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Vision Based Trajectory Tracking of Space Debris in
Close Proximity via Integrated Estimation and Control
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Abstract—The increasingly cluttered environment in space is
placing a premium on techniques capable of tracking and
estimating the trajectory of space debris. Unlike the debris
smaller than 1 cm or larger than 10 cm, it is always a challenge
for spacecraft or satellite mission designers to consider
explicitly the ones ranged from 1 ¢cm to 10 cm a priori. To
tackle this challenge, this paper presents a vision based debris’
trajectory tracking method in close proximity using two
cameras onboard satellites in a formation. Also to differentiate
the target debris from other clutters, data association is
investigated. A two-stage nonlinear robust controller is
developed to adjust the attitude of the satellites such that the
desired field of view can be achieved for the target debris.
Capabilities of the proposed integrated estimation and control
methods are validated in the simulations.

Index Terms—space debris, vision based estimation, robust
control, data association.

I. INTRODUCTION

urrently, there are more than million pieces of debris
C orbiting the Earth every day, and they have already and
will continue to threaten human activities in space
exploration. Among debris, the pieces smaller than 1cm are
unable to damage spacecraft because of the crafts’ shields,
while the pieces larger than 10cm can be tracked by
ground-based radars or a radar network, such as the US
SPACECOM [1-3]. Outside of these two groups, it remains
a challenge for spacecraft or satellite mission designers to
explicitly consider a priori the debris ranging from 1 cm to
10 cm. In order to track debris with a size within the range
of 1 to 10 cm and in turn reduce the risk of collision, it is
preferable that future spacecraft and satellites have the
capability of estimating and tracking debris in close
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proximity autonomously without consistent communication
with group stations.

In this paper, an integrated vision based estimation and
control approach is proposed to estimate the orbital
information of the target debris via cameras aboard the
cooperative satellites in a formation. Three technical
challenges are specifically addressed and solved in this
paper. First, successive 2D images obtained through the
vision sensors (e.g. light weight and low cost pinhole
cameras) on two satellite platforms are coordinated to obtain
the 3D position information of the debris. Second, to
maintain the target debris within the cameras’ fields of view,
the attitude of the satellites is controlled via a two-stage
global asymptotically stable nonlinear robust tracking
controller [4-10]. Third, because it is possible for multiple
debris pieces to appear in the picture frames, a probability
data association (PDA) technique [11] combined with the
Kalman filter [12] is investigated to differentiate the target
debris from the clutter.

The remainder of the paper is organized as follows.
Section II describes the overall structure of the integrated
sensing and control strategy. The cooperative estimation is
described in Section III, which includes the problem
definition, Kalman filter, and PDA designs. In Section IV, a
nonlinear robust controller is described to maintain the
debris inside of the cameras’ fields of view. The simulation
results are shown in Section V. Conclusion will be drawn in
Section VI.

II. OVERALL STRUCTURE

The overall structure of the integrated approach in
estimating debris’ trajectory is illustrated in Fig. 1. To
obtain the 3D position information of the debris, two
cooperative satellites, each equipped with a pinhole camera,
are used. The debris’ projected pixel locations on the focal
plane are used as the measurements of cameras. The PDA
technique is designed in a decentralized approach to
associate each of the possible measurements to the target of
interest with a probability. After that, a Kalman filter based
on the small disturbance model is designed to estimate the
orbit of the debris in a centralized approach. In the
meantime, the attitudes of small satellites are controlled
coherently such that the target debris is always inside of
these two cameras’ fields of view.
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III. COOPERATIVE ESTIMATION OF DEBRIS’ ORBIT IN
CLUTTERS

A. Problem Definition of the Cooperative Estimation
The motion of the debris with an altitude larger than 200
km is governed by the following equation
=V ‘}d:_(ﬂ/rj)rd-i_w (1)
in which the subscript d denotes the debris, r, € R and
v, € R> represent the position and velocity vectors of the

debris in the Earth Centric Inertial (ECI) coordinate,
respectively. 7, is the magnitude of the position vector. u

is the gravitational parameter of the Earth. The drag, solar
radiation pressure, and higher order gravitational terms,
such as the J, perturbation are regarded as noise and
represented by w . Here w(¢) is the vector of the

zero-mean Gaussian process with an autocorrelation of
E[w(t)w(T)T] =Q(1)6(t—7).

