: one 15 pattern
generation software, another is star pattern identification software, and the last one 15 the overall hardware
systetn.

General grid algorithim 1s first introduced briefly i this study. Then the modified methods are applied to
the original gnd algorithm for performance enhancemernt. Simulation stidies include how many reference
stars and how many virtual gnds are effective for star identification Thus a guideline for selecting suitable
parameters for efficient identification 15 established. Also, star identification probability wersus position
accuracy of the image i the CCD plane 15 presented The sunulation results show that 1t 15 more stable about
the Gaussian noise in the CCD image detector compared to the original grid algorthim Obviously, the grid
algorithm iz generally known to be robust compared to general angle matching technique[d]. The modifisd
grid algorithm proposed in this study provides robust star wdentification performance over a wade range of
sensor noise. To demonstrate the proposed algorithm wathin actual enwirontment a ground test system 1z

mtroduced and a ground test 13 performed.



GRID ATGCRITHR

The grid algorithm iz a pattern recognition algorithm for star field detected on the CCD plane of the star
tracker. The main idea of the algorithm iz to generate a specified pattem database and to construct a grid
pattern from the measured star field on the CCD plane. The specific grid pattern 15 first generated using the
grid Az searching the pattern database dready designed by the grid algorthm, the specific pattern can be
wdentified as anidentfied star Inthis section we ntroduce the grid algonthm.

4 szet constituted by the stars in the specified field of view 15 needed to be pattem. Each star in the setis
called refererce star. The pattern 15 constructed in the following manner [6]. First, on select a reference star,

pivod star, in the set The pivot star 15 the star to be identified by the given database. And then, part the skyof
the surrounding sky within patters radins (rp Jwhich center i3 pivot star postion. The pattern radius can be

detertnined by function of the FOV{Field Of View) and a marginal value. Thus, translate the pivot star in the
center of the FOV and related reference stars also translate with same length with pivot star And then, one

can select a closest reference star, afigrmert star, whose distance to the pivot star 15 marginally higger than
the buffer radius (7). Then, onent the alighment star to the reference frame so that the related reference stars

rotate with the same angle. Finally make a grid of size  gxginthe pattern If a grid cell contains a reference
stat, let the cell be 1 otherwize 0 to generate a standard format for the pattern. Bits of the grid cell are pattern
information of each star inthe real sky The database 15 constituted by the bits mformation about each star
After the pattern 15 constructed, we must determmine which pattem in the database 1z related closely wath
the imaged pattern on the CCD plane of the star tracker. The imaged pattern can also be generated a standard
formmat by using same manner in the previous paragraph. If there are many shared or matched cells hetween
the imaged pattern and a pattern in the database, it could be a candidate star to be Wentified. When there is
only one candidate star, the candidate star can be treated as the matched star, However, f there are a lot of
candidate stars through the cell matching process, the candidate star of contaming the masimum matching
cells 12 assumed as the identified star.
Database Gensralion
The tnethod of generating a set of patterns which constitute a database 13 mtroduced. The reference stars
are knowen beforehand from a star catalog bright star catalog (B SC) iz used in this paper BSC contains star
brightness, right ascension and declination with respect to the mertial frame. There are 2110 stars. The
coordmate of the star 15 definedin Fig 1.
We mtroduce some useful notation as shown Fig 1. s denotes the unit star vector in the real sky with

respect to the mertial frame. S, 15 a prvot star vector. And P is the star vector imaged on the CCD plane

»



with respect to the CCD body frame. The length of the p iz defined and related wath the focal length{ ).
P, 1g apivot star vector inaged onthe COD wath itz length identical to the focal length
|p, =7 (1)

8 1z the angle between prvot star and #th reference star. The length ofthe p,is then gven as

P, |
|p; | oz & (2)

Animaged star vector (P; ) attached on the CCD plane canbe expressed as
P;=D; P, (3
Thex walue of the imaged star wector 15 0 wih respect to the CCD body frame. ¢ 15 the right ascension

and ¢ 15 the dechnation wath respect to the mertial frame.
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Fig 1 Definttion of the inertial frame and CCD hody frame.

