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Abstract: We present an open-source Star Tracker (ST) for Attitude Determination. Our1

implementation makes use of open source software of common usage in astronomy running on2

a Raspberry Pi 2 platform. The developed platform is open and available for parties interested in3

further development. Evaluation of the system showed that the ST is suitable for Cubesats of 2U or4

larger. The ST platform is capable of solving the Lost-In-Space (LIS) problem. Currently, the average5

accuracy reached of the algorithm is close to 5 seconds of arc with an average processing time of6

75 seconds. However, a average accuracy of ∼ 3 minutes of arc can be reached with 35 seconds in7

average processing time. We also describe the evaluation procedure, the found conclusions of this8

procedure, in particular the section of the algorithm where most of the processing time is spent and9

other possible source of errors not included in this study.10

Keywords: star tracker; attitude determination; CubeSat11

1. Introduction12

The attitude determination is a crucial subject for any satellite that requires to know its13

orientation while in space. Whether it is collecting maximum energy from solar panels, or for14

successful energy-efficient communication, or for pointing a camera to a defined target, it is important15

to know the precise orientation to which a satellite is pointing. There are several sensors for attitude16

determination, such as: sun sensors, horizon sensors, magnetometers, inertial sensors and star17

trackers.18

The Star Tracker (ST) is considered the most precise sensor for orientation and therefore critical19

for this task in satellites [1,2]. STs have been part of satellite missions since the dawn of the space20

era [3]. Since spacecraft evolved in a polarized world and as a power demonstration the technology21

and algorithms have not been available for the majority of the community. After the cold war era22

the space knowledge was slowly transferred to the private sector. The commercial exploitation of23

space reduced the costs but still kept the knowledge in a limited number of actors. STs followed this24

trend, therefore they are mostly available as commercial black boxes. In the late 90s a standardized25

satellite emerged, the Cubesat [4]. The Cubesat was born as a way to improve space technology26
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education. However, Cubesats have rapidly evolved to be actively used for research, science and27

even commercial applications [5,6].28

Cubesat is a standardized shape platform with a cubical base unit of 10 x 10 x 10 cm (1U). The29

standardization reaches the deployer unit in the rockets supporting sizes of 2U, 3U, 6U and even 12U30

until now. This standardization together with the use of smartphone electronics [7] has reduced the31

cost and development time of this type of vehicles allowing access to space to developing countries32

[8,9]. With the interest that Cubesat are gaining, with relevant actors in the space sector adopting33

this bus as platform for research, development and exploration, it has become relevant to increase the34

capabilities of subsystems such as the ST [10–13]. However, the needed acceleration in knowledge35

and development necessarily requires a large number of participants collaborating in this process. In36

order to arrive fast to novel, capable but robust subsystems many test or attempt should be happening37

simultaneously. One way to achieve this is by facilitating the participation of developers with an38

open hardware open software platform. This kind of approach is not new, already happening in39

the software and microcomputers communities. This approach has brought much benefit with open40

source platforms, where independent and much smaller actors can contribute to the development41

of a larger system. Notorious example of this approach is Linux operative system and the Arduino42

platform. In this work we propose an open ST platform where Cubesat developers can collaborate in43

order to accelerate the advances and the evaluation of this new development.44

The presented sensor platform is based on a popular open hardware miniaturized computer, the45

Raspberry Pi together with a simple camera easy to integrate into this platform. For the software46

we propose open software commonly used for astronomy. We intensively evaluate the current47

capabilities that this system might offer. We expect that this open sensor can facilitate the collaborative48

work on it and accelerate the results in order to come with outstanding ST for future astronomy space49

missions based on Cubesats.50

The current work is structured as follow: In section 2 we describe the platform, which includes51

hardware, software and the algorithm. In section 3 we describe the evaluation process of the platform52

and the main results. In section 4 we discuss the results and the possible improvements to the53

platform.54

2. Platform Description55

A ST is a sensor that pictures stars and compares the pattern of them with a star pattern in a56

stellar catalog. Through this process it is possible to obtain the camera attitude, therefore also the57

satellite attitude. The system requires a hardware platform, a software suite and an algorithm of how58

to use hardware and software to arrive to an attitude estimation.59

2.1. Software and Hardware Description60

In the development of this platform we worked with frequently used programs within the field61

of astronomy. These programs were linked using Python software. The used software suits are:62

