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In recent years, small satellites, which are more and more popular and aﬀordable, have been already widely applied in observation
and monitoring missions. However, it is a tough problem to meet the diﬀerent mission requirements with such limits as space,
energy, and devices. In this paper, we propose a practical target searching scheme for a small satellite which suﬀers from the
device limits during the ﬁrst 7.5 seconds after the launch separation. Due to the device limits at the beginning of the separation,
the initial attitude of the satellite and the position of the target that the following observation task is based on are both
unknown. In order to solve this problem, a backward integral strategy used to estimate the initial attitude and a target searching
method intended to ensure the satellite acquires the target rapidly are included in the scheme. Simulation results proved that
this scheme enabled the satellite, regardless of the initial conditions, to acquire the target within the limited observation time.

1. Introduction
Recently, small satellites have been widely applied in various missions because of their smaller size and lower cost,
which makes them agiler and allows them to achieve more
complex tasks [1]. On the other hand, with the limits of
power and equipment, achieving the particular mission
of the small satellite is a great challenge, which has been
well investigated in numerous studies [2–7]. Patel et al.
presented information theoretic methods for searching
for a target [8]. Peng et al. developed a fast and eﬀective
Iterated Local Search algorithm for an agile earth observation satellite [9], and Ci et al. proposed a Gaussian distribution of target transition probability function [10], where,
however, the device limits are not considered. Costic et al.
described a quaternion-based control scheme for a satellite
without angular velocity measurements and in the presence of an unknown inertia matrix [11]. And Wie et al.
developed an attitude control system for an agile spacecraft which needed to point to the target rapidly using

control moment gyros [12], which Takahashi et al. used
for target pointing [13]. But there are still attitude determination sensors in their studies.
In this paper, a practical target searching scheme for a
small satellite which suﬀers from the device limits during
the ﬁrst 7.5 seconds is proposed. The small satellite herein
has an observation task where the satellite has to acquire
the target, accurately and rapidly. But there is no power supplied during the ﬁrst 7.5 seconds after the separation, during
which all the attitude determination sensors will be out of
work. That means the initial attitude that all the following
tests are based on cannot be obtained accurately. Therefore,
a numerical integral from the moment when the devices start
to work back to the separation moment is addressed in this
paper to estimate the initial attitude. Furthermore, a rapid
target searching method is presented to ensure the satellite
acquires the target within the mission time. The scheme will
be of great importance to small satellites with power and
device limits, ensuring them to achieve observation missions
without the information from devices.
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2. Satellite Description and Outline of Mission
2.1. Satellite Proﬁle. The satellite herein, working in an
approximately 500 km sun-synchronous circular orbit, is
planned to be launched recently. The satellite, with a cubic
shape, has four solar arrays installed on its −x face when they
are folded, as Figure 1 shows.
Considering the cost and structure of the satellite, the following devices are involved for the sake of the mission:
(a) The attitude determination sensors contain two star
sensors [14, 15], a sun sensor [16] and a magnetometer [17]
(b) The angular velocity measure device is inertial navigation system
(c) The actuators are cold gas thrusters [18, 19]
(d) The imager [20] and laser rangeﬁnder are used to
acquire and observe the target
2.2. Mission Requirements. The task is aimed at carrying out a
ﬂight control and observation test relative to the target. Several
requirements for the satellite in the test are listed as below:
(a) The speed of the satellite at the beginning of the separation ranges from v1 to v2 m/s
(b) After separation, with the −xb axis pointing to the
target, a three-axis reorientation maneuver will be
carried out so that the imager mounted on the +x
face, with its boresight coinciding with the inertia
axis xb , could face the target. Meanwhile, the
included angle on the z b axis of the satellite against
the vector pointing from the satellite to the geocentric should be as small as possible. The angle accuracy
and the angular rate should be also considered in
terms of working conditions of all the devices (the
attitude determination sensors will work perfectly
when the angular rate of the satellite is no more than
0.5°/s, and the imager will make a better performance
when the angle error is no more than 0.5°).
(c) After the adjustment, the satellite, holding the above
pose, will be away from the target until the distance
between them is approximately H m; then, tests such
as hovering and ﬂying-around relative to the target
will follow
(d) The total time should be within 4 minutes
In order to achieve the above mentioned mission successfully, it is crucial to acquire the target within 50 s in the absence
of the initial attitude. That is, what this paper focuses on.

