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Abstract The paper proposes an adaptive coordi-
nated control scheme on free-floating space manipula-
tors at the dynamic level, with kinematic and dynamic
uncertainties. The free-floating space manipulator can
be controlled to realize the end-effector trajectory
tracking task and the spacecraft attitude regulation
task simultaneously, based on the carefully designed
prescribed performance error transformations and the
reaction null space. In face of nonlinearly parametric
feature of the uncertain free-floating space manipula-
tors, a novel attractive manifold control method is pro-
posed by introducing the nonlinear filters on dynamics
of the free-floating space manipulators. The parameter
estimation error terms can converge to zero, indepen-
dent of persistent excitation conditions. The proposed
adaptive coordinated control scheme can guarantee that
both the end-effector tracking error and the spacecraft
attitude regulation error possess the prescribed con-
trol performances, in the presence of the nonlinearly
parametric feature and the nonzero linear and angular
momenta of the free-floating space manipulators. The
simulation results show the effectiveness of the pro-
posed control scheme.
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List of symbols

E, (n x n)-dimensional identity matrix

Lo Space on the essentially bounded func-
tions

L, Space on the p-order-integrable func-
tions

6 Parameters in the angular momentum
conservation equation

04 Parameters in the dynamic equation of
the free-floating space manipulator

0, Parameters in the kinematic equation of
the free-floating space manipulator

Ao Nonzero angular momentum of the free-
floating space manipulator

Cup Centrifugal and Coriolis matrix of the
base spacecraft

Com Centrifugal and Coriolis matrix of the
base spacecraft and the manipulator

Cumb Centrifugal and Coriolis matrix of the
manipulator and the base spacecraft

Cum Centrifugal and Coriolis matrix of the
manipulator

I; Inertia of the ith link
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Jpb Jacobian matrix between the spacecraft
angular velocity and the end-effector lin-
ear velocity

Jom Jacobian matrix between the manipula-
tor joint angular velocity and the end-
effector linear velocity

Jgb Jacobian matrix between the spacecraft
angular velocity and the end-effector
angular velocity

Jym Jacobian matrix between the manipula-
tor joint angular velocity and the end-
effector angular velocity

leii Distance between the ith link centroid
and the (i 4 1)th joint

l; Length of the ith link

Mpyp, Spacecraft inertia matrix

Mpm Coupled inertia matrix between the base
spacecraft and the mounted manipulator

m; Mass of the ith link

Mm Inertia matrix of the mounted manipula-
tor

De End-effector position in the inertia frame

qb Base spacecraft attitude in the inertia
frame

qe End-effector attitude in the inertia frame

qm Joint angle

U Joint torque of the manipulator

Vo Nonzero linear velocity of the free-
floating space manipulator in the inertia
frame

wp Base spacecraft angular velocity in the
inertia frame

Wpy Joint angular velocity

Ze Base spacecraft pose in the inertia frame

1 Introduction

Space manipulators are essential tools to realize
unmanned on-orbit serving missions, such as on-orbit
assembly, capture of a tumbling spacecraft and orbital
debris removal. The space manipulator consists of base
spacecraft and the mounted manipulator. There are
three common control modes for the space manip-
ulators: free-floating mode, attitude-controlled mode
and free-flying mode [1]. For the free-floating mode,
both position and attitude of the base spacecraft are
not controlled by the actuators (e.g., thrusters, momen-
tum wheels). The space manipulators are usually in
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the free-floating mode when they are close to the space
targets. The reason is that if the actuators of the base
spacecraft are suddenly firing, there may be a undesir-
able collision between the space manipulator and the
space target [2]. Even through the momentum wheels
are utilized in the base spacecraft such that the on-
off mode of operation is avoided, the influence of the
inaccurate and transient behavior of the attitude control
system (ACS) to the on-orbit serving missions should
not be overlooked, which means that it is preferable to
turn off the ACS of the base spacecraft during the on-
orbit serving missions [3]. Moreover, compared with
the other control modes, the free-floating mode of the
space manipulator can save the non-renewable fuel in
the base spacecraft and hence can prolong the lifespan
of the space manipulator, once the base spacecraft is
actuated by thrusters [4].

It should be pointed out that the free-floating space
manipulator (FFSM) possesses two salient features,
and hence is distinct from the fixed-base robotic manip-
ulators. First, the FFSM will encounter kinematic and
dynamic uncertainties [5—10], when it is controlled
to perform the on-orbit serving missions. However,
the FFSM dynamics suffers from nonlinearly paramet-
ric issue, leading to infeasibility of the adaptive con-
trol schemes that rely on linear parameterization of
the robotic dynamics [11]. Moreover, in several on-
orbit serving missions, the spacecraft attitude of the
FFSM should be maintained to the desired orientation
to achieve the information communication between the
Earth and the space manipulator, implying that the
base spacecraft and the mounted manipulator should
be coordinated controlled [12-14]. However, since the
base spacecraft is not fixed and the space manipulator
is in the free-floating mode, there exist coupling effects
between the base spacecraft and the mounted manipula-
tor [15—-17]. Owing to the coupling effects of the FFSM,
the manipulator motion will generate reaction torque
toward the base spacecraft, resulting in the undesirable
rotation of the base spacecraft, and the spacecraft atti-
tude rotation in turn changes the end-effector pose of
the FFSM. Therefore, it is highly desirable to investi-
gate the coordinated control of the FFSMs to realize
the end-effector pose tracking task and the spacecraft
attitude regulation task simultaneously, subject to kine-
matic and dynamic uncertainties [18].

