Journal of Physics: Conference Series

PAPER « OPEN ACCESS

Satellite Star Tracker Breadboard with Space
Debris Detection Capability for LEO

To cite this article: Joel Filho et al 2023 J. Phys.: Conf. Ser. 2526 012119

View the article online for updates and enhancements.

You may also like

- Optimal mission planning of active space
debris removal based on genetic algorithm
Yang Chen, Yuzhu Bai, Yong Zhao et al.

- Space Debris Automation Detection and
Extraction Based on a Wide-field
Surveillance System
Ping Jiang, Chengzhi Liu, Wenbo Yang et
al.

- Management of processes of space debris
capture and processing into fuel
M E Barkova, V O Kuznetsova, A O
Zhukov et al.

Connect with decision-
makers at ECS

Accelerate sales with ECS exhibits,
sponsorships, and advertising!

} Learn more and engage at the 244th ECS Meeting!

This content was downloaded from IP address 84.91.178.92

on 01/07/2023 at 10:47


https://doi.org/10.1088/1742-6596/2526/1/012119
https://iopscience.iop.org/article/10.1088/1757-899X/715/1/012025
https://iopscience.iop.org/article/10.1088/1757-899X/715/1/012025
https://iopscience.iop.org/article/10.3847/1538-4365/ac458d
https://iopscience.iop.org/article/10.3847/1538-4365/ac458d
https://iopscience.iop.org/article/10.3847/1538-4365/ac458d
https://iopscience.iop.org/article/10.1088/1742-6596/1889/4/042086
https://iopscience.iop.org/article/10.1088/1742-6596/1889/4/042086
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsuFkoLUWLH87pey_KQs3_GRt12WDay8SfaK96hPTTr9AfZhYl_hbTS4WQJAt16LxVWezQCrXXDe-xx6dYAmwP2uLrczfQD8PnqynlHP00lkCC_h7YVYyeZ0fR6fnxOg7yjPx5-SXUm2I10m-5dvLCn9zX9gt7Ii1oO2yWL5WI7Oz0LkjphmEySd84F5sAZXXBceIlArG-G6GNTazL3kZVt6RksrSUGr85BXGlEBgE3CR3h0WhPRorfwjfN7QyREEH6sd0ZNTAJi0KadqiJwSeW3XD4vXlM93LmHbnzqMVxOR5WjNsvH&sai=AMfl-YRmaKEQGJK4S5kZS7UIAH05XF5BgiGZlYuuEv_03XByhTUHH3D1TSI-yuCnVBkctrnvRu5HKWRw21C_8a4&sig=Cg0ArKJSzDn2j75s_sf4&fbs_aeid=[gw_fbsaeid]&adurl=https://issuu.com/ecs1902/docs/2023-ecs-opportunities-boston-gothenburg-fillable-%3Ffr%3DsNDk5OTUwMDQyODg%26utm_source%3DIOPAds%26utm_medium%3DBanners%26utm_campaign%3D244Exhibit

EASN-2022 IOP Publishing
Journal of Physics: Conference Series 2526(2023) 012119  doi:10.1088/1742-6596/2526/1/012119

Satellite Star Tracker Breadboard with Space Debris
Detection Capability for LEO

Joel Filho'?, Paulo Gordo’, Nuno Peixinho', Ricardo Gafeira', Rui Melicio®* and
André Silva®

nstituto de Astrofisica e Ciéncias do Espago, Departamento de Fisica, Universidade de Coimbra, Coimbra,
Portugal