3. Satellite Dynamics Model
3.1. Reference Frame Deﬁnitions
(1) The geocentric equatorial inertial J2000 coordinate
system (GEI), oxi yi z i : centered in the geocentric, with

xb
Solar array 3
Solar array 4

Solar array 2
zb
yb
Solar array 1

Figure 1: Diagram of the satellite.

its xi axis pointing toward the ﬁrst point of Aries at 12
o’clock on January l, 2000, its z i axis aligned with the
geographic north pole and the yi axis completing a
right-hand triad;
(2) The orbit frame, oxo yo z o : where the z o axis lies along
the local vertical direction, pointing to the earth, the
yo axis along a direction opposite to the orbit normal,
and the xo axis completes a right-hand triad;
(3) The body frame, oxb yb zb : centered in the satelliteâ€™s
mass center, with its axes aligned with the inertia axes
of the satellite (Figure 1).
3.2. Attitude Dynamics Model. The satellite can be regarded
as a rigid body which satisﬁes the law of Euler equation of
angular momentum:
Iω_ + ω × Iω = T,

ð1Þ

where I is the inertia matrix of the satellite in the body frame,
ω is the angular velocity vector in the body frame with respect
to the GEI frame, and T is the sum of the control torques and
the disturbance torques in the body frame with respect to the
satelliteâ€™s mass center.

4. Control Modes
4.1. Initial Attitude Estimation Mode. Because of the device
limits during the ﬁrst 7.5 seconds after the separation, the initial attitude of the satellite can be not measured accurately by
the devices. Worse still, the initial angular velocity from the
environment will make great diﬀerence to the satellite during
that time. Therefore, it is illogical to consider the attitude, measured when the devices are in work, as the initial attitude. An
accurate estimation for this problem is proposed as follows.
As Figure 2 shows, the devices such as star sensors and
inertial angular velocity sensor will be starting to work normally after the ﬁrst 7.5 seconds. At that time, the full attitude
and rate can be extracted accurately, which, then, will be a
basis of the estimation. And before the measurement, it is
necessary to damp the angular rate below 0.5°/s for the sake
of the working conditions of the devices. Then, based on
the information from the devices, the initial attitude could
be obtained by the numerical integral from the moment
when the devices start to work to the separation time, where
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Figure 2: Framework of the initial attitude estimation mode.

the perturbation will be not taken into consideration since
the time is too short. Furthermore, an expected attitude q
can be calculated where the satellite is rotated through 180
degrees around its zb axis on the basis of the initial attitude
so that the imager could face the target directly. Finally, with
the help of the propulsion system, the satellite will slew to the
expected attitude with the angle accuracy better than 0.5° and
the angular rate better than 0.5°/s.
Note that, at the moment, the satelliteâ€™s xb axis will
only point to the target roughly, so the imager may not
acquire the target as the biggest initial disturbance angle is
about 5 degrees, which is bigger than the ﬁeld of view
(FOV) of the imager (about 3 degrees). So it is necessary to
develop a searching method to guarantee the imager to
acquire the target.
4.2. Target Searching Mode. As mentioned earlier, after the
initial attitude estimation mode, the imager still cannot point
to the target precisely due to the initial disturbance angle.
Luckily, a possible region where the target may exist has been
conﬁrmed in terms of the initial condition and the numerical
integral, which is a cone region centered on the xb axis with a
ﬁxed half-cone angle of approximately 5 degrees (the region
is deﬁned in the Subsection 4.2.2 in detail). The searching
method is aimed at covering all the possible region with the
FOV of the imager until it captures the target. The outline
of the method is as follows, which is also shown in Figure 3.

First of all, the imager can capture the target as soon as
the satellite reaches the expected attitude q in most cases (It
is veriﬁed in the Subsection 4.2.3.). If the target is not found
in the expected attitude q, the satellite will reorient its attitude
to seven searching attitudes in turn so as to ensure a successful search. The searching attitude is deﬁned on the basis of
the expected attitude q, where its x axis deviates from the
one of the expected attitude by 4.47 degrees and the included
angle between the z axes of two attitudes should be as small as
possible. The attitude is not unique, and the above requirements can be met by many ones. In order to cover all the possible region, seven attitudes are properly determined, whose
x axes are designed to be scattered uniformly on a cone which
is centered on the x axis of the satellite with a half-cone angle
of 4.47 degrees, as Figure 4 shows. Then, with the propulsion
system, the searching attitudes will be reached in turn until
the target is acquired. Once the target appears in the FOV
of the imager, the satellite can point its x axis to the target
accurately in terms of the information the imager oﬀers with
the angle accuracy better than 0.5°. The speciﬁc details
involved in the method are as follows:
4.2.1. Searching Attitude Programming. As mentioned above,
some requirements must be met for the searching attitudes in
order to minimize the angle the satellite needs to rotate
through. The searching attitudes could be calculated in terms
of the expected attitude q as follows:
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Figure 3: Framework of the target searching mode.

