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The tracking control of rotating space debris is investigated in this paper. The objective is to keep the tracking spacecraft stay

at a certain distance above the specific face of the space debris, while the spacecraft’s certain instrument should point to the space

debris during the process. The expected motion of the tracking spacecraft is determined by the space debris’s orbital and attitude status

and the relative motion between the two bodies. A highly coupled control strategy, with the awareness of the singularity rejection, is

developed to fulfill the tracking mission. Numerical simulations demonstrate the effectiveness of the tracking control.

Key Words: Space Debris, Formation Flying, Nonlinear Control.

1. Introduction

The number of space debris has increased rapidly in recent
years, which causes a serious space security problem. In the
near-Earth orbit, the probability of collision between satellite
and space debris would grow with the increase of space debris,
a chain reaction caused by the collision will further increase the
amount of space debris. For those reason, the study of space
debris cleanup is important. The mainly methods of space de-
bris cleanup methods divided into passive,! active? and hybrid
cleaning methods.® Active cleaning methods include the thrust
deorbit method, the manipulator capture method, expandable
foam method, where the manipulator capture method comprises
three parts, the motion observation of space debris, the motion
control of tracking spacecraft and the motion control of manip-
ulator respectively.

There is growing concern over orbital tracking and space de-
bris cleaning. T Schildknecht reviewed the results from opti-
cal surveys for space debris in high-altitude Earth orbits and
predicted the influence of space debris on the future of space
research and space astronomy.® The feasibility study of a mis-
sion in which the debris is removed by using a hybrid propul-
sion module as propulsion unit was presented by L.T. DeLu-
ca.> A new brush type contactor as end-effecter of a robot arm
was proposed for a removal work strategy and control method
for capturing and braking a tumbling, non-cooperative target s-
pace debris.® The target spacecraft real-time tracking problems
under the condition of the gravity field were presented by Es-
tabrook.” A Lyapunov-based, nonlinear, adaptive control law
was developed by Marcio S for the problem of relative position
control for multiple spacecraft.¥ Bo J N applied generic control
strategies to solve the problem of maintaining and maneuver-
ing a formation of Earth observing satellites, which considered
several constraints including fixed thrust magnitude and non-
radial thrusting.” An adaptive finite-time control for spacecraft
hovering over an asteroid was presented by Lee D, an adaptive
FTSMC scheme was proposed which does not require a prior-
i knowledge of the uncertainties and disturbance bounds.'? A
teardrop hovering formation is obtained and a new impulsive
control strategy is proposed to keep the chasing satellite in the
hovering pattern for a long term by Rao Y.'" Thein M W'?

did research of a minimum configuration and developed an al-
gorithm to estimate the relative position of two spacecraft by
using a sliding mode observer.

As for attitude tracking problems, extensive studies have
been conducted. A geometric method on the two-sphere was
proposed by Ramp M for attitude and angular velocity track-
ing for a rigid body,'® a new attitude error function was con-
structed to avoid unwinding or singularities problems. A new
class of angular velocity-free attitude stabilization controllers
was designed by Subbarao K,'¥ it were generalizations of the
passivity-based control algorithms. A global set stabilization
method for the attitude control based on quaternion was devel-
oped by Li S,' a finite-time control law was designed which
can force spacecraft’s angular velocity to track the virtual opti-
mal angular velocity in finite time. a hybrid PID attitude control
law was developed by Su J'® which was robust to external con-
stant disturbance torques and measurement noise. Wisniewski
R developed linear attitude control strategies for a low earth
orbit small satellite actuated by electromagnetic coils and an
excellent frame for investigations was given by a solution of
the Riccati equation.'” A fault tolerant attitude tracking con-
trol scheme was developed in the face of faulty actuator, sys-
tem uncertainties, external disturbances and actuator saturation
by Xiao B,'® an adaptive sliding mode controller was derived
and a modified fault tolerant control law was presented to ad-
dress actuator saturation problem. A finite-time attitude track-
ing control scheme was proposed by Zou A M for spacecraft
using terminal sliding mode and Chebyshev neural network.'®)
A terminal sliding manifold was proposed for attitude tracking
in the presence of an unknown mass moment of inertia matrix,
disturbances, and control input constraints. For attitude control
for large-angle slew maneuvers problem, Xing G Q*? used rel-
ative attitude kinematics and dynamics equations to construct
Lyapunov attitude state tracking control law. Optimal adaptive
controllers were designed for addressing attitude tracking con-
trol problem of a rigid spacecraft with external disturbances and
an uncertain inertia matrix by Luo W,21 which was not only in-
verse optimal but also formed a closed-loop attitude system.

