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Abstract
In this paper, a laboratory model is designed to evaluate the performance of star tracker algorithms for attitude deter-
mination of a satellite. Star tracker is the most accurate attitude sensor that determines satellite direction by applying 
centroiding algorithm, star identification and attitude determination. To utilize such algorithms, first, high quality of star 
images are needed which should be provided through the star tracker camera. Then, such images are given to processors 
and it determines the attitude of camera and satellite in three axes based on mentioned algorithms. First, in preliminary 
design, we define important star tracker parameters, like accuracy, detector, processor and field of view. In this paper, 
we have considered the range accuracy in yaw/pitch axis less than 20 arcsec and for roll axis less than 100 arcsec. To 
improve the attitude determination accuracy, we have applied an adaptive structure in centroiding algorithm, as only 
brightness stars are selected and identification algorithm is done based on them. Another important parameter is speed 
of identification algorithm which is handled by an ARM processor and improving pyramid algorithm, we reached less 
than 25 ms. Duo to this time, updating rate would be desired. Also knowing the coordination of bore sight direction that 
is distance between focal lens and imager is another important parameter that affects the accuracy of attitude and by 
ground calibration of camera, this parameter could be estimated carefully. Finally, implementation results on real images 
that are captured by a star tracker demonstrate optimum performance of algorithms.
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1 Introduction

One of the first ideas for navigating in the sky was the 
use of the position of the celestial bodies in the sky. With 
the advent of such an idea, they began their evolution-
ary astronomy navigation systems. In the past, the astro-
nomical navigation systems were one of the key pillars of 
guiding planes, ships, missiles and satellites. But with the 
advent of modern radio navigation systems in the past 
decades, astronomical navigation has become a back-up 
system, and in the aftermath of GPS, virtually astronomical 
navigation was used only for space missions. At present, 
one of the most important pillars of the spacecraft navi-
gation systems is the space mission of the star trackers. 
These detectors utilize the latest electronic and optical 

systems with low volume, weight and power. One of the 
most important requirements of all satellites, since its 
inception, is the sub-system of control and determination 
of the situation, because without it, use of the satellite to 
carry out missions is not possible. The status determina-
tion system, an integral part of the satellite control system, 
plays a significant role in satellite control algorithms [1–3].

The solar panels should face the sun, and satellite 
antennas should face the earth. Other sensors must be in 
a certain direction for correct use of satellites. Generally, 
satellites in space rotate in three axis and they may go out 
of their orbit. In this case, sub-systems of attitude determi-
nation and control act and by using the facilities in satel-
lite, the attitude is returned to the desired condition [4–7]. 
The attitude of satellite is measured by onboard sensors, 
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and corresponding actuators change the attitude along 
to desired direction [8]. Attitude determination accuracy 
is necessarily limited by sensor measurement accuracy 
and currently only lower accuracy attitude measurement 
instruments such as sun sensors and magnetometers 
have flown on CubeSats with success. Star trackers will 
provide the level of attitude determination needed to 
support more challenging pointing requirements [9–11]. 
Most spacecraft uses gyroscopes to measure their angular 
velocity continuously. The major problem with the use of 
gyroscope in spacecraft setup systems is that over time, 
the bias will lead to a gradual error, which will cause the 
actual difference in space between the time and the meas-
ured value to increase gradually. Figure 1 shows the satel-
lite status using star tracker.

Today, because of high accuracy of star tracker, this sen-
sor is used more than others and other sensors are used as 
support devices [5–7]. The task of star sensor is providing 
high-quality star images and matching them with catalogs 
of stars which are stored in sensor’s memory and iden-
tifying stars in image and finally determining attitude of 
satellite based on them [8–10]. A star tracker works in two 
modes: lost-in-space (LIS) mode and tracking.

The difference between them is whether approximate 
attitude knowledge is available. Initial attitude acquisi-
tion mode is also called lost-in-space mode and occurs 
when a star sensor starts to work or when a system fails. 
In initial attitude acquisition, the task is to perform pat-
tern recognition of the star pattern in the field of view 
(FOV). Because no prior attitude information is avail-
able, a full-sky star identification is needed to establish 
an initial attitude. Once an initial attitude is established, 
the star sensor reverts to the tracking model. Typically, 
the identification can be accomplished in a few seconds. 
The tracking mode tracks previously identified stars at 
known positions. The tracking mode is the normal oper-
ation mode of the star sensor. [11–13]. Process of star 

tracker consists of three main steps: centroiding, star 
identification and attitude determination. Centroiding 
takes the image from the camera and determines the 
coordinates of light sources in the image plane, which 
can then be converted to unit vectors in the tracker coor-
dinate frame. Star identification is the crux of the star 
tracker. The unit vectors in the tracker frame are analyzed 
and compared to a star catalog to determine which stars 
are in the image frame and consequently provide unit 
vectors in the inertial reference frame. Finally, the list of 
unit vectors in both the tracker and inertial frame is run 
through a vector-based algorithm to determine the atti-
tude of the star tracker in the inertial frame. The attitude 
can be output in various formats; among most common 
are quaternions, Euler angles and direction cosine matri-
ces (DCMs) [13–15].