2CENTRA, Faculdade de Ciéncias, Universidade de Lisboa, Lisboa, Portugal

3IDMEC, Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal

4ICT, Universidade de Evora, Evora, Portugal

SAEROG, Universidade da Beira Interior, Covilha, Portugal

Abstract. This paper evaluates the possibility of having a star tracker device running space
debris algorithms. A simple star tracker breadboard was developed to evaluate the possibility of
having a device running both stellar identification and space debris algorithms. The breadboard
was built with commercial off-the-shelf components, representing the current star tracker
resolution and field of view. A star tracker device and space debris algorithms were implemented
and tested, respectively: Tetra and ASTRiDE. The device concept was tested by taking pictures
of the night sky with satellite streaks. Seeking to overcome such limitations, a dual-purpose star
tracker with stars detection and optical debris detection capability is proposed. Star trackers are
usually used in satellites for attitude determination and therefore have a vast potential to be a
major tool for space debris detection. The rapid increase of space debris poses a risk to space
activities, so it is vital to detect it. Ground-based radar and optical telescope techniques used for
debris detection are limited by a size threshold, detecting only a tiny amount of the total, reason
why evaluating the possibility of detecting them in space is of major importance.

Keywords. Satellite; Star tracker; Star identification; Space debris; Detection; LEO; Attitude
control; Satellite streaks

1. Introduction

Since the beginning of space activities, there have been more than 6200 launches, placing into Earth
orbit more than 13000 satellites. These space activities also lead to a huge amount of orbital debris or
'space junk' being, by definition, any human-made object, or fragments or portions of it, in orbit around
the Earth that no longer serve a useful function [1-2].

Space debris is recognized by space agencies as a planetary threat [3]. Based on recent estimates, the
number of orbital debris in space amounts to 139 million [4]. Such overpopulation of debris increases
the chance of several events that could lead to catastrophic consequences, such as collisions,
fragmentations, and uncontrolled reentries in the Earth's atmosphere [4-9]. Such a risk forced worldwide
space agencies to develop a set of countermeasures to prevent and/or mitigate possible threats.

To continue to operate missions in orbit safely, the observation and tracking of debris are essential.
Usually, these are done by optical and radar ground-based telescopes. These observations have a size
threshold ranging from 10 cm in Low Earth orbit (LEO) to about 1 m in Geostationary Earth orbit
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(GEO), resulting in more than 31000 space objects that are regularly tracked and held in a catalog by
Space Surveillance Networks. However, such debris is only a tiny amount of the total. The non-traceable
objects are obtained statistically from debris environmental models [10].

This paper aims to overcome such limitations by studying a different approach to debris observation:
the usage of star trackers (STR)s devices, the most accurate attitude sensors available for modern
spacecraft with errors typically in the order of a few arcseconds or less [11-13]. A satellite's attitude is
determined by detecting stars in the star tracker's field of view (FOV). An algorithm identifies stars in
the FOV using an internal catalog. Based on this information, the satellite attitude is computed [14].

Optical space debris detection consists of detecting faint and small moving objects over a fixed
background of stars. Given their fast orbital velocity, space debris observation in LEO has a short pass
duration and short FOV cross-time. Therefore, these moving objects appear in the image as elongated
spots or broad lines, usually known as streaks [15].

This paper describes the initial activities for developing an STR breadboard that can be used for
space debris detection. Developing such a device capable of extracting both the attitude of a satellite
and detecting debris will be groundbreaking for space safety.

This paper has the following structure: Section 2 presents the star tracker breadboard design and
implementation; Section 3 presents the star and debris detection software; Section 4 presents the
experimental methods and results. Finally, Section 5 outlines the conclusions.

2. Breadboard Design and Implementation

2.1. Breadboard Architecture

The architecture of the breadboard consisted of the computer laptop, the Camera interface+camera
controller; the Image sensor; the Optics; the Temperature sensor; the Temperature controller. The star
tracker architecture breadboard is shown in Figure 1.

Camera interface +
<—) 7 K—> Image sensor k—>
camera controller
Temperature Temperature
p ) /4

Controller sensor

Figure 1. Architecture of the breadboard.

All components used in implementing the star tracker are commercial off-the-shelf (COTS). The
selected image sensor was an Aptina MT9J001 monochromatic CMOS sensor of 10 MP. This sensor
was already available at the Photonics Laboratory, Department of Physics, Faculdade de Ciéncias,
Universidade de Lisboa, Portugal.

