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Abstract— In this paper, a novel partitioned shared controller
is proposed, which exploits a fully-actuated orbital robot to
perform a primary end-effector task involving environmental
interactions. This task is remotely performed using a bilateral
teleoperation controller, while a secondary task is automatically
controlled in situ for operational safety in a partitioned manner.
In particular, the proposed method is derived as a modified
4-Channel teleoperation architecture. The orbital robot’s mo-
mentum and shape (joints) dynamics are exploited to benefit
the controller design. Asymptotic stability and finite-gain -
stability are proved in the absence and presence of external
interactions, respectively. Furthermore, the proposed method
is validated experimentally on a hardware-in-the-loop facility.

I. INTRODUCTION

A key agent in servicing operations in orbit [1] is the
orbital robot, which is a manipulator-equipped spacecraft.
Control approaches for the orbital robot’s end-effector are
broadly classified as free-floating and free-flying [2]. The
former precludes spacecraft actuation (thrusters) and uses
the reduced orbital robot as an underactuated manipulator
[3], while the latter exploits the fully-actuated orbital robot,
see [2], [4], [5]. Naturally, free-floating approaches offer
fuel-efficiency in free motion, however, only free-flying ap-
proaches enable full motion stabilization, i.e., avoid drifts,
during interactions. Thus, it is desirable for a single controller
to offer functionalities of both approaches to avoid switching
or heuristic blending mechanisms [4].

For the orbital robot, although automatic control [2],
[4], [5] is the crowning glory, its technology-readiness for
unplanned tasks, e.g. extravehicular tactile inspection, might
not be satisfactory [6]. In this case, teleoperated control [6],
[7], emerges as a pragmatic approach because it employs
the advantage of human intuition for corrective actions.
The orbital robot is teleoperated from either an on-orbit
neighbouring spacecraft [8] or an on-ground station [9],
[10]. A notable difference between these two approaches
is that the communication time-delays are negligible in the
former, but not in the latter [8]. A Bilateral Teleoperation
Controller (BTC) [11]-[13] is an archetypal teleoperation
approach, which stabilizes a coordination task error, i.e., the
error between the desired motion generated by the human
operator using a haptic device and the motion of the remote
(orbital) robot. An example of the operational scenario for the
BTC is shown in Fig. [l In this method, the measurements
of positions (P) and interaction forces (F) from the two
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Fig. 1: Teleoperation scenario. A: Teleoperator with haptic device;
B: Remote orbital robot and its environment.

agents are transmitted over communication channels. A BTC-
specific performance measure is the transparency condition,
which requires a dynamically consistent force-matching be-
tween the haptic device and the remote (orbital) robot [11].
Transparency ensures that the interaction forces between the
remote robot and its environment are experienced intuitively
by the human teleoperator [12]. To this end, these remotely
sensed interaction forces are relayed back to the teleoperator
for feedback in a 4-Channel PF-PF architecture [13]. Such
a method was exploited in [7] to grasp a satellite. This
approach, however, does not consider prolonged interac-
tions encountered in an extravehicular tactile inspection task,
which requires the fully-actuated (free-flying) control of the
orbital robot to avoid drifts. Fully-actuated control, however,
introduces redundancy, which was exploited in [6] for in
situ execution of a secondary task, while considering the
BTC task as primary. This approach was extended in [14] to
provide haptic guidance to the teleoperator about the in sifu
task in a passive way. The approach in [6], [14] is classified
as a Partitioned Shared Controller (PSC) [15]. However, [6],
[14] assumed a remote robot controller with ideal velocity
tracking. Furthermore, to accommodate free-floating and free-
flying functionalities in [6], [14], a blending mechanism for
both controllers is required, as shown by [6]. Among free-
flying regulation works [2], [4], [5], both functionalities were
accommodated in [4], i.e., the free-flying controller reduced
to a free-floating approach on the 0-momentum level-set.
However, the controller’s response to interactions was not
analysed. Apart from accommodating functionalities of both,
free-flying and free-floating approaches, a stability guarantee
during interactions is also required for the controller.

The contributions of this paper are: a) A novel passivity-
based free-flying PSC for the orbital robot is proposed, which
performs a primary interaction-oriented BTC coordination
task, e.g. tactile sensing of a telescope, and an in situ

©2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists,

or reuse of any copyrighted component of this work in other works.




secondary task for operational safety, e.g. collision avoidance
with the telescope. In particular, the BTC is a modified 4-
Channel PF-PF architecture because each task occupies a P-
channel. b) Asymptotic stability and finite-gain Lo-stability
are proved in the absence and presence of interactions,
respectively. For static interactions, the PSC is proved to
ensure a mechanical equilibrium of the system, i.e., the haptic
device and the remote orbital robot. Through this analysis,
the transparency measure is derived. ¢) The momentum and
shape (joints) dynamics of the orbital robot are exploited in
an impedance control design, which avoids the ideal velocity
tracking assumption in prior works [6], [14], to obviate accel-
eration measurements of the haptic device and human-related
sensitivity in the spacecraft actuation. d) The proposed free-
flying approach also offers a free-floating functionality on the
0-momentum level-set. e) Furthermore, the proposed PSC is
experimentally validated on a hardware-in-the-loop facility.
The experiment is shown in the accompanying video.