7 Satellite 1 Satellite 2 |<—|
Attitude ,l | | Attitude
Control , Control
;_I Pixel | | Pixel
| PDA | [ PDA |

Debris’ Trajectory
Estimation

Fig. 1 Overall Structure
Here the small disturbance model derived based upon Eq.
(1) is used as the processing dynamics in the PDA-KF
design. Let’s denote Eq. (1) as x, = f(x,)+w, in which

x, =[r;,v,]' . The nominal model is x,, = f(x,,), in

which the subscript “0” is used to denote the nominal values.
The small disturbance model can be derived as
Ax, = AAx, +w A=(f /ox,)|,

where and

Ax, =x, “X,,-

The measurement is the pixel location of the debris’
position projected on the focal plane of the camera onboard
of the small satellite. The projection involves a series of
coordinate transformations from the ECI, through the local
vertical local horizontal (LVLH) coordinate of the satellite,
the body coordinate of the satellite, the body coordinate of
the camera, and the focal plane of the camera, to the pixel
plane of the camera. The detailed coordinate
transformations are omitted here, described next.

The position of the debris expressed in the LVLH can be
written as

(LVLH) Vys = C3 v+ Cl))C1 (i)C3 (€2) (ECI)rd/s )

. . A . (13 2
in which r,, =r, —r, , and the subscript ““s ” represents the

(ECI)

satellite. r,,. is the relative position between the debris

and the satellite expressed in ECL. In this paper, we use
C,(x) to denote the direct cosine matrix rotating about the
axis ¢ (i.e. 1, 2, or 3) with an angle of x. In Eq. (2), v,
w, i,and Q are the true anomaly, argument of periapsis,
inclination, and right ascension of the satellite orbit. The
orbit elements of the small satellites are assumed to be
constant in this paper.

The relative position of the debris to the satellite r,,,

expressed in the body coordinate of the satellite can be
written as

Dt =COCOCW) "y, 3)
where the superscript “ B ” denotes the satellite body
coordinate. The attitude of the small satellite is represented
by the Euler angles o, =[¢,0,y]" , with a rotation sequence
of 3-2-1.

The attitude motion of the small satellite is governed by
O.-S = Rl_la’Y; a"S = _J;Id)YJ?w? + J?_IT (4)
where @, =[@,,®,,®,]" represents the angular velocity of
the satellite. J is the moment of inertia of the satellite, and

T is the control torque applied. It is worth noting that in
both the estimation and control periods of the debris tracking
mission, the rotation angle will be kept far away from 90°,
therefore the singularity associated with the Euler
representation case can be avoided. R, 1is the rotation

matrix with sequence of 3-2-1, and @, is the skew matrix of

the angular velocity.
The relative position r, expressed in the camera

coordinate, denoted by the superscript “c”, is
C —r( C ) T _ B
Oy =195, v0 " 24,1 =R Pry +b,,, (5)
As demonstrated in Fig. 2, b, is the translational bias
between the camera and satellite body coordinate, and R, is

the direct cosine matrix rotating from the satellite body
coordinate to the camera coordinate. Without loss of
generality, the camera is assumed to be installed along the
negative y-axis of the satellite body coordinate, thus the
rotation matrix R, is
1 0 0
R,=/0 0 1 (6)
0 0

[
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Debris

Fig.2 Camera Model
Finally, the pixel location of the debris, [p,, py]T ,

projected on the focal plane of the camera onboard, is
calculated by,

(© (©
7 Lae. _ Yase
px - kl-fc (C)Z s py - k2j; (C)Z

d/c

(7

dle

where f, is the focal length of the camera, £, is the ratio of

the length of focal plane and length of pixel plane, and £, is

the ratio of the width of focal plane and width of pixel plane.
Through Egs. (2)-(7), the measurement [p py]T can be

formulated as a function of x, , x and o, as

y=h(x,,x ,0,)+v(t), in which the noise v(¢) associated
is assumed to be a zero-mean
with an  autocorrelation  of

with the measurement

Gaussian  process
T

Elv(1)v(z) 1= R(t)8(t-7)

nominal measurement model is y, = h(x,,,x,,0,) , and the

Correspondingly, the

small disturbance model is derived as Ay=HAx,+v ,
where H =(0h/dx,)|. and Ay=y-y, [12].

