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Abstract: Non-cooperative targets, such as space debris, defunct spacecrafts and LEO constellation
satellites, have brought serious risks to the space station. The rapid detection and orbital parameters’
determination of the fast-approaching non-cooperative target can greatly improve the protection
ability of the space station. In this paper, a novel rapid detection and orbital parameters” determination
method based on the collaborative observation of the space station, and a fly-around nano-satellite
is developed. The early-warning region of the space station is established, and considering the
observation constraints of the nano-satellite, the non-cooperative target detection strategy is provided,
which includes a collaborative observation configuration as well as the attitude variation of the
cameras, and the detection efficiency is analyzed. Then, the orbital parameters’ filtering model of
the non-cooperative target based on the collaborative observation is constructed, and the Unscented
Kalman filter method is utilized to determinate the orbital parameters of the non-cooperative target.
Considered the observability of the initial collaborative observation configuration, this paper analyzes
the observation configuration with low observability in different scenarios, and proposes an optimal
orbital maneuver algorithm for the nano-satellite. This algorithm can realize a fuel-optimal orbital
maneuver that satisfies the minimum line-of-sight angle constraint of the collaborative observation.

Keywords: non-cooperative target; space station; nano-satellite; collaborative observation; orbital

determination

1. Introduction

As there is an increasing number of space non-cooperative targets, such as space debris
and defunct satellites, the space environment is becoming increasingly crowded [1-3]. In
May 2021, the Canadarm?2 of the International Space Station was hit by space debris and
caused visible damage, as shown in Figure 1. In order to avoid the collision threat, it is
necessary to detect and identify the approaching non-cooperative target as early as possible,
so as to improve the early-warning capability of the space station [4]. With advantages of a
small size and low cost, Fly-round nano-satellites can be released in the orbit directly and
detect the noncooperative target approaching the space station [5,6].

There are a few measurement methods for the on-orbit space non-cooperative target
detection, including a remote ranging measurement using an on-board radar and angle
measurement using an on-board camera [7]. Considering the limited carrying capacity
of the nano-satellite, it does not have the ability of remote ranging, and the optical angle
camera has the advantages of high precision, small size and light weight [8]. Therefore,
in order to identify the orbital parameters of the non-cooperative target, the optical angle
camera can be equipped with the nano-satellite, and the angle information can be utilized
to achieve the accurate positioning of the target.
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Figure 1. The Canadarm? hit by space debris (Source: Space.com).

Woffinden [9-11] systematically studied angles-only relative navigation, proposed the
solution framework of angles-only relative navigation, deduced the observable criterion
of angles-only relative navigation, and studied the optimal orbital maneuver strategy to
improve the observability of angles-only navigation. Only two angular measurements can
be obtained by using a single camera to observe the non-cooperative target, the observation
geometric performance is limited and the filtering process is unstable. Aiming at the
problem of a low precision of single satellite angles-only tracking, Gong et al. [12] proposed
a novel consensus-constrained relative navigation algorithm based on the lever arm effect
of the sensor offset from the spacecraft center of mass. Yao et al. [13] proposed a method of
the collaborative tracking of the non-cooperative target by using formation satellites, and
the Square-Root Cubature Kalman Filter (SRCKF) method is used to realize the angles-only
navigation of a non-cooperative target. Binocular or multi-view collaboration observation
can greatly improve the observation geometric performance, and improve the stability of the
orbital parameters’ identification. Meanwhile, it increases the complexity of the observation
system. Han et al. [14] used the EKF method to study the angles-only navigation of the space
non-cooperative target by multi-view collaborative observation. Aiming at the problem
that a weak observation exists along the range direction when the line-of-sight angle is used
as the measurement information for medium range relative navigation, Wang et al. [15]
studied an autonomous double line-of-sight measurement and relative navigation method
based on the formation of the dual chase spacecraft. Su et al. [16] studied the ranging
relative navigation of the non-cooperative target based on formation satellites, and analyzed
the observability through the line-of-sight (LOS) angle of collaborative observation; they
concluded that within the range of [0°, 90°], the observability improves with the increase
in the collaborative LOS angle, but they did not propose an improvement method for
the case of low observability. From the study of second-order nonlinear relative motion
dynamics in the Cartesian coordinate system, Kaufman et al. [17] studied the nonlinear
observability problem of the angle-only relative orbital determination by using a high-
order Lie derivative. Li et al. [18] demonstrated that the nonlinear model can solve the
unobservable problem of angle-only relative navigation in the Cartesian coordinate system.
At present, many scholars have studied the methods to improve the observability of
angles-only relative navigation, such as the orbital maneuver method [19], camera offset
method [20], nonlinear dynamics method [21] and multi-sensor method [22].