The breadboard's major parts were: the camera control board, image sensor, and lens (optics). The
sensor is connected in an Arducam using a 30-pin ribbon cable in the secondary camera interface. The
system is connected to a computer to control the camera and take images. The image sensor MT9J001
(a), the Arducam assembled on an enclosure (b), and the breadboard with the lens (c) are shown in
Figure 2.

@ (O ‘ ©
Figure 2. (a) Arducam and USB2 camera MT9J001; (b) sensor assembled on an enclosure; (c)
breadboard with Fujian lens.
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The chosen lens is a Fujian, with an f-number of 1.6 and a focal length of 35 mm. The FOV is
10.5 deg horizontally and 7.5 deg vertically, and the lens has an aperture of 22 mm.

The sensor was characterized at the Photonics Laboratory to find the camera's noise. It was calculated
areadout noise (Ngy) of Ny = 11.97 e~ and a dark current of 1.095 e—/s. Thus, the limiting magnitude
of the sensor can be determined by using the noise values.

The limiting magnitude is the magnitude threshold value that the image sensor can detect. In other
words, this magnitude will provide the minimum size of detectable debris. To predict the limiting
magnitude, it is necessary, besides the noise values, information on the brightness of sources in specific
wavebands relative to standard stars and the quantum efficiency of the sensor for different wavelengths.

The magnitude m is calculated by comparing the standard star and the object of interest given by:

m — my = —2.5log (3) (D
N

In (1), my and @, are the A, star magnitude and flux, respectively. The quantum efficiency of the
sensor is provided by the spectral sensitivity curve available in the sensor datasheet. Rearranging (1) to
calculate the flux for different magnitudes, taking the lens transmission coefficient, and considering that
an Ay star occupies 15 pixels in the sensor, it is possible to obtain the signal value of the sensor. With
the signal and the total noise (N), the signal-to-noise ratio (SNR) in decibels is given by:

ignal
SNR = 10log (Sl‘g; a) (2)

The limiting magnitude is found when SNR=1, shown in Figure 3.

=50 mx
20 e =100 ms
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SNR (db)
el
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Figure 3. SNR for different magnitudes in distinct integration times.

In Figure 3, the limiting magnitude of the MT9J001 is +7 for an integration time of 50 ms, +8 for
100 ms, and +9 for 200 ms.

2.2. Visual Magnitude of Debris

The visual magnitude of debris relates to its capability to reflect the solar light, which depends on
size, phase angle (i.e., the Sun-object-Earth angle), reflectivity, and the distance from the observer and
the Sun. The debris's visual magnitude m ,p,is 1S given by [16]:

3)

RA
Maebris = M + 5l0g (?) - 25 lOg [ﬂFdiff((l)) + (1 - ,B) Fspec(‘b)]

In (3), M is the absolute magnitude, R is the distance from the debris to the Sun, A is the distance
from the debris to the Earth, a is the distance between the Sun and the Earth, F is the solar phase angle
function split into specular and diffuse components, being ¢ the phase angle, and f is a mixing
coefficient ranging from 0 to 1. When =0, the debris is entirely specular, while f =1 is completely
diffuse. The absolute magnitude is calculated by:

4

A
M = mg,, — 2.5log (p E)
In (4), mgy, is the visual magnitude of the Sun, p is the geometric albedo (reflectivity), and A is the
cross-section area.
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Therefore, considering the latest estimation for the average reflectivity of debris is 0.175 [16] and
assuming these objects are spheres, the visual magnitude can be calculated by choosing different 5
values at ¢ intervals and for several distances. Also, considering 17500 debris larger than 10 cm
homogeneously spread over LEO orbits from 200 km to 2000 km altitude, the average distance between
the debris is about 124 km. A 10 cm debris seen at 124 km will have an average magnitude of +6.0,
which is within the limits of the sensor. Further, the sensor's limiting magnitude of +7 corresponds to
objects of 6.2 cm seen at 124 km. Therefore, such a sensor, in space, will be able to detect debris even
smaller than 10 cm.

