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Abstract. This article deals with the approach used to solve the problem of determining the attitude on board a
spacecraft, in real time and autonomously, using a star tracker system called AST (autonomous star tracker), currently
under development at the Brazilian National Institute for Space Research - INPE. Here we describe the methods and
techniques used in the development of the star tracker system software. One of the tracker applications will be to
compose the attitude control system of future Brazilian satellites. As a result of this effort, two computer program
packages were created. The first one is intended to control the star tracker system operation, and the other is a
simulation environment to test the system operation. This smulator was called ADAST (Attitude Determination
Algorithm Software Test). The attitude determination software employs a pattern recognition procedure to identify
stars in the field of view (FOV) of an active pixel sensor (CMOS APS) which comprises a star sensor system of one
fixed head. Only the part of the studies concerning the search and track operations, along with their results, are
discussed and presented in this paper.
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1. INTRODUCTION

Since around the year 2000, INPE has focused niaply on the study of methods, techniques andpeggnts
related to stellar sensing. These studies havedaah¢he development of sufficient expertise tcatzea star tracker
system to operate in conjunction with the forthaognBrazilian satellites. The system in view wasaieimated AST
(Autonomous Star Tracker).

As a part of this effort, in 2003 was created ausation environment for testing different algoritaron the internal
process of attitude determination from one imadps Simulation environment was called PTASE (FIALHDO03).

In 2005, already as part of a specific developm@ofect, the desired equipment specifications waeéned
(MCT/INPE/DEA, 2005). Also in 2005 many studies ceming sensor optics were conducted. These stletlds the
identification of the most important sensor opegterrors, as well as the existing correction fiiésés, so that the
sensor could achieve the desired attitude detetimmaaccuracy and precision (ALBUQUERQUE, 2005;
ALBUQUERQUE and FIALHO, 2005).

In 2007, with the sensor specifications in mindieaver and better PTASE version was achieved (FIALPI?7).
This new version would be the basis for the sinmuofet to be undertaken in the sequence of develomneten all
efforts have converged to the completion of theéesyssoftware and all the acquired knowledge wad tsereate and
test the software for the operation of the spetiensor. In this final stage, the aerospace com@MVNISYS
(headquartered in S&o Paulo) was contracted tect@hd turn into a product all the knowledge gateet so far.

Thus, in 2009, the simulation environment "ADASTAtt{tude Determination Algorithm Software Test) was
created. This simulator has been extensively usede sthen to validate the algorithms used in thdtitéde
Determination mode”, particularly the control logisponsible for the passage from the “attitudeustpn” to the
“tracking” sub modes, back and forth.

The paper is organized as follows: section 2 dessrithe attitude determination mode in the embeds®d
software, its main phases and some of the algositinged in it. Section 3 describes the ADAST sinowjatith its most
relevant configuration windows, and some simulaiogsults. Finally, in section 4 we conclude thpgy with some
suggestions for future works.
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2. ATTITUDE DETERMINATION IN THE AST
2.1. AST main features

The AST is a wide field of view (wide FOV) star ¢ker (star sensor), with a FOV around 25° x 258t# catalog
and its pattern recognition software are implengmeernally to allow three-axis attitude deterntioa even when the
vehicle is in a true “lost in space” condition, whimakes the AST an autonomous star tracker. \ithigrcalibrated,
the AST should have an accuracy of the order efiaarcseconds in the determination of its boresigtg coordinates.

The AST has many operational modes besides théuddt Determination mode", being capable of doitlgeo
things beyond attitude determination. Here arediéts most important operating modes:

Sand-by mode: default mode after powering up or a reset.
I maging mode: selected when the AST is intended to be usedcasnera, e.g. to take pictures of

the Earth, the sky, or other celestial targetsslalso useful for debugging
purposes (e.g., finding blemishes and defectsarCifOS APS array).

Attitude Determination mode: in this mode, attitude is acquired and updatedinuously.
Calibration mode; used for maintenance and in laboratory calibratio

Only when the AST is in the “Attitude Determinatibfode” it operates as a star sensor / star tradikés. mode of
operation is the subject of this paper.

2.2. The Attitude Determination Mode of the AST

The AST “Attitude Determination Mode” can be funtteeibdivided in the following sub-modes:

Attitude acquisition:  In this mode the AST attempts to calculate it1aaititude and angular velocity state,
from a couple of large images, taken in succesdibis sub-mode may be entered either
with or without a previous attitude estimate.