Aiming at the rapid detection and orbital parameters’ determination of the fast-
approaching non-cooperative target, this paper proposes a novel rapid detection and
orbital parameters’ determination method based on the collaborative observation of the
nano-satellite and space station. The measurement model in this paper is a nonlinear equa-
tion. The Kalman filter (KF) is suitable for the linear model, and it needs to be linearized
for the nonlinear model, which will affect the accuracy. The unscented Kalman filter (UKF)
is suitable for the nonlinear model, which not only avoids the truncation error caused by
linearization, but also does not need to calculate the Jacobian matrix of the measurement
equation, which reduces the complexity of the calculation. Therefore, this paper uses the
UKEF algorithm to estimate the orbital parameters. The fly-around configuration of the
nano-satellite and the space station is designed for the coverage scanning of the early-
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warning region around the space station. Then, the orbital parameters’ filtering model of
the non-cooperative target is established, and the Unscented Kalman filter (UKF) method is
utilized to determinate the orbital parameters. The accuracy of the filter is analyzed, and the
minimum angle between the fly-around nano-satellite observation direction and the space
station observation direction is developed. In addition, considered the low observability,
the scheme to improve the observability is developed, and an optimal orbital maneuver by
the nano-satellite is proposed.

This paper is organized as follows. Section 2 introduces the problem description and
the establishment of relevant models, including the dynamic model of the relative motion,
the filtering model of orbital parameters and the optimal model of the orbital maneu-
ver. Section 3 introduces the collaborative detection scheme of the early-warning region.
Section 4 introduces the UKF method for orbital parameters’ determination. Simulation
results are conducted to validate the proposed method in Section 5. Section 6 concludes
this paper.

2. Problem Description and Model Establishment

The problem of the non-cooperative target detection and orbital parameters’ determi-
nation for the rapid proximity to the space station can be divided into three parts: @ As
shown in Figure 2a, use cameras on the space station and nano-satellite to scan the early-
warning region around the space station, and detect the approaching non-cooperative
target in time; @) as shown in Figure 2b, realize the orbital parameters” determination of the
non-cooperative target based on the collaborative observation of the nano-satellite-space
station; (3 as shown in Figure 2¢, for the observation configuration with low observabil-
ity, design the impulsive maneuver of the nano-satellite to ameliorate the collaborative
observation configuration, so as to improve the observability.

Non-cooperative

Nano satellite ml\.gﬁ ) Terminal position of
A w Nano satellite the nano satellite
_‘/, NS Non-cooperative
3 N N
// N targrt
~ )
//"\ * -5
/
~ 7
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'EW Space statio n,‘ﬂ ‘;’ nano satellite ’

e ‘ Space station \rf“.'ﬂ ,}5\/4——4‘-'

a. Collaborative detection of the | b. Orbital determination based on | c. Designing the impulsive maneuver
early-warning region the collaborative observation to improve the observability

Figure 2. Diagram of mission description.

2.1. Collaboration Detection of the Early-Warning Region

In order to scan and detect the early-warning region around the space station, the
collaborative detection scheme should be determined by combining the adjoint orbit of
the nano-satellite relative to the space station and the camera scanning rule of the nano-
satellite—space station.

Considering that the space station is in a near-circular orbit, the law of relative motion
between the nano-satellite and the space station approximately satisfies the C-W equation.
The local horizontal local vertical coordinate system (LVLH) of the space station is used
as the coordinate system to describe the relative motion. Its origin is located at the centric
of the space station. The x-axis points radially to the space station from the centric of the
Earth. The y-axis is on the orbital plane and points to the velocity direction of the trajectory,
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and the z-axis is perpendicular to the orbit plane. Without considering the effects of the
active control and perturbation, the C-W equation can be described as [23]:

X —2ny —3n’x =0
i+ 2nx =0 )
Z+n*z=0

where 7 is the orbital angular velocity of the space station, [x,y, Z]T represent the relative
position of the nano-satellite.
The homogeneous Equation (1) is solved to obtain its analytical solution:

x = Lsinnt — (%yo + 3x) cos nt + 2<2x0 + %)

y = 2(2y, + 3x0) sinnt + 2xgcosnt — 3(y, + 2nxo)t + (yo — 2x¢)

z = D sinnt + z cos nt )
x = (2y, + 3nxg) sinnt + xq cos nt

¥ = —2xpsinnt + (4y, + 6nx) cos nt — 3 (i, + 2nx)

z = —nzgsinnt + zg cos nt

It is worth noting that in the analytical solution (2), the y direction (forward direction)
contains the long-term term —3(y, + 2nx()¢; the relative motion between the satellite and
space station will increase with time in the y direction. In order to maintain the formation
configuration and construct the periodic orbit, the influence of the long-term term must be
eliminated, that is,

Yo = —2nxg 3)

By eliminating the aperiodic term from the analytical solution, the periodic solution
can be obtained as Equation (4).

x = xq cosnt 4 20 sinnt

y = —2xpsinnt + 2’;—0 cos nt + (yo — 2%)

Z =20 oS nt + %0 si.n nt (4)
X = —nxg sinnt 4 xg cos nt

Yy = —2nxg cos nt — 2xq sin nt

Z = —nzgsinnt + zg cos nt

It can be observed from the above that different configuration schemes can be ob-
tained by designing the relative orbital information between the nano-satellite and the
space station.