Firstly, a transition attitude whose x axis deviates from
the one of the expected attitude by 4.47 degrees is deﬁned
as follows:
C j = CC0 ,

ð2Þ

where C0 is the matrix form of the expected attitude q, C j is
the matrix form of the transition attitude for the jth search (j
is the number of the search), and C is the coordinate transformation matrix between them. According to the requirements,
the satellite, based on the expected attitude, has to rotate
through proper angles twice to slew to the transition attitude.
Hence, the coordinate transformation matrix C can be given
from the two rotations:
C = C Z CX ,

ð3Þ

with
2

1

6
60
Cx = 6
6
60
4

0

0

3

7
sin α 7
7,
7
−sin α cos α 7
5
cos α

2

cos β

sin β

6
6 −sin β cos β
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6
6 0
0
4

0

3

7
07
7,
7
17
5

ð4Þ

where CZ and CX are the coordinate transformation matrices
corresponding to the two rotations, respectively, and α and β
are the angles the satellite needs to rotate through, whose
values are
α=

ð j − 1Þ2π
,
7

β=

4:47π
:
180

ð5Þ

Considering the included angle between the z axes of
searching attitudes and the expected attitude should be as
small as possible, ﬁnally, the three axes of the searching attitude for the jth search in oxi yi z i could be calculated from
ix = iX ,
iy = iZ × ix ,
iz = ix × iy ,

ð6Þ
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Figure 4: Diagram of target searching scheme.

where iX and iZ are unit vectors of the x and z axes of the transition attitude, respectively.
4.2.2. Searching Scheme and Possible Region. As was mentioned before, the initial attitude can be obtained by the integral in terms of the attitude and angular rate measured by the
devices, based on which the expected attitude q will be calculated. As Figure 4 shows, in the expected attitude q, the satellite is capable of pointing its xb axis to the target roughly. But
there is still a deviation because of the initial disturbance
angle (less than 5 degrees). It is assumed that the satellite will
be away from the target straightly along the direction of separation speed since the device limit time is too short to make
great diﬀerence to the path. Therefore, the deviation should
be less than 5 degrees, theoretically. In consideration of the
motion perpendicular to the path during maneuvering (less
than 0.1 m), ﬁnally, the deviation will be no more than 5.5
degrees. So a cone region centered on the xb axis with a
half-cone angle of 5.5 degrees is regarded as the possible
region where the target may appear. The method is aimed
at covering all the possible region with the FOV of the
imager.
The FOV of the imager is also a cone region with a halfcone angle of 3 degrees. That is, when the satellite reaches
the expected attitude, a cone region centered on its xb axis with
a half-cone angle of 3 degrees would be visible. But it is not
easy for the satellite to slew to the particular attitude accurately
during such a short time, which means the FOV of the imager
should be smaller than the theoretical one. To be on the safe
side, a 0.5-degree attitude error should be taken into account
(about 0.2 degrees in fact) and the visible region, ﬁnally, is a
cone with a half-cone angle of 2.5 degrees. It is obvious that
what we need to do is to cover the possible region with the
cone region with a half-cone angle of 2.5 degrees.
As is shown, the most eﬀective method is to unite the
expected attitude q with the seven searching attitudes (they
are calculated in the Subsection 4.2.1), which could be well
veriﬁed. The satellite will reach the expected attitude q ﬁrst
and search for the target. Then, the searching attitudes will
be reached in sequence to look for the target. By doing so,
the target will be acquired in one of the above poses for sure.