From the geometric relations shown in Fig. 1, the star wector (87 13 given as
s:[cosg‘cos.:;:? Cossin @ sing‘]r 4
The direction cosine matriz to CCD body frame from mertial framme 15 grven as
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where we used Ol — OG(—¢) rotational sequence.

To ohtain a set constituted by the stars in the specified field of wiew using the catalog information, every
stars in the catalog can be transformed such as Egni4). The set with a pivot star i limited by a threshold
ange. Thus, the related reference stars in the set are simply chosen by the mner product relationship such as

8= cos'l({si,sr}} <8, (6

where & 1z a threshold angle .} dendotes a vector inner product. The threshold angle which is closely
related wath the pattern radius grren by
g 2tan(, /) ™
Thus, one can obtam reference stars which have smaller angle between the reference star and pivot star than
the threshold angle.
Since we must know the position m the CCD plane for grid pattern generation, the star vector (8] in the
real sky can be transformed by the direction cosine matrix in the
p; =P | C7s, (3)
where the body framme iz defined 1n Fig 1. Inserting the Egns. (1)-(2) and (&) into the Eqn (8), we can obtain
the itmaged star vector i the CCD plane as

J

RS,

The Eqn.(%) means that the ith star {8, i the real sky with respect to the inertial frame 15 transformed to an

P, Crs, (%)

imaged star wector in the CCD body frame Moreover, 2D star vector in the CCD plane denctes just
p; =(—y.z) for convenience.
The rotation process should be achieved to make a standard format based on grids To select a align vector
which 15 the closest reference star outside the buffer radis, one can define a error equation given by
e =Ip:|-% (10)
thus, a align vector can be detenmuned by
m!_in (g,) and &0 {1

One can rotate the align vector to be aligned wath —» =g inthe CCD body frame also obtain the rotational
angle. All the neighboring stars in the set are aso rotated with the same angle. Now we have a well-defined
pattern through the orientation process.

To formulate a sensor pattern wector which 15 constituted by the cell indices, The CCD plane must he



divided by the grid We assume that the star tracker has a CCD plane of size s s and grid of size gxg

shown in Fig 2. The cell index starts on the bottom of the left side and increases by moving to the right
direction and also to the upper direction.

Thus, to ohtam the relationship between the neighboring star position and cell index, we can male  p,

% =int[22;m g] +1
(12}

he an integer as,

The pair (X, ¥) can be expressed by a function of pattern radius(z, ), since the patternradms 15 associated with
the CCD size grven as
=" (13)
The cell ndices of the ith neighboring stars about prvot star (p_ ) can be expressed as
e, 7= (Fi-1)g+% (14)
Agsumne that the Ath star m the star catalog by a pivot star has bases of number of A, the database

constituted the imaged star vectors for grid algorthm can be expressed Tahle 1

Table I. Database configuration.
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Fig. 2 Gnd pattern and CCD plane configuration.

Paltern Seneration fram OCD Plane
From the CCD plane of the star tracker, we can obtain an actual image of the star field. The imaged pattern

can also be converting a standard format Only one thing to do in the process 15 to relocate a selected pivot
star (p, ) to the center and neighboring stars also to be relocated inthe CCD image. This process can easly

he obtained by the rotational sequence. To reduce the computational burden, we can assume that the pivot

star 15 close to the center The process i constructed by Euler rotation sequence that the angles (@, 5
hetween X ams vector of the body frame and the pivot vector. Since the angles are assumed small, it can be
approzimately chtained from the pivot star location with respect to the body frame as p_= {f, o, 8).

The imaged star (p,) on the CCD plane of the star tracker with body frame coordinated system can be

approzimately relocated such as

.| 1 - 4
plaf 2l o 1 0lp, (15)
.0} 6 0 1

where i) — CG(=4) rotafional sequence 15 used



LIOCIFICATION METHODS

The grid algorithm introduced in the previous section i3 known to be an astonomous and reliable
algorithm  To identify the given image and to elininate any ambiguty, at least two stars are required.
However, for more reliable identification, over 10 stars are should be measured on the CCD. Ifthere i3 noize
oni the CCD so that a wrong alignment vector 15 chosen its orientation may be different from that of the

database. This may be a cntical problem to star pattern identfication.