In addition to the collaborative configuration between the nano-satellite and the space
station, the attitude variation of the cameras on the nano-satellite and the space station
should also be considered. To ensure the coverage scanning of the early-warning region,
the camera needs to scan both inside and outside the orbital plane of the space station.
Therefore, the camera attitude changes adopt the following rule:

[1n(0] _ [10-costn] “

On(t)| | Opsin(wt)

where 7, and 6, are the vertical angle and azimuth angle of the viewing field direction of
the camera, respectively; g and 6y are the maximum values of the camera swing range,
which are determined by the constraint of the camera swing amplitude; and w is the swing
angular velocity of the camera.

Combined with the collaborative detection configuration of the nano-satellite-space
station and the variation rule of the camera attitude, the collaborative detection scheme for
the early-warning region can be determined.
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2.2. Orbital Parameters’ Filtering Model of Non-Cooperative Target Based on the Dual-View
Angle Information

The angle information of the non-cooperative target is obtained through the collabora-
tive observation of the target, and then the orbital parameters of the non-cooperative target
is estimated by the Unscented Kalman filter. The state model and measurement model of
the filtering process are given here.

The relative position and velocity between the target and the space station are taken

as the state variable to construct the system model, defined as X = [r,v"]. The target
estimation model can be expressed as
Xir1 = f(Xe) + wi (6)

the estimation model; namely, the state transfer equation can be obtained according to the
C-W equation, where Xj is the system state vector at time k, and wy is the system noise.
The geometric relationship of the dual-view observation is shown in Figure 3. The
subscript ¢ and co represent the camera coordinate system of the space station and the
nano-satellite, respectively. 6 and <y represent the azimuth angle and vertical angle of
the observation camera relative to the target, respectively. Taking the vertical angle and
azimuth angle of the non-cooperative target as the observation variable, it is defined as

Z = [’)’c/ 0, Ycos QCO]T'

Non-cooperative
Yoo $ tal'gl't

Nano satellite

Znco

7

Zme \
J

Figure 3. The geometric relationship of the dual-view observation.

The measurement model is the mapping relationship between the target state in-
formation and the measurement information, as shown in Equation (7), where vy is the

. T. . . .
measurement noise. Ic = [xc, Y, 2c] is the observation vector in the camera coordinate

system of the space station, and I, = [Xco, Yco, ZCU]T is the observation vector in the camera
coordinate system of the nano-satellite.

y arctan(x./yc)

c

s 0, arctan (zc /\/x%+ y%) ;
k= Yeo| arctan(Xco /Yco) T % @)

Oco arctan (Zco / \/m )

2.3. Orbital Maneuvering Optimization of the Nano-Satellite Considering the Observability of
Non-Cooperative Target

Based on the collaborative observation of the dual-view, the line-of-sight (LOS) angle
of the collaborative observation will affect its observability. The measurement system has
a low observability when the LOS angle of collaborative observation is close to 7 or 0.
Here, the LOS angle of the collaborative observation is defined as: the angle between the
observation direction of the space station and the observation direction of the nano-satellite.
As shown in Figure 2¢, the LOS angle of the collaborative observation is ¢; at the initial
time, which is close to 0°, and the system has low observability. Thus, the nano-satellite



Remote Sens. 2023, 15, 1213

6 of 19

needs to improve the observability through changing the LOS angle of the collaborative
observation. There are numerous possible terminal states for the nano-satellite’s maneuver.
How to select the terminal state of the nano-satellite’s maneuver can obtain the optimal
observation configuration with the minimum energy consumption, which is the key to
solving this problem. In view of the above problems, this paper proposes to improve the
observability through the orbital maneuver of the nano-satellite. The fuel consumption and
the improvement of observability is taken as the performance index, and the terminal state
of the nano-satellite’s maneuver is analyzed to obtain the optimal performance index.

2.3.1. Orbital Maneuver Optimization

1. Orbital maneuver scheme:

For the convenience of analysis, two typical collaborative configurations are considered
to describe the orbital maneuver scenario: (a) The nano-satellite is on the naturally adjoint
orbit in front of the space station, that is, the relative motion orbit of the nano-satellite is
located in a positive direction of the space station’s flying direction; (b) the nano-satellite
maintains the following flight with the space station, that is, the relative position between
the nano-satellite and the space station remains unchanged in the space station’s orbital
coordinate system.