4.2.3. Probability of the First Search. As a matter of fact, it is
very possible to bring down the target at the ﬁrst time. The
probability that the target is acquired in the expected attitude
q is given as follows:
It is mentioned earlier that the initial disturbance angle
and error during maneuvering are 5.5 degrees, totally, which
can be described in quaternion form as follows:
q = ex sin

θ
θ
θ
θ
i + ey sin j + ez sin k + cos ,
2
2
2
2

ð7Þ

where θ ∈ ½0 5:5° , ex , ey , and ez are unit vectors distributing
evenly on the unit sphere, which can be represented by the
angles α and β as follows:
ex = sin β,

ð8Þ

ey = cos α cos β,

ð9Þ

ez = sin α cos β,

ð10Þ

where α ∈ ½0 2π and β ∈ ½−π/2 π/2 with cos β/2 as the probability density function. According to the Equation (7), the
included angle γ of the xb axis before and after the disturbance should meet the requirement:
cos γ = e2x sin2

θ
θ
θ
θ
− e2y sin2 − e2z sin2 + cos2 :
2
2
2
2

ð11Þ

Substituting Equations (8), (9), and (10) into Equation
(11), Equation (11) could be described as follows:
cos β =

sin γ/2
:
sin θ/2

ð12Þ

Restricted by the boundary condition
1=

ð A ð π/2
0

−π/2

cos β
dβdθ,
2A

ð13Þ
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with A being a constant number, whose value is 5:5 × π/
180, substituting Equation (12) into Equation (13), Equation
(13) could be described as follows:
ðA ðA
0

sin γ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ dθdγ:
4A sin θ/2 sin2 θ/2 − sin2 γ/2

γ

ð14Þ

Ultimately, the probability density function f ðγÞ could be
given from
f ðγ Þ =

ðA
γ

sin γ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ dθ:
4A sin θ/2 sin2 θ/2 − sin2 γ/2
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According to the probability density function f ðγÞ, the
probability function FðγÞ could be donated. And it can be
calculated that the value of FðγÞ is about 0.70 when γ is 3
degrees, which means it is 70% likely to capture the target
once the satellite reaches the expected attitude q. Therefore,
the scheme is able to ensure the satellite acquires the target
as soon as possible.
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A numerical simulation for the scheme has come out, and the
initial states are listed as follows: the satellite will come into
work in a 550 km sun-synchronous circular orbit whose
inclination is 99.8°, at the midnight on January 1, 2019. The
initial attitude is the same as the orbit frame with a less than
5-degree initial disturbance angle. The separation speed
ranges from v1 to v2 randomly along the tangent to the orbit.
And the separation angular rate around body frame axes is
no more than 10°/s with a random direction. The inertia
matrix of the satellite is
6:38

40

–30

5. Simulation

2

50

Angular rate (deg⁎s–1)

4.3. Testing Mode. After captures the target, the satellite will
get away from the target until reaches a particular position.
Then, according to the position of the target, the tests, such
as hovering and ﬂying-around, will be carried out. Finally,
as all the tests are completed, the satellite will unfold the solar
arrays, adjust the attitude, point its xb axis to the sun, and
hold the pose all along, waiting for the next command from
the earth.

Figure 5: Time history of angular rate during all modes.

−0:07 0:07
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3

7
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5

ð16Þ

5.1. Normal Initial Condition. The separation speed is
1.2 m/s, the initial disturbance angle is 3.8°.
The angular rate during all modes is shown in Figure 5
where the satellite completes all the tests successfully. As
shown in Figure 6, the total time of the initial attitude estimation mode and target searching mode is 21.9 s where the tar-

–50

Target searching mode
5

10

15

20

25

30

Time (sec)
𝜔x
𝜔y
𝜔z

Figure 6: Time history of angular rate during initial attitude
estimation mode and target searching mode.

get searching mode just lasts for 1.5 s, which is much shorter
than the schedule time. In the initial attitude estimation
mode, the satellite has to slew into the expected attitude q
rapidly and point its xb axis to the target. Therefore, there
are great changes of angular rate in this mode which results
from the attitude maneuver. Then, the satellite stabilizes
gradually, making a fully preparation for the target searching.
Figure 7 shows the time history of the satellite attitude during
the two modes where the satellite gives a good performance
in maintaining the attitude in the target searching mode.
That means there is no maneuver for the satellite to reach
the searching attitudes during this mode, and it acquires
the target at the ﬁrst time, conﬁrming the feasibility and eﬃciency of the scheme.
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during all modes.