In this section, we introduce some useful methods to enhance the grid algorithm. The first 5 to use polar
coordinate grid shown in Fig4 instead of the Cartesian grid (origmal grid algorithm) As mentioned i the
previous section, the measured pattern i relocated and orientated by the pivot star to make the standard
fortmat. Ewen if the posthion of the pivot star = petturbed by the CCD noise or other factors, the relocated
ammounts of the neighboring stars also have same errors with that of the pivot star has This error 13 inevitahle.
Howevwer, the orientation process 13 different. If the position of the selected align wvector has some position
error, close neighboring stars with the pivot star have much same emors. But the reference stars far from the

pivot star have much errors linearly proportional to the length of the reference stars given by e where =

1z angle error of the align vector This resultis shown in Fig. 3
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Fig 3 Pattern errors due to the position errors

These position errors may be occurred by the CCD array resolution limit and photo shot noise also can be



a citical source of the noise. To reduce the position error due to the rotational process, we design a polar cell
whose residual space to the angular direction has more margns as shown in Rg 4.

There can be vanous methods to make grid index sequence in the case of polar coordinated system Using
normalized radius, the length difference between the outer and inner neighboring circle 15 25, One method
proposed in this paper 1s to list the grid index

To make polar agrid size of g, per 2x about non-dimensional unit radius and also the non- dimensional
radms (integet) up to Z,, the grid mdex of the ith reference star sbout kth star m the star catalog can be

witten as

cglF A= int{@+ 1}

(16
: A =
+imnts—g, [F+1
{h & (7 )}
where the non-ditnensionalized radius is expressed as
7= int [’"—igr] (17)
7
¥
The ith reference staris denoted as p, = (7, 4).
5

Fig4 Polar coordinated grid pattern

The standard format of the Cartesian grid 15 based on the area ofthe given CCD plane. The pattern radsz



in the original coordinated grid iz the same as half of the CCD plane width. When the pivot star 12 relocated
to the center of the CCD plane, the reference stars outzide of the pattern radius cannot be expressed propetly
Ewen if a reference star that may be a critical star i identifying the pattern iz located outside of the buffer
radis, it 15 eliminated by the limit of the huffer radinz. The area 15 shown in Figd by gray color To use the
reference star outside of the pattern radiug, the pattern radiug should have a larger vahie than the length of the
half of the CCD plane width.

At this point, we propose rdal grid which can be generated outside of the CCD plane. The virtnal grid
1z also shown outzide of the CCD plane in Figd. To use the wirtual grid, the database iz regenerated hy
replacing the pattern radius. In this process, more reference stars can be included i the database. It is
ohwious that size ofthe database 15 larger than that with smaller pattern radive. For more reliable autonomons
systetn for star identification, it i3 mevitable that the database size 13 bigger by due to increased the pattern
radms.

Finally we propose amuli-pivat selection dgorthm to identify the captured star under the system nose.
The proposed method 15 emphasized when the high level of noise 15 incorporated in the CCD image. The
position accuracy 15 degraded by the spuriously added or lost stars which may happen i the clustering
process to make a star from the charged pizels The neighboring pels which includes these undesirably or
spuriously charged pizels are clustered as a reference star In the clustering process, the unwanted pizels have
a bad influence determining the accurate position of the clustered pizels. When these factors - spurious stars
and position error - are interfaced with the alignment vector and pivot vector, £ could cause a serious
problem. The influence of the postion error of the alignment vector could be covered partially by using the
polar coordinated grid mentioned m the previous section, even if the posittion error of the pivot vector is
mewtable. However, when a spurious star 1s treated as prvot star or alignment vector, grid algonthm may fal

The proposed multi-pivot selection strategy may be applied to enhance the reliability of the grid algorithm.
When a not-existing star 15 selected as a pivot vector or an alignment vector by the CCD noise, there are less
of no matching reference stars within the database. The best matching star may not guarantee the mminimum
threshold value required to be a candidate star. In this case, one can select another reference stars as the pivot
star and alignment vector apart from the already selected star. The newly selected stars must be located as far
as possihle sothat the previously selected stars can be excluded from selection as the alignment vector. If the
position difference between first pivot star and second pivot star 15 allowable for the given threshold, one can
he assure that the best matching star be an identified star If it 13 not allowahble, we can assure that the star
tdentification algorithm 15 faill Howewer, we can get accurate information from the multi-pivot selection

strategy without mis-dentification.