First, a great deal of theoretical progress has been
made on the robust and adaptive control of the uncer-
tain FFSM [19-26]. In face of the parameter uncer-
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tainties of the FFSM, an adaptive control scheme on
the uncertain free-flying space manipulator is designed
in [19] to achieve the end-effector trajectory track-
ing task. As for the FFSM, a novel control scheme
named the normal-form-augmentation-based approach
is proposed in [20], where the spacecraft motion is
represented by an extended robotic manipulator, and
correspondingly, the obtained kinematics and dynam-
ics of the whole system can be linear toward phys-
ical parameters of the FFSM, which facilitates the
adaptive controller design of the FFSM. However, for
the above normal-form-augmentation-based approach,
the spacecraft acceleration is required to obtain the
extended robotic manipulator, and the kinematic uncer-
tainties are also not considered [21]. In [22], a novel
passivity-based adaptive control method is designed to
realize trajectory tracking control of the FFSM with
kinematic and dynamic uncertainties, without the need
of spacecraft acceleration information. The carefully
designed inverted chain controllers are also proposed
in [23,24] for the trajectory tracking of the uncertain
FFSM. Notice that although the neural network can
be also utilized to approximate the uncertain FFSM
dynamics and to obtain the corresponding adaptive con-
troller [25,26], only the uniform ultimate boundedness
of the end-effector tracking error is ensured, compared
with the results in [19-26] ensuring zero-error trajec-
tory tracking. The size of the neural network and the
according computational burden will be also increased
if the tracking accuracy is needed to be improved.
Besides, notice that the methods in [20-26] depend
on the assumption on the zero linear and angular
momenta of the FFSM. In face of this problem, an
optimal control scheme on the free-flying space manip-
ulator is proposed in [27], where the nonzero and
time-varying linear and angular momenta of the space
manipulator are considered. As for the FFSM, the usage
of the spacecraft thruster is reduced to prolong the lifes-
pan of the FFSM, and the FFSM end-effector is free
from the contact force and torque when the FFSM is not
in contact with the space targets. Besides, the external
disturbances imposed on the FFSM (such as the gravity
gradient torque) are small since the FFSM is maneu-
vered in the micro-gravity space environment [28,29].
This means that the linear and angular momenta of the
FFSM can be viewed as constants within a time inter-
val, as long as the FFSM is not in contact with the
space targets. In [30], a feedback-linearization-based
impedance control scheme is constructed on the free-

floating space manipulator with the known and nonzero
linear/angular momenta. A torque feedback control
scheme on the FFSM is then designed in [31], and the
effects of the nonzero linear/angular momenta of the
FFSM can be compensated by the according adaptive
laws. However, the control schemes in [30,31] rely on
the deterministic model of the FFSM.

Unfortunately, several control schemes (such as the
results in [19-26,30,31]) only take the end-effector
trajectory tracking into account, and the base space-
craft regulation is not considered. Inspired by reaction
null-space control method [32-34], an adaptive reac-
tion null-space control method is proposed in [35] to
realize the coordinated control of the uncertain FFSM.
Compared with the previous reaction null-space con-
trol method, the adaptive reaction null-space control
method does not require additional high sensor mea-
surements to obtain the exact parameter values of the
FFSM [35]. However, the proposed control schemes
in [35] can only lower the effects of the reaction force
caused by robotic motion to the base spacecraft, and
the spacecraft attitude regulation is not considered. This
implies that the spacecraft attitude would possibly devi-
ate from the desired orientation if the control schemes
in [35] are utilized. Xu et al. [36] go further to propose
a novel adaptive reaction null-space control scheme on
the uncertain FFSM, such that the end-effector trajec-
tory tracking task and the spacecraft attitude regula-
tion task can be realized simultaneously. However the
adaptive reaction null-space control schemes in [35,36]
are derived only at the kinematic level. Besides, the
end-effector attitude tracking is not considered in [36],
which is essential to accomplish several on-orbit serv-
ing missions such as the orbital capture of the space
targets.