The paper is organized as follows. The preliminary con-
cepts are introduced in Sec.[[ll The proposed tasks and error
dynamics are derived in Sec. Il and the proposed controller
is detailed in Sec. In Sec. [V] the experimental validation
of this method is summarized. Finally, a discussion and the
concluding remarks are provided in Sec. [V1

II. PRELIMINARIES

In this section, the preliminary concepts required for
controller development and analysis are described.

A. Motion on the SE(3) Group

Firstly, the relevant details about the motion on the SE(3)
group are provided. The pose of a rigid body is a matrix
group representation of SE(3) and is written as g = g(R, p),
where R € SO(3) is the rotation matrix and p € R? is the
position. The identity of the SE(3) group is Iy 4, where I} j,
is a square identity matrix of dimension k. The tangent and
cotangent spaces at I, 4 are denoted as se(3) and its dual
se(3)*, respectively. The spaces se(3) and se(3)* are isomor-
phic to the space of velocity twists and wrenches on R® using
()" : RS — s¢(3),5¢(3)* and (e)V : s¢(3),5¢(3)* — RS,
e.g. given a twist, V € RS, V" € s¢(3). The adjoint ac-
tion of a pose g, Ad: se(3) — se(3), transforms elements
of se(3) between spatial and body frames, see [16]. The
adjoint map of se(3) onto itself is, ad:se(3) — se(3),
which is the derivative of the Ad map. This is denoted by
ady and its coadjoint map by, ady, : se(3)* — se(3)*. Us-
ing this, a skew-symmetric operator, ad(,) : 5¢(3) — s¢(3)",
was defined in [17, Def. 4] for the inertia M as,
adIMw = ad},,v, v,w € RS, and is used here for writing
dynamics of the orbital robot. For the details about the
introduced quantities, see [17, §2].

The following notations are used in this paper.
{a,b)c = a' Cb given a,b € R*, C € R*** For A € R"*",
we indicate c(A) (T(A)) as the lowest (highest, respectively)
singular value, tr(A) as its trace, and sk(A) as its skew-
symmetric part. A is positive-definite if A > 0. Of; is a
k x [ matrix of zeros, and for [ = 1, the index is omitted. For

ease of notation, the joint position-dependency of dynamic
matrices will be given in declaration but will be omitted later.

B. Dynamics of the Haptic Device

In this paper, the haptic device, e.g. a fixed-base manip-
ulator in Fig. [lA, is used to generate the desired SE(3)
motion. Its configuration is § € R™, which is mapped to a
pose g(R,p) € SE(3) of the end-effector frame {£} relative
to an inertial frame {Z}. Its SE(3) kinematics equation is
g=gV", where V" € se¢(3) and the manipulator differen-
tial kinematics is V = J(6)d, where J(f) € R®*™ is the
Jacobian of g. The following assumption is used here.

Assumption 1: The haptic device is non-redundant
(m = 6) and operates in a singularity-free workspace, i.e.
J € R6%6 ig invertible. It is also gravity-compensated.

Using Assumption [1| the Cartesian dynamics satisfy,

AV +T(0,0)V = F + F, VT(%A —2I)V =0, (1)
where A, T" € R6*6 F F}, € RS = 5¢(3)* are the matrices of
Cartesian inertia (A > 0) and the Coriolis/centrifugal (CC)
terms, and the wrenches of control (with joint actuation as
Tm = J ' F) and teleoperator interaction, respectively.

C. Dynamics of the Orbital Robot

The remote orbital robot, see Fig.[IIB, is a multibody sys-
tem consisting of a manipulator with n joints/links mounted
on a spacecraft, and its configuration is = = (gs, q), where
gv(Rp, pp) € SE(3) is the pose of spacecraft frame {B}
relative to an inertial frame {Z} and ¢ € R" denotes the ma-
nipulator joint positions. The spacecraft’s SE(3) kinematics
equation is, g, = gpV;*, where V;* € se(3).

1) Floating-base Dynamics: The dynamics of the config-
uration velocity v = [V,"  ¢"] " are commonly used as [4],
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where Ay, Myq, M, are the locked, coupling and manipulator
inertias, respectively, C' is the CC matrix, 7, € R™ are the
joint torques, and JF, F. € R® =2 s¢(3)* are the wrenches
of spacecraft actuation and the end-effector interaction, re-
spectively. For the pose g.(R.,pe) € SE(3) of end-effector
frame {£} relative to {Z}, J, = Ad, v and J. € REx™ g
the spacecraft and manipulator Jacoblans respectively.
Although, the dynamics in @) are commonly adopted
in free-flying control design, see e.g. [2], [5], it does not
explicitly show the momentum conservation property. This
property is pivotal for the free-flying controller to also act as
a free-floating approach on a momentum level-set [4]. To this
end, we exploit the momentum and shape (joints) dynamics.
2) Floating-base Dynamics (Momentum and shape): This
formulation uses (g, £) to describe motion of the orbital robot,
where & = [/LT qT]T € R%*™ is a new system velocity
with locked velocity, u, which is defined below.

