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The star tracker, an optical attitude sensor with high accuracy, is widely used in satellites for attitude determination and control. However, it is susceptible to the sunlight and the earthlight for application on satellites in
the sun-synchronous orbit. Therefore, the suppression of the sunlight and the earthlight is important for the star
tracker. In this Letter, a vector model is proposed to describe the relationship among the Sun, the Earth, and the
satellite body, and, based on the equations of the boundary curves, the vector areas free from the sunlight and the
earthlight in the body coordinate system of the satellite are derived. Meanwhile, the installation orientation of
the star tracker and the corresponding exclusion angle of the earthlight are optimized. The simulation results
indicate that the optimization method for the installation orientation and the exclusion angle of the star tracker
is accurate and effective.
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The star tracker is an optical attitude sensor with
extremely high accuracy, the structure of which is mainly
composed of the baffle, the lens, the image detector, and
the processing unit, and it has been widely used in satellites[1,2]. To realize attitude determination from the weak
star captured by the image detector of the star tracker,
the strong light from the Sun and the Earth, which is
harmful to the star tracker, should be eliminated[3–5]. Moreover, the accuracy of the star tracker is related to the suppression of the sunlight and earthlight on the detector[6].
Therefore, the improper installation orientation of the star
tracker and the exclusion angle design of the baffle will
reduce the signal-to-noise ratio (SNR) and the accuracy,
and it may even lead to the star tracker’s failure[7].
Many methods have been proposed to reduce the interference from the sunlight and the earthlight to the star
tracker, including optimizing the processing algorithm
of the star image to improve the accuracy[8–10], adopting
a big baffle to shield the strong light outside the field of
view (FOV)[11–13], coating the black material to the star
tracker to absorb the strong light[14,15], and optimizing
the installation orientation of the star tracker to avoid
the sunlight and the earthlight entering into the FOV
of the star tracker directly[16–20]. Moreover, given that
the relationship among the Sun, the Earth, and the satellite body is complex, the improper installation orientation
will lead to the star tracker’s failure at some time[21,22].
Therefore, the installation orientation of the star tracker
is an important factor for satellite design. In the aspect of
the orientation of the star tracker, the influence on the
navigation precision caused by the installation azimuth
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of the star tracker has been widely analyzed; however,
the interference from the sunlight and the earthlight
has seldom been considered. Reference [17] considered
the sunlight and earthlight; however, this method was
not suitable for the multi-maneuver attitudes situation
and did not analyze the orientation of the star tracker
when the satellite was in the sun-pointing mode.
In this Letter, a vector model was proposed to analyze
the vector position of the sunlight and the earthlight in the
body coordinate system of the satellite, which operates in
the sun-synchronous orbit. Based on this model, the equations of the boundary curves of the earthlight were derived
when the satellite was in the sun-pointing mode, and the
vector areas not affected by the sunlight and the earthlight could be determined. Meanwhile, the orientation
of the star tracker and the corresponding exclusion angle
of the earthlight could be optimized. This method can not
only optimize the installation orientation of the star
tracker when the satellite is in the sun-pointing mode,
but it can also obtain the exclusion angle of the earthlight
and the sunlight.
For the sun-synchronous satellite, the relative position
among the Earth, the satellite, and the Sun changes all the
time, however, the right ascension difference between the
ascending node and the mean sun is constant. Meanwhile,
the angle between the sun light and the orbit plane periodically changes with a small variance. Therefore, we can
concisely describe aforementioned relative position based
on the body coordinate system of the satellite.
In this vector model, the complex rotation relationship
among the Sun, the Earth, and the satellite is transformed
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so that the Earth and the Sun rotate around the satellite;
thus, we can obtain the vector areas that suffered the sunlight and the earthlight based on the body coordinate system of the satellite. It is well known that any spatial
orientation can be represented by the vector [cos α,
cos β, cos γ] at a certain time. Since the sunlight is parallel,
it can be described by this model, where α, β, γ represent
the angles between the vector and the X, Y , Z axis of the
body coordinate system of the satellite, respectively.
When the light rays come from all directions in space,
it will form a sphere with the radius of one, as shown
in Fig. 1.
For the sun-synchronous satellite, the Sun is simplified
as a pointolite. However, the earthlight comes from a cone
area with respect to the satellite, as shown in Fig. 2, where
E s donates the central line and V a donates the generatrix,
and the half angle of the cone δa can be roughly calculated
with the equation below:
δa ¼ arcsin½ðE r þ dÞ∕E s ;