Extensive studies have been conducted about spacecraft’s
tracking problems with orbit-attitude coupling dynamics. Rel-
ative motion and attitude-orbit coupling formation flying and



adaptive tracking control law were given by Haizhou Pan.?? An
optimal controller for space debris’s tracking using the § — D
method was presented by Xin.?® Wu?* designed a variable
structure tracking controller to optimize thrust vector in forma-
tion spacecraft tracking control. Wang and Wu etc.?> adopted
dual quaternions to describe the relative motion with six de-
grees of freedom, model neutral PD control and adaptive vari-
able structure controller with input saturation were considered
to achieve attitude-orbit coupling control in the final stage of the
rendezvous and docking. A guidance and a control law was de-
veloped to maneuver the boresight axis of a spacecraft relative
to a reference vector by Pong C M which was practicable for
pointing, attitude tracking, and searching.?® Optimal control
techniques was proposed for proximity operations and dock-
ing by Lee D R,?” he developed two candidate controllers for
translational motion and a linear quadratic Gaussian controller
for precision attitude maneuvering.

When tracking spacecraft approach space debris close e-
nough for manipulator’s mission according to desired trajec-
tory, the manipulator would recover or clean up space debris.
Space debris’s tracking is precondition of the manipulator cap-
ture method, this paper focuses on the space debris’s tracking
whose desired trajectory is determined by the space debris’s
orbital and attitude status. In the process of close-proximity
tracking (Ten meters level), the objective is to keep the tracking
spacecraft approach space debris along a surface normal direc-
tion and points to the specific face of the space debris, tracking
spacecraft’s desired relative position changes with the attitude
of space debris.

These methods achieved satisfactory results in convergence
rate, control precision, energy optimization etc. of relative mo-
tion control with six degrees of freedom. However, rotating
space debris’s tracking was not considered in these references.
The tracking problem of rotating space debris is investigated in
this paper. Calculation of the desired trajectory, tracking con-
trol algorithm, the stability analysis problem and other issues
need to be resolved specifically. Keep the tracking spacecraft’s
barycenter track the specific face of the space debris is focus
in this paper as the preliminary study of rotating space debris’s
tracking, the objective of tracking is to keep the tracking space-
craft stay at a certain distance above the surface normal direc-
tion of the space debris. The desired position of the tracking
spacecraft’s barycenter is determined by the relative orbital mo-
tion of the spacecraft relative to space debris and space debris’s
attitude status. Relative motion equation and the quaternions
are utilized to describe the center of mass motion and the at-
titude motion respectively. A Lyapunov based nonlinear con-
troller is developed to fulfill the tracking mission and stability
analysis is given in this paper.

2. Equations of Motion

Assuming that the states of the translation motion and the
attitude motion of a space debris are known, this paper investi-
gates the close-proximity tracking of the space debris. A space-
craft is deployed to approach the space debris with an observing
instrument (such as a camera) pointing towards a characteris-
tic face of the space debris. The scenario is shown in Fig. 1.
Because the space debris does not have maneuverability, in de-

scribing the relative motion the space debris is taken as the chief
and the spacecraft is taken as deputy. The Hill frame is centered

at the chief.
z \ x/ Hill frame
Y <—_gl chief (debris)

ECI frame

Fig. 1. Scenario of the two-object orbiting system.