SIMULATIONS

A numerical siolation 15 performmed to verify the proposed algonthm. The proposed algorithm iz
compared to the original grid algorithm on same conditions. For simulation, we used BSC. The stellar
magnitudes range down to 8 0th level The star tracker configuration for the sinulation uses an 5= 5 degree
FOV with an image plane consisting of 512x512 pizels. Also the sensitivity of the star tracker assumed
about 8.0 units apparent stellar magnitude. We basically are assumed that all stars in the catalog can be
detected by the star tracker Howewer, for more reasonable simulations, Gaussian noise with standard
dewviation of 0.4 unit apparent stellar magnitude 13 added so that some stars may be not detected by the CCD
plane.

The pattern radius 15 selected as 4 degrees which iz the half of the FOWV and the buffer radius 15 designed
as 10 pixels. The grid algorthm make use of aZ0x20 grid  For the polar coordinated grid algorithm,
pattern radius 15 also designed as 4 degrees and g, =4,z = 20. This design value 15 very favorable with the
Cattesian grid All of the stars in the BSC are used to generate the grid databases. The number of the
reference stars near a selected pivot star 15 plotted i Fig 5. Some pivot stars have mmuch less reference stars
that it may be impossible to identifiy it There are more about 10 reference stars which are reasonable

murhers to be identified.
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Fig 5 Mumber of Reference stars near the pivot stars in the 8x 8 FOV.

To analyze the performance of the gid algorithm, we have added some posttion errors which were
generated by random Gaussian noise. It has a wade range of posttion noise covering 0~4 pixels. The

probability of the cells 1dentified as same cells versus the position emrors of the reference stars in the virtually



generated CCD plane 15 shown in Fig 6 As the position error increases, one can see that the probability
decreases. We can also conclude by the simulation result that the polar coordinated grid algonthm iz more
autonomous for the position errors than the Cartesian grid. This iz because the angular direction emors are
increased by the position of the radial direction The polar coordinated grid could be made more autonomous

for thiz error factor by propetly mcreasing the width ofthe cell in the angular direction.
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Fig i Probabdity of matched cells wersus position errors of the reference stars

The probability of star identifications 15 shown in Fig 7. This result 15 generated wath 1000 randomly
selected bore sight of the star tracker at each position errors. The probability of the polar grid algorithm 1z
somewhat better than the Cartesian grid. The polar coordinated grid and the Cartesian gnd are compared in
Fig & This result 1z based on 1.5 pixels position error. Linealy increasing right ascension, and randomly
selected declination bore sight iz simulated. From the results shown in Fig &, one can easily understand the
identification performmance. The difference matched cells i3 wewed m the last figure in Fig 8. Polar grid
algorithm has more cells to be matched correctly about 1.5 times many cells.

For navigation purposes, the probability of star identifications shown in Fig 7 15 less confidential The less
reference stars captured in the image about randomly generated bore sight also spuriously matched stars
cause this result. To enhance the performance of the algonthm, proposed methods in this paper are applied to
the previous simulation results in Fig 7. Simulation result applied proposed wirtual grid & shown in Fig 9.
The propozed virtual grid 15 very distingushably enhancing the grid algorithm. Both the polar grid algorithm
and Cartesian grd algonthm show enhanced star identification probability when using the wirtual grid
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The probahility of star identification wath posttion error of 2.5 pixels 15 about 098 Purely used grid
algorithim without any modification methods excludes reference stars outside of the pattern radius. Cn the
other hand, the grid algorithm using the wrtual grid method uses the excluded reference stars by including it
in the wirtually generated grid. We can see that using all the reference stars imaged on the CCD with wirtual
grid. We can enhance the reliabiity of star dentification
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Finally, multi-prvot selection tmethod 15 applied to the polar coordinated grid algortthm  Mlulti-pivot
selection method 15 activated only when there are less matched reference stars than threshold of minimum
reference stars. We assume the following scenario for simulation. A spacecraft with a built-in star tracker is
orhiting with sinusoidal motion shown as m Fig 10, To simulate the noisy environment, we appled 1.5 pixels
position random Gaussian noise and 0.4 units apparent stellar magntude random Gaussian noise. The owverall
identification rate for thiz scenario 15 over about 98.5%. The stars in the circle of Fig 10 come out as

tnpossible images to be identified by the rodb-prvot selection algonthm,
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GROUND-BASED 3YATEMS