Attitude tracking: After successfully acquiring attitude and angulelocity state, the AST logically tracks
stars previously seen in the last frames, updatitigude according to the position of
these stars in the current frame.

After entering the “Attitude Determination Mode'he AST begins with the “Attitude Acquisition" subsde,
remaining in this sub-mode until its attitude aredoeity are acquired with enough precision to et the attitude
tracking sub-mode, where it should remain for maghe time. If by some reason, tracking of startost, the AST
returns to attitude acquisition sub-mode. The AS@ri autonomous star sensor, meaning that it ebtapf acquiring
attitude even in the absence of previous attituderiation, e. g., in a true “lost in space” moddowever it can
benefit from the availability of an attitude estimg@rovided by the attitude and orbit control cotep{AOCC), since
this will allow a faster attitude acquisition. big 1 depicts the internal states transitions ef'&ttitude Determination
Mode”.

no attitude
prior
estimate

success

success
Attitude acquisition
without prior estimate
(lost in space)

Attitude acquisition Attitude
with prior estimate tracking

successive non- tracking lost

identifications

Figure 1 - Internal state transitions diagram ef thAttitude Determination Mode”.

When in the “Attitude acquisition without a pridtitude estimate” state, also known as “lost incgfiestate, once
the first acquired image is processed and a suotegstude is calculated from it, the AST switsht® the “Attitude
acquisition with prior estimate”, using that firsttitude as an attitude estimate for the processfrihe next image.
The star sensor only exits the “Attitude DetermmratMode” when receiving a command from the AOCGugtch to
another operating mode or in case of a reset oepoycling.
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From the hardware point of view, the main differeretween “attitude acquisition” and “attitude kiag” sub-
modes is in the way that the FPGA that controlsritege sensor is programmed to acquire imagescim ezse. In the
“attitude acquisition” sub-mode the FPGA is prognaga to take a single rectangular image, with atyjtdimensions
up to the dimension of the image sensor itself 4x0D24 pixels), whereas in the “attitude trackirsgtb-mode, the
hardware is programmed to image only inside somedidired size square windows, that can be pos#tibanywhere
on the image sensor. In the current implementati@re are 12 windows each measuring 12x12 piXéen the AST
is operating in the “attitude tracking” sub-modegh windows are programmed to the expected locdhianthe
tracked stars should be in the next frame, pridrame acquisition. This difference between “Attie Acquisition”
and “Attitude Tracking” sub-modes is illustratedrigure 2.
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a) imaging in sequential mode b) imaging in tracking mode

Figure 2. Image acquisition during a) “attitude @sijion” and b) “attitude tracking” sub-modes. Tlaeger outer
squares represent the image sensor useful ardadbB@rrepresent stars. Grayed-out areas areigreasd
by the FPGA that controls the image sensor.

For a successful attitude acquisition, the AST F'duld be unobstructed and situated in a spacesgetion that
does not rotate or rotates slowly.

2.3. The attitude acquisition phase

In the “Attitude acquisition” phase, the star senaoquires a first image and process it, in ordepltain its
attitude. Since the spacecraft may be rotatindpet@ble to enter into the “attitude tracking” phdseowledge of the
spacecraft angular velocity is required. For this, the AST acquires a secoraganand computes a new attitude from
it using the first attitude as an attitude estimatising these two attitudes and the time differebeawveen the
acquisition times of the images used to calculatse attitudes, the star sensor is able to cafctitest spacecraft
angular velocityw. The AST then acquires a third image, calculéteattitude and compares this measured attitude
with the attitude for this third image predictedrir ® and the previous attitude. If both have a gooctement, it
means that the knowledge of current attitude atitléé evolution is good enough to enter the “adh#t tracking”
phase, described in section 2.4. In the next paphg, a discussion about the mathematical moeel insthe attitude
acquisition phase is presented.

We assume here that the vehicle angular velocigmall @ < 1 deg/sec) and time intervals between successive
images are small enough (a few seconds or les8.iJtusually the case for most contemporary appbos (AST
specification ian < 0.5 deg/sec; time intervals were studied and sitadlto check the model adequacy).