According to the above two typical collaborative configurations, the collaborative
observation configuration with low observability can be divided into three scenarios, as
shown in Figures 4-6, respectively. The coordinate system in the figure is the orbital
coordinate system of the space station, and the positive direction of the y-axis is the flying
direction of the space station. For ease of analysis, only the in-plane maneuver is considered.
Figures 4 and 5 show that the nano-satellite is in the state of the natural adjoint flight at
the initial time, Figure 6 shows that the nano-satellite and the space station keep following
the flight at the initial time. These three conditions include all possible cases of low
observability.

. Adjoint orbit and terminal position

~ . ~ . - i P ~
\, of nano satellite after maneuvering X \ The minimum LOS angle of
\ \J

N
Non-cooperafive -
target

The minimum LOS angle of
collaborative observation

o\F-_ \ . . .
it Non-cooperative collaborative observation
N

______ Following flight state of nano

satellite atter maneuvering

Initial adjoint orbit of Initial adjoint orbit of

nano satellite nano satellite
a. Nano satellite observes in new collaborative b. Nano satellite keeps following state with
orbit atter maneuvering space station after maneuvering

The minimum LOS angle of  Initial position
\ . . N .
callaborative observation of nano satellite © satsllite after maneuvering

N\, N\ =
N

Terminal position of

nano satellite

Figure 4. Scenario 1: Nano-satellite is on natural adjoint orbit at the initial time and all positions of
the initial orbit do not satisfy the constraint of the minimum LOS angle.

\
Ft\ml\lm\‘ing flight state of nano  Initial position

of nano satellite

a. Without changing the adjoint orbit, only the b. Nano satellite keeps following state with space
observation position of nano satellite is adjusted station after maneuvering

Figure 5. Scenario 2: Nano-satellite is on natural adjoint orbit at the initial time and there are some
regions of the initial orbit satisfying the constraint of the minimum LOS angle.
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Figure 6. Scenario 3: Nano-satellite keeps following flight with the space station at the initial time.

As shown in Figure 4, the nano-satellite is on a natural adjoint orbit at the initial
time, and all positions of the initial orbit do not satisfy the constraint of the minimum LOS
angle; that is, the collaborative observation angle between all positions of the orbit and
the space station is less than 0. According to the two typical collaborative observation
configurations, the optimal orbital maneuver design is carried out: ) As shown in Figure 4a,
this scheme finally obtains a new collaborative observation orbit of the nano-satellite. Based
on the initial orbit of the nano-satellite, the adjoint orbital altitude of the nano-satellite
is successively raised, and during this process, determining whether there is any area
on the new collaborative observation orbit satisfies the observability constraint. If the
observability constraint is met, the fuel consumption of the nano-satellite’s maneuver is
further analyzed. Finally, the observability and fuel consumption are weighted to find
the optimal collaborative observation orbit and maneuvering terminal position of the
nano-satellite. @ As shown in Figure 4b, this scheme finally obtains a new following flight
state between the nano-satellite and the space station. In the possible following flight
configuration, the observability and fuel consumption are weighted to find the optimal
following configuration for the orbital maneuver.

As shown in Figure 5, the nano-satellite is in the state of a natural adjoint flight at the
initial time. Different from scenario 1, there are some regions on the initial collaborative
observation orbit of the nano-satellite that meet the constraint of the minimum LOS angle
of the collaborative observation. The optimal orbital maneuver design is also carried out
according to two typical collaborative observation configurations: @) As shown in Figure 5a,
this scenario does not need to change the initial adjoint orbit of the nano-satellite. It only
needs to seek the optimal position on the orbit that meets the observability constraint. The
maneuvering fuel consumption is analyzed to find the optimal terminal position with the
premise of an observability constraint. @) As shown in Figure 5b, in this case, the only
difference from scheme (b) in scenario 1 is that the initial orbit condition of the nano-satellite
is different. Therefore, it is the same as the solution of scheme (b) in scenario 1.

As shown in Figure 6, the nano-satellite keeps following the flight with the space
station at the initial time. At this time, the LOS angle of the collaborative observation does
not meet the observability constraint. The optimal orbital maneuver design is also carried
out according to two typical collaborative observation configurations: (O As shown in
Figure 6a, the scheme takes the initial position of the nano-satellite as the virtual center to
design the adjoint orbit of the nano-satellite relative to the space station. Then, the problem
is transformed into the same situation as Figure 4a in scenario 1, and the same solution
is used to find the optimal orbit maneuver. 2) As shown in Figure 6b, the nano-satellite
maintains following the flight state with the space station after maneuvering. Similarly,
in the possible following flight configuration, the observability and maneuvering fuel
consumption are weighted to obtain the optimal orbital maneuver scheme.