Because of the importance of attitude determination in 
LIS mode, our focus is on it. In this paper, after doing some 
researches on different types of algorithms in different star 
sensors, the best algorithm is found in each case. By modi-
fying star tracker algorithms that are used in similar cases 
like centroiding and identification algorithms which are 
explained in details in [15–18], we could improve accuracy 
and speed of algorithms. These improvements consist of 
applying adaptive structure to centroiding and modifying 
search method in identification. Then, their performances 
are evaluated through MATLAB software and in the next 
step it is applied on a proper ARM processor. In this step, 
for evaluating algorithms used simulated star images that 
are provided via MATLAB software by orbital movement 
simulation of LEO satellite in a specific orbit. After ensur-
ing the performance of algorithms and also processor, we 
evaluated system on real images that were captured by a 
star tracker camera. And finally, we could offer a prelimi-
nary design for manufacturing a star tracker with desired 
accuracy.

Fig. 1  Conventional flowchart to determine satellite status using star tracker
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2  Technological approach

Based on researches on parameters of twenty produced 
sensors, we consider some of the parameters as design 
requirements. These parameters are summarized in 
Table 1.

Field of view of star tracker needs to be chosen such 
that at least three detectable stars are always in the FOV. 
Three is the minimum amount of stars required to deter-
mine three-axis attitude. Wide FOV means wide part of 
sky is scanned by star tracker camera, but sensor accuracy 
decreases in this situation. The narrower FOV, the more 
accurate attitude determination, but it is harder to deter-
mine initial attitude of satellite. In order to choose mini-
mum FOV required for different limiting magnitudes, a 
simulation was run in MATLAB. Figure 2 was created using 
Monte Carlo simulations. For doing this, we fixed FOV on 
8° * 8° (rectangular) and then selected a star from star cata-
log. After that, we added FOV/2 to right ascension (RA) and 
declination (Dec) of selected star and then all stars which 
had smaller RA and Dec than that selected star put into a 
group. We repeated this algorithm for all stars in catalog.

As you can see, we definitely have five stars in FOV that 
have magnitudes between five and six.

The processor is one of the most important parts of star 
tracker that directly determines accuracy of sensor, updat-
ing rate, weight and its power consumption. The ARM pro-
cessors have been used in star sensors due to low power 
consumption, the optimal capabilities and its accessibility. 
Table 2 compares the feature of two star tracker ST-100 
and ST-200. In ST-200, the optical, electronic and mechani-
cal parts and also the algorithms have been improved.

Due to our researches, using an ARM processor besides 
CMOS instead of CCD reduces the size of board and saving 
money (50%) and also decreases in power consumption 
and weight (77% and 90%). All in all, for testing algorithms, 

Table 1  Selected characteristics for preliminary design of star 
tracker

Selected characteristics

Weight 2–3 kg
Accuracy < 20 yaw and pitch < 100 roll
FOV 8° × 8°
Sensitivity 2.5–6.59 (MI)
Update rate 4–5 Hz
Detector CMOS
Processor ARM
Input voltage 20–30 v
Temperature rate − 20 °C to 50 °C

Fig. 2  Monte Carlo analysis for 8 * 8 rectangular FOV

Table 2  Comparison of 
features ST 100 and ST 200 [3]

ST-100 ST-200 Improvement

Mass 740 g 74 g 90%
Power consumption 3 W (peak) 0.7 W (peak) 77%
Price low lowest 50%
Accuracy 30/200 arcsec 30/200 arcsec
Design life 3 years 1 years
Detector CCD CMOS
Processor FPGA and ARM7 ARM9
Number of PCB 4 2 50%
PCB footprint 50 × 50 mm 35 × 35 mm 50%
Interface RS422 RS485, SPI and  I2C
Electronic integration Moderate High
Market readiness 2009 2011
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we have decided to use Cubieboard1 which includes the 
processor of Allwinner A10 (Cortex-A8). Figures 3 and 4 
show the board and how it is used.  