Taking: S/C = spacecraft;
® = star sensor angular velocity in the inertiakrehce frame in matrix form (SIDI, 1997) = S/C dagu
velocity, since the star sensor is fixed in th€;S/
A star sensor attitude matrix in the inertial refere frame;
I identity matrix
og = estimate of;
M' = transpose of matriM ;
t = time;

dA/dt = -w.A, assumed model of attitude evolution. @)

1% step) Acquisition and processing of th& image
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- 1%image is taken at = t,. If no previous attitude estimate is availablegt in space” case), this image is a large
image with 1024x1024 pixels. If a previous attéwastimate is available, this first image can balkmn(384x384
pixels).

— 1*image is processed and the attitude at the insfardquisition of this imaga(t,) is calculated after stars in this
image have been identified. If no previous atetedtimate is available, the Star Identificatiogdkithm (SIA)
works in the “lost in space” condition, otherwise uses the provided attitude estimate to speedhep t
identification process.

— If attitude successfully obtained, proceed to teet step, otherwise repeat this step.

— If a previous attitude estimate was available aarhany attempts to acquire attitude with thisneste have
failed, then ignores this estimate for the nexdrafits, thus, effectively entering into the “lossjrace” state.

2" step)Acquisition of a ¥ image and computation of the spacecraft angulacirg:

At t= t,+ At,, the 29image is taken (384x384 pixels)

This second image is processed &ftd+A4t,) is calculated after stars in this image have hdentified, like in
the previous step. In this step the AST uses tlwiqus attitude A(t,)) as an attitude pre-estimate, which
significantly reduces the time required for steltientification;

oe is calculated with the use of the following aitie evolution model:

oe =[ | - Ate+At). AT(t) ]/ At 2)

If successful, proceeds to the next step, othergdss back to theistep.

3 step)Verification of the accuracy @ andA estimates:
— Let t « t,+ 4At, = acquisition time of the last image.
— Let A(t) — A(t, + 4t,) = attitude calculated from the last image.
— Use o andA(t) to predict vehicle attitude at+{ At), wheret is the time difference between the acquisitioretim
of the last (usually the second) image and theiaitigun time of the next image to be taken. Acdogdto the
model in (1), this predicted attitudg(t + At) is given by:

Ap(t+ A1) = [I - o 4] At); 3)

— A new image is taken at-4t (in this case, a smaller one, 384x384 pixels)erifts processingA(t+4t) is
calculated.

- By comparing the predicted attitudg(t + At) with the measured attitudgt + At) it is possible to know ife and
A are know with sufficient precision to enter inbet‘attitude tracking” sub-mode.

— If A(t+ 4t) andAy(t + 4t) do not agree to the required precision to emtr the “attitude tracking” phase, then
let: t « t+ 4t , A(t) < A(t+ 4t), and repeat this step from the point where a Agliv+ At) is calculated.

If the obtained estimate at the end of tffesBp is good enough, the tracking phase can bedtatherwise, the
process has to be repeated until an estimate withgh accuracy is obtained. Here, "enough accunaggns good
enough to allow positioning the tracking windowssich a way that the image of the stars that wiltrecked will be
in the center or close to the center of these ingckindows when the next image is taken. For tragkvindows with
12x12 pixels, the required accuracy is arowdpixels. This small adjustable margin of error waasidered in this
work. Note that the decision of making the trackimgdows larger can lead to a review of this martgking it to+3
or +4 pixels.

The attitude estimate used in tiéstep does not need to be complete, an estimakbe aftar sensor boresight axis
suffices for speeding up the attitude acquisitioocpss.

The algorithms employed in computing the attituderf a single image (image processing, star ideatifin and
attitude determination algorithms) are discusseBlBy.HO (2003, 2007).

2.4. The attitude tracking phase

The transition from the “attitude acquisition” foet “attitude tracking” phase depends on the prdaissviedge of
the vehicle attitude. The AST should seek to etftertracking mode whenever possible and keep #sation in this
mode.

At this stage, the S/C attitude and angular vejaaie accurately known. This information is usegredict the set
of stars that are going to be visible in the sef @Y at the instant of the next image acquisitiowell as to calculate
their positions (centroids). The brightest staet thill be inside the FOV in the next frame areestdd for tracking, and
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around each of them is positioned a tracking winddenfirming the presence of these stars in theieeted windows,
is an indication that the S/C attitude is maintdingthin the required accuracy. In this stage dftéude and the
angular velocity estimateg are constantly updated. This section describesnifithematical model used in this sub-
mode, an adaptation of the method called "prediatentroiding” (SAMAAN et al., 2002).