Moreover, to realize the on-orbit serving missions,
the FFSM needs to possess good transient and steady
control performance, such as fast convergence speed,
small overshoot and small steady error [37-39]. In
recent years, prescribed performance control (PPC) has
been presented in [40—43], which renders the track-
ing or regulation error converge with arbitrary large
convergence speed and arbitrary small overshoot, to
a sufficient small residual set. This method has been
successfully applied into the marine surface vessels
[44], the servo mechanisms [45-47] and the vehicle
suspensions [48]. A funnel controller with the smooth
dead-zone inverse is proposed in [49] to realize the
joint-space tracking control of the robotic manipula-
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tor with the asymmetric dead zone. A neural-network-
based controller is constructed in [50] to render the
joints of the robotic manipulator track the desired joint-
space trajectory, without the need of the inverse of
the estimate of the inertia matrix. Karayiannidis and
Doulgeri [51] propose a joint regulation/tracking con-
trol scheme on robotic manipulators with prescribed
control performance, without exact parameter infor-
mation of robotic manipulators. A more general con-
trol framework is derived in [52] to realize prescribed
performance trajectory tracking of the fully actuated
Euler-Lagrange system, where the Nussbaum function
is utilized to guarantee the convergence of the tracking
error. In [53], a dynamic learning scheme with neu-
ral network approximator is designed for the uncer-
tain robotic manipulators, where the trajectory track-
ing error in the joint space can possess prescribed con-
trol performance and the convergence of the neural
network weight estimates can be ensured based upon
specific partial persistent excitation condition. A joint-
space prescribed performance PID control scheme is
proposed for uncertain robotic manipulators with actu-
ator faults [54]. Yang et al. [55] propose a novel neural-
network-based control scheme on the bimanual robots,
such that the grasped object can follow the reference
trajectory in the task space with the guaranteed con-
trol performance. The prescribed performance control
method can be also applied into force/position control
of the robotic manipulators [56], such that the robotic
manipulator can remain contact with the planar sur-
face and track the desired end-effector pose trajectory
simultaneously.

However, the literature [49-56] focuses on pre-
scribed performance control of the fixed-base robotic
manipulators. Due to the kinematic and dynamic cou-
plings of the FFSM, the spacecraft attitude regulation
and the end-effector pose tracking are two interacted
tasks. Therefore, it is infeasible to employ the con-
trol scheme on the fixed-base robotic manipulator into
the FFSM [57]. Recently, Zhou et al. [58] propose a
robust prescribed performance control scheme on the
uncertain FFSM, where a linear switching surface is
utilized to cope with kinematic and dynamic uncer-
tainties. However, the control method in [58] relies
on the assumption that angular velocity and angular
acceleration of the FFSM are both bounded in priori,
and besides only the end-effector trajectory tracking
task of the FFSM is considered. Therefore, it deserves
further study on prescribed performance coordinated
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control of the uncertain FFSM, such that the spacecraft
attitude regulation error and the end-effector trajectory
tracking error can meet the corresponding prescribed
control performances, in the presence of the nonlinearly
parametric feature and the nonzero linear and angular
momenta.

This paper is devoted to the adaptive coordinated
control of the uncertain FFSM, subject to the nonlin-
early parametric feature and the nonzero linear and
angular momenta. The contributions of this paper are
summarized as follows:

(i) A coordinated control scheme on the FFSM
is designed to accomplish two coupled control tasks
simultaneously, that is, the spacecraft attitude regula-
tion and the end-effector pose tracking. This means
that the proposed control scheme differs from those in
[49-56] that focuses on the fixed-base robotic manipu-
lators. By means of the adaptive reaction null space and
the prescribed performance functions, both the space-
craft attitude regulation error and the end-effector pose
tracking error can meet the respective prescribed per-
formance requirements and converge to zero, and there-
fore, the couplings effects of the FFSM are overcome.
The effects of the uncertain kinematic parameter, and
the nonzero linear and angular momenta are attenuated
by a series of carefully designed updated laws. Hence,
the proposed control scheme is distinct from the con-
trol schemes in [35] and [58] (which cannot stabilize
the spacecraft attitude).

(i) A novel attractive manifold control method is
proposed to cope with nonlinear parameterization of
the FFSM. Notice that for the FFSM, several adap-
tive control methods based upon linear parameterized
model are inapplicable. Therefore, a nonlinear filter on
the FFSM dynamics is constructed, and the estimate
of the dynamic parameter is updated by the estima-
tion error of the joint velocity. Since the updated law
on the dynamic parameter is not designed directly on
the FFSM dynamics, the nonlinearly parametric issue
of the FFSM is overcome. Furthermore, the proposed
attractive manifold control method renders the param-
eter estimation error terms converge to zeros, inde-
pendent of the persistent excitation conditions, imply-
ing that the influences of the dynamic uncertainties
are attenuated. By means of the proposed attractive
manifold method, the control input can be constructed
at the dynamic level and ensures zero-error regula-
tion/tracking, compared with the control schemes in
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[35,36] (which are only designed at the kinematic
level).

The remaining part of this paper is organized as
follows: The kinematic and dynamic modeling of the
FFSM is provided in Sect. 2. The adaptive coordinated
control scheme on the FFSM with prescribed control
performance is designed in Sect. 3. The according sim-
ulation results are shown in Sect. 4. The conclusions
are given in Sect. 5.