The above three scenarios include most low observability cases. It should be noted
that in the process of raising the altitude of the nano-satellite ‘s relative configuration, the
restriction is that the distance between the nano-satellite and the space station cannot be
father than the distance between the non-cooperative target and the space station.
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dp =

2. Impulse maneuver model:

In the LVLH coordinate system, the CW equation of relative motion can be written in
the form of a state equation, as follows:

X = AX + Bu, 8)

where X = [x,,z,x,y, Z}T represent the relative state of the nano-satellite, A is the status
matrix, B is the input matrix, u = [ay, ay, aZ]T is the acceleration generated by the control
force acting on the nano-satellite, nn represents the orbital angular velocity of the space
station, and

0 0 0 0 2n O

A:[Osxs I3><3],B:{03><3]’A21: 0 322 0 |,Ap=|-2n 0 0| (9
Ay Ap I3x3 0 0 —n2 0 0 0

Considering the maneuverability of the nano-satellite, an impulsive maneuver is

adopted in this paper. Assuming that the impulse Av; = [Avy;, Avy;, sz]-}T is applied at
time t¢, the control model of the impulse thrust at terminal time # is [24]
N
X(tr) = ®(t,t0)X(to) + Y ®o(t tj) - Avj (10)

=1

where ®(t,ty) = (®p ®) is the state transition matrix, and

4—3cosnAt 0 0 [ sinnat 2(1—cos nAt) 0
6(sinnAt —nAt) 1 0 —2(1—cosndt)  4sinnAt _ g4 0
n n
0 0 cos nAt 0 0 sin nAt
_ ,® 1 (11)
3nsinnAt 0 0 ? cos nAt 2sinnAt 0
—6n(1 —cosnAt) 0 0 —2sinnAt  4cosnAt—3 0
0 0 —nsinnAt 0 0 cos nAt |

If the state of the starting time and the terminal time are given, the N-impulse problem
can be solved:

Al)l
= [@u(tp 1), Doty tn)] [X(tr) — @(tg, to) - X(to)] (12)
AUN

2.3.2. Constraint Analysis
1. The minimum LOS angle of the collaborative observation;

The LOS angle of the collaborative observation is taken as the index to describe the
observability. Within the range of [0°, 90°], when the LOS angle of the collaborative
observation is greater than 6,,,in, the observability requirement is satisfied. Therefore, the
nano-satellite needs to satisfy the minimum LOS angle of the collaborative observation
after orbital maneuver, namely

Onew = Omin, (13)

where 6,0, is the LOS ang]le of collaborative observation after the nano-satellite’s orbital
maneuver.

2. The time constraint of the orbital maneuver;

Considering the rapidity of the mission, the maneuvering time of the nano-satellite
needs to be within a certain range:
tr<T, (14)
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where ¢ f is the total duration of the maneuver, and T is the maximum maneuvering time.

2.3.3. Performance Index

The goal of the maneuver optimization problem studied in this paper is to obtain the
optimal observation configuration with the minimum energy consumption. Therefore, it is
necessary to analyze it from the perspectives of fuel consumption and observability.

Considering the observability of the collaborative observation, how to maximize
the observability is one of the problems to be considered. From the perspective of the
LOS angle of collaborative observation, within the range of [0°, 90°], the observability
improves with the increase in the LOS ang]le of the collaborative observation. Considering
the monotonicity of the trigonometric function, cos(A@) is taken as a quantitative index for
the improvement result of the observability, that is:

J1 = cos(A9), (15)

where A@ is the variation of the LOS angle of the collaborative observation. The purpose of
the optimization is to increase the LOS angle of the collaborative observation, that is, to
obtain the maximum value of Af and the minimum value of J;.

Considering the limited fuel carried by the nano-satellite in practical applications,
how to minimize the fuel consumption is another major issue to be considered in solving
this problem. Therefore, taking the fuel consumption as another optimization, when
the nano-satellite adopts an impulsive maneuver mode, the total fuel consumed can be
expressed as:

N
Ja=Y_|Avy, (16)
k=1

where N represents the total number of pulses, and | Av| represents the kth pulse.

In summary, we always hope to use the least fuel consumption to obtain the best
observability improvement effect. We hope to obtain the minimum value of the weighted
summation of J; and J,. However, due to the large difference in magnitude between [
and [, it is necessary to normalize them before weighting. The normalization method is

as follows:
ron J() —min{J(i)}
IO = T =m0

Therefore, the optimization function of the impulse maneuver of the nano-satellite can
be written as

(17)

J =min(c1 /i + e )2’), (18)

where c; and ¢, are weight coefficients.

3. Collaborative Detection of Nano-Satellite-Space Station

To avoid threats from the close proximity of the non-cooperative target around the
space station, it is necessary to scan and detect the region in front of the space station.
Therefore, the early-warning region is designed as a hemisphere centered on the space
station with radius r, and located in the positive direction of the y-axis in the orbital
coordinate system of the space station, as shown in Figure 7; here, take r = 50 km.
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Figure 7. Early-warning region around the space station.