(@)



Def. 1: Locked velocity, u, is the velocity of the instanta-
neous equivalent rigid body system, i.e., locked shape (joints)
of the orbital robot, and is the velocity corresponding to its
total body momentum. It is obtained as pu =V, + A;(q)q,
where A; = Agleq is the dynamic coupling factor [3].

Note that a transformation of v leads to &, as £ = T'(q)v,
e A
0n,6 ]In,n
the matrices of inertia and CC terms, the momentum and
shape (joints) dynamics are obtained, as in [18, eq. 18].
The structure of the CC terms from this transformation
was analysed in detail in [19, Th. 1], which revealed exact
velocity dependencies and skew-symmetry that are exploited
in this paper. This novel formulation is written as,

e

where T' = [ } Using the transformation (71") of
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where the block-diagonal inertia consists of A; and reduced
joint-space inertia, A, [3]. D4, D, are the CC matrices,
which depend only on ¢ and i, respectively. While I'; is the
reduced joint-space CC matrix [3], S = $5(q, ) + ady, A
and B produce CC torques, which are quadratic in p and
cross in ¢, p velocities, respectively. In @), P(¢) = %Ab
and S(pu)"p = %(lu, YA, are related to Ap. Additionally,

je = J. — JpA; is the generalized Jacobian [3] for g. and
Ts = Tg — AlT}'b is the reduced joint actuation. The dynam-
ics in (@) provide the following property.
Property 1 (Passivity/Skew-symmetry): Given r € RS,
y € R" and z = [:CT yT]T, the following holds [19]:
dAy . dA .
2 (= P@)e =0, yT (T —20(@)y =0, )
2D,z =0, y' B(u)y =0, xTade#x =0. (5
In terms of the new system velocity, &, the SE(3) kinemat-
ics of the spacecraft and the end-effector are,

g6 = aVy" = go(p — Ai(9)d)", (6)

ge = ge‘/;A = ge(Jb% + Jeq)/\ = ge(JbM + Jeq)/\u @)
where Def. [Tl is used to obtain both, (@) and ().

Therefore, we consider (3) and (6)-(7) to describe the
dynamics and kinematics, respectively, of the orbital robot.
D. Passivity in Mechanical Systems

To prove stability of the proposed method during interac-
tions, the concept of Lo-stability is introduced.

Def. 2: Given, state z € R?, with input u € R® and output
y € R, the dynamical system

i':f(xvu)a y:h(xvu) (8

is said to be passive if there exists a continuously dif-
ferentiable function V > 0 (storage function), such that
V < yTu. Moreover, it is Output-Strict Passive (OSP) if

V< =yl +yTu, 6 >0. If @) satisfies stability, i.e.,
£(0,0) = 04, h(0,0) = 0., and is also OSP, then it is finite-
gain Lo-stable and its Lo-gain < % [20], which implies
bounded input bounded output for the map u — y.

III. PROPOSED TASKS AND ERROR DYNAMICS

In this section, the primary and the secondary tasks are
defined for the proposed method, and the resulting error
dynamics are derived. For the exposition of our key con-
tributions, a practical on-orbit teleoperation scenario, as in
[8], is considered and is stated as the following assumption.

Assumption 2: The human teleoperator is in the proximity
of the remote orbital robot, i.e., the detrimental effect of com-
munication time-delays on closed-loop stability is negligible.

A. The Primary BTC Coordination Task

The BTC coordination task requires the tracking of the
time-varying end-effector pose of the haptic device with
the end-effector pose of the remote orbital robot, i.e.,
ge(t) — g(t). This task is primary because of its positioning
accuracy requirements and is achieved using the proposed
method as a free-flying controller.

The BTC task error, 7. : SE(3) x SE(3) — SE(3), is
defined as 7. = g_lge = (ﬁ€7r€) = (RTReaRT(pe _p))'
The task is formally described by the positive SE(3)
potential, @, (K., Ke,ne) = d(Ke,7e) + %||7’8||2,Ce, where
¢(1fe) = 2tr(Ke(Is3 — 7)) is the SO(3) potential, and
K.(K.) € R®*3 is the rotational (translational) proportional
gain matrix. The positive-definiteness of ®. is ensured by,
firstly, K. > 0, and, secondly, K, = diag(ke1, ke2, ke3) With
ke; > 0, where diag(e) is a diagonal matrix with concate-
nated arguments. The potential is bounded as @, < &, < @,
due to the boundedness of translational and rotational parts,
as shown in [21]. At equilibrium, i.e., 7 = I4 4, ®. = 0. The
time-derivative of ®. is obtained, as in [21, eq. (22)], as,

. _ K., 1
b =00V = A4 V), = (ST
sV

where (. = [sk(K.7)]V, and v, € se(3)* = R® is the pro-
portional wrench corresponding to the error, 7., and the
potential, ®.. Note that this choice of 7., . ensures that the
proportional gains, K., IC, are chosen in the remote orbital
robot’s end-effector frame, {5 }, which provides an intuitive
way to set the desired stiffness towards external interactions.