B. Probability Data Association Filter

For brevity, only an outline of how to apply the PDA
technique in this specific problem is given. The detailed
information about the PDA method can be found in [11].

In each sampling time k , a validation set, defined by Eq.
(8), is created, and only the measurements satisfying the
constraint in Eq. (8) are considered as the validated
measurements, while the other measurements will be
discarded.

Z 2y, d (S <y =1 m, ®)
Here, ¥ and m, are the threshold of the validation set and

the number of the measurements in the validation set at time
step k, respectively. ¥ can be chosen according to the Chi

Square distribution as described in [11], and the innovation
d, is

df,k =Yk _JA’/C\/H s i=1,my )
in which y,,, is the predicted measurement at step k

based on the estimated value obtained at step k—1. The
cumulative set of measurements in the validated region up to

the sampling time & is defined to be Z* = {Z,,j=1.k}.
Now, let’s define the following two events: (1) Event g, ,

i1s defined as the case when the validated measurement
y,,€Z, is originated from the target debris. The

conditional probability of this event £, is calculated by

B.2PO,|Z)=e,/(b+)e,), i=l.,m (10)
j=1

(2) Event §,, is defined as the case when none of the
validated measurement y,, € Z, is originated from the

target debris, and the corresponding conditional probability

By, is

B, £ P(6,, |Zk)=b/(b+iej)k) (11)

In Egs. (10) and (11), i
€, = exp{—%d".’ksk’ldj’k} (12)
b:(27[/}/)":/zkanz(l—PDPG)/PD (13)

Here, n_ is the dimension of the measurement (i.e. two for

the problem in this paper) and C, is the volume of the 7,
dimensional unit hyper sphere (i.e. C, =7 if n, =2). F;
is the probability that the measurement will fall in the
threshold gate, and it will be fixed once ¥ and n_ are given.
P, is the probability that the true measurement is detected

[11].
The measurement prediction covariance S, used in Eq.

(8), is propagated through

S, =HkPk\k—1HkT+R (14)

and
Pk\k—l = Ak—IPk—l\k—lAkT—l +0 (15)

respectively. The update equation of the error covariance is

})k\k = ﬂ(},k})k\k—l +(1- ﬁ(},k )I)kL\k + Pk (16)
where
i)k =K, [Zﬂi,kdi,kdi]:k _dkdkT ]KAT (17)
i=l
dk = Zﬂi,kd[,k (18)
i=1

and the error covariance of the measurement that possibly
originated from the target debris is

I)k‘\'k =(- Kka )Pk\k—l
In Eq. (19), K, is the Kalman gain.

Then the updated states of the small disturbance model is
given by

(19)

A)%d,k\k = Md,k\k—l +K,d, (20)

At each step, once the small disturbance Ax,,, is updated,
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the estimated position of the debris can be calculated via
&d,k = X0k +Md,k\k (21)

in which x, ,, is the nominal value of the debris’ trajectory

at time step £ [12].

IV. NONLINEAR ROBUST ATTITUDE CONTROL

If the projected pixel location of the debris is very close to
the boundary of the camera’s field of view, the direction of
camera, thus the attitude of the small/micro satellite, needs
to be controlled such that the projected pixel location of the
debris on the focal plane can be driven to a desired location,
e.g. the center of the image.

In this work, we will employ a newly developed nonlinear
robust control technique to solve this problem. Here only
the main steps and equations are listed, and the detailed
theorem and asymptotically stability proof can be found in
[5-6].

A. Stage 1: Projected Pixel Tracking Control

In this stage, the pixel location of the debris is driven to
the desired position, e.g. the center of the image plane. At
the same time, the angular velocity of the satellite is
regulated to zero.