3. Stars and Debris Detection Software

The algorithms used were Tetra and ASTRiDE. Tetra for star detection and ASTRiDE for debris
detection. ASTRIDE and Tetra were chosen for being robust algorithms in detection, extremely fast,
and easy to use. To compare the results provided by Tetra, Astrometry.net was used, which is a standard
algorithm for attitude determination. Although, this software was not developed for star trackers.

e Tetra

Tetra [17] is an open-source algorithm developed to be used in COTS hardware that promises to use
the minimum possible computation time and number of database accesses to solve the problem of the
initial attitude acquisition. Tetra is a lost-in-space star identification that needs three or four stars to
work. Tetra identifies four neighbor stars and divides the distance between them by the brightest star
from this group of stars. This information is stored in array format, and then each array is compared to
the internal catalog, stored in hash tables, to match the stars and give the attitude information.

Tetra uses the Yale bright star (BSC5) as an internal catalog. BSC5 has 9110 stars with a limiting
magnitude of +6.5. However, the probability of identifying stars by the algorithm is proportional to the
number of stars in the catalog. We have replaced the BSC5 with the Hipparcos catalog, which has
118218 stars and a limiting magnitude of +12.4 [18].

e ASTRIDE

ASTRIDE [19] is a fully available algorithm based on the outline shape of elongated sources that can
detect fast-moving objects. To detect streaks, first, the algorithm extracts the background by calculating
the background level and using its standard deviation to do the removal. After that, ASTRiDE derives
the contour map for finding all the borders inside the image. Then, the algorithm uses the morphologies
of each border to distinguish streaks from stars.

After the calculations, ASTRiDE generates several figures depending on the number of streak
detection. It creates an image named 'all' that shows the original image with the found streaks and figures
zoomed in on each linked streak. The streaks are numbered, and every individual image is denominated
relative to its number. Besides that, a txt list containing information about the streaks' position, area, and
perimeter in the image is also created.

4. Experimental Methods and Results

The tests were done at the Geophysical and Astronomical Observatory, Universidade de Coimbra,
Portugal. The breadboard connected to the computer composes the system's drivers and controllers,
processor, and software.

e Case Study 1
The overall system architecture, i.e., the flow chart of the breadboard operation, is shown in Figure 4.
e Case Study 2

The breadboard was fixed on a tripod allowing the camera's movement, and then the device was
plugged into a computer to extract the images. The focus and the aperture of the lens have to be adjusted
manually.

The source of streaks was satellites. It is possible to discover the position of satellites by searching
on the internet. Then, the system was directed to that specific location. The exposure time was 10 s. The
camera was programmed to save the images automatically until the stop button was pressed. It obtained
thirteen images with a streak on them. In a few of them, the source of the streak is the same, the satellite
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took more than 10 s to leave the field of view. A simple point-and-shoot strategy was used, without
aiming to identify each individual satellite, although the catching of the International Space Station (ISS)

was deliberate.
Breadboard

Camera contral Arduean and I e
It wll s USEZ avmera 3] Apting MTSJo01
Tetra: ASTR1DE
Astrometry.net
Radroanetric
u!imjt!'.mzs Onput Teput
Attitude: debris
detected: delns nze

Figure 4. Flow chart of the breadboard operation.

Only four images were selected from the thirteen images collected because they have a possible good
number of stars in the field of view, increasing the chances of Tetra extracting the attitude. Two of them
are from the ISS, taken with ten seconds difference. The four selected images for testing from ISS are
presented in Figure 5.

(

@

b)
Figure 5. (a) satellite streaks; (b) ISS streaks.

Tetra read the images from Figure 5 to find the attitude. Unfortunately, the algorithm could not
determine the position of the images (a), the sky conditions were probably not good enough to extract a
reasonable number of stars, the city light pollution at the Observatory was very high, and the Moon was
in the sky. Considering Figure 5 images (b), Tetra calculated the attitude for images shown in Figure 6.



EASN-2022 IOP Publishing
Journal of Physics: Conference Series 2526(2023) 012119  doi:10.1088/1742-6596/2526/1/012119

(a) (b)
Figure 6. Stars identified by Tetra for images (b) in Figure 5.
In Figure 6, Tetra did not give the names of the stars. The results, i.e., attitude extracted from Tetra
and the comparison of the values of right ascension and declination with Astrometry.net, are presented
in Table 1.

