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Abstract: On-orbit operations are facing a growing need for autonomous robotic systems
to achieve risky and repetitive tasks. Debris removal, on-orbit servicing and in-space deploy-
ment/assembly are examples of applications considering the use of robot manipulators. The
presence of large and light appendages in future spacecrafts, such as solar arrays, antennas
and sun shields yields to flexible disturbances inside the structure making the control of
the manipulator challenging. This paper addresses design and control problems related to
autonomous space manipulator system when using kinetic moment exchange devices in presence
of systems disturbances and model uncertainties. A common control of the manipulator and
the base spacecraft is introduced for a free-floating space manipulator. An Extended State
Observer (ESO) is developed to obtain the Nonlinear Dynamic Inversion (NDI) and improve
manipulator control performances. A simultaneous synthesis of a control law gain and observer
gain is proposed with a Linear Matrix Inequalities (LMI) resolution to tackle system variations
and uncertainties. Illustration of the proposed method’s efficiency and feasibility is obtained

with simulations run on an actual space telescope assembly.
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1. INTRODUCTION

The near-future of space missions is writing itself with
space robots which are expected to play a first role in
the mission’s success. Risky and highly repetitive tasks
are fostering less the use of various robotic systems to
the detriment of manned missions (see Flores-Abad et al.
(2014)). Yet, for in-space capture, deployment and on-
orbit servicing operations, robotic systems will require to
become autonomous to be a viable solution (see Li et al.
(2019Db)).

In the wild range of On-Orbit Servicing (OOS) applica-
tions, on-orbit deployment has developed an increasing
interest for the use of space manipulators and likewise
allows to illustrate the problematics common to mainte-
nance operations and capture of failing satellites. One can
depict the future of spacecrafts as large structures with
light appendages too large to be self-deployed or requiring
in-space assembly with cooperative modular components
as presented in Lu et al. (2020). Also the future of space
telescopes allows to illustrate the necessity of new tech-
nologies for space manipulators as illustrated in Song et al.
(2019) and specially the importance of autonomous control
as explained in Rognant et al. (2019a).

One challenging and remaining task for space manipula-
tors to become autonomous is achieving attitude control
during manipulator motions as manipulator motions affect

both linear and angular spacecraft dynamics. Studies have
been made for capture applications as potentially tumbling
targets require adapted manipulator approaches. Efficient
use of thrusters to compensate manipulator motions have
been studied through workspace adjustment strategies as
proposed in Giordano et al. (2018), or simultaneous control
of the global center of mass and spacecraft attitude in
Giordano et al. (2019). Likewise, when only the manip-
ulator is controlled, reaction null-space control has been
developed in Pisculli et al. (2015) to reduce interactions
between the manipulator and the spacecraft base. One can
also note the cases when no base actuators are considered.
More generally, trajectory planning are considered to re-
duce the impact of the manipulator motions and/or exter-
nal disturbances on the base at least for singularity-free
trajectories. A Nonlinear Model Predictive Control has
been employed in Rybus et al. (2017) to ensure manipula-
tor realization of an optimized trajectory that minimizes
manipulator disturbances on the satellite, likewise during
capture approach phase a Cartesian trajectory planning
has been studied in Lu and Yang (2020) to minimize
attitude disturbances, a common trajectory planning for
collision-free path and singularity-free path for fuel con-
sumption optimizations is proposed in Seddaoui and Saaj
(2019) while the internal and external perturbations are
tackled with Ho, control and feedforward compensations.

Moreover, future spacecrafts will be expecting longer lifes-
pan with the use of electrical kinetic moment exchange
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devices instead of thrusters to control the base attitude,
such space manipulators are defined in Wilde et al. (2018)
as rotation free-floating. During OOS missions, relatively
high mass and inertia are considered which is why the use
of kinetic moment exchange devices has raised an interest
to deal with the momentum in the system created by the
manipulator on the base as proposed in Li et al. (2013).
Kinetic indices have allowed to highlight the advantages to
simultaneously control the manipulator and the base actu-
ators to increase manipulator’s manipulability as detailed
in Rognant et al. (2019b). Likewise combining reaction
wheels and control moment gyroscopes has been studied
in Wu et al. (2018) to maintain the satellite platform fixed
during manipulator motions.