2 Preliminaries

The motion of the FFSM is determined by the motion
of the base spacecraft and the motion of the mounted
manipulator. First, denote g;,, € R™! as the joint angle
of the FFSM, p, € R™2 as the FFSM end-effector
position in the inertia frame, g, € R as the FFSM
end-effector attitude in the inertia frame, p, € R™? as
the position of the base spacecraft centroid in the inertia
frame, g, € R™3 as the attitude of the base spacecraft
in the inertia frame and z, = col(p,, g.) € R™21"3
as the FFSM end-effector pose in the inertia frame.
Note that my = m3 = 3 when the spatial FFSM is
employed, and in this condition, the variables ¢; and
q. can be viewed as the modified Rodriguez param-
eters (MRPs) of the base spacecraft attitude and the
end-effector attitude, respectively. Besides, m, = 2
and m3 = 1 when the planar FFSM is considered,
and in this condition, the variables g; and g, are the
rotation angles of the base spacecraft and the end-
effector. Then, denote ¢ = col(gp, ¢m) € R™*™ and
w = col(wp, wy,) € RMHM3,

2.1 Kinematic modeling of the FFSMs

Denote v, £ p, € R™ and w, € R™ as the linear
and angular velocities of the base spacecraft satisfying
the following equation

Gp = Lp(gp)wp, (1)

where the matrix Ly(gp) € R™3*™3 with LZL;, >
ApEn; and Ap > 0.

Additionally, the FFSM end-effector position and
attitude p, and g, obey the following kinematic equa-
tions, respectively [57]

Pe = Jppwp + Jpmwim + vo, (2a)
Ge = JgpWp + Jgm W, (2b)

where w, € R™! is the joint velocity of the FFSM,
Tpplq) € R™XM o (q) € R™™, Ju(q) €
R™3>™M3 and Jyp,(q) € R™>™! are the correspond-
ing Jacobian matrices, and vop € R™? is the nonzero
constant velocity stemming from the nonzero linear
momentum of the FFSM.

The kinematic equations of the FFSM (2a)—(2b) can
be also rewritten in a compact form as

Ze = Jpwp + Jpwy + vo, 3

where Jy(q) = [Jpn(q); Jgp(g)] € RUm2tma)xms
In (@) = [Jpm(q); Jgm (@l e R(mz—i-nm)xml’ and vy =
col(vg, 0,,,5), and z, is the FFSM end-effector pose in
the inertia frame defined before.

For the kinematics of the FFSM (3), the following
property holds.

Property 1 The kinematic equation (3) of the FFSM
is linear toward parameter 0, € R"!, that is,

Jpwp + Jpwy + v = Y0, 4)

where Y,(q,w) € ROIMIXM g the according
regressor matrix.

2.2 Dynamic modeling of the FFSMs
The FFSM dynamics is formulated as [57]:

Mppwp + Mpmwm + Cppwp + Comwy, = 0m3a (5a)
M},Tm Wy + My + Copwpy + Crym Wy = Uy, (Sb)

where w, € R" is angular acceleration of the
base spacecraft, w, € R™! is joint acceleration of
mounted manipulator, u,, € R™' is input torque
of the mounted manipulator, Mp(q, pp) € R™3*M3
is inertia matrix of the base spacecraft, M, (q) €
R™>M1 g inertia matrix of the mounted manipula-
tor, Mpn (g, pp) € R™>™1 ig coupled inertia matrix
between the base spacecraft and the mounted manip-
ulator, Cpp(q, w, pp, vp) € R™3*M3 ig centrifugal and
Coriolis matrix of the base spacecraft, Cy,,,, (g, w, pp)
e R™>™M s centrifugal and Coriolis matrix of
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the mounted manipulator, and Cp,, (g, w, pp, Vp) €
R™3>™M1and Cpp (g, w, pp, vp) € R™ >3 are coupled
centrifugal and Coriolis matrices between the mounted
manipulator and the base spacecraft.

Notice that Eq. (5a) depicts the dynamic couplings
between the spacecraft attitude motion and the mounted
manipulator motion [59]. Due to the fact that the space
manipulator is in the free-floating mode, the base space-
craft is driven by the joint motion of the mounted
manipulator. Hence, Eq. (5a) can be rewritten as

Mppirp 4+ Crpwp, = Fr, (6)
where
Fr = —Mpmy — Comwi, 7

is the reaction torque exerted on the base spacecraft by
the manipulator motion [59].

For the sake of simplicity, Egs. (5a)—(5b) can be
rewritten as

M(q, pp)w + C(q, w, pp, vp)w = u, ¥

where u = col(05; uy) € R™1+73 and the matrices

M(q, pp) € RUMFm)>X0m+m3) and C(q, w, pp, vp) €
Rm1+m3)x(mi+m3) gra

Mpp, Mpm
M2 , 9a
I:Mlz;ﬂ Mmmi| ( )

a | Cob Com
€= [Cmb Cmm:| . )

Note that the matrix M is uniformly bounded and pos-
itive definite [22]. This means that there exist A/, min
> 0 and Ay max > O such that Ay minEp +m; < M <
AM, maxEm;+m;- It can be seen in Eqs. (5a)—(5b) and
(8) that the matrices in the FFSM dynamics contain
the information on the centroid position and the linear
velocity of the base spacecraft. For the sake of sim-
plicity, the variables in the matrices, like M (¢, pp) and
C(q,w, pp, vp), will be omitted when there is no con-
fusion in the context.