The relative position of the deputy with respect to (w.r.t.) the
chief is defined as

p=ro—r.= Hxy 2" (D

where R; and R, are the position vectors of the deputy and
the chief respectively w.r.t. the center of the Earth, [x, y,z]”
represents the coordinates of the deputy in the Hill frame. The
dynamics of the spacecraft and the space debris are

Fg= — %rd +u (2)
rh

i:c = - %rc (3)
T,

c

where r. = ||R.||, r4 = ||R4ll, u is the control force acting on the
spacecraft. The dynamics of the relative motion is given by?®

x—zf(y—yﬁ)—xfz L L nru G
re rg rd

. 7. .
y+2f(x—x—‘)—yf2=—ﬁ3y+u,, (4b)
Te r
t=-Lo4u, (4c)
T
where f is the true anomaly angle of the chief, u = 3.986 X
10"%m?3/s? is the Earth’s gravitational coefficient, [uy, uy, u]" is
the acceleration of the deputy projected in the Hill frame.

3. Baseline Position Tracking Control

This section tries to develop a controller such that the posi-
tion of the spacecraft tracks the characteristic face of the space
debris. To be more specifically, the expected location of the s-
pacecraft is at a certain distance above the characteristic face
of the space debris. Without loss of generality, it is assumed
that the normal direction of the characteristic face of the space
debris is the z axis of the space debris’s body fixed frame. The
objective is formulated as

bdp, depe

p€ = B[O’ O’ le‘]T7 dt = 07 dt2 = 0 (5)

where [, is the expected distance between the spacecraft and
the space debris. Note that as shown in Eq. (5), p. is expressed
B

in {B} frame, the derivative ¢ is taken with respect to {B)




frame. In developing the control algorithm, it is usually expect-
ed to use the desired states in the inertial frame or in the Hill
frame. This paper chooses to develop the control algorithm in
the inertial frame.

By the transport theorem, we have

Nd Bq
. p p
=—=—+ X
P dr dr @BIN 2P
Ndzp Bd2 Bd
O = =—+2 X —
dr? dr? @BIN dr
+ gy X p + wp/y X (Wp)N X P) (6)

where wp/y is the angular velocity of the {8} frame w.r.t. the
inertial frame. Substituting Eq. (5) into Eq. (6), yields

Pe = WB/N X P, (7a)

Pe = /N X P + WpN X (Wp/N X Pe) (7b)

Note that the expressions of the equations in Eq. (7) become
very concise if the vectors are projected into the {8} frame.

Expected position in coordinate system {/} can be expressed
as

H N
Pe = QHN © Pe (8)
where Qpy is the coordinate-transformation matrix from the in-
ertial frame to the {H} frame, and it can be expressed as

. T
rxr

X1, .
7l

QHN = [i’j’ k]T = (9)

r
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Then expected velocity in coordinate system {7/} can be ex-
pressed as

Hpe = Qun - AT - Cwpy X8 po) " wpy x" p.  (10)

where A is the direction cosine matrix from the {8} frame to the
inertial frame. Take the derivative of Eq. (10), yields

Hpe = Qun - AT [Bd)B/N X2 p, +8 wpiy x Cwpy xB Pe)]
= 2wy x* po =" @y X7 pe
M wpn x oy x" pe) (11)

Thus the expected position, velocity and acceleration of the
spacecraft are

Fge ="TFc+ pPe (12a)
Fge=TFc+ Pe (12b)
Fyge=Fc+ Pe (12¢)

Next the controller that drives the spacecraft follow the ex-
pected motion is to be developed. Define the tracking error in
the {H} frame as

Ap=p—pe (13)
Define a Lyapunov function as

1 1
Vi(ap,Ap) = SApT[K\Ap + SAPTAD  (14)

where [K;] € R¥3 is a positive definite matrix. Taking a first
order time derivative of Eq. (14), yields