The manipulator motions create vibrations of the flexible
appendages due to the coupled flexible dynamics of the
base and the rigid dynamics of the manipulator. Control
based on factors evaluating the coupling between rigid
and flexible dynamics have been developed in Meng et al.
(2018) to suppress the vibrations due to manipulator mo-
tions. Coupling factors can as well be used to optimize the
manipulator trajectories that minimize base disturbances
as suggested in Li et al. (2019a). In order to improve
manipulator control performances, a disturbance observer
has been developed in Wu et al. (2018) with a vibration
active control to reduce the manipulator perturbations.
With rigid spacecraft hypothesis, unknown disturbances
observer and robust control have been proposed in Qiao
et al. (2019). In Kralem et al. (2021), by deriving the rigid-
flexible dynamics of a rotation free-floating space manipu-
lator, a disturbance observer allows to include disturbances
in the system linearization to adapt perturbation rejection
and improve manipulator control performances.

As an extension of our previous work Kraiem et al. (2021),
this paper aims at developing the common control of
the spacecraft base and manipulator under structural dis-
turbances and system uncertainties thanks to an ESO.
Novelties in this paper are: the development of the ESO
generalized to a larger set of OOS applications, the simul-
taneous synthesis of observer and controller gains that in-
cludes measurement errors and uncertainties on the system
parameters, and the consideration of the system inertia
variations through the space manipulator motions

The paper is organised as follows, firstly the dynamics of a
rotation free-floating spacecraft with a rigid manipulator
and flexible appendages are detailed, secondly a common
control of the manipulator and the spacecraft base attitude
is developed and thirdly the proposed method efficiency is
illustrated on an on-orbit telescope deployment.

2. SYSTEM OPEN-LOOP DYNAMICS REDUCTION
2.1 Problem statement

In this study we consider a rotation free-floating spacecraft
equipped with a serial-link manipulator with n, degrees of
freedom and whose base attitude is controlled by n, reac-
tion wheels. The manipulator joints are either prismatic or
revolute joints. Solar arrays and sun shields connected to
the satellite base present flexible dynamics. Moreover, the
linear dynamics of the spacecraft and the flexible dynamics
are not measurable, only actuators velocities and poses as

well as base attitude dynamics are available. In this study,
neither environmental nor external forces are considered
here and no initial momentum hypotheses are made.

Fig. 1. llustration of the studied spacecraft (Rognant et al.
(2019a))

2.2 Dynamics of a rigid space manipulator with flexible
appendages

The dynamics of a rigid multi-body system with no exter-
nal forces applied to it, can be expressed as in Rognant

et al. (2019b):
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H is a nonlinear matrix dependent on the manipulator and
spacecraft configuration, and is the symmetric, positive-
definite generalized inertia matrix including both the in-
ertia coupling matrices between the base and the manipu-
lator, Hg,,, and between the base and the kinetic moment
exchange devices, Hy,.. C is a nonlinear convective matrix
dependent on the manipulator and spacecraft velocity and
configuration.

Using the hybrid-Cantilvered model with the assumption
of no external forces and torques applied to the system,
the dynamics of a rigid-flexible multi-body are given by
(see Kralem et al. (2021)):
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where 7 is the modal coordinate vector of the n,, flexible
modes. The base angular and linear contribution of each
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matrix on the base are decomposed using respectively
subscripts , and f,.

2.8 Simulation tools

Numerical simulations are obtained with a Matlab-Simulink
simulator based on the integration of the Satellite Dy-
namic Toolbox (see Alazard et al. (2008)) into the tool-
box SPART (see Virgili-Llop et al. (no date)). The simu-
lator allows to compute a rigid-flexible multi-body sys-
tem: kinematics, differential kinematics, dynamics and
forward/inverse dynamics. An XML description of the
system, in which each parts are detailed, is required for
numerical or symbolic analysis and simulations. Time-
domain simulations are obtained with Simulink.

3. CONTROL STRATEGY

i S .

Path planning —————

Spacecraft: —
rigid manipulator and —
flexible appendages

Controller

q
q

Fig. 2. Block diagram of the proposed control

A common manipulator and reaction wheels control is
developed, as path planner methods provide manipulator
trajectories and velocities as well as the velocities of reac-
tion wheels. This is why a common manipulator and reac-
tion wheels control is developed. Control performances are
improved with the integration of internal disturbances in
the feedback linearization that decouples actuators. A si-
multaneous observer and control gain synthesis is proposed
while considering system variations and uncertainties as
well as measurement errors.

3.1 Observer dynamics

In order to proceed to the feedback linearization, an
estimation of the vibrations (i.e. 7,17) and the linear
dynamics (i.e. po) is required. The observer is designed
using available measurements of the manipulator actuators
accelerations (i.e. Q) and reaction wheels accelerations

(i.e. qr).