3  Description the algorithms used in star 
tracker

Star tracker is an electronic camera connected to a micro-
computer. First by using images that are captured from 
sky, the stars are identified by centroiding and identifi-
cation algorithm and satellite orientation is determined 
based on these observations. An autonomous star tracker 
can detect the patterns of stars in its field of view and 
determine attitude relative to celestial sphere. In this sec-
tion, we describe algorithms which are used in this project.

3.1  Centroiding algorithm

After removing noise from star tracker images, they are 
given to processor for centroiding algorithm. In this step, 
situation of each star in the image is specified. Centroiding 
is very important since it affects the accuracy of other algo-
rithms and sensor directly. It means that the place of each 
star can be specified by accuracy less than 1 pixel. If the 
stars are recorded in a focused way so that the light of star 
locates on one or two pixels, pixels will be saturated and 
the accuracy of centroiding will be reached within pixel 
range. Therefore, all the star trackers record the image in 

an unfocused way which means the image photons will 
be disputed in a lot of pixels and in this case the algorithm 
of finding the center performs with accuracy lower than 
pixel. There are two major techniques for centroiding. 1: 
The center of mass 2: Point Spread Function.

Figure 5 explains these techniques. Speed and accuracy 
of centroiding algorithm are a criterion to compare and 
choose an optimal technique to apply this algorithm.

After examination and applying above algorithm in 
MATLAB, it has been concluded that the PSF algorithm is 
more accurate than COM algorithm, but it is more sensitive 
to noise and also the calculation load of COM technique 
is less than the other one, so this algorithm has been used 
in many missions. Among COM algorithms, the parallel 
method has been used which is faster than other methods. 
In this technique, first the stars are categorized and find-
ing center is done for whole image. The complete frame 
of image includes many stars, so that this categorization 
is necessary for stars. The classification of stars means that 
all the pixels attached to a star are marked with a shared 
label. In other words, we distinguish the star pixels. After 
labeling, the center of each star is calculated through 
Eq. (1) [3] 

where N and M are the numbers of pixels in which finding 
center occurs, x and y are the coordination of pixels, image 
(x,y) is light intensity in pixel, xo and yo are the centres of 
star in the image.

Figure 6 shows how stars are labeled and centers are 
found in this algorithm.

In 1991, Buil proves that the spreading intensity func-
tion of stars is Gaussian. In Fig. 7, intensity for hypothetical 
star with center of (0, 0) has been shown. To measure the 
accuracy of parallel algorithm COM, this hypothetical star 
as an input has been given to it. However, it should be 
noted that the range of spreading function is a number 
from 0 to 255 that it is matched with light intensity of a 
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Fig. 3  Processing board used for implementation

Fig. 4  Using of Cubieboard1

Fig. 5  Assortment of centroiding algorithm
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real star. In fact, deviation rate of algorithm response (0, 
0) is the same as algorithm error. Figure 8 shows the error 
algorithm in x and y axes 500 iterations.

The mean and variance of error for algorithm along 
x is 0.0269 and 0.00050488 and in y axis is 0.0269 and 
0.00050580. To examine the accuracy of algorithm in real 
situation, Gaussian noise with the power of 0.01 is added 

to light intensity of stars. In this case, the mean and vari-
ance of error in parallel with x and are 0.0371 and 0.000846 
and in parallel with y are 0.0391 and 0.0015, respectively.

3.1.1  Improvement of centroiding algorithm 
by an adaptive structure

As you will see in Sect. 3.2, identification algorithm is 
based on selecting four stars and in each image several 
stars can be found which sometimes more than four. The 
way of choosing four stars among the number of found 
stars affects the accuracy of centroiding by sensor. Being 
careful in mechanism of applying of a COM algorithm, it is 
clear that the stars with more light intensity are calculated 
more accurately. Thus, by applying an adaptive pattern on 
parallel finding center COM algorithm, we correct the algo-
rithm in a way that chooses four brighter stars. You can see 
this structure in Fig. 9.

3.2  Star identification algorithm

In this step, a pattern is formed and compared with con-
structed pattern from a catalog of stars. This catalog con-
tains information like right ascension, declination, size, 
spectrum and….about stars. Hipparchus, Tyco, UCAC, HYG 

Fig. 6  Flowchart for cen-
troiding algorithm [3]

Fig. 7  Intensity for hypothetical star
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and SKY-map 2000 are commonly used in star sensors as 
catalogs. The catalog which is used in this paper is Hippar-
chus catalog (It is about 19.907 megabytes). With regard 
to optical observation (lens weight…), catalog is filtered 
and the stars with magnitude of 2.5–6.59 are saved. The 
load of filtered catalog is reduced to 379 kilobytes. There 
are different techniques to read catalog by the processor. 
The techniques which consume time and they need to 
add libraries to compiler. To do so, firstly we transform the 

catalog to a textual file and then fstream library is used 
and by this technique, whole catalog is read less than 
0.1 ms by a processor.