Using V; from (7)), the velocity error is written as,

8V = Jyp+ Ve, Vo= Ve = Ad, 1V, (10)

where V, = ;q is the inertial Cartesian velocity of the
end-effector due to the shape (joints) velocity, ¢. Using
0V, the asymptotic stability condition for the BTC task is
{7’]6 — H4)4, oV — 06}-

Remark 1: To ensure 6V — 0g, it is sufficient to ensure
both 1, V. — 0g, and this approach is exploited in this paper.
The following assumption is used for the orbital robot.

Assumption 3: The remote orbital robot has a non-
redundant manipulator (n = 6), which operates in a
singularity-free workspace, i.e., J., je € R%%6 are invertible.



B. The Secondary Task for Automatic Control in situ

Under Assumption [3] the orbital robot has 12 Degrees-
of-Freedom (DoF) comprising of the manipulator (6-DoF)
and the spacecraft (6-DoF). Of this, only 6-DoF are con-
strained by the BTC primary task, ®.(7.). Consequently,
satisfying {n. — 144,39V — 0g} alone leaves the remaining
DoF unconstrained. During interactions, the motion in the
unconstrained DoF might be inimical to the orbital robot’s
safety, e.g. variation of g; that tends to a collision with the
task structure. Therefore, it is imperative to add a secondary
task as a 6-DoF configuration constraint, e.g. spacecraft pose
[2]; spacecraft attitude and orbital robot’s mass-center [4].

In this paper, the secondary task is defined for a general-
ized inertial configuration, which is a smooth function of the
orbital robot’s own configuration as X : SE(3) x R™ — G,
where G is a Lie group, e.g. spacecraft pose, X = g. This
task is a constraint, X(z) € S, where S C G is a time-
invariant ’safe” space. The task is defined by a positive poten-
tial ®,(X), which is bounded, &, < &}, < ®,, and P, = 0,
when X(z) € S. The time-derivative of ®; takes the form
b, = vy (T1(q)Vi + T2(q)q), where T, T, are correspond-
ing Jacobians of X (z) relating to the configuration velocities,
v. Here, v, € RS is the proportional action required to ensure
X(x) € S. It is expressed in the basis which is isomorophic
to the dual of the algebra in G, i.e., the frames in which X is
defined. Using ¢ = J 'V, Def. [l and V, from the second
part of (I0), we obtain,

by =3y (Tap + ToJ;'Ve), (11

where Th = (T, — T1A;). For example, to regulate the
spacecraft pose about a setpoint, gyq € SE(3), as in [2],
X(z) = gp and S = gpq. This secondary task error is defined
as 7y : SE(3) x SE(3) — SE(3), 1 = g, g like the BTC
task error. Using (1) with 77 = I and T5 = Og <i>b is,

by = (u— AJ (Ve + A4, V), (12)
Co (Kb, 1)
i KpTo
basis which is isomorphic to the dual se(3)*, at {5}. The

terms in assume their interpretations from ().

where vy, = [ ] is the proportional wrench in the

C. Orbital Robot’s Cartesian Dynamics

The Cartesian dynamics of the orbital robot are the com-
bined dynamics of s, V.. The dynamics of ;i are known from
the top row of (3). The dynamics of V, are determined as fol-
lows, while exploiting Assumption 3l From V., = ;(j + jeq,
¢ is substituted in the bottom row of (@) and pre-multiplied
with J; . Furthermore, replacing ¢ = .J; 'V, in the top row
of (@), we get the Cartesian dynamics, as,

oo, 8o 6]+ P el 8] -
b By(a.V2)
[t S 1] 5] [ 5

where A =J7TAJ Y,
SfT TsT B TBJ 1
followmg property is satlsﬁed in (13).

Property 2 (Passivity/Skew-symmetry): Given, any veloc-
ity z=[27 yT] " such that z,y € RS 22 s¢(3), the follow-
ing holds true:

- dA, dA

v (o = P(Ve))z =0, y' (5 = 20(Ve))y =0, (14)

dt

2D,z =0. (15)

Proof: Skew-symmetry and passivity are invariant to
change in velocity coordinates like V. = Jg. Hence, the
analogous properties from Property [l are preserved. [ ]

D. BTC Error Dynamics

We recall from Remark [l that if p = [u7  V,T] — 012,
then 0V — 0g. To analyse the velocity error (p) dynamics,
firstly, the dynamics for p are considered from the top row
of ([3). Secondly, the dynamics of V, are simply obtained
by differentiating the second part of (I0) as,

V. = V. — Ad, 'V + adsy Ad, 'V, (16)

where the last term is the cross term, which appears due to
the time-derivative of the Ad-operator.