From (2), one can write the linear and angular dynamics
of the spacecraft as well as the flexible dynamics such that
(see appendix for details):

. 7
n .
lpO] = -M* (q)q - D*(qa qv wo, pO) Bg - K*(Q)n
wo :

q

3)

In order to estimate the drift of the spacecraft and the
appendages flexible vibrations, one can introduce the state

T T T }

vector x = [77 7’ pd wl ¢’ , the command vector
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u = ¢7 and the output vector y = [ r qT] and with
(3) one can write:
0 I 0]
X = 7K*(q) 7D*(q7qaw07p0) X
0 0
(4a)

(4b)

0
—M*(q)] u=A.(q,q,wo, Po)x + Bc(q)u
I
0

]x:Cex

The state x is estimated as x. through a linear observer
of gain L, with an LMI resolution as detailed in 3.4. The
observer dynamic is given by:

Xe = Ae(Qv q, wo, pO)Xe + Be(q)u + L(y - Cexe) (5)

and the observer error is denoted by €. = (x — x,)
3.2 Control law structure

In the considered on-orbit servicing applications, it is
assumed that the spacecraft linear dynamics, pg, and
the flexible dynamics, 77, are not measurable. In order to
obtain the open-loop dynamics of the manipulator and
reaction wheels, a re-writing effort of (2) is required to
express the open-loop in function of measurable and esti-
mated quantities. From (2), the manipulator and reaction
wheels dynamics are given by:

H,q+ [0 Hf, H] | +C,q

wo

pO] =Tyq
wo
As Py, 17 are not measurable and wq is not always prop-
erly measurable in on-orbit servicing applications, a re-
ertmg effort is made by decomposing D*(q, q, wo, Do) as
D~ (qv q,wo, PO) = [Dan(qv q,wo, PO) D; (qa q, wo, pO)}
and injecting (3) in (6) to obtain the open—loop dynamics,
detailed in appendix, as:
MZ(Q)Q+ DZ(Q; qv w07p0)q (7)
+ [Ko(q) D%Lw(qa éb wo, pO)} Cex =Tq

(6)
+ [0 ci, cl,]

where [nT ' pl Wo] =C.x

Decoupling actuators from each others allows to reduce
the impact of the undesired vibrations and the drift of the
spacecraft on the actuator control performances as well
as improving the flexibility of their use to attenuate the
intern disturbances as detailed in Kraiem et al. (2021).
In order to decouple actuators, a Nonlinear Dynamic
Inversion is proposed. In order to obtain the NDI, one
can introduce the on-line measurement and estimation
of the quantities q, wo and pg with the notations q,

@ and po, and the inverse kinematics as H = H(q)
and C = C(q, q, w0, Po, ). From (7), nonlinear feedback
linearization is now easily obtained (for a given dynamics
v) by posing the commanded torque:

Tq. —Mov—i—Doq—l— [KO o Lw

Jex. ®
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In order to consider errors from measurements when de-
termining the inverse dynamics/kinematics, one can pose
for any matrices X, X = X + AX. However, for on-orbit
servicing applications, one can consider that actuators are
precise enough to assume that q = q and only consider
measurement errors due to the spacecraft linear and an-
gular dynamics measurements. One can then re-write (8)
as:

Ty = Mgv+Dga+ [K° D

nLw

| €ox. 9)
3.8 System performances

In order to obtain controller and observer gain, we develop
in this section the observer and controller dynamics.

Introducing the desired dynamics v = qq + K [zc}, with
(&

K the controller gain and €. = q4 — q, by injecting (9) in
(7), the closed-loop is obtained as:
MG+ Djq+ [K° Dy, ] Cex = M{v

+D5a+ [K° Dy, | Coxe

(10)

From (10), one can express the control error dynamics as:

=-K |: :| +M<> ADQC]‘FI\/I(> o [KO ZLUJ Ceee

- M371 [0 ADan} cexe
(11)

To simplify (11), one can assume ¢, = ¢ an re-write (11)

c=-K ||+ M [K° D7) Cee.
< K D] Coee
—Mg*l[ AD¢,, —AD?] x

Likewise, the observer error dynamics is given by:

€ = X — %o = Ayx + B — (Aexe +B.v+ LCeee>

= (A, —LC.)e. — AA.x. — B.é. — B.K H
(13)

The observer dynamics is function of the controller dynam-
ics, by injecting (12) in (13), one can express the observer
error dynamics in function of the observer gain L:

é. = (Ac—BM; ' [K° D] C - LC,) e

1

—1

) (14)
~ (A, -B.M; [0 AD;,, ~AD]) x
One can note the dependency between both dynamics,
which motivates a simultaneous synthesis to compute both
controller and observer gains.