The time history of the included angle between the satelliteâ€™s xb axis and the array pointing from the satellite to
the target is shown in Figure 8. Similarly, because of the attitude adjustment, there is also a shape decrease in the angle,
from 180° to about 0°, in agreement with the change of the
angular rate. That also illustrates that the satellite points its
xb axis to the target successfully. And at the end of the searching, the angle has decreased almost to vanishing point, satisfying the point requirements well.
5.2. Worst Initial Condition. In order to conﬁrm the feasibility of the scheme further, a simulation under the worst initial
condition has been run where the separation speed is 2 m/s
and the initial disturbance angle is 5°. The results are as
follows:

5
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𝜔z
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25
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40
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Figure 10: Time history of angular rate during initial attitude
estimation mode and target searching mode.

Compared with the ﬁrst simulation, the total time of the
two modes under the worst initial condition, obviously, is
much longer: the estimation mode lasts for 19.5 s, and the
searching mode lasts for 21.2 s, but it is still within the schedule time. There is no signiﬁcant change in the initial attitude
estimation mode where the satellite is still capable of pointing
its xb axis to the target quickly but a shape increase has been
seen in the target searching mode. As shown in Figure 9,
there are seven great ﬂuctuations in the searching mode, in
consistency with the seven attitude adjustments to reach the
searching attitudes, which results in the great increase of
the searching time. The attitude maneuvers also result in
the frequent ﬂuctuations in Figures 10 and 11. Further, it
can be seen that at the end of the searching, the included
angle between the satelliteâ€™s x axis and the array pointing
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the separation angular rates: there is no signiﬁcant change for
the searching time when the rates change.
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Figure 11: Time history of attitude quaternion during initial
attitude estimation mode and target searching mode.
Table 1: Total mission time of both initial attitude estimation mode
and target searching mode in diﬀerent initial condition settings.
Initial disturbance angles
2°, [0 0 -1]
5°, [0 0 -1]
5°, [0 -0.78 -0.62]
5°, [0 -0.97 0.22]
5°, [0 -0.43 0.90]
5°, [0 0.43 0.90]
5°, [0 0.97 0.22]
5°, [0 0.78 -0.62]

NAM

2°/s

5°/s

10°/s

0
1
2
3
4
5
6
7

24.3 s
26.4 s
28.8 s
31.9 s
34.0 s
36.5 s
39.3 s
41.9 s

23.7 s
26.0 s
28.5 s
31.3 s
33.7 s
36.6 s
38.4 s
41.3 s

23.4 s
25.6 s
28 s
31.3 s
33.5 s
36.2 s
38.8 s
41.4 s

from the satellite to the target also approaches zero, demonstrating the validity of the scheme under the worst condition.
In a word, although the initial condition is much worse in
this simulation, the satellite is still able to acquire the target
eﬀectively.
5.3. Comparison in Diﬀerent Cases. Table 1 compares the total
time of the two modes in 24 cases where the separation angular rates are 2°/s, 5°/s, or 10°/s, respectively, and the numbers of
the attitude maneuver(NAM) range from 0 to 7 with diﬀerent
initial disturbance angles. The direction vector of the separation angular rates is always set as [0.30 0.75 -0.60] in the following simulations, which is selected randomly.
As the Table 1 shown, regardless of the initial condition,
the satellite could complete the target searching mission
within 50 s, all of which meet the requirement for the searching time. Furthermore, the total time also shows an upward
trend with the increase of NAM, which is because more attitude maneuvers for searching target need more time. Even in
the case of 7 attitude maneuvers, the total mission time is
only about 41 s, fast less than 50 s. But it is not the case with

A rapid target searching scheme for a small satellite, suﬀering
from device limitation during the ﬁrst 7.5 s after the separation, has been proposed in this paper. In order to deal with
the device limits, a backward integral from the moment when
the devices start to work to the separation moment, on the
basis of the information measured by the devices, is utilized
to estimate the initial attitude. Then, based on the initial attitude, a searching method is addressed which can ensure the
satellite acquires the target regardless of the initial condition.
A probability density function has been presented so as to
conﬁrm it is very likely that the satellite captures the target
once it reaches the expected attitude and demonstrates the
eﬃciency of the scheme, which is also veriﬁed by the simulation results. What is more, the searching scheme has been
applied to a small satellite planned to be launched recently,
which will demonstrate the reliability of the scheme further.
The scheme will make great diﬀerence to small satellites suffering from power and device limits, ensuring them to
achieve observation or monitoring missions without attitude
and angular velocity for a quiet time. But the searching region
of the current scheme is only a cone region with a half-cone
angle of approximately 5 degrees. In the future, a rapid
searching scheme with a larger searching region can be developed, which will be of value to small satellites with more
complex observation missions.
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