Source Extractor: Program used to detect astronomical objects (e.g. stars, planets, galaxies, etc.)63

in an image. In our work Source Extractor is used to detect stars, to calculate their position and64

brightness magnitude. That is, it generates a list of sources (with their positions relative to the65

left lower corner of the image, which is the point (0, 0)), and the relative brightness respect to the66

background of the image. It can be downloaded for free from [14]. Further information regarding67

the use and features of the program can be found in [15] and [16].68

Match: Match is a program used to establish a relationship between two different lists of objects.69

70

Match requires as input two lists of files. Each list should contain the following objects:71

1. X position of objects.72

2. Y position of objects.73
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3. Magnitude at point X and Y. In case of the image, it represents the brightness relative to the74

background of the image.75

One of the lists corresponds to the list of sources delivered by Source Extractor. The other list is a76

segment of the star catalog. In our platform, match is used to find a relationship between the list77

of source objects (image) and the objects within the catalog. Match can establish either a linear or78

quadratic or cubic relationship between the two lists. The linear relationship is used in this study,79

since it involves the shortest calculation time. To use the linear relationship the segments in the80

catalog has to be linearized by using a projection of tangent plane. This procedure is explained in81

more details in subsection 2.2.1. The linear relationship between the two lists is represented with 682

coefficients (a, b, c, d, e, and f). Thus, the relationship between the lists can be written as:83

(
x′

y′

)
=

(
a
d

)
+

(
b c
e f

)
·
(

x
y

)
(1)

where the (x, y) pair represents an object (star) in the source list (image), and point (x′, y′)84

represents same object but in the segment of the catalog list. With respect to the quality of the85

relationship found, match delivers several statistical parameters. The most significant ones that86

were used in our work are:87

sig (σ): The standard deviation of differences between the matched pairs of items, in units of the88

coordinate system B (B in this case refers to the system of the projected catalog).89

Nr: The number of matched pairs of objects (stars) used to define the transformation between90

lists.91

Match can be downloaded for free from [17]. In this work we use version 0.14 of the program. In92

addition, it is possible to find a user manual in the same website. The specific algorithm with which93

Match operates is based on [18]. A good summary of algorithms used in Star Trackers applications94

can be found at [19].95

For the hardware in this work we used the following components:96

1. Raspberry Pi 2 Model B V1.1.97

2. Raspberry Pi Camera V2.1.98

Both are inexpensive items, and are available in the market at a cost of approximately US $ 62 in99

total. The main technical characteristics of the Raspberry Pi and the camera are summarized in Tables100

1 and 2, respectively.101

Table 1. Specifications of Raspberry Pi.

Element Value

CPU 900 MHz ARMv7 Cortex-A7
Memory (SDRAM)iB 1024 MiB

Weight 40 g

Table 2. Specifications of Raspberry Pi camera.

Element Value

Sensor Type SONY IMX219PQ Color CMOS 8MPix
Sensor Size 3.674 x 2.760 mm
Full FOV 62.2 x 48.8 degrees
Weight 3 g

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 March 2017                   doi:10.20944/preprints201703.0111.v1

http://dx.doi.org/10.20944/preprints201703.0111.v1


4 of 16

2.2. Algorithm Description102

The ST starts taking a picture from which the brightest objects (starts) in it are extracted by using103