3.4 Simultaneous synthesis

Let’s pose z = |.°|, w = x. and with (1

C
can consider the system, detailed in appendix C:

z=(A,+B.K)z+B.e. + B, . w
éc=(A.—LC.)e. + B, w
e.=C.,z

2) and (14) one

T 17T
ee] , a compact

Using the augmented state X = [z
version is obtained:

-  |A,+B.,K B.. B..
X=1"0 A.- LCJ X+ {Bwj Y (16a)
= AX + Bw

€. =[C. 0]X = CX (16b)

We assume that the estimation error verifies € Eeg < 1 for
a given positive definite matrix E, where €y is the initial
condition of the observer error. Likewise, w is bounded in
the considered servicing scenario. The control and observer
gains are obtained with the LMI resolution given in the
following proposition.

Proposition:  If there exist symmetric positive definite
matrices Q,, P. and matrices W,, W, of appropriate
dimensions such that for a given scalar v > 0 the following
LMI constraint holds:

[0
PcBu, 0 <0

« T 0 (17)
* * —~1
_ (AZQZ + BZWZ)S Bez
where ) = [ . (P.A, — W.C,)

Then system (15) is quadratically stabilized with K =
W.Q; ! and L = PZ'W.. Moreover, the outputs €, verify:

VT >0, /T e.(t) e (t)dt < ~* /T w(t)Tw(t)dt (18)
0 0

Proof: ~ This is a straightforward adaptation of the
LMI formulation of the bounded real lemma Boyd et al.
(1994) using the following bloc diagonal Lyapunov func-
: r Q!
tion V(X) = X { G P
variables to eliminate bilinear terms.

} X and standard change of

The state vector [HOT pe qF nT] and its derivatives are

bounded for a given manipulator motion which thus bound
matrices in (3) and (7). Thanks to the following lemma,
to take into account bounded uncertainties that affect
notably B., and B,,,, relaxation term pI can be tuned
such that:

o [(A-Q. +B.W.) 4 B.

* (PA,—W.C,.)” +pl
Indeed, observing the following lemma, relaxation terms
allow to deal with variations and uncertainties of the
system during the space-robot motions.

Lemma:
B \112+p21} <0= {BT+AT v, | <0
VA|ATA < pI
Proof:



138 Soane Kraiem et al. / [IFAC PapersOnLine 54-20 (2021) 134—140

U, B+A] [¥+pI B
BT+ AT w, | | BT Wy+4pI

<0
—pl A
+ [AT pI] <0

~————
<0

— pI>ATA

4. ILLUSTRATION OF THE PROPOSED METHOD
4.1 Study case

In order to illustrate our proposed method, the on-orbit de-
ployment of the PULSAR telescope presented in Rognant
et al. (2019a) is considered. The deployment is divided in
different motions, in which either the manipulator moves
a mirror tile or a bundle of tiles or is reaching to grab a
tile.

For illustration purposes, one can consider a sequence in
which a 44 kg mirror tile manipulated by the PULSAR’s
8 DOF manipulator of 327 kg and 6 identical reaction
wheels with an angular momentum at nominal speed of
0.75 N.m.s to control base rotations. A total of 22 flexible
modes are divided between the beams of the solar shields
and the solar arrays. The total mass of the spacecraft is
6892 kg. For the considered deployment sequence, one can
evaluate the bounded sets of matrices depending on the
measurement errors of wg. An error of 10% corresponds to
a variation of the norm of matrix C between [—1.9; —1.7].
Moreover, in the controller and observer synthesis, pa-
rameter p is obtained to deal with system variations in
the sequence considered. The variations correspond to the
impact of the observer error dynamics on the control
dynamics. To obtain this parameter, one can evaluate
the variations of B, for the variations of the manipu-
lator under the assumption that the base is maintained
fixed (i.e. wp = 0) and by constraining the manipulator
joints velocities according to the reaction wheels capacity
obtained with the kinetic moment conservation for the
rigid spacecraft (see Wilde et al. (2018)). According to
the lemma in section 3.4.3, the parameter p is obtained as
6.8.

4.2 Simulations results

The YALMIP toolbox (see Lotberg (2004)) with the
MOSEK solver is used to solve the large dimension LMI
of (17) while minimising the parameter A. One can note
that the system linearization allows to choose Q. as a
diagonal matrix in order to simplify the LMI resolution
if necessary and impose different control dynamics for the
reaction wheels and the manipulator joints.