Equation (4) is the state dynamics, in which the transpose

of the input matrix B” is [0,J.']. The state functions f
includes two parts: f, = R'@, and f, =—-J'@®J.@,. The

output of the controlled system is
h

Vi d
L’j L’j
in which A, is the pixel location of the debris position and
h, is the angular velocity of the satellites.

The relative degree r of thissystemis [2 2 1 1 1],

and according to Theorem 1, the nonlinear robust controller
has the following simplified form

dzyld 7
> .aes 2
R —1
. LBL{hl % Ljh2 e, (23)
L, dt
+r".e‘}+k-s
0
where
. P o ah R
L[;L}hl _ " { h f]'] a—AR J, (24)
ij’z = Jx_l (25)
L= P ioa, |k, -2 076,00, 26)
flao_Jao_slslsao's o
- Oh,
Lyl =~ wz /s @7)

SRR ATt
5, jezdt 0 )
|:el:|=|:yl,d€5 _j;l:|
53 y2,d€s_j)2

V4 and y, . are the desired pixel location and angular

and

(29)

velocity, e.g. [0 0] and [0 0 0] .

The control gain k =[k,,...,k;]" are obtained from

(I-D)k-s=
dzyl,des Lzl;
2 ; . 30
Fep| 4 || 77" ”“FH% el}ﬂl NED
dyZ,des Lhz ez 0
—== 7
dt
and in the stage 1 controller
Lh | | h
F=|-| 74 ] (€28
L;h, Lh,

is assumed to be the error bound between the predicted and
actual state function. To guarantee the asymptotically
stability, A ,,4, and # are required to be positive.

B. Stage 2: Small Satellite Attitude Stabilization

In this stage, the Euler angles of satellite need to be
maintained at the fixed value to ensure that the debris will
stay within the field of view of camera for a relatively long
duration. Eq. (4) is the state equation, while y, =h, =0, is
controlled to the desired the Euler angle of the satellite
Vsdes = Osaes - The relative degree r of the system is

2 2 21
Theorem 1 can be simplified as

, and the nonlinear robust controller proposed in

[ 113:| { y3dev_szbil3+l_l.e3+)bo~é3+k~S3:|(32)

in which
h, 1}]‘1J_1 (33)

. 7 1 n A LA
i | B et | R ok, )
0 aa)s f 80'
2
sy =4, -jesdt+,10'e3+é3 (35)
and

€3 =3 405 — j"3 (36)

in which, y, . is the Euler angles achieved at the end of

control stage 1. The control gain k =[k,,k,,k,]" needs to

satisfy

d y3des

F+D———— Lzh +2,-e;+ i -el+n-s;,=I-D)k-s,(
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37)

V. NUMERICAL SIMULATION

A. Simulation Scenario

The orbital information of the two micro satellites and the
debris used in the simulation are listed in Table 1. It is
assumed that initially both satellites have zero Euler angles
and angular velocities. The moment of inertia of the satellite
is obtained from the satellite platform developed at the
University of Central Florida as

10662.54 —4020  73.65
J =| —4020 1041543 48.15 |(g-cm®)(38)
73.65 48.15  9618.74

To demonstrate the effectiveness of the data associate
technique applied in this paper, two interference debris, i.e.
two clutters, are generated around the target debris
randomly.

Table 1. Orbital information of the satellites and debris

Satellite 1/2, debris

Orbital information

Inclination 30°/30°, 20°
Semi-major axis (km) 7500/7500, 7493
Eccentricity 0.1/0.1, 0.1
Right ascension 10°/7°, 35°
Initial true anomaly 8/8°, 8§