(1)

where E s denotes the distance between the satellite and
the geocenter, E r is the radius of the Earth, and d is
the thickness of the atmosphere.
In order to achieve enough energy, when the satellite is
not under the remote imaging mode, the normal direction
of the solar panels should always point to the Sun. However, for some small remote sensing satellites, their solar
panels cannot rotate relatively to the satellite body. For
these satellites, the satellite surface with the solar panels
should always point to the Sun. In this Letter, when the
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satellite is in the nadir-pointing mode, the X axis of the
body coordinate system of the satellite points to the direction of movement, and the Z axis always points to the
Earth, as shown in Fig. 3(a). Similarly, when the satellite
is in the sun-pointing mode, the X axis of the body coordinate system of the satellite points in the direction of the
Sun all of the time, as shown in Fig. 3(b).
In this case, the satellite has two operation modes and is
equipped with the orbit control device, with the orbital
altitude of 535 km and the local time of the descending
node of 10:30. According to Eq. (1), when E r is
6378 km and d is 100 km, δa is 69.57°. The influence from
the sunlight and the earthlight when the satellite is in the
sun-pointing mode can be analyzed, and the optimal orientation of the star tracker and the exclusion angle of the
baffle can be determined in the following analysis.
When the satellite is in the sun-pointing mode, since the
X axis always points to the direction of the sun, the sunlight is a vector along the þX axis in the attitude sphere
model all of the time, as shown in Fig. 4, and it has nothing
to do with the orbit altitude and the local time of the
descending node.
When the satellite is in the sun-pointing mode, the influence from the sunlight is straightforward; however, the
influence from the earthlight is more complex. In this part,
we simulated the relationship between the Earth–satellite
vector and the body coordinate system of the satellite by
the satellite tool kit (STK) for three years in orbit flight
and extracted the equations of the boundary curves of the
Earth–satellite vectors. Since the satellite had the orbit
control device, the orbit parameters of the satellite were

Fig. 3. (a) Nadir-pointing and (b) sun-pointing mode of the
satellite.
Fig. 1. Attitude sphere model of the sunlight based on the body
coordinate system of the satellite.

Fig. 2. Model of the earthlight for the sun-synchronous orbit
satellite.

Fig. 4. Sunlight vector in the body coordinate system of the
satellite.
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Fig. 5. (Color online) Earth–satellite vector area in the body coordinate system of the satellite, (a) three-dimensional (3D) view,
(b) Z axis view.
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Fig. 6. Boundary curves of the Earth–satellite vector area.


constant. The simulation results are shown in Fig. 5,
where the red area represents the Earth–satellite vector
area during such a period, and the shape of the vector area
is X from the Z axis view, as shown in Fig. 5(b). Moreover,
the angles between the Earth–satellite vectors and the
axes of the body coordinate system of the satellite during
the period are listed in Table 1.
Based on the simulation results, the vector area can be
expressed by two crossed boundary curves, as the view of
Fig. 5(b), and the angles between the boundary curves and
the axes of the coordinate system correspond to X min
and Y min. Therefore, the equations of the boundary
curves can be derived, as expressed in




x 2 þ y2 þ z 2 ¼ 1
;
x ¼ tanðY minÞ·y
y2

z2

ð3Þ

which correspond to the boundary curves A and B in
Fig. 6, respectively.
The earthlight is scattered light for the satellite in the
sun-synchronous orbit. Based on the aforementioned
analysis, the rotation boundaries of the earthlight can
be derived from the boundary curves of the Earth–satellite
vector area with factor δa , where δa equals 69.57°, as
shown in


x 2 þ y2 þ z 2 ¼ 1
;
x ¼ tanðY min − δa Þ·y

ð5Þ

which correspond to curves C and D in Fig. 7, respectively.
The Earth–satellite vector rotates around the red area
over time. Based on Eqs. (4) and (5), we can obtain the
intersection point between the rotation boundary curves
and the attitude sphere in the Z axis view. Thus, the equations of the boundary curves of the earthlight can be derived for this case, as shown in