Vi = Ap" (Ap + [K11Ap) (15)

where p = [¥,,Z] can be solved by Eq. (4), abbreviate it as

p=fp.p)+Us.
Substituting Eqgs. (4) into Eq. (15), yields

Vi = ApT (f(p, p) = Pe + Un + [K11Ap) (16)
Letting V; to be negative semi definite:
Vi = -ApT K 1Ap a7

where [K,] € R¥3 is positive definite. Substituting Eq. (11)
and Eq. (17) into Eq. (16), yields the baseline translational con-
troller
Un =- f(p.p) — [Ki]Ap - [K2]Ap
+ Quy - A" [B(DB/N X p, +2 wpin x Cwpy xB ,De)]
= 2wy X" pe =" @y X7 p.
~ oy x (o <" pe) (18)
Note that the control algorithm in Eq. (18) makes V, satisfy
Eq. (16). The expression in Eq. (16) is negative semi definite
even though [K>] is positive definite. This is because of that the
definition of V| in Eq. (14) is a function of Ap and Ap, while V;
is a function of only Ap. So far it is assured that the controller
in Eq. (18) drives Ap to zero and the system is stable. Whether
or not Ap converges to zero needs more investigation.
Taking a first order time derivative of Eq. (17) and evaluate
at Ap = 0, yields

V1|Ap:0 =0 (19)

Taking a second order time derivative of Eq. (17) and evalu-
ate at Ap = 0, yields

Vil = ~00 KT [Ka][KilAp <0 (20)
p=0

Because the first nonzero derivative of V; is the third order
derivative, and V, is a negative definite function of Ar, it can
be assured that Ar converges to zero as well. So the controller
in Eq. (18) is asymptotically stable.

The control algorithm in Eq. (18) is a baseline position track-
ing control that drives the spacecraft to the expected trajectory.
The phrase “baseline” means that Eq. (18) is not the final po-
sition tracking control. When the algorithm in Eq. (18) coop-
erates with the attitude controller that will be developed in the
next section, a certain singularity issue arises. So the control
algorithm in Eq. (18) needs to be modified. This issue will be
discussed later on.

4. Attitude Pointing Control

The objective of the attitude control is to make a certain in-
strument, such as a Lidar or a camera, on the spacecraft to point
towards the space debris, such that the spacecraft is able to mea-
sure the relative motion between the spacecraft and the space
debris. Without loss of generality, this paper assumes that the
z axis of the spacecraft’s body frame should point to the space
debris. The scenario is shown in Fig. 2.

The quaternions ¢ = go+iq; + jg2 + kg3 = qo+ q, are utilized
to describe the attitude of the spacecraft and the space debris.
The attitude kinematic and dynamic equations are as follows

1
§=5B@w @1



Fig. 2. Scenario of the orbital and attitude tracking.

Jo=-wxJo+T, (22)

where w is the angular velocity of the spacecraft, J is the inertia
matrix, T, is the control torque, The operator B (g) is given by

B(g) = (23)

-q,
qoE> + g

where E**3 is the identity matrix, q;’ is the cross-product oper-
ator:

0 -g3 ¢
o =la 0 -q (24)
- q 0

4.1. Expected Attitude Motion

As mentioned previously, the expected attitude of the space-
craft is that the z axis of the spacecraft’s body fixed frame points
to the space debris. The expected pointing direction can be cal-
culated through the relative position vector as:

. _ P
i =-L 25
" el 3

When the attitude of the spacecraft reaches the expected point-
ing direction, f, projected into (B} frame is

51, =10,0,11" (26)

The pointing requirement does not uniquely define the expected
attitude of the spacecraft because the angle rotating along the z
axis of the spacecraft is not defined.

This paper proposes to utilize the principle rotation to define
the expected attitude of the spacecraft. The angular velocity
of the spacecraft should be perpendicular to both the z axis of
the spacecraft and the expected pointing direction i,. In this
way the expected rotation of the spacecraft is minimized. The
expected angular velocity should satisfy

W, 1,=0 (27)
W, X1, =1, (28)
Taking a cross product of Eq. (28) from left by i,. yields

i, X1, =1, X (W, X )

:wr(ip : ip) + ip(ip : we} = W, (29J
Thus the expression of w, is obtained:

w, =1, %1, (30)