For further development, the actuation on both, the haptic
and the remote agents, are written as a sum of a state-
feedback term, (o), and a feed-forward action, (e). This
means, for the haptic device, F' = F + F, and for the remote
orbital robot, F = F + F, Fo=Fp+ Fp corresponding to
the manipulator (Cartesian) and the spacecraft actuation,
respectlvely Therefore, substituting (I) and the bottom row

of (I3) in (@6), V. is written using A as,
AV, + T(V)V. = S(u) T = Bu)V, + F + F+

N i (17)
Fe— L7 (-TV + F + F + F},) + Aadsy Ad, 'V,

where L(q,0,1.)" " = f\Ad;elAfl is the dynamically con-
sistent wrench scaling.

It is worth noting that in (T7), the actuation terms, F, F
and F', F, can be chosen to stabilize the V, -dynamics, in a
non-unique way. The specific feed-forward choices made in
this paper and their reasoning are summarized below.

1) Haptic Device: To ensure transparency, i.e., wrench
(force) feedback for the teleoperator, a dynamically consis-
tent measure of F. is fed to the haptic device as F=LTF.

2) Remote Orbital Robot (Manipulator): Firstly, the dy-
namically consistent measure of the teleoperator wrench, Fp,,
is provided as a feed-forward to aid tracking performance.
Secondly, instead of cancelling the CC terms in (IZ), we
provide feed-forward of the CC terms so that Property
leads to stability. Thirdly, the cross term in R.H.S. of is
also compensated. Fourthly, the dynamically scaled CC and
actuation torques on the haptic device are also given as a
feed-forward. Using these points, from (17), we obtain,

F =(T(V2) + B(n)Ad, +V — Aadsy Ad; 'V

~ 18
+L TP+ L (=T(V)V + F). (1%



3) Remote Orbital Robot (Spacecraft): A feed-forward of
Fy = S(u)Ad, 'V compensates the CC terms with (1, V)-
dependency in the top row of (13).

Substituting the aforementioned choices for F,]} , Fy in
({I2), we obtain the total error dynamics including the mo-
mentum dynamics (top row of (13)) as,

T
Ap+Dy(Ve)p = Dulp)p + [fb} + [Jb ]fe. (19)
F 06,6

Note that has no dependency on the haptic device’s
end-effector acceleration, which implies a reduced sensory
overhead for the BTC, thanks to the decoupled inertia of
the momentum and shape dynamics in (). Another benefit
of using (@) is that the tracking performance is achieved by
exploiting Fj, measurements as feed-forward only through
the fast-actuated manipulator, F, while avoiding this human-
related feed-forward sensitivity in the spacecraft, Fp. Addi-
tionally, the clear separation of the velocity dependencies in
the CC matrices of (@) provides the exact velocity depen-
dency of the CC feed-forward terms in F , Fo.

IV. PROPOSED PARTITIONED SHARED CONTROLLER

In this section, the control law is determined based on the
following considerations. Firstly, in the absence and pres-
ence of external interactions, the controller has to guarantee
asymptotic stability of the origin and finite-gain Lo-stability,
respectively. For the former, the origin refers to 7. = I4 4
and 0V = 0g for the BTC error, V' = 0g for the haptic device
velocity, and restriction of the orbital robot’s configuration
to X(z) € S. Secondly, on the zero-momentum level-set, i.e
1 = 0g, the PSC should reduce to a free-floating controller
for the coordination task if the spacecraft actuation is turned
off. The following properties from past works are stated here
as assumptions and exploited in the stability analysis.

Assumption 4: The human teleoperator defines a pas-
sive map (wrench to velocity twist), i.e., Jxkp > 0,
By = — [s VT Fyds + rp, > 0, as in [22].

Assumption 5: The secondary task, as for the typical
choices [2], [4], is such that (TyJ, * — ToJ; ') T is full-rank.

Theorem 1: Given a haptic device and a remote orbital
robot, which satisfy Assumptions [I]and 3] and the dynamics
of which are described using (I) and (I3), respectively, the
control law of the proposed PSC below ensures asymptotic
stability of the origin, when there are no environmental
interactions (F. = Og), and Assumptions and [3] hold.