3.2.1  Modified pyramid algorithm

Our measures to find the most proper algorithm from 
parameters like detection percentage, right detecting 
algorithms, processing time, the volume of database, the 
number of needed stars for processing in the image, the 
applicability of algorithm are the frequency use in space 
missions. In Table 3, we have compared the most well-
known identification algorithms in different parameters. 
One of the most usable techniques for star identification 
is modified pyramid algorithm which is robust and helpful 
for solving problems in LIS and tracking modes. Regard-
ing the results, we consider modified pyramid algorithm 
in LIS mode.

Fig. 8  Accuracy of centroiding algorithm in x and y axes with 500 iterations

Fig. 9  Flowchart of adaptive structure of centroiding algorithm
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At the heart of pyramid method is the k-vector 
approach for accessing the star catalog, which provides 
a searchless means to obtain all cataloged stars from the 
whole sky that could possibly correspond to a particular 
measured pair, given the measured interstar angle and 
the measurement precision. The pyramid logic is built on 
the identification of a four-star polygon structure—the 
pyramid—which is associated with an almost certain star 
identification. The set of M =

n!

(n−2)!2!
 interstar angles asso-

ciated with a spherical polygon set of n stars, such as 
pairs (in pyramid algorithm n = 4). More specifically, the 
star pattern geometric structure for the purpose of star 
identification is defined by the set of M interstar angles {
�ij = �ji = cos−1

(
bT
i
bj
)}

 measured between each distinct 
pair of the p line-of-sight vectors 

{
�ij = �ji = cos−1

(
bT
i
bj
)}

 
that point from the sensor toward the vertices of the star 
spherical polygon on the celestial sphere. Matching the 
set of M measured interstar angles cos−1

(
bT
i
bj
)
 with a 

cataloged set of interstar angles cos−1
(
rT
I
rJ
)
 to within 

measurement precision provides the basis for a hypoth-
esis that the stars at the vertices of the measured poly-
gon of stars are indeed the cataloged stars at the corre-
sponding vertices of the matching polygon from the star 
catalog. Figure 10 shows the basic star structure used 
within the algorithm, which consists of a basic star trian-
gle, identified by the indices i, j, k, together with a “con-
firming fourth star” identified by the index r.

The pyramid algorithm contains several important 
new features. The first is access to the star catalog using 
the k-vector approach instead of the much slower binary 
search technique (see the appendix). The k-vector data-
base is built a priori for some given working magnitude 
threshold and for the star tracker maximum angular 
aperture. Essentially, the k-vector table is a structural 
database of all cataloged star pairs that could possibly fit 

in the camera FOV over the whole sky. The star pairs are 
ordered with increasing interstar angle. The data stored 
are the k index, the cosine of the interstar angle and the 
master catalog indices I[k] and J[k] of the k-th star pair. 
The k-vector access logic is invoked in real time for a 
minimal set of star pairs in elementary measured star 
polygons (three for a triangle, six for a four-star pyramid, 
etc.); the fact that the vertices between adjacent meas-
ured star pairs share a common cataloged star is the key 
observation leading to logic for identifying the stars 
efficiently by simply comparing the k-vector accessed 
catalog indices for the several sets of candidate star pairs 
(which must contain the common measured pivot star if 
it is in the catalog) [19]. The method, depicted in Fig. 11, 
essentially accomplishes the task by the following steps 
(where n is the number of observed stars).

Table 3  Comparison of identification algorithms with each other

Algorithm Correct 
identifica-
tion (%)

No. star Process-
ing time 
(s)

CPU 
speed 
(MHz)

Clock 
speed 
(×108)

Star catalog size Data base (size) Mission

Liebe 94.6 3 0.5 32 0.165 8000 1 Mb
Grid 99.7 10 0.187 1600 1.6 9000 313 Kb
Polestar 99.7 10 1.04 350 3.6 4127
Zhang 97.57 7 0.025 800 0.2 5102 344 Kb
Oriented triangles 97.8 4 0.75 650 4.875 6000 73 Kb
Angle 61 7 6.27 500 31.35 5000 12 Mb
Planner angle 94 4 1 500 5 5000 167 Mb Micro-satellite_TAS2

Fast star tracker
Spherical triangle 92 4 1.6 500 8 5000 167 Mb STS 107
Modified pyramid 99.8 4 0.5 2000 10 8816 1.12 Mb Pico satellite GIFTS_EO-3

Mission CanX1 CubeSat

Fig. 10  Basic star triangle and pyramid [19]



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1524 | https://doi.org/10.1007/s42452-019-1530-0

We assumed the field of view is 8 × 8. Then, with each of 
three stars of catalog, that can be neighbor to each other, 
we made a triangular and the angles of this triangular and 
the star identity and stored it in database. Some part of data-
base can be seen in Table 4. The next step of algorithm is 
the extraction of visual image. In first step, we assume to 
find four stars in received image with hypothetical centers. 
Then, four triangles should be made by these centers and 
the angles of each triangle are calculated. For example for 
the made triangle with first three stars, we have Eq. (2).