Note that i is defined by Eq. (25). Taking a first order time
derivative of Eq. (25), yields

3 p PP
R A - 4 31
=0t e? ©1)

The expected angular velocity can be expressed as
Wy =&y X & (32)

unfold pointing direction unit vector in coordinate system {N}
and take the derivative of it,yields

. d d Nag [d 1 Nd
Né,:-(—)=—+[—— Nd = (Eszs Ve, Nel)—
de |dIl” ~ 1ldll” | dt || (Esa )ndn
33)

where d is velocity of tracking spacecraft relative to space de-
bris.
Take the derivative of Eq. (33),yields

Nd vy on oy Ve
= Nd N dT r ]
lld]| ( ) lldII*

Na N T N N AT NJ
—(Vé, NeT 4N e, N ET) = (34)
( )Ildll

Nz _ N s N AT
er—(E3><3_ € e)

r

Take the derivative of Eq. (32),yields
Wy =& Xé, (35)

The expected angular velocity and the desired angular accel-
eration can be calculated by above equations. Then expected
quaternion can be computed through integrating the follow e-
quation

1
qq = EB (qd) Wy (36)

4.2. Nonlinear Control

Attitude control of a rigid body has important application-
s to spacecraft. Various control laws have been developed for
pointing and slewing. To enhance the control ability of a space-
craft system, globally stabilizing control laws are designed for
attitude control.

Define error quaternions as g, it can be determined by follow
equation

q1  qo 43 —q2||—4qa (37)
g2 —43 4o qi || —da2
93 92 —q1 4o

qo —q1 —q2 —q3|| qdo
4e=q; ®q=

—4d3
where g. = [Ge0; ge]s With guy = [ge13e2s ges]. When g, =
[1;0;0;0], it it means g4 = ¢, so the attitude target has been
achieved.

The angular velocity tracking errors are defined as follows

W, = W — Wy (38)
a attitude control law can be designed as
T.=wx Jo+ Jo, - Do, — Kq., (39)

where D and K are diagonal matrix with positive diagonal ele-
ments.



Define Lyapunov function as

Va = l (K_lwe)T Jwe + [‘Izulku + (QeO - 1)2]

2
T 1 T -1
+ e(we Gev — zwe K; Dlwe)
_ | K! 2(1
_5( we)-,we+ ( —C]eo)
1
+e|lw! go, - EweTKl‘lDlwe] (40)
where ¢ is positive scalar constant,
K, =J'K (41a)
D =J'D (41b)
K;'D,=K'D (41¢)

Taking the derivative of V,, yields
Va = (K_lwz) (_Dwe - quu) + wzqeu
1
+ 8[quu (_Dlwe - Kl qeu) + sz (qeOwe - w:qeu)
- (DlKl_le) (_D]we - Klqeu)]

T -1 T T
=-w, K Do, - w, q., + w, g,

+ 8( - qZUDla)e - quUKl ey + %wgwe

T N2 -1 T
+w, D1K; we+weD1qev)

=—ow!'K'Dw, + 3( —q" K\qe, + 40 )7

g We e

+ wZD%Kl_lwe)
= - w K Do, - £q},K g
+& [weT (QeoE3x3 + D%Kfl)we]
=-w [K_ID - 8(6Ie0E3x3 + J_IDK“D)] W,
— oq,,K1q0 42)

When ¢ is small enough, V is positive definite function with
infinitesimal upper bound, V is global negative definite func-
tion, so the control law is asymptotically stabilizing. This con-
trol law is applicable for attitude control with large initial error,
so it is useful for both small-range attitude stability and wide-
range attitude maneuver.

5. Numerical Simulations

The scope and effect of the previous control law will be an-
alyzed through numerical simulations of several typical states
of space debris’s motion. The initial orbit parameters of track-
ing spacecraft and space debris are described by six Keplerian
elements. The initial position error is 14.2m and the initial ve-
locity error is 8.87896m/s. Those initial parameters apply to all
conditions of space debris. The following table gives initial six
Keplerian elements of tracking spacecraft and space debris.

