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Abstract: The rolling shutter effect decreases the accuracy of the attitude measurement of star trackers
when they work in rolling shutter exposure mode, especially under dynamic conditions. To solve this
problem, a rolling shutter effect correction method based on particle swarm optimization is proposed.
Firstly, a collinear reverse installation method between the star tracker and the satellite is proposed,
which simplifies the relationship between the velocity of the star centroid and the star tracker angular
velocity. Next, the centroid error model is obtained by the star centroid velocity. Based on the centroid
error model and angular distance invariance, the loss function of the centroid error is proposed. Then,
the particle swarm optimization algorithm is used to determine the star tracker angular velocity by
minimizing the loss function. Finally, the simulation and experiments are carried out to verify the
proposed method. The experimental results show that the convergence times of the algorithm are
less than 50 and the root mean square error (RMSE) of the angular velocity is better than 0.02° /s
when the angular velocity of the star tracker is no more than 5°/s.

Keywords: attitude determination; high dynamic; star tracker; rolling shutter exposure; particle
swarm optimization

1. Introduction

Attitude is an indispensable reference for spacecraft in orbit [1-3]. The accuracy and
frequency of attitude measurement are one of important technical indicators of space-
craft [4]. As the most precise attitude measuring device [5], star trackers play an important
role in aerospace, remote sensing and other fields [6-8]. With the development of semicon-
ductor technology, the complementary metal oxide semiconductor (CMOS) active pixel
sensor is widely used in star trackers because of its compact structure, high imaging quality
and good cost-effectiveness [9].

There are two exposure modes in the image sensor, which are global shutter exposure
and rolling shutter exposure [10]. The traditional star trackers use the global exposure
mode, which scans and images the whole image plane at the same time. The manufacturing
process of sensors with global exposure mode is complex, and the image signal-to-noise
ratio (SNR) is lower in global exposure mode [11]. Different from the global exposure, the
rolling shutter exposure adopts a method of scanning the image step by step [12]. The
exposure and reading are carried out at the same time, which has a fast imaging speed.
Each row of the image acquired in the rolling shutter exposure mode represents a different
imaging moment [13], which can improve the attitude update rate.

However, when the star tracker rotates, the star image captured in rolling shutter
exposure mode is distorted because of the rolling shutter effect [14]. The star vector obtained
from the image will also be distorted simultaneously, which decreases the accuracy of
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attitude measurement. Therefore, rolling shutter effect correction is a prerequisite for
obtaining accurate attitude measurement. There have been many studies about rolling
shutter effect correction. Enright et al. [15] estimated the angular velocity by using a multi-
frame star image, then deduced the centroid error and compensated the star position in
reverse to complete the correction. However, the star spot is considered an ideal circular,
which causes the estimated centroid error to not include the effect of dynamic tracking and
star dispersion size. He Longdong et al. [16,17] proposed a centroid correction method for
the rolling shutter effect based on time-domain constraints. In this method, the angular
velocity is estimated by Kalman filter, which can reduce the interference of random noise
and obtain the estimation results of the position and velocity of the navigation multiframe
star image. This method assumes that the time interval between two frames of the star
tracker is short enough to make the angular velocity keep constant. The assumption
of constant angular velocity between frames is applicable in the low-frequency attitude
measurement, but it cannot meet the requirement of high-frequency attitude measurement.

All of the studies mentioned above are based on a large number of star image data,
which are not suitable for obtaining high-frequency attitude measurement. To solve the
problem of demand for a large number of star image data in the process of rolling shutter
distortion correction, some single-frame rolling shutter effect correction methods have
been proposed. Hyosang Yoon [18] used a series of instantaneous attitudes to replace
the attitude of the current frame, which reduces the influence of the rolling curtain effect
on the attitude measurement, but this is not applicable to the attitude measurement at
high speed. Schiattarella et al. [19]. proposed a mathematical model based on first-order
approximation and calculated the angular velocity by using the length of the star trail.
The method ignored the diffusion of stars, which is inaccurate when the length of the star
streak is short. Li Yongyong et al. [20] proposed a rolling shutter effect correction method
based on the angular distance information of a single-frame star image to improve the
performance of the distortion correction algorithm high-frequency attitude measurement.
This method can estimate the angular velocity from a single-frame image and can correct
the distortion of the rolling shutter effect. However, this method assumed that the velocity
of the star centroid in the n image plane does not change during exposure, which will cause
a large error when the star tracker is in high dynamic. Moreover, this method is not suitable
for high-frequency attitude measurement when the angular acceleration is not equal to zero.