1) Haptic Device Control Law (Local):

F=-D,V —Ad, " J "Ts(q) "7+ AAd, A~ F, 0)

secondary task wrench feedback

which maps to the joint torques as 7, = J(#)"F and
D, > 0 is the damping gain matrix.
2) Orbital Robot’s Spacecraft Control Law (Remote):

Fy=—D(a)" ('78 + DeéV) —Dup— Ti(q) "
———
BTC state-feedback secondary task

+ 5(n)Ad;, 'V .
N————’

(21a)

feed-forward

3) Orbital Robot’s Manipulator Control Law (Remote):

F= ((f(f/e) + B(p)Ad, — LT (T(V) + Dv))V

feed-forward

— (Ye + DSV + DV,)

BTC state-feedback (2 1b)
— AadsvAd, 'V + AAd, 'AT'F,
cross-term wrench feed-forward
— (L~ TAd T+ 16 6)J Ty(q) ",
secondary task
which ~ maps to the joint torques as
s =Je(q)TF+A(q)"F and D,,D,D.=0 are

the damping gain matrices.

Proof: To use Lyapunov’s direct method, the candidate
function is chosen as the sum of a kinetic energy-like
function of the orbital robot, kinetic energy of haptic device,
energy of the human teleoperator and the potentials for the
BTC coordination and secondary tasks, as,

(o pihn, (Ve Ve (V. V)
W=t T
Taking the time-derivative of using (19), (@), Assump-
tion @ &, from (@) and (I0), and &, from (II), we get,

W =p (( Dpu(1)p + [?}ﬂ{iﬂv

{ TTJ +VTI(F+Ad, T T ).

L B4+, (22)

Dy(Ve) +
(23)

Firstly, in @23), Dq and Du satisfy (I4) and (I3) from
Property 2 respectively. It is worth noting that this was
possible due to the choice of the feed-forward terms
for the orbital robot, F , ]:"b. Secondly, we use the state-
feedback terms (o) to stabilize the error dynamics as
follows. Assigning state-feedback to the haptic device as,
F=-D,V —Ad, " J7 "Ts(q) . and together with F' in
(1), we obtain ([E]) For the remote orbital robot, choosing
F= —Ye — DOV — DV, — j;TTQT'yb, and together with
F we obtain, (2IB). For the spacecraft actuation, choosing
Fo=—J (ve + De6V) — Dyypu — T, and together with
Fy, we get (21a). Substituting the feedback in @23), we get,

W =— (u, ) p, — (Ve, Vo) p — (V,6V) p,
- (V,V)p, <0,

which proves the uniform stability of the coordination task
error, (1,0V), haptic device velocity V, and the secondary
task X' (z) € S, when F, = 0. Note that, the error dynamics
in (I9) are rendered time-invariant by the choice of F , F , F.
In the level-set {7, 0V, X,V : W = 0}, p, p =012, ie.,

-
Jp ~Hﬁ~,6 Ve = 019 = (T Jﬁl—Tj_l)T'YbZO

Tl T2J8*1 'yb 12 1 b 2 e 69
which means 7, =0 = X € S and ve =06 = 7e = l4,4

under Assumption 3l Hence, using LaSalle’s invariance prin-
ciple, asymptotic stability of (n.,dV, X, V') follows. ]

(24)



Lemma 1: The control law in Theorem [I] ensures finite-
gain Lo-stability with two OSP mappings, J,| F. +— p for the
orbital robot and, (Fh + LT}'E) — V' for the haptic device.

Proof: Considering the storage function as
W =L, m)a, + 3 Ve, Ve)a + 3(V. V)a + e + Do,
and taking its time-derivative for . # Og using the same
principles from the proof of Theorem [l we get,

W < — a(D)||Vel* — a(De) |6V ||
—a(D)ull? + 1" Iy Fe
OSP condition
—a(D)|VIP+ VT (Fu+ L' F.).
OSP condition

The proof follows from Def. 2] using Theorem [1l and 23),
and it characterizes output (velocities, (1, V') boundedness for
interaction-oriented tasks. [ ]

The BTC in the proposed PSC is a 4-Channel PF-PF
architecture, which is composed of a conventional 3-Channel
PF-F architecture and an additional P-channel for the sec-
ondary task configuration. A block diagram of the proposed
method is shown in Fig. 2] with the control law in Theorem
emphasized within dashed lines. Its local and remote parts
are shown in blue (' ) and yellow ( ) tints, respectively. The
4-Channel PF-PF communication consisting of the pose chan-
nels (P-Ch.1 and P-Ch.2) and the wrench channels (F-Ch.1
and F-Ch.2) are highlighted using the red (—) and green (—)
nodes, respectively. F-Ch.1 and F-Ch.2 are used to relay the
wrench measurements of teleoperator, F}, and interaction,
Fe, respectively. P-Ch.1 is used in the conventional sense
for the BTC setpoint, (g, V). In contrast to a conventional
BTC [13], P-Ch.2 is used for the secondary task, X'(x).

The transparency measure of the BTC in the proposed
method is determined using its effective proportional (stift-
ness) action to a constant interaction wrench as follows.

