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Abstract. Based on the on-orbit acquisition of non cooperative targets, this paper
establishes attitude and orbit coupling dynamic model, considering the relative
motion uncertainty and measurement error under maneuvering conditions, then,
Based on the principle of AREKF filter, a fast estimation method for the orbit
information of non cooperative goal is proposed. This article provides a good
estimate of the relative location, speed and posture of two satellites. Relative
location estimation error is 0.4 m, relative speed is 0.002 m/s, and the relative
attitude control precision is above 1°.
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1 Introduction

Non-cooperative space target manipulation is a new project for space security mainte-
nance. Advanced non-cooperative space target manipulation technology can not only
effectively extend the service life of future spacecraft, improve on-orbit services, but
also get a more economical, environmental friendly and competitive industrial process,
which makes non-cooperative space target manipulation technology a hot spot in space
technology research [1–3].

With the increasing demand for non-cooperative space target on-orbit acquisition
and approach reconnaissance, a lot of countries have conducted in-depth research on the
theory of non-cooperative target manipulation in space, such as module replacement,
fuel injection, approach and acquisition, which include the orbit correction spacecraft
(SUMO) [4], the autonomous rendezvous demonstration technology (DART) and the
experimental small satellite (XSS) of the United States [5] etc. (Figs. 1 and 2).

2 Modeling and Analysis of Relative Motion of Non-cooperative
Target

In the case of uncooperative target, the lack of relative position marker, can only rely
on autonomous sensors to obtain the measurement method, the relative location-posture
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Fig. 1. SUMO refueling Fig. 2. DART tracking satellite and target
satellite

equation of two satellites are established, which provides a mathematical basis for the
next step of ultra-close relative motion tracking and control of non-cooperative targets
[6].

Orbit coupling dynamic model of target satellite and tracking Satellite are
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The relative position vector of the tracking satellites σ = rc-rt, and the vector form
of the nonlinear relative motion dynamics model can be obtained [7]:
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where, f = �fd + ac − at .
The above formula can be linearized [8], and the approximate expression is
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3 Design of AREKF Filtering Algorithm

Combined with the spacecraft dynamics model, a navigation filter scheme based on
visual measurement is designed to quickly estimate the target orbit information [9–11].

a) The simulation model of ultra-close range relative motion tracking and control is
established (Fig. 3).

Fig. 3. Spacecraft ultra-close-range relative motion tracking and control system diagram

The actuator, sensor and their error models are constructed [12, 13], the tracking
acquisition alignment scheme is designed, the guidance control model and actuator
configuration are derived, and the dynamic model of navigation state is established
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b) A robust adaptive filtering method is proposed for uncooperative targets

The recursion formula is as follows

X̂(k, k − 1) = Φ(k, k − 1)X̂(k − 1, k − 1) (6)

P(k, k − 1) = Φ(k, k − 1)P(k − 1, k − 1)ΦT (k, k − 1) + W (k − 1) (7)
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z̃(k) = z(k) − H(k)X̂(k, k − 1) (8)

PY(k) = H(k)
∑

(k, k − 1)HT (k) + V(k) (9)

K(k) =
∑

(k, k − 1)HT (k)P−1
Y (k) (10)

X̂(k, k) = X̂(k, k − 1) + K(k )̃z(k) (11)

P(k, k) = (
∑ −1(k, k − 1) + HT (k)V−1(k)H(k))−1 (12)

∑
(k, k − 1) = (P−1(k, k − 1) − γ −2N (k)N (k))−1 (13)

where,
∑

(k, k − 1) = S(P(k, k − 1)), N (k) = γ (P−1(k, k − 1) − ε−2I)1/2.
In order to enhance the flexibility of introducing robustness, AREKF algorithm

provides a gain scheduling operator with adaptive switching structure

∑
(k, k − 1) =

{
(P−1(k, k − 1) − γ −2N (k)N (k))−1, PY (k) > αPY (k)

P(k, k − 1), PY (k) ≤ αPY (k)
(14)

4 Simulation Analysis

In this paper, The main parameter settings are as follows:

1) Parameter setting of two spacecrafts
rc = [5115213.213 − 3997892.911 − 334532.798]Tm,
vc = [4819.712 6170.435 − 70.256]Tm/s.
rt = [5114215.813 − 3996543.324 − 334956.567]Tm,
vt = [4817.578 6170.435 − 70.123]Tm/s.