In summary, recent studies about the single-frame correction of the rolling shutter
effect are still relatively few in number, and they cannot meet the demand for obtaining
high-frequency and accurate attitude in rolling shutter exposure mode. The particle swarm
optimization algorithm is an optimization algorithm inspired by swarm intelligence [21].
Because of its effectiveness and simplicity, it has been applied and developed in various
optimization problems [22,23]. To solve this problem, a rolling shutter effect correction
method based on particle swarm optimization is proposed in this paper. In the proposed
method, the collinear reverse installation method is utilized to simplify the loss function
with respect to the star tracker angular velocity, and particle swarm optimization is used
to minimize the loss function. The method only uses three stars centroid to estimate the
angular velocity and ensure the accuracy and stability of the correction results.

2. Materials and Methods
2.1. Velocity Model

The star tracker is a high-accuracy vision device, which uses star positions to determine
satellite attitude. Coordinate systems related to attitude measurement are shown in Figure 1,
o7 — xyyj21 represents the celestial coordinate system. o — xy represents the image plane
coordinate system. 0; — X;YsZs represents the body coordinate system of the star tracker.
The position vector of the navigation star 7 in the celestial coordinate system is v;, which is
denoted as («;, 6;), where g; is ascension and J; is declination. The position vector of the
navigation star i in the body coordinate system of the star tracker is w; and the coordinates
of the navigation star 7 in the image plane coordinate system is denoted as (x;, ;).
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Figure 1. Coordinate system in attitude determination.

According to the transformation relationship between the spherical coordinate system
and the rectangular coordinate system, the direction vector of the navigation star i in the
celestial coordinate system can be expressed as [24]:

COS ; COS 0;
v; = | sina; cosd; (1
sin é;

According to the projection transformation relationship between the star tracker body
coordinate system and the image plane coordinate system, the direction vector of the star i
in the body coordinate system of the star tracker can be expressed as [25]:

1 _(xi_xO)
— — —(¥i — o) (2)
Ve —x?+wi—n)?+ 2| f

where f is the focal length of the star tracker, and (xg, yp) is the coordinates of the principal
point on the image plane. There is a coordinate transformation relationship between w;
and v; [26]:

w; =

w; = Ajv; 3)

where Aj is the attitude transformation matrix from the celestial coordinate system
or — xjy;2] to the body coordinate system of the star tracker os — XsYsZ;.

When the star tracker moves, the change of attitude makes the coordinates of the star
in the imaging coordinate system change with time. The velocity of the star centroid on
the image plane is determined by the angular velocity of the star tracker. The rotation
model of the star tracker is shown in Figure 2, where wy is the angular velocity around the
x-axis, wy is the angular velocity around the y-axis, w; is the angular velocity around the
z-axis, (xp, o) is the centroid coordinate of star i at the initial moment ¢, and (x1,y1) is the
centroid coordinate at the next moment fy + At.
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Figure 2. Rotation diagram of star tracker.

Suppose that the coordinate of the star position vector at the moment t( in the body
coordinate system of the star tracker is w;(; ) and the coordinate of the vector at moment
to + At in the body coordinate system of star tracker is w;; | ), the transformation rela-
tionship between w;(; ) and w; 4 ¢y can be expressed [27]:

to+At
Wiran =Cp X Wy @)

where Cfg+At is the transformation matrix from the body coordinate system of the star

tracker at the moment t and the body coordinate system of the star tracker at the moment
to+At

b can be obtained

to + At. Since the star direction vector does not change with time, C
according to Equation (3):

CyAt = Ay AT ©)
to+At
to

When At is sufficiently small, C can be represented as follows [28]:
1 w At —wyAt
CIHAl = | —w, At 1 Wy At (6)
wyAt —wy At 1

Substituting Equation (6) into Equation (4), the motion model of the star centroid can
be simplified as follows:
Xi(t) = Xi(to) + ]/,'(t)(dzAt + fcuyAt
(1) = Yi(t) — X; At — At )
Yitty) = Yi(ty) — Xi(ywzAt — fwx

According to Equation (7), when w; is not equal to zero, the star centroid velocity on
the image plane changes nonlinearly. It is difficult to obtain the complete motion state of
the star tracker directly from the image.