Lemma 2: The control law in Theorem [I] ensures that the
system (haptic device and orbital robot) in the presence of a
constant interaction, J., has a mechanical equilibrium, i.e.,
, Ve, V- — 0g, which is unique and is defined by,

(25)

Y=+ Jy Ty = Fe, and v = —J; Ty, (26a)

when the human teleoperator applies a wrench,

Fp=—-L"F.+Ad, " J "Ta(q) " (26b)

Proof: Considering a kinetic-like energy of both, the
orbital robot and the haptic device,

1

1 - - 1
K= §<M7N>Ab + §<Ve,V6>A + §<V7 Via, 27

as a storage function, and taking its time-derivative while
applying the control law from Theorem [Il we obtain,
k== (@) p, — (Ve, Ve)p — (6V,6V))p,
T JJ(_”Ye‘i':Fe)leT'Yb _
Ve — J;TTJFYb
+VI(Fn+ LT Fe— Ad, " I T, ).

+ 14 <V7 V> D, (28)
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Fig. 2: Block diagram of the Partitioned Shared Controller (PSC,
--=+). It is implemented as local ( ) and remote ( ) control laws.
In the diagram, — State feedback signals, —> Actuation signals
and — Interaction wrenches.

Using (26a) and (26B), a level-set is defined for the closed-
loop dynamics as, Q = {(g, V, z,£)| 264), 26b)}. Note that
([264) defines a unique equilibrium for 7., vp, given a constant
Fe. Applying the Q-set conditions, (26a) and @26b), in the
sign-indefinite terms of 28), x — 0 because % < 0, which
implies y, V.,V — 0g. Since V — 0g, we get p, V. — 0Og,
which is the system’s mechanical equilibrium. [ ]

Remark 2: In the spirit of [11], 26D) is the static mea-
sure of transparency for the proposed method. Although
the second term on the R.H.S affects the transparency, it
provides haptic guidance to the teleoperator about the in situ
secondary task in a manner similar to [14, eq. (7)].

Remark 3: In (26d) and 26D), if v, = 0, the mechanical
equilibrium is F, = . = 0g, which implies that « is non-
decreasing in €2 for F. # Og. This implies that the secondary
task restoring wrench, ~yp, is crucial to ensuring quasi-static
interactions, while maintaining a mechanical equilibrium.

Remark 4: A key characteristic of the proposed method in
Fig. Dl is that it reduces to a free-floating BTC [7] on the 0-
momentum level-set, © = Og, if the spacecraft actuation and
the secondary task are disabled, i.e., 7, = Og and Fp = Og.

V. EXPERIMENTAL VALIDATION

The proposed PSC was validated on the OOS-SIM [23]
(see Fig. [I), which is a hardware-in-the-loop facility to
reproduce the motion of an orbital robot. The manipulators
of the remote orbital robot on OOS-SIM (Fig. [[1B) and the
haptic device (Fig.[[lA) are the KUKA-LWR 4+ (locked 3™
joints), the mass and inertia parameters of which are reported
in [24, Table 1]. The OOS-SIM’s spacecraft parameters
were: mass as 700[Kg], and the principal moments of inertia
as (400,450,400)[Kg.m?]. The remote orbital robot was
required to perform a task, which mimics a tactile inspection
of the environment with an end-effector sensor. In Fig. [[IB,
highlighted in red are the Launch Adapter Ring (LAR) profile
on the stationary satellite structure and the end-effector
gripper tip that acts as the tactile sensor.



The proportional gains for the coordination task were
set as K. = 250.13 3[N/m] and K, = 40.I5 3[N.m/rad.]. The
secondary task was spacecraft pose regulation, as in (12,
with the proportional gains as Kj = 150.I3 3[N/m] and
K, = 20.I53 3[N.m/rad.]. The control sequence is summarized
in Fig. Bl which consists of: free approach, maintain static
contact, and perform sliding contact. In this sequence, only
control law from Theorem [1| was used. The end-effectors of
the haptic device and the remote orbital robot in Fig. 1| were
equipped with force-torque sensors to measure the teleoper-
ator and environment interaction wrenches, respectively.

The results of the experiment are summarized through the
plots in Figures wherein 1-3 and 4-6 are the translational
and rotational bases, respectively. In the plots, the time inter-
vals for static (¢ € [48,95][s]) and sliding (¢ € [120, 145][s])
contacts are highlighted using solid and dashed vertical lines,
respectively. The tracking performance of the BTC coordi-
nation task, i.e., the position errors, 7., and the orientation
errors, AR = sk(ﬁe).%, between the end-effector poses
of the orbital robot and the haptic device are shown in
Fig. LA B, respectively. The component-wise mean errors
for the whole experiment were (—4.6,—9.1, —3.1)[mm] and
(—2.2,2.5,0.24)[°], respectively. The corresponding coor-
dination velocity error (6V) is shown in Fig. BlA, and
the locked velocity (u), which correlates to the momen-
tum of the remote orbital robot, is shown in Fig. [AB.
In particular, both §V and p exhibit a damped response
during the contact phases. Notably, after the teleoperator
input and interactions cease (last 20[s]), the component-wise
means for 6V were found to be (—0.12,0.01, —0.19)[mm/s]
and (0.01,—0.01,0.003)[°/s] for the translational and ro-
tational parts, respectively. In the same time interval,
the component-wise means for p were found to be
(—0.14,0.61, —0.06)[mm/s] and (0.09, —0.008, —0.03)[°/s]
for the translational and rotational parts, respectively.