Source Extractor. Then this list of objects from the image has to be compared with a stellar catalog,104

which is stored in memory. In order to find the attitude of the camera (and ultimately the vehicle105

associated to it) a procedure of two parts was developed. First it identifies the area or segment in the106

celestial catalog with the best match. The catalog has to be divided in areas or segments of similar size107

of the field of view of the image in order to properly use Match. Then, in the second part, it refines the108

match between the image and the catalog segment by improving the accuracy of the position within109

the catalog segment of the used projection point. This projection is necessary to perform the match110

with the image, which is a flat projection of the sky. In this section we describe with more detail111

this procedure. Most of the parameters described in the algorithm were achieved after testing the112

procedure. The evaluation procedure and the results are presented in Section 3.113

2.2.1. Stellar Catalog and Tangent Plane Projection114

There are many types of stellar catalogs at present. The chosen catalog to work was the Bright115

Star Catalogue from Yale University Observatory [20]. This catalog contains 9110 objects, of which116

9096 are stars. It contains stars brightness up to magnitude 6.5. The catalog was obtained using the117

scat application, which is part of the WCSTools [21] program package.118

When comparing the photo of the sky with the stellar catalog, it is necessary to match the geometry119

of both systems. The star catalog is in spherical coordinates, while the photo is in a plane. In order to120

relate both systems, it is necessary to project the stars that are on the sphere, in a plane tangent to this121

at some specific point. Following [22], this is achieved according to the equations:122

η =
cos D− cot δ sin D cos(α− A)

sin D + cot δ cos D cos(α− A)
(2a)

ξ =
cot δ sin(α− A)

sin D + cot δ cos D cos(α− A)
(2b)

Where A, D are the right ascension and declination of the projection point over the celestial123

sphere, respectively, and α, δ the coordinates of the star, S, to be projected. Thus, η and ξ will be the124

so called standard coordinates of the star S, in the projection plane.125

In our work, we can not use the whole stellar catalog, since the image is much smaller than the126

whole catalog and the Match program requires two list of similar sizes to properly operate. For this127

reason the catalog was stored in memory but divided in overlapping areas or segments of 60◦ × 60◦128

(similar area of the FOV of the camera). Each segment is stored in a projected form by using the center129

point of the segment. The center of each segment was moved first 10◦ in right ascension (A) and130

declination (D). Thus the segment (i, j) is the one with center (tangent plane point) Asegment i,j = i◦131

and Dsegment i,j = j◦ with limits of the segment Asegment i,j ∈ [(i − 30)◦, (i + 30)◦] and Dsegment i,j ∈132

[(j− 30)◦, (j + 30)◦], where i = 0◦, 10◦, 20◦, . . . , 350◦ and j = −90◦,−80◦, . . . , 0◦, . . . , 80◦, 90◦. These133

overlapping projected segments are stored in memory of the Raspberry Pi. A second case was also134

studied with a separation step between projection centers of 15◦.135

2.2.2. Attitude Determination Algorithm136

In order to determine the attitude of the ST, the following procedure is carried out:137

1. Take the image. The camera, with a predefined exposure time, takes a photo of the sky. In this138

work, exposure time is evaluated with the current camera and optics (see section 3).139

2. Generate the list of sources from the image. The list of brightest objects in the picture is obtained140

by using Source Extractor:141
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(a) The image is transformed into “.fits” format, the format recognized by Source Extractor, and142

then entered to the program.143

(b) Source Extractor generates the list of sources, with (1) the positions of the stars referred to144

the lower left corner of the delivered image, which is the point (0, 0) and (2) the brightness,145

relative to background, of each detected object. The 40 brightest objects are selected from146

the list delivered by Source Extractor. This number of selected objects was studied in section147

3.148

(c) The image is scaled from pixels to mm, in order to accurately represent the image that is149

in the CMOS of the camera and to be able to use Match with the linear procedure. Figure150

1 shows the list of objects found for one of the images taken during the evaluation of the151

system, which willbe used as example during the algorith description.152

Figure 1. Sample image (in pixels) showing the 40 brightest objects extracted from the 800 ms exposure
time photo.