2.2. Installation Mode Design

To simplify the relationship between the star centroid velocity and the star tracker
angular velocity, the angular velocity around the optical axis of the star tracker w, should
be zero according to the Equation (7). However, the star tracker angular velocity is due to
the satellite angular velocity, which is normally planned according to the mission [29]. The
relationship between the two angular velocities are related by the installation matrix [30].
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The same satellite angular velocity will lead to different star tracker angular velocities with
different installation directions. Therefore, the condition that w, is equal to zero can be
achieved by changing the installation direction in a certain mission. In the field of remote
sensing, most imaging tasks require the angular velocity of the optical axis of the space
camera be kept at zero to ensure the high quality of the image [31-33]. Consequently, a
specifical star tracker installation direction is proposed in this paper. As shown in Figure 3,
the optical axis of the star tracker and the optical axis of the space camera are installed in
the opposite direction. In this specific installation direction, w; is equal to zero when the
satellite is imaging. This paper does not consider other cases where the w is not zero.

0—Xyz Camera body coordinate system
o'-x'y'z" Star tracker body coordinate system

Satellite orbit

Earth

Figure 3. Schematic diagram of the proposed installation direction.

Substituting w; equal to zero in Equation (7), the velocity of the star centroid on the
image plane of the star tracker can be obtained as follows:

v 0 w
)= 9l ®
where v, and vy are the velocity of the star centroid in the x-direction and the
y-direction, respectively.

After determining the velocity of the satellite, the centroid distortion under rolling
shutter exposure can be analyzed. Figure 4 shows the exposure process of the star tracker
under rolling shutter exposure mode. Each row on the CMOS sensor starts to be exposed
successively at a fixed interval. The exposure time of each row is the same, but the initial
exposure time differs by a fixed value. The different rows in the image recorded information
at different moments. The exposure time of each line is ¢,, and there is a delay At before the
beginning of the exposure time between each row in rolling shutter exposure mode.

I t. I
< gl

Time

. ROW reset and read

. Exposure time

Rows

Frame one Frame two

&

A,

Figure 4. Schematic diagram of rolling shutter exposure mode.
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Compared to the global exposure mode, the error caused by the rolling shutter is

shown as follows:
Ax = Ot"’ fowy(t)dt
t )
Ay = [* —fuwy(t)dt

where Ax and Ay are the centroid error in the x direction and the y direction, wy and wy, is
the angular velocity in the x direction and the y direction, t; is the duration between the
reference time and the exposure time.

To further simplify Equation (9), the duration t; used in this paper is considered small
enough to make the angular velocity remain constant. According to the research in [20],
the relationship between t; and the reference moment can be expressed:

= (10)
(05 —vy)

where v; is the scanning velocity of the image sensor, vy, is the velocity of the star centroid
in y-direction, and Ay is the centroid error in the y-direction. In general, v, is much smaller
than vs. Thus, the exposure interval tg between two adjacent rows in rolling shutter imaging
is constant. Substituting Equation (10) into Equation (9), the simplified expression of the
centroid error can be obtained. However, due to the lack of the centroid error, the angular
velocity of the star tracker still cannot be calculated directly.

2.3. Installation Mode Particle Swarm Optimization

To calculate the angular velocity of the star tracker, the centroid error should be
determined firstly. A method for calculating the centroid error based on the angular
distance invariance and particle swarm optimization is introduced as follows. As shown
in Figure 5, three adjacent star centroids are selected for calculation firstly. The (x;,y;)
denotes the centroid of star i at the reference moment, (x;/, y;") denotes the star centroid
of star 7 at the image, and (Ax;, Ay;) denotes the centroid error between the two star
centroids, i =1,2,3.