ð2Þ

þ þ ¼1
;
x ¼ tanð90° − X minÞ·y
x2

x 2 þ y2 þ z 2 ¼ 1
;
x ¼ tanð90° − X min þ δa Þ·y

x 2 þ y2 þ z 2 ¼ 1
;
x ¼ tanðY minÞ·y  2.0636

ð6Þ

x 2 þ y2 þ z 2 ¼ 1
;
x ¼ tanð90° − X minÞ·y  3.1908

ð7Þ

and Eq. (6) corresponds to curves E 1 and E 2 , and similarly, Eq. (7) corresponds to curves F 1 and F 2 in Fig. 7.
Based on Eqs. (6) and (7), the areas free from the sunlight and the earthlight can be achieved, as shown in Fig. 8.
The overlapping area between the red circle and the blue
circle is the area free from the sunlight and the earthlight,
and there are two areas symmetrically distributed along
the Z axis. When the satellite is in the nadir-pointing
mode, the sunlight is around Y axis, and area ② might
be interfered with by the sunlight when the satellite is
under a large maneuver situation. Therefore, compared
with area ②, area ① is more suitable for the installation
orientation of the star tracker.

ð4Þ

Table 1. Maximum and Minimum Angles Between the
Coordinate Axes and the Earth–satellite Vector Area
Characteristics

Angle range

X min −X max

17.0791°–162.9209°

Y min −Y max

62.9930°–117.0135°

Z min −Z max

0°–180°

Fig. 7. Boundary curves of the earthlight in the Z axis view.
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Fig. 8. Boundary curves of the Earth–satellite vector area.

As shown in Fig. 8, the angle range of area ① is about
30.8° along the XY plane, and the angle range along the
Z axis is about 40°. Therefore, when the star tracker
points to the center of area ①, we can get the maximum
exclusion angle of the earthlight, which is about 15.4°.
In order to verify this method, we simulated the exclusion angle of the earthlight when the orientation of the
star tracker was in the range of area ① by the STK. Since
the period of the earthlight variation was one year, the
simulation duration was set to be one year. Based on
the aforementioned analysis, when the orientation of
the star tracker is in the center of area ①, the exclusion
angle can reach the maximum, as shown in Fig. 9, and
the orientation parameters of the star tracker are shown
in Table 2.
As shown in Fig. 9, the purple arrow is the orientation of
the star tracker. In this case, if this method is effective, the
exclusion angle of the earthlight plus the half angle of cone
δa should be greater than 84.97°. The simulation result is
shown in Fig. 10, where the minimum angle between the

Fig. 10. Angle between star tracker orientation and the Earth–
satellite vector for one year.

orientation of the star tracker and the Earth–satellite vector is greater than 84.97° during that period, and, therefore, the simulation results have validated the analysis.
In this Letter, a novel method for the installation orientation of the star tracker is proposed when the satellite is
in the sun-pointing mode. The area of the Earth–
satellite vector is determined based on the attitude sphere
model, which can describe the relative position among the
Sun, the Earth, and the satellite body, and the equations
of the boundary curves of the Earth–satellite area are derived. Moreover, the equations of earthlight boundary
curves are calculated based on the relationship between
the earthlight and the satellite, and the vector areas free
from the earthlight and sunlight are determined during
the period at the same time. Based on the vector area free
from the earthlight and the sunlight, the pointing orientation of the star tracker is optimized. The simulation results indicate that the angles between the star tracker
orientation and the earthlight are consistent with the design, and this method can effectively solve the installation
orientation problem of the star tracker when the satellite
is in the sun-pointing mode.
This work was supported by the State Key Laboratory
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Fig. 9. Installation orientation of the star tracker.
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