At this point, the tracking star in the orbital coordinate system is 150 m behind
the target in the direction of the orbit, 50 m behind in the radial direction, and the
relative velocity with the tracking satellite is 0.

The inertia matrix of the tracking star and the target star is as follows

It = Ic =
⎡
⎣
4000 0 0
0 5000 0
0 0 1000

⎤
⎦kg · m2

θt0 = [–5° –5° –5°]T, θc0 = [5° 5° 5°]T, and the rotation order is 321, then
qi→t = [

0.6231 0.3112 0.2569 0.6748
]T

, qi→c =[
0.6739 0.3374 0.3414 0.5638

]T
ωt
t = ωc

c = [−0.006 0.068 0.006]T o/s
Suppose that three feature points are extracted from the target satellite.
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rtF1 = [−0.6 0.0 0.0]Tm, rtF2 = [−0.7 0.1 0.0]Tm,
rtF3 = [−0.7 0.0 0.3]Tm.

rco = [1.1 0.1 0.0]Tm, rtdock = [−0.8 0.0 0.0]Tm, rCattach =
[1.0 0.0 0.0]Tm.

The maximum acceleration of the thruster on the target satellite is 2 mm/s2.
Track the maximum acceleration of the thruster on the satellite is 5 mm/s2.

2) Error parameter (Tables 1, 2 and 3).

Table 1. Initial state error (3σ)

Parameter name Values

Navigation errors of attitude and attitude angular velocity
of target satellite

Per axis 0.3 rad, 0.3 mrad/s

Target positioning and speed deviation Per axis 30 m, 0.3 m/s

Navigation errors of attitude and attitude angular velocity
of tracking satellite

Per axis 0.003 rad, 0.003 mrad/s

Tracking satellite position and speed navigation error Per axis 30 m, 0.3 m/s

Table 2. Spacecraft dynamics disturbance (3σ)

Parameter name Values

Rotation interference error Per axis 0.002 mrad/s/
√
s

Translational interference error Per axis 0.05 mm/s/
√
s

3) Result analysis
Under the condition of open-loop control, the relative location, speed and posture

between the tracking satellite and the target can be estimated accurately. After a
period of filtering, it is quickly corrected, and the error curve is basically stable after
500 s. The final relative position estimation error standard deviation is 0.4 m (3σ),
and the standard deviation of relative posture estimation error is 0.6° (3σ). As shown
in Fig. 4.

4) Under the closed-loop control condition,After about 300 s, the attitudeof the tracking
satellite is basically adjusted to be consistent with that of the target satellite, and the
final relative attitude control accuracy is within 1°, as shown in Fig. 5:

5 Conclusion

Based on the disturbance of relative motion uncertainty and measurement error under
maneuvering conditions, The attitude-orbit coupling dynamicsmodel of non cooperative
goal is established, Based on the principle of AREKF filter, a fast method for estimating
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Table 3. Sensor error

Parameter name Values

Gyroscope error Drifting error 5.0 deg/hr/axis

Sensitivity 200 ppm/axis

Misalignment error 2 mrad/axis

Angle random walk 0.03 mrad/
√
s

Slope random walk 5 × 10−7 mrad/s/
√
s

Accelerometer error Drift error 1 × 10–4 m/s2/axis

Sensitivity 200 ppm/axis

Misalignment error 0.01 mrad/axis

Random walk 2 × 10−4 m/s/
√
s

Satellite sensor error Misalignment error 1.1 mrad/axis

Measurement noise 0.2 mrad/axis

Sampling rate 1 s

Optical camera deviation Misalignment error 1.1 mrad/axis

Measurement noise 0.2 mrad/axis

Sampling rate 1 s

Fig. 4. Deviation curve of relative pose estimation under open loop condition

the orbit information of non cooperative target is proposed. Simulation results indicate
that this algorithm is able to accurately estimate relative location, speed and posture of
two satellites.
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Fig. 5. Relative pose deviation curve under open loop condition
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