X A e Centroid in global shutter
e Centroid in rolling shutter
(X%, Y1) — Centroid velocity

0 L

Figure 5. Schematic diagram of centroid error of in rolling shutter exposure.

The centroid error is caused by the motion of the star centroid from the beginning of
the first line exposure to the end of the star exposure, which can be expressed:

Ax;i | |yito+T/2 0 Uy (11)
Ay; | 0 yito+T/2] |vy

where vy and v, are the velocity of star i in the x direction and the y direction respectively,
to represents the exposure interval between lines of rolling shutter imaging, and T is the
exposure time. According to Equation (11), the velocity of the star can be solved after the
centroid error (Ax;, Ay;) and y; are determined.
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To determine the velocity, a loss function with respect to (Ax;, Ay ) is constructed as
follows. According to Equation (11), the velocity of the star can be obtained:

M _ [1/(y1to +7/2) 0 } [ Ay } (12)

vy 0 1/(yito+T/2)] | Aya

When the star tracker installation is the collinear reverse installation method, the
velocity of the star centroid on the plane is constant according to Equation (8). Substituting
Equation (12) into Equation (11), the star centroid error can be expressed:

[sz] _ [(yito+T/2)/(y1to+T/2) 0 } { Axy } (13)
Ay; 0 (yito+T/2)/(yato+T/2)] | A

According to the relationship between (x;,y;) and (x;/,y;), (x;,y;) can be expressed:

=] L] &
Yi Yi Ay;

Substituting Equation (13) into Equation (14), the centroid of star i at the reference
moment can be expressed by (Axj, Ay;). After the derivation of the centroid of star i at the
reference moment is completed, the loss function is constructed as follow.

At the reference moment, the direction vector of the star i in 0 — X;Y;Zs can be
obtained by Equation (2) after the star centroid is determined by Equation (13). The angular
distance between star i and star j in the body coordinate system of the star tracker is
defined as:

wlw]

6;j = arccos (15)

jwil - [w;]

According to the angular distance invariance, the angular distance between two stars
is constant. The angle distance between the identified stars can be obtained from the star
catalog. Considering the actual engineering application conditions, this paper assumes that
the stars in images have already been identified. Therefore, the loss function is designed
based on the angular distance difference. According to Equations (13) and (14), if Ax; and
Ay can be determined, all of the star centroids in the image can be obtained. Thus, Ax;
and Ay are selected to the dependent variable of the loss function. The loss function is
defined as:

J(Dxy, Ayr) = ) 1165 — 63l (16)
where 0;; is the angular distance between star i and star j obtained from star catalog, and
91-]-' is angular distance calculated by using Ax; and Ay;. To minimize this loss function,
this paper uses the particle swarm optimization algorithm.

The particle swarm optimization algorithm is a population-based random search
method, which uses the foraging behavior of birds. The particle swarm optimization
algorithm uses a certain number of particles that represents the potential solution and
changes the position of these particles by the equations listed below:

Vi =wVi+arn (P —X;,) +cra (G, — X)) 17)
X1 =X+ Vi

where Vi represents the speed of the ith particle in n generation, X!, represents the position
of the ith particle in 1 generation, P!, represents the previous best position of the ith particle
in n generation, G/, represents the best position of all the particles in n generation, w
represents the inertia weight, c; and ¢, are acceleration constants, and rq and r, represents
a random number uniformly distributed in the range [0, 1]. According to [34], the inertia
weight w is set as:

Wg = Wmin + T(wmax — Win) (18)
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where wy is the inertia weight in Nth generation, N is the total number of generation, Wmax
is equal to 0.9, and Wy, is equal to 0.4. The acceleration constants c¢; and c; are set to
integer 2. The Algorithm 1 proposed in this paper is shown as follow:

Algorithm 1 Standard PSO pseudocode

1: Algorithm input: particle number Ny, the maximum number of iterations N, inertia angular
velocity wy