3. Matching: First Iteration. Search throughout the celestial sphere. Match between the taken image153

and the in-memory catalog of celestial sphere.154

(a) Matches are searched (using the Match program) between each segment of the in-memory155

star catalog (see subsection 2.2.1) and the list of brightest objects in the image taken156

(delivered by Source Extractor). The output of this stage is a list of candidate (matched)157

segments of the star catalog.158

(b) The segment of the star catalog with the largest number of matched objects and with the159

lowest σ is selected as the final match. In our tests it is usually achieved with 20 objects160

(stars) or more and a σ ∼ 10−2. This is the output of the first stage of the algorithm.161

Further iterations are performed to improve the accuracy of the matching procedure, which162

ultimately gives the accuracy of the attitude estimation.163

(c) The segments of the catalog, since they are curved, have to be projected in tangent plane. The164

center of this projection is arbitrarily selected in the first stage. After finding the segment of165

the catalog with the best match with the image the center point of the image is de-projected166
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(returned to sky coordinates) by using the linear model delivered by Match program. At167

this stage this point do not agree perfectly with the point arbitrarily selected. We use this168

de-projected point as a new center to improve the matching procedure in the next stages.169

(a) Match - First iteration. (b) Differences between pair of points in first iteration.

Figure 2. The figure shows the results of Match - First iteration: (a) The Figure shows the objects, both
from catalog and the picture of the sky, that the algorithm uses to find the relationship between both
lists of objects (catalog - picture). (b) The Figure shows the difference (in pixels) between each pair of
points that were matched to find the relationship between lists.

4. Matching: Second Iteration. The projection center of the selected segment of the star catalog170

is corrected by using the matched stars found in the first iteration and the new center (the one171

de-projected using the linear model given by Match). The Match program is used again with this172

corrected projection of the catalog segment and the list of objects extracted from the picture. A173

new list of matched objects is outed and the center is again de-projected to refine for the last time.174

5. Matching: Third and Final Iteration. The projection center of the selected segment of the star175

catalog is corrected by using the matched stars found in the second iteration and the new center176

(de-projected in previous stage). The Match program is used again with this corrected segment of177

the catalog (projected with the new center) and the list of objects extracted from the picture. At178

this point the match between the two lists is accurate enough. The procedure is stopped here. The179

output of the Match program can be used together with the corrected projection center to find the180

A, D and Roll angles relative to the center of the camera, therefore the attitude of the vehicle. The181

Figure 3 shows in a comparative way the results obtained in the first and third iteration. Table 3182

shows the effective output of the algorithm, the angles A, D and Roll, for the image of the example183

of Figure 1.184
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Figure 3. The figure shows the differences (in pixels) between pairs of matched objects (photo objects
with those in catalog) when the right match is found. The result of the first iteration (31 matched
objects) is shown in red color and the third iteration (25 matched objects) is shown in blue color.
Dispersion in the first iteration is clearly greater than that obtained in the third iteration.

Table 3. Pointing coordinates for the solution found for the example presented in Figure 1, which
agrees with the attitude of the camera (see Section 3).

A (◦) D (◦) Roll (◦)

209.63 -52.45 -73.36

The process described above can be summarized in the flowchart shown in Figure 4.185
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Figure 4. Flowchart of attitude determination algorithm (section 2.2).

3. Platform Evaluation186

ST is one of the most accurate optical attitude determination devices. The veracity of the ST187

accuracy will eventually determine the satellite performance. However, how to realize and verify188

such accuracy remains a crucial but still on debate task. The actual accuracy is difficult to measure189

completely in a laboratory or in in-orbit conditions. Although, there are evaluation methods that use190

artificial stars within laboratory, in this work we follow the approach suggested by [23] for testing the191

ST by using real astronomical sources.192

The platform was tested by taking photos of night sky, on Saturday, August 6th, 2016, between 16193

and 18 hours UTC (20 and 22 hours local time). The geographical location where the measurements194

were performed is summarized in Table 4. The sky was pointed between Crux and Centaurus195

constellation. For the test over 50 images were used to evaluate the precision of the ST. The196

experimental setup with which the pictures of the sky were taken is shown in Figure 5 .197
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Figure 5. Equipment used for night sky measurements. In the image it is possible to see the tripod,
the black enclosure of the Rasberry-Pi and the transparent enclosure of the camera.