(2)

a = s1 − s2, b = s2 − s3, c = s1 − s3

�1 = cos−1
(

a ⋅ b

|a||b|
)

�2 = cos−1
(

a ⋅ c

|a||c|
)

�3 = cos−1
(

b ⋅ c

|b||c|
)

Fig. 11  Pyramid flowchart [19]

Table 4  Part of database used in identification algorithm
StarID1 StarID2 StarID3 Tetha1 Tetha2 Tetha3

1 1147 1377 3609 0.0018 2.7978 177.2004
2 2574 2908 3992 0.0030 2.6806 177.3164
3 117 2345 6113 0.0037 3.1458 176.8505
4 1126 3050 3164 0.0038 3.7642 176.2320
5 1344 3050 3164 0.0039 6.0480 173.9482
6 1745 2246 4157 0.0041 3.0735 176.9224
7 2774 3050 3164 0.0048 7.4946 172.5000
8 1262 3050 3164 0.0049 5.5631 174.4321
9 1128 3050 3164 0.0051 6.9632 173.0316
10 359 804 1312 0.0057 2.3563 177.6380
11 1410 2043 2392 0.0060 14.1846 165.8093
12 276 3050 3164 0.0066 4.4266 175.5668
13 1410 1569 2392 0.0066 10.5214 169.4720
14 1147 1377 3706 0.0079 5.1937 174.7985
15 1612 3050 3164 0.0080 11.0464 168.9450
16 3272 5675 5824 0.0083 9.6339 170.3578
17 300 311 2695 0.0085 2.3455 177.6460
18 540 657 6179 0.0086 2.5429 177.4485
19 2908 3992 6018 0.0087 12.2271 167.7642
20 300 3695 4281 0.0089 4.7298 175.2612
21 2345 5191 6113 0.0097 14.8572 165.1330
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In the above, s1, s2 and s3 are the centres of assumed stars. 

These relations occur for made triangle from first, second 
and fourth triangle out of first, third and fourth stars and also 
the triangle out of second, third and fourth. After calculation 
image features, we compare such features with information 
of database. To search the database, the technique of k-vec-
tor has been used in researches. This technique has been 
studied extensively in many references. [1–5]

3.2.2  Modifying searching technique of k‑vector

In technique of k-vector, the database is arranged from small 
to large. First according to linear regression(3–5 formulas), 
a line has been estimated at the smallest angle of all made 
triangles in database and using that, the value of k can be 
calculated.

where second equation is the estimation of first based on 
following formulas.

where m̂ and q̂ are the estimation of m and q in first equa-
tion in (3) based on measurable data which ŷ and x are out-
put and input, respectively, and n is number of iterations.

Blue line in Fig. 12 is database information, and the red is 
estimated of it, based on below.

(3)
y = mx + q

ŷ = m̂x + q̂

(4)m̂ =

�∑
ŷ
�
⋅

�∑
x2
�
−
�∑

x
��∑

xŷ
�

n ⋅

�∑
x2
�
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�∑

x
�2

(5)q̂ =
n ⋅

�∑
xŷ

�
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�∑
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��∑

ŷ
�
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�∑
x2
�
−
�∑

x
�2

(6)ŷ = m̂x + q̂ = 9.517 × 10−5x + 2.9214

As it can be seen from Fig. 12, estimated line in some 
parts has a great distance and we have to search a great 
part of database to find the image features. To overcome 
this problem and reduce the searching time, according to 
Fig. 13, quadratic regression is more suitable. The equation 
of evaluated quadratic curve to database is obtained based 
on relations (7–9).

As you know, ŷ is measurable output and estimated 
of y based on below:

Now, we estimate ŷ  using measured data and we 
have:

The angles are calculated by image, and the smallest 
angle detected is the base of searching range.

(7)
y = p1x

2 + p2x + p3

ŷ = p̂1x
2 + p̂2x + p̂3

.