The star identification algorithims developed so far have been widely studied for many decadss. However,
literature for the ground test-bed system to demonstrate the proposed star identification algorithm 15 rare. In
this section, the hardware development, setup, and tests are addressed. The developed ground-based system
consists of three parts. One 15 pattern generation software, one other 15 star identification software, and the
last one 15 the overall hardware system.

There may be two types of star pattern generation methods One 15 for the reliable star tracker
development for the space applications. These types of star pattern equipment generate star images could be
same as the real star m space mcluding various error sources. It could be hard not only to make the
brightness same with the real star brightness i a laboratory, but also to construct the hardware system ttself.
The major drawhack of the equptnent 15 that the cost of the hardware system i3 very hugh.

Another type 15 for the test of star identification algorthms Although the images are obtained in the real
sky, most of the star identification algorithms use limited information. For example, most star identification
methods dow't need the infonmation about the star brightness. The algorithin can effectively identify the
stars without the brightness. Moreover, the brightness information m the CCD may be even notreliable. The
equptnent for the test of star identification algorithms 15 software based equipment. It could he
implemented easily as well as constructed with low cost In this paper, the star pattern generation software
15 developed.

The star pattern generation software 15 illustrated 1n Fig 11, The developed software has a variety of
features. & major feature 15 to generate a star pattern for the given camera bore sight Bright star catalog
(BSCY 13 used in this software to generate the star pattem images. In the software it 15 assumed that there 13
a spacecraft orbiting the earth The orbit of the spacecraft could be initially designed based on user demands.
The user could also detertnine the direction cosine matriz of the star tracker with respect to the spacecraft
body reference frame. Many of the initial parameters could be determined by using the mitialization file of
the software.

Some projection technigques should be used to display 3D postions of stars on 2D screen with limited
distance, because the star positions with respect to the mertial frame are listed in the BSC based on right
ascension and declination. The detail explanation about the projection techniques 15 not given here. To
capture the reasonable star image using the CCD camera the alignment between the momtor displaying the
2D image and the CCD camera could be first accomplished. Calibration equipment 15 required to precisely
accomplish the alignment of the two. Torelease the calibration burden, we added the calibration proce dures

into the star pattern generation software in stead of the calibration equipment. This procedure could prevent



the tmage of the CCD camera from distortion induced from the misalignment,

Fig 11 Star pattern generaton software

Generally, the commercial CCD camnera has an abilty to adjust the field of wiew. The filed of wiew 15
directly related to the focal length. That 1s, it could be a hard work to focus the camera on the screen while
satisfying the specific filed of wiew Moreover, the star pattern software could also generate the identical star
pattern of the CCD camera parameters. Most of these problems are resolved by adding various functions
o the star pattern generation software.

To demonstrate the performance of the proposed algorthm by using the ground based system, an
identification package for the star identification called star identification software 15 needed. The star
identification software dewveloped in this research iz illustrated in Fig 12, The implemented algorithm to
identify the stars 15 based on the proposed polar grid method addressed in the previous section. Let us
assumme that the star pattern generation software produce certain images based on the specified CCD camera
parameters. The star identification algorthm should be basically defined as the same CCD parameters. By
doing that, the star identification package can surely identify the stars of the CCD image. To reduce such
hurdens as to perform the experiment the package also contains various functions. The initial parameters
can be set by users using the GUI dllustrated in the right side of Fig 12, There are two black screens. One of
them 15 for the image to display of actually captured stars from CCD camera Ancther i for the exact star
pattern transferred from the star pattern generation software. The star identification software runs by
pushing the start button. There 15 one more function optionally developed in the package. That function 15to



control the attitude of hardware system using actuators. This option 15 closely depend on the hardware
systetn.
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Fig 12 star identification software