2: Algorithm output: optimal angular velocity Gy, the loss function |

3: Randomly generate velocity solutions

4:g=0

5: while g < N do

6: fori=1to Ny do
7: VZH = wV,i +c11p <P,l1 — X;) + o1y (G; — X;l)
8: X1 = X0+ Vi
9: end for
10: computer fitness function value J(Xj,11)
11: J { Pi,n f(Pi,n) < f(Xi,n+1)
v Xip1  f(Pin) = f(Xipnt1)
12: Find the best solution Gy in all the particles in the iteration
13: if f(Go) < f(Gn)
14: Gu+1 = Go
15: else
16: Gn+1 = Gn
17: n=n+1
18: end
3. Results

In the previous sections, we analyzed the star centroid velocity model of the star tracker
in the collinear installation, derived the star centroid error in the rolling shutter espouse
mode, and proposed an angular velocity estimation algorithm based on particle swarm
optimization to complete the error compensation. In this section, numerical simulations
and field experiments are employed to verify the proposed method.

3.1. Simulation of Star Centroid Velocity with Collinear Installation

To simplify the relationship between the star centroid velocity and the angular velocity
of a star tracker, a collinear reverse installation method is proposed in Section 2.2. However,
there will be a control error between the actual angular velocity and the set value. The
control error will cause the angular velocity around the optical axis of the star tracker w,
is not equal to zero. This paper simulates the effect caused by the small value of w,. The
parameters used in the simulation are shown in the Table 1.

Table 1. Parameters used in simulation.

Parameter Value
Focal length 42 mm
Field of view 18° x 18°

Resolution 2048 x 1280
Pixel length 5.5 pm

Exposure time 100 ms
Star magnitude limit 5.2 Mv

In the simulation, the angular velocity around the x axis of the star tracker wy is set
to 1°/s,5°/s, and 10°/s respectively and the angular velocity around the z axis of the star
tracker w; is set to 0, 0.05°/s, and 0.1°/s. As shown in Figure 6, the velocity of the star
centroid is simulated.



Remote Sens. 2022, 14, 5772 9of 16
w,=1°/s w,=5°/s o, =10°/s
20007 T T T 1T 7 T 77 7.} 111} S S e S 20007 T 7 7 1T 7 T 7
I T I I A A
15008 bbb bbb 1500 bbb bbb 1500t bbb bbb
= T = I I = I A
Eooh Vv b bbb Eooob bbb bbb Ejoof Vb
0 B e B vlb bl EN e
w, = I T e I A A
e O A A e O A A e O A A
0 I T 0 I A 0 A
1000 2000 0 1000 2000 0 1000 2000
x/pixel x/pixel x/pixel
(a) (b) (c)
20000 T T T 17T T T 1 2000 T T T 17T T 11 2000 T T T T T 11 ]
O T I A [
1s00b bbb b b 15000 bbb bbb ;s00f bbb bbb
5 T R O R 3 AR > bbb
0.05°/ B Vbbb b b =S A I T =S FEob bbb !
w, =0.05°/s e T I I | A
e A A A SO0 SO0 ]
0 A ' 0 A 0 A ’
1000 2000 0 1000 2000 0 1000 2000
x/pixel x/pixel x/pixel
(d) (e) €3]
2000 1 2000 1| 20007 1‘
1500} J| 1500:- J| 1500:- J‘
o] | = S
£.1000 1| £1 00| 1| £1 ()()0‘[ 1‘
= = =
w,=0.1°/s ! | ' | !
500 i 500} | 500 ]
o | | | |
0 | ol ' ol ‘
0 1000 2000 0 1000 2000 0 1000 2000
x/pixel x/pixel x/pixel
(8 (h) 1

Figure 6. Velocity vector distribution diagram for different angular velocities. (a—c) The distribution
of the velocity vector when w; is equal to 0. (d-f) The distribution of the velocity vector when w; is
equal to 0.05°/s. (g—i) The distribution of the velocity vector when w; is equal to 0.1°/s.