(8)
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∑
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(9)ŷ = −5.8 × 10−7x2 + 1.4x + 7.1 × 104

(10)
Δ1 = p2

2
− 4p1

(
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)

Δ2 = p2
2
− 4p1

(
p3 − �́� − 𝜀

).

Fig. 12  Estimated line with one of the given angles of database
Fig. 13  Fitted quadratic curve to database
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After calculation of image features, we determine 
the range of database for searching with the help of the 
smallest angle.

In relation (10), �́� the smallest angle of triangle and p1, 
p2 and p3 is the coefficients of evaluated curve based on 
Eq. (9). If the calculated angle accuracy is ɛ, two values 
of kbot and ktop are calculated as Eq. (11). [5] 

The functions of floor and ceil return the smaller and 
greater integers than their arguments. Therefore, the 
searching range of stars can be obtained by (12). In this 
relation, IDstart and IDend are the beginning and ending 
of searching range in database.

To compare conventional technique with proposed 
technique, the searching range in database in Table 5 
is given.

The reduction in three times in searching range results 
in faster applying of detecting algorithm, and as you can 
see in Table 6, the time of running algorithm has been 
reduced by 14 times.

3.3  Attitude determination algorithm

After finding the stars of image, the result would be a set of 
vector in sensor coordination and a set of vector in inertia 
coordination. Through attitude determination algorithm, 
the transfer matrix between this two coordination, which 
is the same as attitude matrix is calculated. So in this step, 
we need two sets of vectors. To find the vector set in coor-
dination of sensor, after centroiding algorithm accord-
ing to relation (13) for each star of image, a unit vector is 
obtained.

(11)

kbot = floor

�
−p2 +

√
Δ1

2p1

�

ktop = ceil

�
−p2 +

√
Δ2

2p1

�

(12)
IDstart = K

(
kbot

)
+ 1

IDend = K
(
ktop

)

In this relation, xi and yi are the coordination of center 
of ith star in the image, f is the focal distance of camera 
lenses in meter, xo and yo are the line coordination of cam-
era’s vision, �l is the pixel length of detector, and �w is the 
pixel width of detector. The coordination of camera’s vision 
line is intersection between focal lens vector and detector. 
Figure 14 clarifies this issue. The coordination of vision line 
for a CCD or CMOS is the center of sensor ideally, yet there 
is always error which should be improved through calibra-
tion on the ground and then on-orbit. [18]

Although a single coarse calibration on the ground is 
deemed enough for a number of emerging applications 
in micro- and nanosatellite platforms, the case is really 
different for evolved spacecraft [18]. To determine a first 
and valid approximation for the focal length (f ) and offset 
( xo, yo ) values, we used proposed method explained in [18] 
that using of least square method solves ground calibra-
tion problem. It should be mentioned that for on-orbit 
calibration, we need statistical approach for estimation 
such as kalman method that is investigated with details 
in [18]. These estimation methods use ground calibration 
result as initial assumption. We have focused on ground 
calibration because we intended to design a star tracker 
for a micro-satellite.

Length and width coordination of the camera’s pixel 
that we used for taking photos has been 6 Âµm, and its 
focal distance has been 41.1 mm. The set of vectors in sen-
sor coordinate will be a 3 × 4 matrix. The set of vectors in 
inertia coordinate will be obtained according to identifica-
tion algorithm and star catalog. For example, if jth star is 
identified in image, the features of this star such as RA and 
Dec can be obtained. Therefore, we have a unit vector for 
each identified star in form of relation (14). [8] 

(13)Wi =
1�

f 2 +
�
xo − xi

�2
+
�
yo − yi

�2
⎡
⎢⎢⎣

�l

�
xo − xi

�
�w

�
yo − yi

�
f

⎤
⎥⎥⎦

(14)Vj =

⎡⎢⎢⎣

cos �j cos �j
sin �j cos �j

sin �j

⎤⎥⎥⎦

Table 5  The comparison of two techniques in database

Searching 
method

Start of interval End of interval Length of 
interval

k-vector 1 165,380 165,379
Suggested 

Method
112,136 163,650 51,514

Table 6  The comparison of time of running detecting algorithm 
with two searching techniques

Searching method Time consumption 
for identification 
(ms)

k-vector 0.228295
Suggested method 0.01581
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In this relation, �j is the RA and �j is the jth Dec in earth-
centered inertial coordinate. The output of attitude deter-
mination algorithm is transfer matrix or quaternions that 
will be explained in following of quaternions.

3.3.1  Quaternions

In all attitude determination algorithms, the aim is finding 
matrix A so that the defined expense function L minimizes 
in form of relation (15). [2] 

In this equation, Wi and Vi are unit vectors of stars of 
image and unit vectors of catalog stars and ai are the posi-
tive weight coefficients of these vectors.