Gravitational parameter u = 398601km®/s>, mean molar
quantity radius of the earth is 6378.137km, mass of tracking
spacecraft my; = 50kg. The expected distance [, = 5m. Nu-
merical simulations of several typical states of space debris’s

Table 1. initial Orbit elements of tracking spacecraft and space debris

atkm) i) Q) e  w(®) 6C°)

debris
spacecraft

7978.14 55 0 0 113.6 306.4
7978.14 55 0 0 144979 275.02

motion will be analyzed, positive definite 3 X 3 position feed-
back gain matrix [K;] = 0.02E343, [K>] = 0.02E343. Track-
ing spacecraft’s moment of inertia are [3, 3, 5]km/m? relative to
tracking spacecraft body coordinate system By, initial Euler an-
gle are [60°, 60°, 60°], initial angle velocity are [0, 0, 0] in body
coordinate system By of the tracking spacecraft. As for attitude
control, feedback gain matrix [K] = E3x3, [D] = 3E343.

5.1. Tracking control of space debris in precession

The objective of tracking spacecraft is keep the tracking s-
pacecraft’s barycenter stay 5m above the Z axis in body coordi-
nate system B of the space debris, space debris is uncontrolled
in this paper. Initial parameters of spinning space debris are
shown in Tab. 2 (moment of inertia’s unit is in kg - m?, Euler
angles’ unit are in degree, angular velocity’s unit is in rad/s)

Table 2. attitude parameter of space debris in precession
I, 1, I, o 0 ¥ we w, w;
500 500 1000 O O O 0 O.dr 04nr

Tracking simulation of tracking spacecraft relative to space
debris in precession are shown in Fig. 3-10.

Fig. 3. Position and velocity errors.

Lin{total) [N
distance AR [m)]

- 0 200 o

Fig. 5. Control force and distance error.

Lyapunoy [m?is?]
15t time derivative of Lyapunoy [m?/s

Fig. 6. Lyapunov function and its derivative.
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Fig. 10. Control torque and pointing error.

Fig. 3 shows the time histories of position and velocity errors
in coordinate system {'}, and Fig. 9 shows the time histories of
quaternion errors and angle velocity errors. It is seen that under
the control force and torques as shown in Fig. 5 and Fig. 10,
both the position and velocity tracking errors and the attitude
errors converge rapidly and satisfy the accuracy requirements
despite the situation of the space debris in precession.

5.2. Tracking control of tumbling space debris

Initial parameters of rolling space debris are shown in
Tab. 3(moment of inertia’s unit is in kg - m>, Euler angles’ u-
nit are in degree, angular velocity’s unit is in rad/s)

Table 3. attitude parameter of rolling space debris
I, I, I o 0 ¥ we wy w;
500 700 1000 O O O 0 027 0.0ln

Simulation of tracking spacecraft relative to rolling space de-
bris are shown in Fig. 11-18.

Fig. 11 shows the time histories of position and velocity er-
rors in coordinate system {/N}, and Fig. 17 shows the time his-
tories of quaternion errors and angle velocity errors. It is seen
that under the control force and torques as shown in Fig. 13
and Fig. 18, both the position and velocity tracking errors and
the attitude errors converge rapidly and satisfy the accuracy re-
quirements despite the situation of the rolling space debris.

Fig. 11. Position and velocity errors.

Fig. 12.  Control force and component.

distance AR [m]

Fig. 13.  Control force and distance between tracking spacecraft and space
debris.

L]

8

Lyapuniow [me/s?]

800 0 200 400 600 B0 1000
tls] sl

Fig. 14. Lyapunov function and its derivative.
6. Conclusion

In this paper, a close-proximity tracking of a space debris
problem is investigated. A highly coupled control is develope-
d to fulfill the tracking problem. The expected location and
attitude of the tracking spacecraft is resolved and a nonlinear
control law based on Lyapunov function is developed. with the
awareness of the singularity rejection, a potential function con-
trol method to avoid the singularity is designed. A numerical
simulation of two situations was presented to illustrate the effi-
cacy of this control design.
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