Start - instantt: g andA(t) are known:

The next image, composed of many tracking window#, be taken at instantt (+ & ), wheret is the current
moment andx is a time interval of the order of millisecondsually the integration time required for image asitjion
plus a small processing time.

— For the instantt(+ T), the predicted attitude matri&p(t + &), is calculated using a first order approximation:

Ap(t+ ) = [ - oe.A.A() 4)

Usually, for most of the practical applicationspg|st || < 10° rad. This means that (4) must be accurate to this
order of magnitude (milliradians), or better, tafpem one step prediction.

— With Ap(t + &), a search is made in the star catalogue for #tatsill be inside the FOV.

0 Being§ the unit vector associated with the i-th catalabaer andles the boresight axis extracted from
Ap(t + &), the dot produdt; - (est is calculated, if this product is greater thandbsine of the FOV semi-
diagonal, then the star might be inside the FONemtise it is surely outside and is skipped.

o If §- Gestis greater than the cosine of the FOV semi-diadhen the expected centroid coordinates for
that star are computed:

X = % — (f/d)- (A 8)/( 8- Oes) + distortion_x(...) (5a
yi =y~ (f/d)- (3 8)/( §i* Ges) + distortion_y(...) (5b)

Where: (xy) are the expected centroid coordinates in pixéts; ,) is the center of the array (usually (512,
512)); f is the focal length of the sensor objectivé;is the pixel size (assuming same width and
height); & and & are the cross-boresight axes predictions obtafread Ap(t + &). Distortion
introduced by the optics or misalignments must bedeted, hence the distortion_x(...) and
distortion_y(...) functions.

o If (x;,y) is within the CMOS APS sensor array and not tose to the array edges and corners, where

observation may be incomplete or blocked, then-thestar is added to the list of stars to be teack

0 The search continues until the catalog ends olighef stars to be tracked is full.

0 The star catalogue used is sorted by magnituderigloter stars will be verified first.

With the list of predicted centroid positions, ¥, j = 1,...,n< 12, the tracking windows are programmed in the
FPGA in such a manner that these centroids lieeir tenters. Unused tracking windows must be platglaces
where they don'’t disturb the windows that will keed, like near the corners of the sensor array.

The FPGA is commanded to start image acquisitidreicking mode.

Since only pixels inside the tracking windows areged, the resulting image size is much smallen thase
acquired in the “attitude acquisition” phase, beimdy 12 x 12x12 = 1728 pixelgersus more than one hundred
thousand pixels for images acquired for attitudgugsition. Hence processing time is much shorter.

After the image acquisition is completed, a "stamfemation algorithm" is executed. This algorittomecks if the
tracked stars are indeed inside their correspontiimgking windows, computing their centroid locasoand
brightness from these windows. For each starsibitightness and centroid positions differs too miiom their
expected values, the star is deemed not observauticonfirmed.

If too many tracked stars were rejected in the iptevstep, then AST assumes that attitude trackiag lost,
going back to the “attitude acquisition” phase.t®a other hand, if a sufficiently high number @fdked stars was
confirmed, then the AST attitude is updated usiregdentroid locations obtained from the image msicg. This
updated attitude is denotédt + 5t). With this updated attitude, a refinement in ¥h&ue ofoe is achieved.

oe =[ |- A(t+5t).AT(t) ]/ 8t (6)

From here on, we take <t (t+3t) and repeat the process. Thus the stars areettdanktheir apparent movement
inside the sensor FOV. As some stars leave theos@&@V, new stars are automatically included in likeof
stars to be tracked, as they enter the sensor FOV.

It is important to note that the software that colstthis phase is designed to work well even endhse of vehicle
attitude loss (or accuracy loss). In this casesiystem leaves the tracking mode, returning tatgeisition mode with
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prior attitude estimate, or, even, it may go backhe initial "lost in space” condition, when thehicle attitude data is
lost, unknown, or insufficient, as depicted in Figd.

The algorithms employed in updating the attituderfra single frame during "attitude tracking” phase very
similar to those used in the "attitude acquisitipfiase, except that the star identification alforiis replaced by a
"star confirmation algorithm" as described in thegeding paragraphs.