Argument of periapsis 90°/90°, 70°

The camera is located along the negative y axis of the

satellite as shown in Fig. 2 with a focal length of 0.1m , and
the resolution of the images is chosen to be 480x360. The
tuned parameters for the data association, estimation, and
controller are listed in Table 2. In the estimation part, the
Gaussian noise associated with the processing dynamics is
assumed to have a zero mean and covariance matrix of
Q=10"I,km’/s* and Gaussian noise associated with
measurement is assumed to have a zero mean and covariance
matrix of R =1,. The initial error covariance matrix is set

as 0.017.
Table 2. Parameters used in the estimation and control
Estimatio Value Estimation Value
n
P, 0.9 4
P, 0.7 n,
Control Stage 1/2
A, [5,5,1,1,1/ [10 10 101"
4 [3377/[1 1 17
n [0.1,0.1,0.001,0.0005,0.001]" /

[0.001 0.001 0.001]

The following uncertainties have been considered in the
control section: the Euler angle is assumed to have 5%

percentage errors, while errors in the angular velocity
measurement are assumed to be 5%. Also the pixel location
of the debris is the rounded to the nearest integer. The
analytical bounds of F and D cannot be derived easily, so
the Monte Carlo simulation is conducted in this paper and

F and D are found to be 0.1L2ji13 and 041,

approximately.

B. Simulation Results

As shown in Figs. 3-5, the debris is initially inside of the
two cameras’ fields of view, thus the data associate and
estimation methods are activated to estimate the debris’
trajectory among the clutters. Then, when the pixel location
of the debris of Satellite two is close to the boundary of the
focal planes, the attitude control of both satellites are
activated simultaneously such that the pixel locations of the
debris are driven to the center of image, i.e.[0,0], and the

angular velocities of the satellites are controlled
simultaneously to zero. After that, the estimation is resumed
to track the target debris until the debris is out of camera’s
fields of view and attitude controllers are activated again.
The estimation section is marked as “E”, while the control
section is marked as “C”.

As shown in Fig. 5, initially the target debris is close to the
image boundary of the camera on the second satellite,
therefore the estimation in the first “E” section is not fully
settled down as shown in Figs. 3 and 4 within only 25
seconds. The capability of the proposed integrated approach
is illustrated through the following section “C” and section
“E”. The pixel locations of the target debris on two cameras
are driven to the center, and the estimation error and the
trace value of the error covariance matrix can reach their
steady state in a relatively long duration before the debris
drifts to the boundary of the image again.

-
3

y-axis

®

(=]

_-z-axis

Estimation Error (km)

Z-axis

1 | X-axis HE ‘
0 100 200 300 400 500 600
Time (s)

Fig. 3 Estimation error of the target debris’ trajectory

Trace of Error Covariance

200 300 4()()‘ 500 600
Time (s)

Fig. 4 Trace of the error covariance matrix
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Fig. 5 The pixel locations of the debris on the focal plane of:
a) Satellite one; b) Satellite two.

It is worth noting that the pixel locations in Fig. 5 begin to
drift in the final part of control section. The reason is that the
debris is always moving, thus the projected pixels will be
moving from desired location over time if only the attitude
of the satellites is maintained in stage two.

The performance of torque commands in the control is
listed in the Fig. 6 and Fig. 7, the torque commands do not
have high frequency chatters.

5X 10° ; ; ; ,
iy, —— 27AXIS
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i \ \y-axis 1(@)
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Fig. 6 Torque commands during the 1* attitude control
period: a) Satellite one; b) Satellite two
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Fig. 7 Torque commands during the 2™ attitude control
period: a) Satellite one; b) Satellite two

VI. CONCLUSION

In this paper, a vision based method, using 2D cameras
aboard two satellites in a formation, is presented to track the
debris in close proximity. As compared with the other
approaches such as using SAR, ISAR or a stereo camera on a
single large satellite, the proposed method has the following
advantages: cost reduction, avoidance of reconstruction of

images, increased mission flexibility and observational
baseline, and better survivability and reliability. Three
technical issues are specifically addressed for: successive
2D images obtained on two satellite platforms are
coordinated to obtain the 3D position information of the
debris. The attitude of the satellites is controlled via a
two-stage asymptotically stable nonlinear robust tracking
controller so that the target debris can be maintained within
the cameras’ fields of view. The PDA combined with the
Kalman filter is developed to differentiate the target debris
from the clutter. The simulation results demonstrate the
effectiveness of the methodology.
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