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Approaching to Target in Active Debris Removal (ADR)

Attach the artificial markers

before launch \\) Angular momentum
2\ Target N> vector
The removal servicer should approach from the safe & / 2 Atifcial marker
appropriate direction. i &~ i po—
The most important property is the Angular Momentum }
Vector, around which the markers move around. C[:]:%YF

T \__/ spin synchronization,
Il I&;“' Chaser N~y necessary

Estimate the direction] T Approach from the ]

of angular momentum estimated direction

Inertia tensor must be estimated to this end. It is difficult.

The inertia tensor may have varied from the original
owing to the unbalanced fuel consumption or some
corruption or fragmentation.

In case the robot fails to grab the debris, the debris motion
is re-excited by the contact. And the estimation becomes
more difficult.

Fig.2 Approach Strategy to Uncooperative Target
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Approaching to Target in Active Debris Removal (ADR)

Filtering is common and a large number of studies have been reported.
However, they function only along with the reference trajectory and
require a priori shape and inertia properties. So, such an approach is
applicable for cooperated target.

They do not work for the debris whose shape and inertia properties
have significantly been altered.

When the servicer spacecraft hits the target debris, another motion
starts, and filters can never function.

Filtering or Algebraic Approaches. Prescribed Targets are requested on Debris or not.

The authors have dealt with the problem for decades.
However, the solution has not been simply obtained despite a huge amount of research.
Filters do not function robustly as noted.

This paper presents a new batch estimation method for both the attitude motion and the inertia
properties at the same time, excluding reliance on the a priori information.

Mathematically speaking, the estimation of the inertia tensor results in solving the corresponding
Lyapunov matrix equation.

The method does not request the debris to carry some prescribed target markers on it at launch.

It has only to rely on the shape information of some parts onboard the debris based on the drawings
left, when the debris needs to be removed actually.
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Fig.7 Fragmented Debris and markers constituting a shape
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Abstract

This paper describes a practical control scheme
for autonomous retrieval of tumbling satellite with
an onboard manipulator using a CCD camera. In
the retrieval of a satellite, a reference trajectory for
positioning the end-effector of manipulator is gener-
ated with time delay because of processing time for
target motion estimator and manipulator controller.
Consequently, the end-effector fails to capture the
target, and the control system shows poor perfor-
mance. To solve this problem, a control system is
proposed, which utilizes predictive trajectory based
on target satellite dynamics. The validity and the
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Satellite Grappling by Free-Flying Robot Based
on Visual Information
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This paper deals with a free-flying space robot which grapples a target satellite based on a visual feedback control
scheme. As the robot body is not fixed in an inertial space, manipulator motion causes changes in the view of the
visual sensor. Therefore the closed loop system for the manipulator controller involves the visual data processing
which normally takes long calculation time. We construct a control system which is not explicitly affected by the
calculation time and analyze stability of the system. Analysis results show that a stable control system can be
constructed in spite of the long calculation time, on condition that the manipulator trajectory which is not close to
singular points is settled. Moreover we developed a zero gravity motion simulator which combined a computer

i ion and servo i An space robot system is constructed and experiments to grapple a
target are performed on the simulator. It is confirmed through the experiments that the free-flying space robot
automatically grapples the target with the visual feedback control scheme proposed.

Key Words: Free-Flying Space Robot, Visual Feedback, Satellite Grappling, Stability, 0-g Motion Simulator
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Fig.11 Image coordinate system
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Pose Estimation Fundamentals

Here is introduced a pin-hole camera as below.

Fig.4 Schematic observation of markers Fig.3 Camera & Body fixed frames
Pproj = (1 —ee")R. (1)

It corresponds to the pixel position vector x, on the focal plane. As a result, the unit vector i
from the origin to each marker is obtained as

i=(—fe+x)/l—fe+ x.l. 2)
When the slant range s becomes available, the position vector is expressed as
R = —si. 3)

Basics: ‘Pose Estimation’ : Four Markers are required in general.

maker

maker
R,
R
2 R,
R,
chaser chaser
Fig.5 Pose estimation via three markers Fig.6 Pose estimation via four markers
> | 9 e o = .
§3 + 83 —2s283c08x = @ Four or more markers determine the slant
f.f -+ s% — 2315308 3 = b? ranges fully.
2 R, and R; are common in both triangles.

2 2
$1+ 85 — 25180c087 =r¢ e
1 2 172 ' And redundancy is eliminated.

Still there is left one uncertainty. 8
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Obtaining Angular Velocity Vector (1)

L-mr-rf‘.r'n = (_)fhb' (3)
The following discussion aims at finding L. or simply L vector as well as the inertia tensor .