Considering the observation constraints of the space station and the nano-satellite, it is
assumed that the nano-satellite and the space station are equipped with swingable cameras,
and the distance constraint of the detection of camera is 4 = 50 km, the angle constraint of
the viewing field of camera is 30°, and the camera swings with an amplitude of 60°.

3.1. Collaborative Detection Configuration of Nano-Satellite-Space Station

Based on the relative motion dynamics model in Section 2.1, two typical collaborative
detection configurations are given here.

Scheme 1: The nano-satellite conducts a natural flight relative to the space station.

According to the periodic solution of the C-W equation, the relative orbit on the
orbital surface of the space station can be designed by setting the initial relative state
X0 = 11,40 = 12,20 = 0,x9 = 0,y, = —2nxp,zgp = 0 between the space station and the
nano-satellite. Different relative orbits correspond to different observation performance.
For example, in the LVLH coordinate system, set r; = 7.5 km and r, = 30 km; that is, the
adjoint orbit is designed to be an elliptical orbit centered 30 km ahead of the y axis, as
shown in Figure 8a.
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Figure 8. Collaborative detection formation scheme: (a) The nano-satellite conducts natural flight
relative to the space station; (b) the nano-satellite and the space station remain in the following
flight state.

Scheme 2: The nano-satellite keeps following the flight with the space station.

According to the periodic solution of the C-W equation, the formation scheme that the
nano-satellite keeps r km in the positive direction of the space station’s flying direction can
be designed by setting the initial relative state xo = 0,10 = 7,20 = 0,x0 = 0,5y = 0,20 = 0
between the space station and the nano-satellite, so as to design the formation that the
nano-satellite and the space station maintain in the following flight state. As shown in
Figure 8b, set r = 25 km, the nano-satellite is always located at 25 km in front of the y axis
in the LVLH coordinate system, the red point represents the nano-satellite and it maintains
the following flight with the space station.

3.2. Efficiency Analysis of Collaborative Detection

According to the two typical observation schemes given based on the above, the
relationship between the relative orbital parameters of the nano-satellite and collaborative
observation results is analyzed. The early-warning region is set to be the hemisphere of
r =50 km in the LVLH coordinate system in front of the y axis of the space station. The
camera swing angular velocity is taken as w, = 0.5°/s, wg = 5°/s. The camera attitude
variation in Section 2.1 is used for the scanning detection. The simulation based on the
Monte-Carlo shooting method and the number of samples is 15,000.

Only the camera on the space station is considered for the scanning observation and
the Monte-Carlo simulation is carried out. Limited by the observation constraints, the
number of samples observed is 9940, and the probability of covering the warning area is
66.27%. The observation results are shown in Figure 9, where the blue point represents the
regions that can be scanned and the red point represents the regions that cannot be scanned.
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Figure 9. Region covered only by the scanning of the space station: (a) Early-warning region on YOX
plane of the space station’s orbital coordinate system; (b) early-warning region on YOZ plane of the
space station’s orbital coordinate system.

Based on the collaborative detection of the nano-satellite, the formation scheme 1 and
the formation scheme 2 are used for the scanning detection, respectively. Different forma-
tion configurations can be obtained by setting different initial relative orbital parameters of
the nano-satellite—space station. The specific parameters are shown in Table 1. Subject to
the constraints of the viewing field of the camera, it is assumed that the scanning coverage
rate of the early-warning region is greater than 97% to meet the mission requirements. The
scanning performance results are shown in Table 2.

Table 1. Initial relative orbital parameters of nano-satellites.

Formation

Scheme x/km y/km z/km vx/(m/s) vyl(m/s) v,/(m/s)
Formation 1 4 20 0 0 —9.0512
Scheme 1 Formation 2 4.5 22.5 0 0 —10.1826
Formation 3 5 25 0 0 —2.8285

Formation 4 0 20 0 0 0

Sch ’ Formation 5 0 22.5 0 0 0

cheme Formation 6 0 25 0 0 0
Formation 1 4 20 0 0 —9.0512

Table 2. Efficiency analysis of early-warning region detection.

Formation Scheme Coverage Ratio of Warning Region Scanning Time

Only space station 66.27% /
Formation 1 97.36% 370s
Formation 2 97.35% 3555
Formation 3 97.34% 350s
Formation 4 97.28% 330s
Formation 5 97.20% 325s
Formation 6 97.25% 330s

It can be concluded from Table 2 that different formation schemes correspond to
different scanning performances. Although scheme 1 and scheme 2 can complete the
coverage scanning of the early-warning region, the scanning time is different. In contrast,
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Scheme 2 can complete the scanning of the early-warning region in a shorter scanning time.
Formation 5, i.e., 22.5 km away from the space station, has the best scanning effect; its
coverage rate is 97.2% in 325 s.