Table 4. Geographic coordinates of the measurement site.

Latitude (◦) Longitude (◦) Altitude (masl)

-33.0133087 -70.9022930 720

The measurement consisted of taking pictures of night sky with different exposure times. With198

the measurement, the following studies were carried out:199

1. To study the impact that different exposure times have on the attitude estimation accuracy, with200

the current optical hardware.201

2. To study the impact of the star catalog segmentation on the ST algorithm. The main parameters202

to study were (1) the number of segments, (2) the size of the segments and (3) the center of each203

segment (segment overlapping).204

3. To study the impact of the Match parameters on the accuracy of the estimation procedure and set205

up them to have a properly converging algorithm.206

4. To study the feasibility of using within a Cubesat the proposed ST platform.207

3.1. Exposure Time208

Our algorithm expects to match tens of stars with their catalog sky positions. The exposure time209

of the picture will set the number of stars that will be detected on average. We set out to find the210

minimum exposure time as to secure a sufficient number of matches in the sky catalog.211

We photographed a region around Crux ranging for up to 2 seconds at intervals of 0.1 seconds.212

The Camera was setup up to output 1024 x 1024 pixels, in order to deal with a square field of view,213

around 48.8◦ on the side. The number of source detections increased linearly with exposure time up214

to 0.9 seconds, at which point the number stays constant. We decided to use 0.8 seconds as exposure215

time since it yields over 80 detections under the relatively poorer conditions of ground-based216
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observations. We empirically found that with 20 matched stars we could get a good fit to the217

pixel-to-sky transformation. For this reason we selected, with a security margin of 100%, the 40218

brightest detections in the image (See Figure 1), which is similar to select stars of magnitude 4 or219

below. Choosing catalog stars brighter than magnitude 4 yields a good match for the detections in220

the image and reduces the astronomical sources stored in memory of the catalog to 518.221

3.2. Catalog segmentation222

In our algorithm Match properly operates based on two main assumptions: (1) the size of both223

list has to be comparable and (2) the relation between both lists has to be linear (there are other224

options for the relation but the linear one is the fastest). These assumptions explain most of the225

decisions taken within our algorithm regarding the catalog segmentation. For instance we could not226

use the catalog as a whole (as just 1 segment) because in this case the picture is much smaller than the227

catalog segment violating assumption (1). On the other hand, assumption (2) requires a projection228

that depends on the center of the field in order to linearly match a set of spherical coordinates (right229

ascension and declination) with cartesian coordinates (pixels), precisely the value we are looking for,230

which is difficult to do for just one segment.231

Therefore, we separated the catalog in a set of projections to be compared with every taken232

image. The size of the segment is selected to be 60◦ × 60◦, which is similar to the size of the picture233

(given for the FOV of the camera). However, the size of the catalog by itself does not define the234

number of segments. The matching algorithm tolerance to an error in the sky projection finally defines235

the number of catalog projections that will have to be tried in order to secure a match with a given236

image. We tested this by shifting the projection center in both right ascension and declination and237

measuring the new center of the field, as can be seen in Figures 6 and 7.238

We varied both A and D of the projected point independently until Match was unable to provide239

a solution. With this procedure we evaluate the impact that deviations in the projected point might240

have in the final estimation of the attitude, and finally the estimation error of the algorithm. Although241

there are other errors associated to the optics and mechanical/thermal characteristics of the system242

[2], we specifically focus on the algorithm error. For instance when we select a distance between243

segments center of 10◦ in the sky, or overlapping between two consecutive segments of 50◦, it yields244

the maximum center deviation corresponded to about 1.1 pixel or 3.2 minutes of arc (see Figure 6 (a)245

and Figure 7 (a)). If the distance between centers is reduced to 5◦ in the sky, it yields a precision of246