If e =
[
e1 e2 e3

]T
 is the eigenvector of the largest eigen-

value of transfer matrix A and � is the rotation angle, the 
quaternions are defined based on following relation (16). [2] 

The transfer matrix can be obtained in form of relation 
(17) by quaternions.

(15)L(A) =
1

2

k∑
i=1

ai
||Wi − AVi

||2

(16)

[
q1 q2 q3 q4

]T
=
[
e1 sin

�

2
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�

2
e3 sin

�

2
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�

2

]T

(17)
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2
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3
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4
2
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2
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2
�
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2
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�
2
�
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�
−q2

1
− q2

2
+ q2

3
+ q2

4

⎤⎥⎥⎦

3.3.2  Wahba cost function

Function (15) was proposed by Chris Wahba for the first 
time in 1965. Also, it can be proved that cost function can 
be rewritten in form of relation (18). [2] 

In above equation, �0 and B are calculated by relations 
of (19).

To minimize expanse function L, trace must be maxi-
mized and to do so matrices A and B should approach to 
each other.

Speed and accuracy are two important parameters in 
comparison with algorithms. The speed of algorithm is cal-
culated through processing load calculation. In past, when 
calculation of locating was done by slow processors, speed 
was significant. However, nowadays, through powerful and 
fast processors accuracy is the determining parameter for 
choosing algorithm. According to probes in this paper, the 
algorithms of q-method, SVD and foam are the most accu-
rate ones. Since these algorithms have the same level of 
accuracy, considering the applicability of algorithm in pro-
duced sensors is significant. Therefore, algorithm q-method 
is our selected algorithm in this project that its mechanism 
will be explained.

3.3.3  Q‑method algorithm

Davenport proposed the first useful technique to provide 
solution to Wahba’s problem. The output of this algo-
rithm is quaternion matrix that can be calculated through 
transfer matrix according to relation (17). By assumption 
� =

[
�1 �2 �3

]�
 through relation (16), quaternion matrix 

can be defined in the form of relation (20) and transfer 
matrix will be in the form of Eq. (21). [2] 

Where in relation (22), Q is obtained through (17).

It has been said that to minimize Wahba cost function, 
trace(ABT) should be maximized. Furthermore, we have:

(18)L(A) = �0 − trace
(
ABT

)

(19)�0 =
∑
i

ai & B =
∑
i

aibir
T
i

(20)q̃ =

[
q

q4

]
=

[
e sin

𝛼

2

cos
𝛼

2

]

(21)A(q) =
(
q2
4
− |q|2)I + 2qqT − 2q4Q

(22)Q =

⎡⎢⎢⎣

0 −q3 q2
q3 0 −q1
−q2 q1 0

⎤⎥⎥⎦

Fig. 14  How coordination of camera’s line vision id found
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In relation (23), matrix K is defined as (24) in which 
matrices B, S, Z are calculated based on relations of (20). [2] 

To maximize relation (25) and also because of |q| = 1 , 
the optimal quaternion is the special proper with the larg-
est eigenvalue of matrix K. [2] 

(23)trace
(
ABT

)
= qTKq

(24)K =

[
S − trace(B) × I Z

ZT trace(B)

]

(25)B =
�
i

aibir
T
i
S = B + BT & Z =

⎡⎢⎢⎣

B23 − B32
B31 − B13
B12 − B21

⎤⎥⎥⎦

(26)Kqopt = �maxqopt

This algorithm has been used for locating the satellites 
HEAO(1-2-3) and PoSAT.

4  Experiments and results

In this section, we design a number of experiments to 
verify the laboratory test system designed in this paper. 
In all steps of algorithms evaluation, after transforming the 
MATLAB codes to C/C++, first we evaluate them in Eclipse 
software, after cross-compiling, we run them by the pro-
cessor. In Fig. 15, you can see the laboratory test system 
designed in this paper.

4.1  The semi‑physical test of algorithms

For semi-physical test, we take experiments in real night 
sky. We took some images under different orientations 
that you can see one of them in Fig. 16. (Image resolu-
tion = 480 × 752) (Table 7). 

The attitude for Fig. 17 in three axes of Roll, Pitch and 
Yaw in relation to ECI coordinate is equal to relation (27). 
This image is given as an input to algorithms, and the 
obtained attitude in three axes is compared with correct 
attitude.