From (5a)-(5b), it can be seen that there exist
dynamic couplings between the base spacecraft and the
mounted manipulator. Substitute the spacecraft angu-
lar acceleration wj, in (5a) into (5b), and we can obtain
the reduced form of the FFSM dynamics as [4]:
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M + Chywp + Cl Wi = U, (10)

1 * mipXxXm * miXxXm
where the matrices M, € R™>*" C» e RM>M3

and C € R”1>X™1 are

Mztzm £ Mmm - MZmMI;IMbm, (1121)
b 2 Conp — My, My Cop, (11b)

C;lm = Com — MbTme_hl Com- (11c)

For the FFSM dynamics (8), the following property
holds.

Property 2 The matrices and vectors in the FFSM
dynamics (8) are linear toward dynamic parameter
04 € R™, and correspondingly denote

Mc) — Mg, + Cg3 = Y6y, (12)

where ¢ € R™MTM ¢y ¢ RMTM o3 g RMITMS,
matrix M € RUmM+m3)xmi+ms) jg dofined as M £ dd—l‘l/l,
and Y4(q, w, pp, Vb, G1, G2, 63) € RUMHMIXN2 g gpe

corresponding regressor matrix.

2.3 Principle of the angular momentum conservation

Note that the space manipulator is in the free-floating
mode, and therefore, the FFSM motion obeys the prin-
ciple of angular momentum conservation, which can
be formulated as [36]:

Hppwp + Hppywy = Ao, (13)

where Ag € R”3 is nonzero constant angular momen-
tum of the FFSM, Hpy(q, pp) € R™>™3 and
Hpp(q, pp) € R™3>M1,

Then, the following property holds [22].

Property 3 The angular momentum conservation

equation (13) is linear to the parameter 6, € R, that
is,

Hppwp + Hppywpy — Ag = Y0y, (14)

where Y, € R s the corresponding regressor
matrix.
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It is noted from (4) and (14) that vg and Ag are
components of 6, and 0, respectively. Besides, based
upon (13) and (14), it is obtained that

Yp0p = 0. (15)

Remark 1 In several on-orbit serving missions, it is
desirable to reduce the usage of the actuators of the
base spacecraft. This means that the space manipula-
tor is usually in the free-floating mode during the on-
orbit serving missions. This is because when the space
manipulator is near the space target, any abrupt action
of the actuators of the base spacecraft may result in the
unwanted collision between the space manipulator and
the space target [2]. Even through the base spacecraft is
equipped with the momentum wheels, it is still prefer-
able to close the ACS of the base spacecraft during the
on-orbit serving missions, owing to the inaccurate and
transient behavior of the ACS [3]. Moreover, when the
base spacecraft is actuated by the thrusters, the non-
renewable fuels in the base spacecraft can be saved and
the lifespan of the space manipulator can be prolonged
in the free-floating mode [4].

Furthermore, as long as the FFSM end-effector is
not in contact with the space targets, the FFSM will
be free from the contact force and torque. Moreover,
the FFSM is maneuvered in the micro-gravity envi-
ronment, and the external disturbances exerted on the
FFSM, such as the gravity gradient, are small. In all,
the linear and angular momenta of the FFSM can be
viewed as constants within a time interval.

Remark 2 As pointed out in [20,22], when the FFSM
is deterministic, the control methods that are designed
for fixed-base robotic manipulators are also applica-
ble into the FFSMs based upon the reduced form of
the FFSM dynamics (10) (see [32-34] and references
therein). However, note that the matrices M, (11a),
Cr, (11b)and C;,, (11c) contain the matrix Mb_b1 , the
inverse of the matrix Mp. This means that the reduced
form of the FFSM dynamics (10) is not linear toward
the dynamic parameter 6, which differs from the fixed-
base robotic manipulators. Since the previous adaptive
control methods on the fixed-base robotic manipula-
tors rely on the linear parameterization model, they are
inapplicable to the uncertain FFSMs [22].

Moreover, the following lemma will be utilized here-
inafter [60].

Lemma 1 For a function f(t) : Rt — R", if it is
uniformly continuous on t and satisfies f(t) € LP (1 <
p < +00), then it is obtained that lim;_, 1 f(t) =
0,.