To this aim, first of all. here is introduced the manipulation of obtaining the angular velocity vector
. The relation

dt,
it B @)
holds for the rigid body dynamics and discretization of
tj.f—l—l = t}‘f +w X fjdf (3)
It is expressed by the following relation.
it ta t3,  ,=[t ta ta], +[@][t1 t2 ;] dt (6)
This relation is expressed similarly to the cases more markers are observed. Using the relation of
T=lt t2 &), T=(t: to ta],,,—[t1 ta ts3])/dt ™
the angular velocity vector expressed in the matrix form of
[@] = 77 (®)

Note the number of columns in the matrix 7 may be larger than three. Inverse of 7 matrix can be
generalized appropriately. The expected matrix should possess a skew property. However, the ex-
pression above does not guarantee it. In order to avoid the loss of the property. here is shown an
alternative form as below.

Ea

. j . -
|@| = 2{3‘"1'“_i =(TT4F) (9)

Obtaining Angular Velocity Vector (2)

Note the number of columns in the matrix 7 may be larger than three. Inverse of T matrix can be
generalized appropriately. To this aim, angular velocity should be sought to minimize the following
criterion o

1 - .o T
| = ETr.{[T - [m]T] [T - [cu]T] }
Requesting % = 0 concludes the general solution expressed as
[@] = (TTT)(TTT)?

Especially in case the number of columns of T is three, it reduces to eq. (8) above.

The expected matrix should possess a skew property. However, the expression above does not
guarantee it. In order to avoid the loss of the property, here is shown an alternative form as below.
The form is derived by another optimization criterion. Provided the matrix

(@] = 3@T — @T-7)

Fig.8 Vectors in camera-
fixed coordinate
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Fig.9 Vectors in body-
fixed coordinate

Fig.8 Vectors in camera-
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Fig.9 Vectors in body-
fixed coordinate
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Obtaining Angular Velocity Vector (3)

[@] is expected to be a skew symmetric matrix is near to a certain matrix 4, the most probable ”
solution is expressed via minimizing another optimization minimizing ]
1 T
J=5Tr. {[[m] — A]' [[w] - A]} + S{[w]” + [w]}
by introducing undetermined multiplier S. This concludes the most probable solution should take O” i y
simply the form of: & 1_’_1—, :
[ X
1 (&)
[@] =5 (4 - 47) o
. ’ . Fig.8 Vectors in camera-
This provides the expression of eq. (9) fixed coordinate
) Y . i
[&] = 5(TT"" S 1 e ol ,
and generally I
: 1.
[@] = {(FTT)@TY - (7T ) o'l y
It automatically retains the skew property and the components of the angular velocity vector is - S8, »
retrieved legibly. It is obtained by optimizing the error in eq. (8) is minimized. Details are omitted / " b
X

Fig.9 Vectors in body-
fixed coordinate

11
Finding Coordinate Transformation Matrix (1) f
Even in case the number of pairs in 7 and J exceeds three, the coordinate
transformation matrix is sought to satisfy the augmented criterion as below. ol
| y
] =3tr.1(T - o))" (T - &N)] +tr.[s3 (670 — 1)] (13) e s
2 2 / l Yc
X
0= %(T]T +JTT)s 1 (14) Fig.8 Vectors in camera-
fixed coordinate
When diagonalized into A° with the unitary matrix P as below, ’
: |
ST +JTT) = PAPPT (15)
u
. S : . : . : %9 y
The coordinate transformation P is obtained as a unitary matrix to diagonalize the symmetric matrix. - 1lg b
The multiplier S is determined as X/ ! g
S — pAPT (16) Fig.9 Vectors in body-
fixed coordinate
And the coordinate transformation matrix is obtained as follows. J=1 ]
=lu; u, us
0 =(TJ7 +JTT)PAIPT a7 T=0] 1
0=T]" 12
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Finding Coordinate Transformation Matrix (2) [

Even in case the number of pairs in 7 and J exceeds three, the coordinate

transformation matrix is sought still to satisfy the augmented criterion as below. ol
=P

J =1t [T - o)) (T ~ )] + tr.[s (676 - 1)] (13) et
o~ -

X

The solution is expressed as the same as
0= l(T]T +JTT)PA-1PT an Eig.S Vectqrs in camera-
z fixed coordinate
Here ® matrix satisfies the unitary property and minimizes the discrepancy. It admits the inaccurate
observation of the markers in 7. Eq. (17) retains unitary property regardless of the scale of the markers’ Z
layout. It is the biggest difference from eq. (12).

In case, /] = kJ*, when J is scaled by a scalar k, the multiplier S is tuned automatically to make the
unitary property associated with the matrix ©, the solution eq. (17) remains unchanged.