∼ 5 seconds of arc, although increasing by a factor of 4 the processing time of the Match routine (or247

by 2 the total processing time).248

3.3. Configuration of Match parameters249

Match is a powerful and flexible software which has many parameters that need to be defined in250

order to properly operate in our algorithm. In this subsection we describe the main parameters used251

and the values given to them for our operation.252

trirad: It is a parameter that defines when it is considered that the triangles formed between the253

objects of each lists are a match. This parameter was left in its default value which is 0.002.254

Modifications of this parameter produce no significant change in the estimation result unless its255

value is increased sharply (greater than 0.015), where no matches were found.256

nobj: It defines the number of brightest objects in each list that are considered when searching for257

a match. For small values (less than 10), the found relationship between lists is not reliable. For258

large values (greater than 40), it takes a long time to find a match. For our program, we set this259

parameter to 15 for the first iteration, and it is increased to 20 for the second and third iteration.260

max_iter: It defines the number of cycles that the program uses to search for matches between261

objects on both lists. A high number (for instance greater than 5) increases the execution time. For262

the first iteration this parameter is set to 1 and for second and third iteration it is increased to 3.263
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(a) (b)

Figure 6. (a) Error in the estimation of right ascension (A), when projection point of the catalog
segment is also deviated in right ascension for the example presented in Figure 1. The estimated
solution for the example is A = 209.63◦ and D = −52.45◦ (see Table 3). The right ascention value
of the projected point in the catalog segment was moved from 190◦ up to 222◦ (where 0 correspond
to A = 210◦), keeping declination, D, constant at −52◦. Outside this range the Match program was
unable to deliver an answer. Inside the box (10◦), the maximum variation in the estimation of D is
∼ 3.2 minutes of arc or ∼ 1.1 pixel. Figure (b) shows a zoom to the interval [−2.5◦, 2.5◦] of Figure
(a). It shows that when decreasing the distance between the projected center of each segment of the
catalog, the estimation accuracy increases. In that interval the accuracy can reach ∼ 5 seconds of arc,
however, at the cost of increasing the processing time 4 times compared to the 10◦ separation case
(box in Figure (a)).
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(a) (b)

Figure 7. (a) Error in the estimation of declination (D), when projection point of the catalog segment
is also deviated in declination for the example presented in Figure 1. The estimated solution for the
example is A = 209.63◦ and D = −52.45◦ (see Table 3). The declination value of the projected point
in the catalog segment was moved from −61◦ up to −47◦ (where 0 correspond to −52◦), keeping
right ascension constant at 210◦. Inside the box (10◦), the maximum variation in the estimation of D
is ∼ 0.38 minutes of arc or ∼ 0.1 pixel. Figure (b) shows a zoom to the interval [−2.5◦, 2.5◦] of Figure
(a). It shows that when decreasing the distance between the projected center of each segment of the
catalog, the estimation accuracy increases. In that interval the accuracy can reach ∼ 2 seconds of arc,
however, at the cost of increasing the processing time 4 times compared to the 10◦ separation case
(box in Figure (a)).
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matchrad: It defines the minimum distance to which two objects from both lists must be located to264

be counted as a match. If this value is very large (larger than 5), the linear model between lists is of265

poor quality (or precision) due to the large number of objects used in the relation as a match. If it266

is very small (less than 0.1), the linear model between lists can also be inaccurate due to the small267

number of objects used to establish the relation. For this reason, in our work we set an intermediate268

value of 1.269

scale: It defines the scale relation that exists between the lists. In our work, both lists are compared270

as if they were stars observed in the CMOS sensor of the camera (a plane). Since we have made271

everything in order to both lists correspond to each other, this value is set to 1.272