3 Adaptive prescribed performance coordinated
control of the FFSMs

In this section, we construct a coordinated control
scheme on the uncertain FFSM to achieve the end-
effector trajectory tracking task and the spacecraft atti-
tude regulation task simultaneously. Denote p, 4(f) €
R™2 and ¢q,,4(t) € R™3 as the desired end-effector
position and attitude trajectory in the inertia frame,
respectively, denote z, 4(t) L col(pe.d(t), e.d(t)) €
R™2+M3 a5 the desired end-effector pose trajectory
in the inertia frame, and denote g5 4 € R™3 as the
desired attitude of the base spacecraft in the inertia
frame. Accordingly, denote the end-effector position
tracking error as Ap,(t) = pe(t) — Ded(t) € R™2,
the end-effector attitude tracking error as Ag, (1) £
qe(t) — ge.a(t) € R™3, the end-effector pose tracking
erroras Az () = [Ap.(1); Ag.(t)] € RT3 and the
spacecraft attitude regulation error as Agy () £ qp(t)—
gp.a € R™ . The proposed coordinated control scheme
renders the FFSM end-effector track the desired tra-
jectory z. 4(t) and the spacecraft attitude converge to
the desired attitude gp 4 simultaneously. This means
that for the end-effector pose tracking error Az, (¢) £
Ze(t) — Ze.q(t) € R™T™M3  the time derivative of the
end-effector pose tracking error Az,(f) £ z.(f) —
Ze.a(t) € R™TM3 the spacecraft attitude regulation
error Agp(t) £ qp(t) — qp.a € R™, and the space-
craft angular velocity wy(¢) € R™3, the FFSM should
be controlled to realize lim;—, {00 AZe(t) = Omytms»
lim, 4 Az (t) = 0mz+m3a lim;— 400 Agp(1) = 0m3,
and lim;_, ;oo wp(t) = 0,,,. Note that the reference
end-effector pose trajectory z, 4(¢) and the correspond-
ing time derivatives z, 4(#) and Z, 4 (¢) are all uniformly
bounded.

3.1 Prescribed performance control and error
transformations
It should be pointed out that compared with the con-

trol schemes in [35,36], both the end-effector pose
tracking error Az, (t) and the spacecraft attitude reg-
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ulation error Agqp(t) should satisfy the prescribed
control performances in this paper. To be specific,
for the spacecraft attitude regulation error Agy(t) =
[Agp1(t); ...; Agp,m;(¢)] and the end-effector track-
ingerror Aze(t) =[Aze,1(2); .. .5 AZe mytm; (1)1, they
should satisfy the following prescribed performance
constraints which are defined element-wisely as

{ —0p,i Pp,i (1) < Aqp,i(t) < pp,i(t), Agp,i(0) > 0;
—pp,i (1) < Agp,i(t) < 0pipp,it), Agpi(0) <O,
(16)
fori =1,...,m3, and
{ —07,i0z,i(t) < Aze,i(t) < p,i(t), Aze,i(0) > 0;
_Pz,i(t) < Aze,i(t) < O‘z,iloz,i(t), AZe,i(O) <0,
(17)

fori =1,...,my + m3 [40,41]. In (16)-(17), pp.i (t)
and p, ; (t) are decaying functions of time defined as

poi (1) £ (0 — ) exp(—Bpit) + pi5.  (18a)
pzi(t) = (02 — p2%) exp(—peit) + p25. (18b)

In Egs. (16)-(17) and (18a)~(18b), p) ;. 02, 5%, P25,
Bb.i» Bz.i» op,i and o ; are all positive constants with
p;fl. < pg,i and pg‘i < pgi, which means that the
functions pp ; (t) and p ; () are both positive at all the
time with pp, ; () > ,ob and p; ; (1) > ,o °, and are both
monotonically decreasing. The pararneters op,;and oy ;
are set such that0 < 0p; < land0 < o,; < 1.

Notice that the parameters :0}9,1‘ and ,ogi are the initial
values of functions pj ; (t) and p; ; (¢), respectively, and
their values are chosen based upon the initial pose of the
FFSM end-effector and the initial value of the desired
trajectory. To be specific, the parameters ,02’1- and ,021.
are set such that the relations (16) and (17) are satisfied
at the initial instant, that is, |Agp i (0)| < pg‘i fori =
I,...,m3and |Az,;(0)| < p?; fori =1,...,my+
ms3.

Taking the derivatives of pp ;(t) (18a) and p; ; ()
(18b) yields

— pp) exp(—Bp.it), (19a)
— S exp(—p.it), (19b)

Pb.i (1) = —Bu.i (pp.;
pz,i(t) = _,Bz,i(logi

and correspondingly, it is obtained that
1y oo 6,1 (1) = limy 00 2,1 (1) = 0.

@ Springer

Based upon (16) and (17) denote that sp;(f) =
Pyt () AGyi(1) and 5. ; (1) £ p_ | (1) Az, (1), and the
prescrlbed performance error transformatlons onsp ;i (1)
and s ;(¢) are designed as

Up,i (1) 2 Ry i(sp,i (1)), (20a)
Yei(t) 2 Rei(s,,i (1)), (20b)

where the transformation functions Rp; (-) and R ; (-)
are constructed as

i+5b,i (1)
(GREiDy s 5(0) > 0;
Roi(oni () =} Slmimi,
1H(W) 55,1 (0) <0,
(21a)
2o tou i & IGO0 s 1(0) = 0;
(s, : = i 0200z,
o In(Zeal) 5 (0) <0.
(21b)

For the function R, ; (-), it satisfies Ry, ; (-) : (—op,, 1)
— (=00, 400) when s5,,;(0) > 0 and Rp;(-)
(=1, 0p,i) = (=00, +00) when sp; (0) < 0. It is also
obtained from (21a) that the ¥, ;(#) = O if and only if
sp.i(t) = 0, and ¥, ; (¢) approaches zero if and only if
sp.i (t) approaches zero. These properties also hold for
the function R ; (-).