To illustrate the proposed method efficiency, two cases are
considered: 1) system variations and the actual measure-
ment of wy are taken into account and 2) system varia-
tions and additional bias to wgp measurements are taken
into account. In both cases, the same manipulator path
is considered and the reaction wheels velocities reference
are such that the base remain fixed according to their
capacities. As illustrated by Fig. 3 and 6, the use of the
observer allows however the accuracy of the measurement

of wo to reduce the disturbances torques (i.e. [K® D*]x,
) on the manipulator control torques and by consequence
allows to reduce the impact of base disturbances on the
control performances. However, better the measurement of
wy is, better are the disturbance torque rejection. Likewise,
in addition of stabilizing the system, the gains synthesis
with the relaxation term p to maintain equivalent control
performances of the manipulator as illustrated in Fig. 5
and 8. Moreover, for same reasons, the reaction wheels
control performances remain similar in both cases as illus-
trated by Fig 4 and 7.

a) Temporal evolution of w,
2 T T T T
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2 I I I I I I
0 50 100 150 200 250 300 350 400

ime (5)
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T

I
0 50 100 150 200 20 200 350 400
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Fig. 3. Evolution of: a) wg; b) the disturbance torques on
the manipulator control torques with the observer; ¢)
the disturbance torques on the manipulator control
torques without the observer; in case 1)

a) Temporal evolution of reaction wheels velocities

o 50 100 150 200 250 300 350 400
time (s)

b) Reaction wheels torques
005 T T

s (N
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Fig. 4. Evolution of: a) ¢, and ¢,,; b) 7,; in case 1)
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a) Temporal evolution of q, and q,,

(m and rad)

I 20 9,

[ 50 100 150 200 250 300
time (s)

b) tracking error g, -,

iracking error (m and rad)

50 100 150 200 250 300
time (s)

Fig. 5. Evolution of: a) q,, and g,,; b) €., ; in case 1)

a) Temporal evolution of w,
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Fig. 6. Evolution of: a) wo; b) the disturbance torques on
the manipulator control torques with the observer; c)
the disturbance torques on the manipulator control
torques without the observer; in case 2)

) Temporal evolution of reaction wheels velocities
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time ()

b) Reaction wheels torques

o 50 100 150 200 250 300 350 a00
time (s)

Fig. 7. Evolution of: a) q, and q,,; b) 7,; in case 2)

G ot 1 (m)

a) Temporal evolution of q,, and q,,
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time (s)

b) tracking error q, -q,_

error (m and rad)
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Fig. 8. Evolution of: a) q,, and g,,,; b) €., ; in case 2)

5. CONCLUSION

After presenting the interest of a common base and manip-
ulator control of a rotation free-floating space manipulator
in Rognant et al. (2019b), and illustrating the feasibility
and benefits of including the estimations of system distur-
bances in the NDI in Kraiem et al. (2021), an extension of
our work is proposed in this paper. An adaptation of the
observer with hypothesis based on available measurements
in most of OOS applications is developed. The derivation
of the rotation free-floating spacecraft dynamics allows
to include the linear dynamics of the spacecraft and the
appendages vibrations in the NDI and improve control per-
formances. The observer and gain synthesis includes OOS
usual measurement errors and system variations during
the considered deployment sequence and is dependent on a
pre-planned manipulator trajectory. Simulations on an ac-
tual deployment scenario allows to illustrate the efficiency
and feasibility of the method. Future works should focus
on a gain synthesis for the complete deployment scenario
which remain challenging as significant inertia variations
are considered.
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Appendix A. DETAIL OF (3)

To alleviate further notations, one can pose: H;Llw =
H77 Hzn Hz:n
H;, Hr Hg,
Hwn HwL Hw
0
M* — H;gw HLQ]
wq
c, ci, Cl, o
D* ZH;}M CLn Cr Cr, CLq
wn CwL Cw Cwq
K,
* —1
K'=H,;, [ 0
0
Appendix B. DETAIL OF (7)
Mg =H, - [0 H], H] | M"*
T T *
DZ =Cy - [O Hi, qu] D,
T T *
K°® = — [0 Hy, qu] K
ZLw = [0 C,{q ng] - [0 ng HZ:(I] :ILW

Appendix C. DETAIL OF (15)

With (12) and (14), one can detail matrices in (15) as:

A, = g (I)] (C.1a)
B, = —OI] (C.1b)
Bo= | e e ] (C.1¢)
M, [K an] Ce
Bu. = | ot 1 e ] (C.14)
M [0 ADj L, ADq]
A=A, -B.M; [K°D;. ]C, (C.1e)
B, = — (AAe ~B.M? [0 AD,, _Dg]) (C.1f)
C.=[10] (C.1g)