Therefore, it can be concluded that the mission only needs to meet the coverage
scanning of the early-warning region, scheme 2; i.e., the nano-satellite and the space station
keeping the following flight state is the preferred scheme, and the detection period is
shorter. However, different distances between the nano-satellite and the space station will
have a different scanning effect. Limited by the detection constraints, the orbital parameters
of the nano-satellite are too far or too close to the space station, which will reduce the
detection performance. If the nano-satellite is too far away from the space station, the
limitation of the detection distance will cause some regions to not be observed. If the
nano-satellite is too close to the space station, some regions cannot be observed due to the
constraint of the camera swing angle.

4. UKEF Filtering Algorithm

Based on the system state model and measurement model, the state estimation and
update process of UKF is as follows [25]:
1.  Sigma Sampling;

Using the symmetric sampling strategy, n represents the state dimension of the selected
observation target, ¥ is the mean of the n-dimensional random variable x, A is the scale

parameter, x represents sigma point, and P is the covariance matrix of the random variable
x, which is sampled in the following manner:

XV =%xi=0
xD =%+ (\/(n+A)P),i=1~n (19)
X0 =%~ (Ot DP),, i =n+1 ~2n

2. Estimation (Propagation);

Xi\kq = F(Xj—1, Xi1)

2n L . T
Py = Eo WXkt = 1) Ky — X1l + Qi (20)
i1 = H<X;c\k—1’xlzé\k—1)

2n . .
Zklk—1 = Eo WinZi—1

where Q, is the variance matrix of the system noise. w;, and w, are obtained by
Equation (21), which represent the weights of calculating the mean and variance, respec-
tively, A = a?(n + k) — n is the scale parameter, « determines the distance between the
sampling point and x, and it is generally set to a smaller positive number, such as 10~3; the
state distribution parameter f > 0 can improve the accuracy of variance by setting . For
the Gaussian distribution, it is generally taken as 2.

W@ — _1

”6) n+A
W =+ (1-a?+p) 21)
wn;):wgl): L_i=1~2n

2(n+A)’
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3. Update (Correction):

2n .. : T
szzk = ‘ZO wé [Z;qk,] - zk\k—l] [Z;c\k71 - zk|k—1} + Ry
i=

2n
. . T
kazk = 'ZO Wé [X;qk,] - xk\kfl][Z;<|k_1 - zk\kfl]
i=
K, = kasz;kzlk
xp = Xgpe—1 + Ki(zk — Zg-1)
Py = Py — KiPzz K

(22)

4. where Ry is the variance matrix of the measurement noise.

5. Simulation and Analysis
5.1. The Orbital Parameters’ Determination Based on Angle Information

Simulation conditions: The space station is located in the circular orbit of 400 km.
The configuration scheme of formation 5 is adopted; that is, in the LVLH coordinate
system, the nano-satellite is located 22.5 km ahead of the y axis of the space station. The
observation sampling interval is set to 2 s. The relative position and velocity are taken as
the state variables X = [rT, vT], and the process noise, i.e., the acceleration error, is set to
w =[0.01,0.01, O.Ol]Tm/ s2. The vertical angle and azimuth angle of the target are taken as
the observation variables and assumed to be known, and the measurement noise is set to
v = [0.01°,0.01°, 0.01°]T. UKE filtering algorithm is used to estimate the orbital parameters
of the non-cooperative target.

The filter estimation results of the relative state are shown in Figures 10 and 11;
Figure 10 shows the comparison results of the true value and the estimated value of the
relative position. Figure 11 shows the comparison results of the true value and the estimated
value of the relative velocity. After a period of observation, the position and velocity
parameters of the non-cooperative target can converge and remain stable. Figures 12 and 13
are the relative state estimation errors. Figure 14 shows the comparison between the true
measurements and the estimated measurements in the filtering process, and Figure 15
intuitively shows the errors between both of them. Compared with the errors” convergence
of the velocity and position, it can be concluded that the estimated measurements converge
firstly in the filtering process, and then the state variables converge. It can be observed
from the figure that when the distance between the non-cooperative target and the space
station is on the magnitude of 10 km, the determination accuracy of the relative position
parameters is about 1 m, and the determination accuracy of the relative velocity is better

than 0.1 m/s.
x10* ) " -
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T T T T T T T T T
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E2f 1
x UKF estimated value
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Figure 10. Comparison of relative position parameters.
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Figure 11. Comparison of relative velocity parameters.
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Figure 14. Comparison between the estimated measurements and true measurements.
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Figure 15. Measurements’ estimation errors.