3. THE SIMULATION ENVIRONMENT

A complete simulation environment for the AST opierain the “Attitude Determination” mode was demgtd by
Omnisys Engineering, with the help of Wisersoft augbport of INPE and UFABC. This environment wafieda
"ADAST", and was developed to test algorithms usb@n the AST operates as a star sensor / staetraokluding
image processing algorithms, star identificatiogoathms and attitude determination algorithms. e@rf the main
goals during its development was to test the tatsttracking” phase, a new development that hadeet tested by
previous simulators, such as PTASE (FIALHO (200307)) and SIATS (CARVALHO, 2001). Another importan
goal accomplished by ADAST was to test the corltsgic responsible for switching between the “attéuacquisition
phase” to the “attitude tracking phase” and vicesae

Using the star catalog itself, and parameters edtby the user, ADAST is able to generate synthietages of the
sky very similar to those expected to be seen byABT. These images are fed to the attitude détation chain
(image processing, star identification and attitddeermination algorithms), exercising algorithrashe implemented
in the AST embedded code.

ADAST uses PTASE base code to simulate expectedasia the FOV of a sensor with AST characteristicsdo
this, all items related to image acquisition witP& sensors (image integration times, image datafég spacecraft
rotation), and all algorithms related to the attaémt of an optimal attitude estimate (initial imag=uisition, image
processing and centroid calculation, systematirgmrorrection, stars identification, preliminatfitade determination,
optimal attitude estimation, angular velocity esttion, transition between attitude acquisition aratking phases -
with or without use of preliminary estimate of aittie) are taken into consideration by the program.

Software PTASE was developed to implement andattitide determination algorithms, as well as towdate the
starry sky as seen by the sensor FOV (FIALHO (20BB\LHO and SAOTOME (2005)). In its operation, thegram
internally accesses a star catalog specially dpeeldor this application from the catalog generdigdhe astrometric
mission Hipparcos (ESA, 1997). References FIALHMO@ 2007) discuss and present the details of these
implementations in the PTASE simulation environmeReéference CARVALHO (2001) discusses the algorghm
themselves.

3.1. ADAST (Attitude Determination Algorithm Software Test) brief description

ADAST simulates the sensor image acquisition. Thisossible through the understanding of the imggrocess,
as performed with use of CMOS APS sensors, anedqiires estimates of the time intervals involvedhie process
(integration, transferring, processing, etc.).

When set to operate in the search/acquisition mtiteejmages are simulated according to adjustmientsze
(512x512, 1024x1024, etc.), integration times (setionds), rotational condition of the vehicle (@ag velocity:
intensity and direction), and star sensor inititituede. As an example, to get a simulated imagaded on Antares, the
alpha star in the Scorpius constellation, we useiribrtial coordinates of the star (right ascensiod declination) as
input for the pointing direction of the sensor optiaxis (ANTARES: RA = 16h 29m 24s; DEC = -26.48M)en
setting the initial attitude. In this case, theegriation time and the image size have also to hested. Naturally, for
larger integration times, the stars seem brigiméné image. Additionally, larger images imply largmage processing
times.

The simulator uses input data in degrees. Thusgdntering on Antares we must set: right ascen@#) = 16h
29m 24s = 247.35° and declination (DEC) = —-26.4#8jure 3 shows a simulated image with Antares srénter and
the attitude input needed to get this image (in"8a&t APS Sensor Axis Point" window). ADAST alsapés to save
images created in this way (in bitmap format). Tgossibility of saving images is important for regram validation.

3.2. Attitude Determination from a Simulated Image

With respect to the former example, when the progganerates and shows a simulated image, it autaitaruns
its internal algorithms of image processing, stdestification and attitude determination. Figursl®ws this program
feature. In the image of Antares, as produced bystmulator, we see in the lower part of the sithotawindow the
"true" attitude ("Current Attitude"), the attitudes determined by the internal processing algoritifiDetermined
Attitude™), and other data related to the imagegssing, such as the total processing time (6.4ddnsls), the number
of stars in the image (12), and the angular vejagtting (0O degrees/second).
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Figure 3 - ADAST main window, with the simulationndow open (in the background, showing Antares)tt@n
foreground is a dialog window where the opticabacdordinates are being adjusted to coincide wittares.