As shown in Figure 6, the direction of star centroid velocity remains straight when w,
is equal to zero, and there is little effect on the velocity direction when w;, is not equal to
zero. To analyze the specific effect of w, on star centroid velocity, we analyze the magnitude
and direction of the velocity when w; is equal to 1°/s. As shown in Figure 7a, the direction
of the velocity caused by w, is symmetrical about the center of the field of view, and the
velocity vector at the edge of the field of view has a larger magnitude than the velocity
vector at the center of the field of view. The maximum velocity does not exceed 1.5 pixel/s.
The star centroid is determined by the velocity and exposure time. The angular velocity
error caused by the satellite control system is less than 0.01° /s [35]. Without considering
the installation direction error, the angular velocity component in the z-direction is smaller
than 0.01° /s during the imaging process, and the exposure time of the star tracker is no
more than 200 ms. The influence of the velocity component in the z-direction is considered
small enough to be ignored in this paper.
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Figure 7. Velocity magnitude and direction distribution. (a) Velocity vector direction distribution
diagram. (b) Velocity vector magnitude distribution diagram.

3.2. Simulation Experiment

To verify the effectiveness of the proposed algorithm, a simulation experiment was
carried out. The star tracker parameters used in the simulation are shown in Table 1. Before
completing the simulation, the star images obtained in the rolling shutter exposure mode
are synthesized firstly. A discussion of star images in the rolling shutter exposure mode
can be found in [36]. Random Gaussian noise with a mean value of 0.25 and a variance of
0.001 was added to the background noise of the synthesized star images. A synthesized
star image is shown in Figure 8.

Figure 8. A star image with a trailing trail in rolling shutter exposure mode.

Star images are synthesized at angular velocities of 0.5° /s, 1°/s, 1.5°/s,2°/s,2.5°/s,
3°/s, and 5°/s, respectively. The centroid extraction and star identification are carried
out and the theoretical angular distance value is obtained from the star catalog after
star identification. Then, the proposed algorithm is tested by the image captured in the
field experiment.

3.2.1. Convergence Simulation

The images that are synthesized when wy and wy are set to 1°/s are used to test the
convergence of the algorithm. The results of the angular velocity error obtained by the
algorithm is shown in Figure 9. The velocity error is no more than 0.002°/s.
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The convergence times of generations in the above experiment are counted as shown
in Figure 10. Most of the convergence times are less than 10, which will not cause excessive
time consumption.
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[y}
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T
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Generation

Figure 10. Statistical graph of convergence times.

3.2.2. Robustness of the Algorithm under Different Angular Velocities and Different
Position Noise

To test the robustness of the algorithm under different angular velocities, the star im-
ages synthesized under different angular velocities are tested. The number of experiments
per angular velocity is set to 500. A box chart of the absolute value of the angular velocity
estimation error is shown in Figure 11. As the angular velocity increases, the absolute
value of the velocity error increases, and the number of outliers decreases. Comparing the
accuracy of the estimated angular velocity in two directions, the accuracy of velocity in the
x-direction is greater than that in the y-direction. All the maximum values of the absolute
velocity error in both directions are less than 0.1° /s, which maintains a high accuracy of
angular velocity estimation.
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Figure 11. Absolute value of the angular velocity estimation error under different angular velocities:
(a) the error when wy, is equal to zero, and (b) the error when wy is equal to zero.

In the actual measurement environment, the performance of a star tracker will be
affected by detector noise. To test the robustness of the algorithm under different noise
conditions, star images synthesized under different position noise were tested. The star
images used in the noise test were synthesized when w, were equal to 3° /s and when w
was zero. Gaussian position noise was added during the synthesis of the star maps. The
Gaussian noise was added to the star centroid in the process of star image generation. The
mean of the noise was set to zero, and the variance ¢ was set from 0.01 pixels to 0.05 pixels.
The number of experiments per variance is set to 500. The box chart of the absolute value
of the angular velocity estimation error is shown in Figure 12. As the variance of position
noise increases, the accuracy of angular velocity estimation decreases. The maximum
value of outliers is also positively correlated with noise variance. When the position noise
variance is less than 0.05 pixels, the fourth quartile of velocity estimation error is smaller
than 0.01°/s.
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Figure 12. Absolute value of the angular velocity estimation error under noise variance.
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3.3. Field Experiment

To verify the effectiveness of the proposed algorithm, a field experiment was carried
out, and the experimental system is shown in Figure 13, which consists of a turntable and a
rolling shutter camera whose parameters is shown in Table 1. A total of 500 frames of star
images were collected at the angular velocity of 0.5°/s, 1°/s, 3° /s, and 5° /s respectively.
The centroid extraction and star identification were carried out after image preprocessing,
and the theoretical angular distance value was obtained from the star catalog after star
identification. Then, the proposed algorithm was tested by the image captured in the
field experiment.