5.2. Optimal Orbital Maneuver of the Nano-Satellite Considering the Observability of the Target

According to the analysis of Section 2.3, the orbital maneuver of the nano-satellite
considering the target observability can be divided into three scenarios. The solution
of scenario 1 is relatively complex, and it includes the solution ideas of scenario 2 and
scenario 3; thus, only the simulation example of scenario 1 is given here. The initial state
of the nano-satellite is defined as X, (to), and the initial state of the non-cooperative is
X;(to). The values are shown in Table 3. The constraint of the total mission time T is 30's,
and the minimum LOS angle of collaborative observation 6mi, is 20°; that is, the LOS
angle of the collaborative observation is greater than 20° and can meet the requirement
of the observability error. The performance indexes are the improvement result of the
observability and the fuel consumption of the nano-satellite’s maneuver. The purpose of the
optimization is to obtain the fuel-efficient maneuver with the premise of the observability
constraint. Weights ¢ and c¢; are 0.2 and 0.8, respectively. The maneuvering mode of the
nano-satellite is a double impulse.

Table 3. The initial state of the nano-satellite and the target.

Relative State x/km y/km z/km 0x/(m/s) vyl(m/s) 0v,/(m/s)

X,(to) 500 2000 0 0 ~1.1314 0
X;(t) 500 6000 0 0 0 0
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The two schemes of scenario 1 are simulated, respectively. Scheme (a) finally obtains a
new collaborative orbit of the nano-satellite, and the nano-satellite’s collaborative orbit is
successively raised by 50 m in the y-axis direction of the space station’s orbit coordinate
system. Scheme (b) finally obtains a new following flight configuration of the nano-satellite,
and successively raises the following position of the nano-satellite relative to the space
station by 50 m. Here, the adjoint configuration or the following flight configuration of the
nano-satellite is collectively called a collaborative observation configuration.

The weighted performance index | is obtained by weighting the observability improve-
ment index and the fuel consumption index in different configurations; we hope to obtain
the minimum J, and the results are shown in Figure 16. As shown in the figure, when
the performance index is 1, it means that the collaborative observation configuration does
not meet the observability constraint; with the altitude lifting of the relative adjoint orbit,
scheme (a) and scheme (b) satisfy the LOS angle constraint since the altitude lifts higher
than 1000 m and 1950 m, respectively. Scheme (a) has an optimal performance when the rel-
ative adjoint orbit is raised by 2250 m. At this time, the terminal state of the nano-satellite’s
maneuver is X; (t¢) = [1500,1966, 0, —0.0192, —0.3940, 0]", the LOS angle of the collabora-
tive observation is 42.2°, and the impulse increment is 75.1 m/s. Scheme (b) has the optimal
performance when the relative adjoint orbit is raised by 1950 m. At this time, the terminal
state of the nano-satellite’s maneuver is X;, (¢ f) = 10,5200,0,0,0, O]T, the LOS angle of the
collaborative observation is 21.8°, and the impulse increment is 234.4 m/s. Comparing
the two schemes, it can be observed that the solution method of the optimal maneuver
proposed in this paper can obtain the optimal observation configuration which satisfies the
observability constraint with the premise of minimum fuel consumption, and scheme (a)
has a better performance than scheme (b) with this scenario and parameter setting.

1

09

o
o
T

o
3

o
o

o
3
T

Performance index J
o
IS

o
w
T

o
N

o

o

500 1000 1500 2000 2500 3000
The altitude of relative orbit lifting Ah(m)

o

Figure 16. Weighted performance indexes of different collaborative observation configurations.

6. Conclusions

Aiming at the orbital parameters’ determination of the fast-approaching non-cooperative
target to the space station, this paper proposes a rapid detection and orbital parameters’
determination method based on the fly-around nano-satellite. The early-warning region
and the collaborative detection strategy of the nano-satellite—space station is developed
considering the safety constraint, and the detection efficiency of different collaborative
configurations is analyzed. Subsequently, the non-cooperative target’s orbital parameters’
filtering model is constructed based on the collaborative observation. The UKF is utilized
to realize the orbital parameters’ determination of the fast approaching non-cooperative
target. Finally, the observation configuration with a low observability in different scenar-
ios is analyzed, and the optimal orbital maneuver of the nano-satellite is developed to
improve the observability of the non-cooperative target in the case of low observability.
The simulation result shows: (1) If only the camera on the space station is considered for
scanning the warning region, the probability of covering the warning region is only 66.27%
limited by the observation constraints, while up to 97.36% is based on the collaborative
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observation of the nano-satellite. (2) Compared with the errors” convergence of the velocity
and position, the estimated measurements converge firstly in the filtering process, and then
the state variables converge. When the distance between the non-cooperative target and the
space station is on the magnitude of 10 km, the accuracy of the relative position parameters’
determination based on the collaborative observation is better than 10 m, and the accuracy
of the relative velocity determination is about 0.1 m/s. (3) For the configuration with low
observability, considering the performance indexes of the observability improvement and
fuel consumption, the orbital maneuver with the optimal fuel consumption satisfying the
minimum LOS angle of the collaborative observation is realized.
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