3.3. Settings for the Search and Track Modes

By pressing the "AAD Algorithm Options" button ihe upper menu bar of the program main window (ig)ra
window opens with settings for the "search modef @re "track mode" (Figure 4). The "search modetesponds to
the “attitude acquisition phase” of the embeddedl A®de, while the "track mode" corresponds to th#ittide
tracking” phase of the AST. Figure 4 shows theadk$ for both modes of operation and how theylm@adjusted in
the window "AAD Algorithm Options". In the "Sta@ptions" tab, the user can set if the simulatiot start in a "lost
in space" mode, or if an estimated attitude willpbevided for initial attitude acquisition. In tli8each Mode" tab we
can see that separate settings can be definetiddiidst in space" case (with no initial attitudgimate) and "other"
cases (with an initial attitude estimate).
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Fig. 4 - Defining the conditions of the Search dnaick modes.
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3.4. Simulation of the sensor operation

The "Simulation Window" is the place where the dations are viewed and controlled. In the "Simolat menu,
when the item "Satellite Path" is marked, the satioh of the acquired images along the FOV trajgctaill be
generated and presented. These images are reraaeeding to the definitions adjusted by the usehe "APS Image
Sensor" window (size, time intervals, etc.). Totsgasimulation, one must select the "Start" itemtlee same menu.

To simulate images acquired in the presence ofclelingular velocity around an arbitrary agj® = [e; & &3],
one has to adjust that in the program. These gsttire accessible through the "Satellite Track Bitati button on the
program’s main menu. Figure 5a shows the settisgs for the simulation shown on figure 5b. Theguder velocity
used was 0.5 degree/sec, corresponding to the waess predicted in the AST design. In this sinomatthe
integration time was modified to 600 millisecontisbetter register the movement of the stars inidesensor FOV.
As expected, we can observe the trails formedeasttrs move through the field of view. Such traiks expected to be
larger, the larger the product of angular veloeity integration time. Also it is noticeable that tmage processing and
attitude determination algorithms remained in ofiena However, in the specific case shown, therirgkalgorithms
were unable to determine the attitude from the En@éi§lot defined"), and the angular velocity ("AnguNelocity:
0,000000000°/s"). This has occurred because, iseth@rst cases, the star "spots" in the image becignificantly
stretched impairing the calculation of the stamstrcéds. For these cases, the use of special miocesechniques
allows the calculation of stars centroids with éeticcuracy, and increases the efficiency of thiridé determination
process. One of these techniques is presented MABA (2002) and has been considered for possiblelémen-
tation.

Simulation Window - Time: 00:00:08:606 |
File  Edit  Simulation  Attitude

Satellite Track Simulator )
Angular Yelocity i 05 ::1 s

— &z Rotation Yectar -

el | 1|EEE I i = I 1
rH| Save Images ]
i =
DEC: 30,811 59454 DEL: f?ltot Elé?iied Algarithm Process Time: 25633,383 ms
Cose | ROLL: 7.42118901° | | ROLL: Notdefined | fngular Velociy: 0,00000000°/s

a) settings for rotation simulation b) motion blurred image of Antares generated by ADAST

Fig. 5 - Simulated image of Antares for the comditivhere the vehicle has angular velocity of 0.§rees/sec around
axise=[1 1 1J, in inertial coordinates.

3.5. Simulation of the Attitude Determination mode

To perform a simulation of the "Attitude Determiioat' mode of the AST, one has to select the "SeanthTrack
Algorithm" option, inside the simulation window, the "Simulation" menu. Once this selection is matie item
"Start", within the "Simulation" menu, can be usedstart the simulation of the sensor operationicivitan be
performed with or without a previous attitude egtien Once a simulation is started, a new windometh"Search and
Track Status” opens with information about the $ation, as shown in Figure 6. Before starting shmulation, one
should remember to set correctly the angular vBlpritation axis and star sensor's initial atttud

The current phase in the "Attitude Determinatiordda is shown in the upper part of the "Search aadkTStatus"
window (Figure 6). The "LOST IN SPACE", "WITH ESTIWWTED ATT", "CALC ANGULAR VELOCITY" and
"GOING TO TRACK MODE" boxes corresponds to phaseshe “attitude acquisition” sub-mode, while "TRACK
MODE" corresponds to the “attitude tracking” subédeoln the example shown in Figure 6, one can lsatthe
“attitude tracking” phase had already been readhBRACK MODE" box is marked with a yellow bordegnd that
the tracking windows of the stars identified in gearch mode were operational (small squares artbenstars). In the
upper middle of this window is shown a detailedwief the contents of two tracking windows. Belovesk two
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tracking windows is shown a text report containing information generated during simulation. Thifoimation can
be saved to a log file for further analyses andlasibn of the results ("Save Output to File...").