3.4. Feasibility of an ST for Cubesat: attitude determination accuracy, processing time and power consumption273

The attitude estimation accuracy of the algorithm depends on how well the image matches with274

the catalog segment. Therefore, a large overlap among catalog segments improves the accuracy.275

Figures 6 and 7 show that a shorter distance among the projection centers of each catalog (or a larger276

overlapping area among catalog segments) increases the accuracy of the estimation (or decreases the277

estimation error). Thus, with a larger overlapping area it is more likely that the image has enough278

sources within a catalog segment. In addition, the accuracy of the algorithm is also dependent on the279

precision in the location of the projection point in each catalog segment, for this reason the iteration280

2 and 3 of the algorithm. Figures 6 and 7 show that the intrinsic accuracy of the algorithm if other281

source of errors, such as optical and mechanical errors, are neglected is in average of ∼ 5 seconds of282

arc with a distance among the catalog segment centers of 5◦ in D and A. For a distance among centers283

of 10◦ (in D and A) the accuracy reaches ∼ 3.2 minutes of arc.284

The processing time of any Star Tracker system is a relevant variable to assess its performance,285

which settles the type of application or science that can be achieved with it. The processing time286

depends on both the algorithm and the hardware. The software/algorithm and hardware are287

described in detail in section 2.1.288

Table 5 summarizes the time taken by each process of the attitude determination of the289

ST, solving the LIS problem with a Raspberry Pi with overlapping between segments of 50◦290

(separation between segment projected centers of 10◦). These times were measured using the function291

time.time() from Python.292

Table 5. Processing time of each major routing taken in Raspberry Pi. This numbers are for a
separation of 10◦ between projection centers of each of the catalog segments stored in memory.

Process Average Time (s) Standard Deviation (s)

Importing libraries 5.39 0.03
Picture acquisition 9.381 0.003

Source Extractor 5.3 0.8
Match 14.5 0.4
Total 34.7 0.9

Table 6. Processing time of each major routing taken in Raspberry Pi. This numbers are for a
separation of 5◦ between projection centers of each of the catalog segments stored in memory.

Process Average Time (s) Standard Deviation (s)

Importing libraries 5.42 0.05
Picture acquisition 9.393 0.007

Source Extractor 4.7 0.4
Match 53.4 0.9
Total 72.9 0.9
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The power consumption is another important variable of the ST system which can define the293

feasibility of being used in Cubesat missions. The power consumption of the ST system during294

the operation is summarized in Table 7. It shows that in the current stage the ST system can be295

implemented in Cubesats of 2U or above, although no action has been done thus far to diminish the296

power consumption. Further optimization might reduce the consumption especially during the idle297

state.298

Table 7. Power consumption in each Star Tracker stage within Raspberry Pi.

Process Maximum Power Consumption (W)

Idle 1.55
Attitude algorithm calculations 2.05

Image acquisition 2.40

4. Conclusions and discussion299

In this work, we propose an open Star Tracker platform in order to accelerate the development300

of this type of sensor, which it is close to satisfy the constrains of weight, volume and energy of301

CubeSats of 2U and above. The ST operation is tested with ground campaigns. Taking pictures of302

known areas of night sky. The system uses as hardware a Raspberry-Pi and its camera. As software,303

it uses two common astronomy open software to perform the process: Source Extractor and Match.304

The system described in section 2.2 has 3 major steps (see Figure 4). First it takes a picture and305

extracts the ∼ 40 brightest starts from that image using Source Extractor software. Second, it looks306

for the proper area or segment in the whole sky by using the Match software, comparing the list of307

brightest objects extracted from the image with each catalog segment. Finally, the point of projection308

of the selected area or catalog segment is improved iteratively to achieve a better precision in the the309

attitude estimation. The best average precision reached of this system is of the order of∼ 5 seconds of310

arc solving the lost-in-space problem in about 73 seconds. Nevertheless, an average precision of ∼ 3311

minutes of arc can be reached in about 35 seconds. These processing times includes taking the picture,312

extracting the bright sources or stars, finding the correct segment of the sky catalog and estimating313

the attitude of the camera. Comparing this result with current comercial systems such as the Nano314