Figure 13. Diagram of field experiment system.

To test the robustness of the algorithm under different angular velocities, the star
images taken under angular velocities are tested. There are three different kinds of images
captured in field experiments. The first kind of image is obtained when only wy exists. The
second one is obtained when only wy exists. The last one is obtained when wy is equal to
wy. To quantify the calculation results, the root mean square error (RMSE) of the angular
velocity is calculated by:

(19)

The RMSE of the angular velocity error is shown in Figure 14. When the angular
velocity is less than 5° /s, the maximum RMSE does not exceed 0.02°/s.

3

x 1079 X 10 0.02 0.02 0
4 D 4

o (°/s)
)
o /(°/s)

D

2 4 2 4 2 4 2 4
w (°/s) w /(°/8) w/(°/s) w(®/s)

@) (b) (©) (d)

Figure 14. Average velocity error at different angular velocities: (a) the angular error with the wy
when wy, is equal to zero; (b) the angular error with the w, when wy is equal to zero; (c) the angular
error with the wy when wy is equal to wy; (d) the angular error with the wy when wy is equal to wy.
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4. Discussion

In this paper, the accuracy of the proposed algorithm was tested by simulation and
experiment. In this paper, some factors are ignored, which objectively exist in practical
application. In Section 3.1, the centroid error caused by control error is simulated. Due to
the existence of control error, w, will not be zero when the satellite is working. However,
according to Equation (7), the centroid velocity component due to w;, is proportional to
the position of the star centroid in the image plane. The length of the image sensor is far
less than the focal length of the star tracker, which makes the star centroid velocity caused
by the control error small enough to be ignored. However, the angular velocity in the
z-direction caused by the installation direction error can produce considerable centroid
error, which means that the premise of the proposed algorithm is high installation accuracy.

In Section 3.2, the accuracy of the algorithm is analyzed. As shown in Figure 11, the
accuracy of wy will be slightly higher than that of wy. This is because Ay is more constrained
than Ax, which is directly related to wy. The accuracy of angular velocity estimation is
related to the accuracy of dynamic star map extraction. The extraction of a dynamic star
map is a comprehensive and complex problem. In this paper, centroid position noise is
used to represent the errors introduced in dynamic star map extraction. The robustness of
the algorithm to position noise is tested in the simulation experiment. Figure 12 shows the
good robustness of the position noise of the proposed algorithm. It is worth mentioning
that the method proposed in this paper only needs three adjacent star coordinates, which is
ideal for high-frequency attitude measurement. At the same time, the small number of stars
used means that the accuracy of velocity estimation is highly dependent on the accuracy of
star extraction. How to obtain high precision centroid results by star point trailing will be
studied later.

5. Conclusions

In this paper, a method of angular velocity estimation using the particle swarm opti-
mization algorithm for a high-dynamic star tracker in rolling shutter exposure. According
to the feature that the optical axis does not rotate during satellite imaging, a collinear instal-
lation method for star trackers is proposed to simplify the velocity variation of star centroid
motion. Then, a loss function is proposed based on angular distance invariance, and the
particle swarm optimization algorithm is adopted to solve the loss function. Experimental
results show that the proposed algorithm can converge quickly within 50 times and that the
RMSE of angular velocity is better than 0.02° /s and under the angular velocity is no more
than 5°/s. The results present in this article lay a foundation for further improving the
measurement accuracy and frequency of star trackers. In this paper, it is assumed that the
satellite does not rotate around the optical axis of the camera, which is applicable to most
application scenarios. The assumption limits the application scenarios of the algorithm.
How to improve the application scope of the algorithm will be the next research focus.
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