The measurements of the dynamically consistent teleop-
erator wrench, L~ F},, and the negated end-effector inter-
action wrench, —F,, are shown in Fig. [(lAJ6IB, respec-
tively. During interactions, L~ F}, is opposite in sign and
approximately equal to F., which indicates a high degree
of transparency for the teleoperator. The position error, 74,
and the orientation error, ¢ (7j,) (123-Euler angles) for the
secondary task defined in (I2) are shown in Fig. [[1A. Note
that during interactions, although the secondary task prevents
an unbounded drift in the spacecraft pose, it is displaced from

Fig. 3: Control sequence in the experiment (see video attachment).
A: Approach; B: Static contact; C: Sliding contact.
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Fig. 4: BTC coordination task error, A: position error, re; B:
orientation error, AR.
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Fig. 7: A: Secondary task error, 7 (rb, wb(ﬁb)); B: Spacecraft
actuation in the orbital robot’s end effector frame ({£}), J, ' Fo.

its unforced equilibrium exhibiting a compliant behaviour.
In Fig. [[1B, the spacecraft actuation in the orbital robot’s
end-effector frame, {é}, ie., Jb_T]-"b, is shown. Juxtaposing
this with Fig. [(lB shows that the spacecraft actuation, JFy,
provides the exact stabilizing wrench during interactions,
and highlights the free-flying functionality of the proposed
method. This is evidenced further in Fig. [§] by plotting
together the significantly varying bases, 1,2,3, of —F,
(blue) and J,~ TFy (red). Specifically, the corresponding total
proportional action in J,~ T]—'b, i.e., —v (yellow), which is
defined in the L.H.S of the first in (26d), is empirically
proved to be equal to —F, during the interactions. This
corroborates the first equality in (26a). Furthermore, from
Fig. [6] the equality in (26B) is approximately satisfied while
accounting for a negligible contribution from its last term.
This contribution is minor because the typical orbital robot
considered here has a larger inertia of the spacecraft than
that of the manipulator. Thus, A, has a greater contribution



from the former, while My, depends only on the latter, with
To=—A = A;leq scaling v, weakly in (268).
Consequently, the experimental validation of Lemma
follows from the above inferences of Figures [6] and [§] during
the quasi-static interactions. At the end (¢ > 150[s]), the
biases in (7, AR), (rp,wp) and Fy, in Figures 4 [[1A and
[6lA, respectively, are due to common hardware-in-the-loop
modeling errors, e.g. gravity compensation and static friction,
which appear as a quasi-static interaction for the proposed
method. However, the stability analysis of Lemma [2| holds,
and the system equilibrium is given by (26a) and (26b).
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Fig. 8: Forces of interaction (—F), spacecraft actuation (J,~ TR,
and the total proportional action (—) in the orbital robot’s end-
effector frame ({£}) about A: Basis-1; B: Basis-2; and C: Basis-3.

VI. DISCUSSION AND CONCLUSION

A novel partitioned shared controller was proposed in The-
orem [I} which performed a primary interaction-oriented end-
effector task using a remote bilateral teleoperation controller,
while the secondary task was automatically controlled in
situ for operational safety. The decoupled inertia and well-
defined Coriolis/centrifugal matrices in the momentum and
shape (joints) dynamics of the orbital robot were exploited
to benefit controller design in reducing sensory overhead and
avoiding human-related feed-forward sensitivity in the space-
craft actuation. In the absence of interactions, asymptotic
stability was proved for the proposed method. The method’s
suitability for interactions was proved through finite-gain Lo-
stability and mechanical equilibrium analysis in Lemmas
[[2] Finally, the method was experimentally validated on
an on-ground hardware-in-the-loop simulator through an
experiment requiring static and sliding contacts.

The proposed method offers the functionalities of both,
free-flying and free-floating control approaches. In particu-
lar, by simply disabling the spacecraft actuation and the
secondary task on the O-momentum level-set, it simplifies
to a free-floating approach, as noted in Remark [l It is
also worth differentiating the proposed method’s attributes
from typical bilateral teleoperation applications [13]. Firstly,
the states of both, the coordination task and the secondary
task are exchanged over the two position (pose) channels.
Secondly, the transparency measure was shown to consist
of wrench feedback of not just the remote interaction, but
also the secondary task, as stated in Remark [2l Thirdly, the
secondary task was shown to be crucial for stable interactions
while executing the primary teleoperation task, as stated in
Remark [3l For the sake of clarity, Assumption 2] was used.
If, however, the time-delay is non-negligible, as in bilateral

teleoperation from an on-ground station, a passivity-based
method [7] can be employed, and this is our future work.
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