Then, denote ¥y, (t) = col(Wp.1 (1), - - ., Yb.ms (1)) =
CO](Rb,l(Sb,l(t)),-u,Rb,m3(Sb,m3(t))) e R™ and
Y1) = col(wzl(t) e Yomatm; (1)) = col

(Rz ](SZ l(t)) Z matms (SZ a-Fm3 (I))) c Rmz-{-m3.
Invoking (20a)— (ZOb) and (21a)—(21b), the derivatives

of Y, (¢) and ¥, (¢) are
Vb = Pp(sh, pb) (Ady — LbSh), (22a)
Vo = D (52, p2)(AZe — f;52), (22b)

where p, = diag(pp.1. -+ Phs): P2 él diag(p.1,
s Pomatms)s Py = diag(0y 1y s Py p)s P =

diag(p |+ - Po s tms)s Pb = dia@(Pp.1. . Po.my):

= diag( pz,la cees léz n12+m3) Sh = ph—lACIb =
Col(Sp, 1 - Shmy)s Sz = prlAze = col(sz ;...
sz,n12+m3)s Dy, (b, pp) = dlag(d)b,l(sb,l’ ,Ob,l), ey
Db,y (Shms s Pbms)) With P i (sp.i, pp.i) = MZ%W

pl:il, and @,(s;, p;) = diag(®;1 (5515 001)5-- -

D, mo+m3 (Sz mo+ms3s Pz, m2+m3)) with D, I(SZ i» Pz, i) £
M _1 . In addition, from the structure of Rp, ; (-)

(2la) and RZ i (+) (21b), it is obtained that
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[

llsp (01> < anb(r)nz, (23)

once || V()| < +o0, and

1
lls. ()] < anzmuz, (24)

once [[; (1) < +oo.

Remark 3 Note that the parameters pl?)i, ,02 It Bb.i
Bzj» opi and oy j, for i = 1,...,m3 and j =
1,...,my + mas, are essential to determine the control
performance of the proposed scheme. First, the param-
eterspgyi,i = 1,...,m3andp?’j,j =1,...,my+m3,
are selected such that the prescribed performance con-
straints (16)—(17) are satisfied at the initial instant.
Then, parameters By ;,i = 1,...,m3,and B; j, j =
1,...,my + m3, are chosen to determine the tran-
sient regulation/tracking performance of the space-
craft attitude regulation error Agy and the end-effector
pose tracking error Agz,, respectively. Once the pre-
scribed performance constraints (16)—(17) are satis-
fied at all the time, it can be obtained that the sig-
nals Agp;(t) and Az j(¢), fori = 1, ,m3 and
j = 1,...,my + m3, can converge W1th at least
exp(—PBp.i t) and exp(—B;, j1) exponential rates into the
sets Oy = {Agpi | |Agpil < 2p%) and O ; £

{Azej | |Aze,jl < 2,o°°} respectively. Moreover,
the parameters op; and op;, fori = 1, ,m3 and
j = 1,...,my + m3, are selected to determine the

overshoots of the signals Ag; and Az,. That is to say,
the overshoots of the signals Agp ;(t),i =1, ..., m3,
and Az, ;(t), j = 1,...,mz + m3 will be less than
Gb,ipg,,- and az.,l-pgi, respectively, once the prescribed
performance constraints (16)—(17) hold at all the time.

Remark 4 Tt should be noted that as long as ¥ (¢)
is uniformly bounded, the spacecraft attitude regula-
tion error Agp(t) can satisfy prescribed control perfor-
mance (16) [40,41]. Similarly, as long as signal v, (f)
is uniformly bounded, the end-effector pose tracking
error Az, (t) can also satisfy prescribed control perfor-
mance (17) [40,41]. Therefore, we can turn to design-
ing control schemes on the FFSMs such that the pre-
scribed performance error signals ¥, (¢) and . (¢) are
uniformly bounded, which means that the correspond-
ing prescribed control performances (16)—(17) can be
satisfied. On the other hand, the end-effector pose track-
ing error Az, () and the spacecraft attitude regulation

error Aqp(t) of the FFSM should satisfy prescribed
control performances (16)—(17) simultaneously in the
presence of the nonlinearly parametric feature and the
nonzero linear and angular momenta, which is differ-
ent from the fixed-base robot manipulators. Therefore,
it is worth investigating the adaptive prescribed perfor-
mance coordinated control of the FFSM.

3.2 Adaptive prescribed performance control for
spacecraft attitude regulation at the kinematic
level

To regulate the spacecraft attitude, the following adap-
tive prescribed performance controller is designed at
the kinematic level

Wi, e = ﬁljm(Ao + kp Hpp L] o)

iv A (25
+ (B, — H, Hpm)é,
where Hyp, 2 Hypp(qp,05), Hom 2 Hom(qb. G, Op)
and Ag are the estimates of Hpp, Hp;, and Ay, respec-
tively, 6}, is the estimate of the parameter 6, matrix H Zm
is the pseudo-inverse of the matrix Hpm, kp is a posi-
tive constant, Ly is introduced in (1), and the signals ¥,
and @, are introduced in the previous subsection. Note
that Ao is the component of é;,. The vector & € R"!
in (25) is introduced to achieve trajectory tracking of
the FFSM end-effector and will be designed in the next
subsection.
Pre-multiplying both sides of (25) by the matrix Hpm
leads to