This implies the size of J does not have to be prescribed. The target debris has only to carry a target 11 a] y

/ marker whose shape information is known. / : — LI A

The targets / markers can be rectangular plates such as the solar panels or the satellite hub panels x

whose edge ratio is known. Fig.9 Vectors in body-
The shape information does not have to be prepared or delivered to the debris removal service at fixed coordinate

launch.

. ) ) ) i J=[ur uz usj
As long as the blue prints or drawings are available when the debris removal is requested for the

satellite, the attitude information is obtained based on the images as described above. T=0]
0=Tj1
Pose Estimation & DCM Solution Example The markers’ position vectors on the camera-frame:

M1 =[209.40 686.61],
M2 =[-162.39 -556.98],
M3 =[-609.69 133.91],
M4 =[545.58 -115.38].

The positions of the four markers on the upper stage:
[1.51.5-1.5,
-1.5-1.5-1.5,
-1.51.5-1.5,
1.5-1.5-1.5]

The coordinate transformation matrix DCM (Direction Cosine
Matrix) is obtained

Fig.10 Disposed Upper Stage at Ibuki launch 0.83244 -0.43386 -0.49813
DCM =| 0,49841 0.83646 0.0886239
0.091411 -0.3348 -0.86098

When the Euler angles are (sequenced in yaw-pitch-roll order) used, they are

yaw = -27.53d€g, pitCh = 2988d€g, roll = 572d€g respectively.
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Angular Momentum Vector & Inertia Tensor Estimation (1)

] = 33N-llefL — 1@ + 3@ - 1 i

The first term simply requests the total angular momentum vector transformed by 7 should be seen
as a constant vector L. The second term requests the magnitude of L be a certain constant quantity.
The quantity is taken here as one Nms (unit). 7 and L are proportional with each other.

The optimality condition on L concludes it be written as below.
__1 §yN —
L= mzk=1(ek1wk) (20)

N denotes the number of observations.  is determined to make the magnitude of Z be unit. The
optimality condition on 7 requests

g 1 Y N ——Ty 1 Ty 1 T
4= 522;1 wyay )1 +31 Tt (@rox )_§Z¥=1(9£ka )_5221=1(ka 0x) =0 (21)

al
With the definition of
0 =3 (@iaw) @2
The optimal inertia tensor I* should satisfy the following condition.
ar +1ra=3 (elLa;") + IV (@rLTey) (23)

Slight modification presents the Lyapunov matrix equation which 7 should satisfy as below.

(I +I'(~0) + (ZV_, (1@rar") + TV (@ 1)) = 0 (24) 15

Angular Momentum Vector & Inertia Tensor Estimation (2)

N N N
1 )
L= —Z(@km?k) QI + 10 = Z(GL"L@T) + Z(@LTGR)
N + Hk—l — k=1 k=1

If 7 is assumed simply as a unit matrix, the left hand equation notes the angular momentum vector L direction is
the averaged angular velocity vector history.

The inertia tensor estimate /* is found to satisfy the right hand side Lyapunov equation.
It guarantees the solution /* is obtained as a positive definite matrix.

The solution is obtained through a boot-strap type iteration.

16
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Example: Fragmentation
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Angular Momentum

The normalized eigen values of I’ is
11.6,10.4,9.7.

All the measurements are used for
the batch estimation.
And the convergence is slow.
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Fig. 17b Principal Moment of %r/lertia

Example: Direct Contact to cause Another Coning Motion

Fig.18 Spacecraft model for Case-3

Dimensional moment of inertia here is 506. 537,

573 kgm?.

Initial angular velocity is 3deg/s for three axes.

And normalized inertia tensor is estimated

proportionally.

Up to 1,200 data are used for each batch

estimation.

Inertia tensor becomes correct around

time=2,200sec.
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Fig. 19 Angular Momentum, Angular Velocity, Inertia Tensor

— Contact Excitation on the Way "
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Conclusion

* Despite a large number of researches for decades, the motion estimation especially the
angular momentum vector estimation has not been well solved, while it is critical in
accessing uncooperative targets.

* The key problem in approaching to the target is in finding the frozen direction, the angular
momentum vector.

* However, identifying the vector requires / accompanies the estimation of the inertia tensor
matrix of the target.

* The linearized filters do not function well. In the practical applications, inertia principal axes
may largely differ from the geometric axes, and the contact may cause another coning motion.

* A key outcome is the batch process for estimating the inertia tensor without relying on the
nominal a priori parameters and the reference trajectories for the state variables.

* It works as the recursive and successive update process and is enough robust in real
applications. No a priori parameters are required.

* The scheme never requests the prescribed targets onboard the potential targets at launch and
allows the size very flexibly. The only information associated with the targets is the shape,
which should provide the multiple markers more than three, four or more.
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