Table 1. Attitude extracted from Tetra and Astrometry.net

Information Tetra Astrometry.net
a b a b
Right ascension (deg) 136.3628 136.406 136.374 136.423
Declination (deg) 65.376 65.374 65.375 65.378
Roll (deg) 88.776 88.801 -- --
FOV (deg) 9.905 9.904 - -
Mismatch probability 2.074 10%7 4.86 10 - -

In Table 1, the results from Tetra are in agreement with Astrometry.net proving that the algorithm is
reliable in real tests.

After that, all images from Figure 5 were read by ASTRiDE. The ASTRiDE algorithm was able to
identify and give information on the streaks of all images, as shown in Figure 7.

Figure 7. Identified streaks by ASTRiDE.
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The streaks results of perimeter and area are presented in Table 2.
Table 2. Streaks results by ASTRIDE

Information Images

(pixel) a b c d
Perimeter 1174.1 568.1 525.1 773.0
Area 1898.9 627.6 1746.6 3670.3

ASTRIDE was also able to identify the streaks in all images, proving to be an appropriate choice for

detecting space debris.
e Case Study 3

In this case study, the software Image Reduction and Analysis Facility (IRAF) is used to roughly
estimate the debris size by photometry on the images. Considering the images in Figure 6, the
measurements were done for the indicated stars, of which the magnitudes are known. The stellar fluxes
are measured by adding all the digital counts inside a circle centered in the star with a 10-pixel radius.
The sky background is calculated by taking an average of the counts on several squares of 25x25 pixels
in regions without visible stars. The final flux is converted into magnitudes, and a calibration constant
is added to match the cataloged magnitude of each star. The streak's magnitude is measured by taking a
rectangle that catches all of its flux and then adding the mean of the calibration constants found for the
field stars. Both exposures were of 10 s. The results for debris size estimation are presented in Table 3.

Table 3. Streaks results by ASTRIDE

Star Catalogued magnitude Measured Calibration constant Measured Calibration constant
image (a) for image (a) image (b) for image (b)

Althiba IV 4.70 20.54 15.84 19.84 15.14

Althiba V 5.15 21.04 15.89 20.31 15.16

Althiba VI 4.80 20.77 15.97 20.02 15.22

Alhaud 1T 4.65 20.53 15.88 - -

Althiba IIT 4.55 20.27 15.72 19.712 15.16

5 UMa 5.70 21.20 15.50 - -

Average -- -- 15.80 -- 15.17

ISS mag - - 0.73 - 0.59

Since at the time of observation, in Coimbra, July 15 of 2021, at 22:33 UT, the ISS was at a phase
angle ¢=104 deg, and at a distance to the observer of 997.9 km, it is estimated the diameter, or average
cross-section assuming it is a sphere, using (3). Both considering a mix of specular and diffuse
contributions and only a diffuse contribution, the results for the ISS size considering the streaks detected
was about 20 m in diameter, showing a rather plausible result even with several approximations and
without image correction for bias and flatfield corrections, making it possible to estimate an object's size
by its streak.

5. Conclusion

This work studied the viability of using a star tracker breadboard to detect space debris in LEO orbits.
The breadboard has been built with commercial off-the-shelf components. Tetra algorithm was chosen
for the star detection, and ASTRiDE was selected to identify debris.

The system was proven to work. The optical system and the algorithms had good results. Even so,
more tests have to be made. Observations with a night sky in better conditions and less light pollution
is essential to check if the camera can detect more stars and, thus, verify if Tetra can calculate the attitude
for more images. Image reduction for bias and flatfield correction is also essential when aiming at a
more precise size estimation of the debris
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The algorithms proved themselves to be a good choice. The results of Tetra were very accurate
compared to Astrometry.net, and ASTRiDE had the best performance of the tests, detecting all kinds of
streaks, even faint ones. Further studies should be done under better night sky conditions and
accompanied by bias and flatfield image processing.
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