(27)correct_attitude =

⎡⎢⎢⎣

�c

�c
�c

⎤⎥⎥⎦
=

⎡⎢⎢⎣

25.1254◦

−15.6286◦

120◦

⎤⎥⎥⎦

Fig. 15  Laboratory test system

Fig. 16  Hardware in loop
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Table 7  Output of centroiding algorithm for Fig. 17

x_centroid (pixel) y_centroid (pixel)

295 355
467.0254 217.0169
519.0142 112
625.0027 281.9973

Fig. 17  Input image with specific attitude to attitude determina-
tion

Fig. 18  Finding center of brighter stars of image

Fig. 19  Finding centers of stars of selected set based on labels

4.2  Applying centroiding algorithm

Intensity parameter of threshold has been considered 60 
in this algorithm.

After making the pattern with these four stars and their 
identifications based on modified pyramid algorithm, we 
find the identity of these four stars. The result is shown 
in Table 8. (We add the error of 0.6 degree to calculated 
angles (result of trial and error)).

Regarding the output of identification algorithm, the ID 
of four stars is 3381, 3052, 2802 and 2336.

Based on these IDs, the catalog is referred and the fea-
tures of stars are extracted. Based on relations 9 and 10, 

the unit vectors of image and reference vector are made 
and are given to algorithm q-method as input. The atti-
tude in three axes of Roll, Pitch and Yaw that this algorithm 
gives us as an output equals with:

The attitude error that is obtained based on the dif-
ference between obtained and the correct attitude is as 
follows.

In this case, the value of Wahba cost function is: 
L(A) = 1.52420381 × 10−10.

As you can see in Fig. 17, first four brighter stars of 
image are chosen based on adaptive centroiding algo-
rithm and they are identified.

As mentioned in Sect. 3.1.1, each set of a four star of 
image can be candidates for identification and attitude 
determination algorithms. But as we mentioned earlier, 
the center of brighter stars is calculated more accurately. 
Therefore, considering brighter stars based on an adap-
tive approach in centroiding algorithm is significant for 
identification and attitude determination algorithms and 
affects the accuracy of attitude and determining value of 
cost function. To show this issue for Fig. 17, we repeat the 

(28)
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⎡
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⎤
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⎡
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−15.6266◦
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⎤
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=
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�
e

�
e

�
e

⎤
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=

⎡
⎢⎢⎣

0.0015◦

0.002◦

0.0101◦

⎤
⎥⎥⎦

Table 8  The output of 
identification algorithm of 
Fig. 18

Output

2336 2802 3052
2336 3052 3381
2336 2802 3381
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algorithms. However, this time is based on the labels that 
are given to stars in centroiding algorithm. In fact, stars 
with label 1, 2, 3 and 4 are candidates for applying algo-
rithms and the results are compared with previous case 
(Tables 9, 10).

Regarding the output of identification algorithm, the 
identities of four stars are 1934, 3052, 3381 and 2802.

Like previous step, with referring to catalog, right ascen-
sion and declination are obtained and the vectors of image 
and reference are obtained and are given to locating algo-
rithm of data as input and the status is calculated in three 
axes.

In this case, the value of Wahba cost function equals 
with: L(A) = 5.24253951 × 10−7.

The comparison between the present error and its 
previous value shows that present value has become two 
times greater than and the value of cost function in the 
second mode has multiplied by 3000. For star sensor, this 
value is signification in attitude so that using the adaptive 
centroiding algorithm is the optimal approach.

5  Conclusions

In this research, a laboratory design of star tracker and 
applying of its algorithms has been considered to atti-
tude determination of satellite in LIS mode and the results 
were tested on a powerful ARM processor. Such algorithms 
include centroiding, pattern recognition and attitude 

measured_attitude =

⎡⎢⎢⎣

�m

�m
�m

⎤⎥⎥⎦
=

⎡⎢⎢⎣

25.122◦

−15.625◦

120.021◦

⎤⎥⎥⎦

determination algorithm. In each case after searching, the 
best algorithm was chosen based on its practical use and 
it was turned to (C/C++) language to apply on a processor 
and the results were viewed. COM algorithm by parallel 
technique, modified pyramid algorithm and Q-method 
algorithm was the selected algorithms in centroiding, 
pattern recognition and attitude determination, respec-
tively. Among these three algorithms, the pattern recog-
nition algorithm needs the highest time of processing. 
Here by the change in searching technique that includes 
fitted quadratic curve instead of a line on database, we 
reduce the running time of algorithm by 14 times. In field 
of locating, it could be seen that choosing brighter stars 
of image significantly affects the accuracy and value of 
Wahba’s cost function. Therefore, by an adaptive approach 
in centroiding algorithm, four brighter stars of image are 
chosen and determined attitude based on them.
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