- ADAST — Attitude Determination Algorithm Software Test | version 1.0.0.4

| . Simulation ‘Window |- ﬁ Algoepittfﬂdczr;?i;::gﬁg: E APS Image Sensor Satellite Track Simulator o2 AAD Algorithrn Options

k|
Search And Track Status ]

Simulakion  Attkude

GOIMNG TO
NGLLAR TRALCK.
MODE

Attitude Before start image acquisition: _:_]
[-0.383083951; -0.744978033; -0.546126650]
[ 0.351673015; -0.664330643; 0.659538330]
[-0.854150325; 0.060600567; 0.516433101]

RA: 242 736786 deq. DEC: -33.101689 deq, ROLL: 51,335580 deq.

Time between Images: 476,181193523167 ms

KT _’lj
Save Output ta File. .. .

— Statistics
Current Attitude Determined Attitude ; e
Mumber of Stars: 12 ; ;
Rty 242 GaE1 5974 A& 242 57763R8E" HIIEEREIS | Exits from Track Mode: 1 ||\-’ersor Direction Eror: 0002375 |

5 - 2 B Algorithm Process Time: 364709934 me = 3 s
DEC: -33.09673333 DEC: -33.13681174 W alid Attitudes: 79/90 = 99% Auiz Paint Errar 0,003255
ROLL: 57.99086404° | | FOLL 5167324097 | Anoular Vielocity: 048066098/ [l s s Pt Erer |
R 50 R

Fig. 6 - Simulation of the "attitude determinationbde.

By analyzing the results of many simulations, thappr operation of the ADAST simulation environmaatwell as
of the algorithms proposed for the AST could beifiest. Hence, the part of the validation verifiablia computer
simulations has been successfully performed.

4. CONCLUSIONS AND FUTURE STEPS

The first step in the creation of the software tnteol the AST operation was taken. As a part a6 th
accomplishment a simulator was developed, the ADA@Iich performs the simulation of the star serestrironment
and implements the approach chosen as solutidretattitude determination problem with use of a semsor with the
same characteristics as the AST. These two ADASTctfons were verified with use of simulations. Altilgh
developed for the AST, the ADAST can also be canfg to simulate other star sensors.

The main difficulty in simulating the operation ocs for the extreme cases where the combinaticangilar
velocity and integration time is large. For theases, the images of the stars in the sensor FOMtEECin most cases
a streak, whose centroid is difficult to calculéénulations related to these cases have showrhthatperation of the
algorithm also depends on the region of space dereil, because of the greater or lesser numbéarsflzrighter than
the detection threshold present in the sensor FY¥n in these cases, for most of the regions caedethe algorithm
behaved well, in terms of positive identificatiaofsthe stars present in the FOV. In the worst casben the loss of
vehicle attitude occurred, the sensor operation nedgected to the search in the "lost in spaceidi®n, where the
imaging settings are properly defined to facilitéhe process of positive identification when novjes attitude
knowledge is available.

The model used in the attitude tracking sub-modwikition assumes that the angular velocity is @nsboth in
direction and in magnitude. The situations wher hesence of external or internal torques couigirate some
angular acceleration have not been addressed. ik time intervals between the acquisitions ofcassive images
justify this approach. The evaluation of the efeicitroduced by the presence of non-constant angalacities as a
function of the time between successive imagesdrsearch and track modes is recommended for fuuestigations.

The next step in the validation of the algorithmmplemented in the ADAST is to test these algorithusisg the
actual sensor hardware. This phase of validati@ready underway, with some important achievemesush as real
time attitude determination using the actual staxser hardware. Efforts to improve attitude accyeat success rates
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are currently in progress. For the near futurehtrrtests in laboratories and in astronomical ageries are planned,
as well as a possible balloon flight.

By aggregating all the knowledge acquired aboutdta¢e of the art of star sensors, the ADAST reprissan
important acquisition for engineering and spacénetogy in Brazil and establishes a new standardstiedies and
developments in this sector in this country.
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