The last one for the ground test of the proposed star identification algorithen 15 hardware system, which is
llustrated in Fig. 13 The hardware system called 1 axis spacecraft H'W sinulator consists of various sensors
and actuators such as gyros, mertial mmeasurement unit, reaction wheels and awr thrusters. The large LCD
momitor 5 used to display the star pattern produced by the star pattern generation software. The commercal
CCD camera iz utilized to a replacement of the star tracker The camera 15 connected to the personal
computer with an mmage captuning board installed in it The captured images through the captunng board are
transferred to the star identification software and displayed on the black screen of the software. Moreover, the
hardware system has a capability to control 1-axis attitude by using the reaction wheels so that the optionally
developed function of the star identification software could be utihzed.

System setup to perform the ground test iz firstly started by perpendicularly aligning the two parts : LCD
monitor and the CCD camera It is recormended to the camera direction vector i focus on the center of the
LCD monitor to perform the experiment easily Precise alignments are petformed using the alignment
functions of the star pattern generation software. By pushing the star button of the star identification so frwrare
the ground test for the star identfication 15 performed.



)|

Fig 13 Hardware setup for star tracker tests.

The running tine iz abowt 600 sec to perform the experiment. The slewingrate of the simulated spacecraft to
generate the star pattern in real-time 13 about 0 1deg’s. The slew rate is reasonable walue to demonstrate the
star tracker algorithim. The images captured from CCD camera i case of fast slew rate are not avalable to
identify the stars so that fast image acquisition systems could be needed  Fig 14 shows the trend of the
pivot star wvector from the captured images during the experiment At first, the calibration process is
performed dunng the first start time. The identified pivot stars near the center of the CCD image are plotted.
There are some nowisily cases near 500 sec. These cases are not the cases of fail to identify the stars. There
could be two identified stars to be the pvot star far from the center of CCD image with similar distances.
That 15, the noisily cases could be explained by that the two stars are alternatively selected as a representative
pivot star By using the position vector of the pivot star with respect to the CCD frame, we can estimnate the
CCD camera vector The estimated camera vector 15 illustrated i Fig 15 Classical QUEST or Least squares
algorithm could be applicable to accurately estimate and determine the attitude using the identified stars.
Howevet, these estimation algorithms are out of scope i this paper so that the associated study iz not given
here. Consequently, we can conclude that the star identification using the proposed method in this paper is

successhully achiewved.
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Fig. 15 Trend of camera direction vector,

Attitude control could hardly be performed due to the attitude error accumulation while only using gyros. The
attinde sensors such as star trackers are surely necessary to satisfactorily control the attitude of the spacecraft.
The optionally developed attitude control function in the star identification package 15 aso performed. For

the attitude control expeniment, the initial reference angle of the spacecraft HAW simulator 1z set to zero wath



same as the initial output of the star tracker. The reaction wheel 15 used to perform the experiment. We can
see from Fig 16 that the experiment of the athtude control 15 successfully aclieved That iz, the spacecraft
HIW sirlator 15 satisfactorily headed for the desired angle.
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Fig 16 Responses of the angle and angular rate of the spacecraft HIW simulator,

COMCLUSICNS

A modified grid algorthm method 15 proposed. Proposed algorithm 15 demonstrated as an autonomous star
identification algorithm about full celestial stars. The polar grid algorithm 15 proven as an autonomous
method. The wirtual grid 13 demonstrated that ¢ plays very important role in star identification by enhancing
star identification rates. Both the polar grid algorithin and Cartesian gnid algorithm show enhanced star
identification probability while using the wirtual grid. The mmlti-pivot selection method i3 also a good
reference to prevent mis-identfication. We can anficipate a more reliable and autonomous star trackers by
using the modified grid algonthm. To demonstrate the proposed algorithm within actual environment a
ground test systems are developed Finally, we could conclude that the proposed algorithm and the test

systetn are successhily applicable to high performance star tracker developments.
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