Star Tracker 1 (NST-1) from TY-Space, our system has a similar accuracy (although the optics and315

mechanics has not been yet evaluated in a hostaile environment) but the processing time still has to316

be improved.317

To achieve this result, the following design decisions were made as the work evolved:318

1. The celestial sphere catalog was divided in segments of size 60◦ × 60◦. At the beginning, the list319

of brightest sources (stars) of the picture, extracted by using Source Extractor, was compared by320

using Match with the whole celestial catalog giving poor results. Match is intended to compare321

two list of similar number of objects. When comparing the list of sources from the picture with322

the objects of the whole catalog this principle was violated giving either low precision results or323

even converging to no solution. For this reason the celestial catalog was divided of segments of324

size 60◦ × 60◦, which is similar to the field of view of the camera.325

2. Configuring Source Extractor to extract no more than 40 objects from the picture. As highlighted326

in the previous point, in order to have good results with Match, both list has to have similar327

number of objects, which requires to divide the catalog in segments of size 60◦ × 60◦. However,328

this is not sufficient to have a similar number of objects. It also requires to configure the number329

of objects extracted from the picture and in the catalog or the minimum magnitude in brightness330

of the stars used. Taking the 40 brightest objects from the picture, which is equivalent to stars of331

magnitude 4 or above within the catalog, yields the best precision for the ST.332

3. The segments had to have an overlapping area among them. A first approach of the distribution333

of the catalog segments might be with segments as patches of the celestial sky with no334
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overlapping area. The problem of this approach is that the image can fall in the boundary among335

adjacent catalog containing too few matching stars with each of the catalog. But the main problem336

of falling among catalogs implies that the matching stars of each catalog segment are in the edges337

of the image projected under a tangent point far from the projected point of the image delivering338

as an answer a no-match of the segment catalog. In this work we tested two separation among339

centers of catalog segments: 10◦ and 5◦. Evaluation of the ST shows that shorter the distance340

among centers higher the accuracy at the cost of a higher processing time.341

4. The minimum number of matching sources (or stars) had to be set in Match. Regarding the342

number of stars used to consider a match, for small values (less than 10), the found relationship343

between lists is not reliable. For large values (greater than 40), it takes a long time to find a match.344

For our algorithm, we set this parameter to 15 for the first iteration (searching the whole catalog),345

and it is increased to 20 for the second and third iteration (refining the projection point).346

5. Each catalog segment was stored in-memory projected to a plane to facilitate the comparison with347

the image. It was also evaluated the possibility of de-projecting the objects observed in the photo,348

and compare them to each segment catalog in sky coordinates. However, this approach did not349

work, since Match is not the right program to relate lists of objects that are in spherical coordinates350

and in addition, it requires to do an extra operation to the image, de-project it, increasing even351

more the processing time.352

Although the platform is fully described and tested at ground conditions, it is a first353

approximation to a open star tracker platform, and it can be subjected to further optimizations.354

For instance, it is necessary to include environmental considerations to to the system. Error of the355

optics has to be quantified and corrected [24]. In addition, the environmental conditions will add356

errors which might be diminished with mechanical subsystems as well as with compensation in the357

algorithm [25].358

Although precision might be affected by space conditions thus far processing time appears as the359

poorer feature of this system. Based on the results presented in Tables 5 and 6 the following priority360

optimizations are suggested:361

• To reduce the exposure time of the photo. To achieve this, the optics of the system might need362

improvement [24].363

• To optimize the way in which the attached programs (SExtractor and Match) are used. It is364

necessary to introduce improvements in the way these programs operate, avoiding repetition365

of tasks that only need to be executed once.366

All code described in this paper is open source and available to further development at367

Universidad de Chile’s SPEL group’s GitHub site: https://github.com/spel-uchile/Star_Tracker and368

it is available as supplementary material of this article.369
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