Hymwm,c = Ao + ko Hpp L Po ¥, (26)
where I:I;,m bm =E,; and Hbm E,, — bm Hbm) =
0,1, xm, are utilized. The corresponding sliding vector
Wy, € R™! is obtained as

Wm,r = Wm — Wmc- (27

Note that é;, is the estimate of 6, and its updated
law is designed as

éb =T YbT Ybéb, (28)

where Yy (qp, qm, wp, wy,) is the regressor matrix that
is defined in (14), and I is a positive constant. Denote
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the estimation error of 6, as 5;, £ 0, — éb. Correspond-
ingly based upon (15) and (28), the derivative of 6, is
obtained as

By = — Y] Y. (29)

It can be seen in (29) that 6, (¢) is uniformly bounded,
and the parameter I determines the decaying rate of
Op(1).

From (14) and (15), it is obtained that

Hyppwp + Hpmwn — Ao = Y0y = — V0. (30)

Substituting (26) and (27) into (30) yields

—I:Ib_bleéb.
(31)

wpy + kp LY @y, + Ayl Aomwn,, =

In view of the Young’s inequality, it is obtained from
(31) that

lwp 1> < 3kZILE @pyrp|I* + 305, 11Y,65 11>

oSl (32)
+3||be Hppmwi r I,

where App, > 0 is defined such that )\%bEm >
H Z;JT ﬁ]bzl. Substitute (31) into the attitude kinematics
of the base spacecraft ¢, = Lpwp and the derivative of
Aqp = qp — qp.q 1S Obtained as

Agp(t) = —kp Ly LL ®pW, — Ly Hyy' Yol 33)
- LbI:I],_hlI:Ibmwm,r-

Substituting (33) into (22a) also yields

Vb = —kp Py Ly LL &} Wi, — Py Ly Hy,' Vb )

- ¢bLbe—b1 HpmWm,r — PpOpSp-

Then, denote a Lyapunov function candidate V}, as
~ 42
Vi £ 310617 + 311¥pll%, where ¢; £ . From
(29), (32), (34), the Young’s inequality and the relation
LbLZ > ApEj,, the derivative of Vj, is scaled as
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Vi = —kpllILL & v 1* — vl &L, H,, Y105
- wacDbLbﬁbZI I:Ibmwm,r
— UL dpppsp — c11| Y0y

kp 3¢y ~
< —2ILF DL vpl® — == 11Ys6p 112
2 4
+ iupbsbnz + 3||ﬁ,;;1f1bmwm 2
Apkp kp ’
kp Cl ~
< ——||L,,T¢>Zwb||2 - —||Yb9b||2 — callwp |2

+ Wllpmll + c3llwm 1%,

(35)

where ¢, £ min{ul—kb, ﬁ} and ¢3 > 0 is set such
hb

that c3E,,, > (3¢ + %)xﬁbﬁfm Hpm.

3.3 Adaptive prescribed performance coordinated
control of the FFSMs at the kinematic level

When the FFSM performs on-orbit serving missions,
not only should the base spacecraft realize attitude reg-
ulation, but also the FFSM end-effector should track
desired trajectory. In view of the virtual controller at the
kinematic level (25), the auxiliary variable £ is designed
as

£ = (In0) (=00 + 2e.d — k. PV,

: Py . (36)
— JmH,,, (Ao + kp Hpp L), Ppip)),

where U 2 E;, —
vo are the estimates of U= Eml

Hbm, Jm 2T, (qb qm, 9 ), and
H o Homs Jm and
o, respectively, QZ is the estimate of the parameter 9,
k; is a positive constant, k,, > 0, Z. 4 is time derivative
of desired end-effector pose trajectory z. 4(¢), and the
signals ¥, and @, are defined in Sect. 3.1. Note that
the matrices H, [, be, L and the vector Ao have been
defined in (25), and the matrix (Jm U )T is the pseudo-
inverse of the matrix fm0 .

Pre-multiplying both side of (25) by the matrix I
and substituting (36) lead to
Tnwm.e = =00 + Ze.a — ke PV, (37)
where the relation fm 0(fm l})Jr = E,;;1,4m; 1s utilized.
Then, from (3), (4), (27) and (37), the derivative of
Az (t) is obtained as
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Az (t) = Jpwp + Jwm + V0 — Zed
= Jpwp + jmwm,c‘ + fmwm,r
+ 004 Y.0; — Zea
— k@, + Y.0.,

(38)

= Jywp + mem,r

where matrix fb £ (g, 0 ) is the estimate of the

matrix Jp, 0, £ 0, — éz is the estimation error of
the parameter 6., and Y, is the corresponding regres-
sor matrix defined in (4). Substituting (38) into (22b)

yields

lifz = d)szwb — kP, D. Y + @zyzéz

R (39)
+ @I Wiy —

P05z

Besides, in order to obtain the adaptive law on éz,
denote vector Z, as

2o 2 Jywp + Jmwm + V0. (40)

Correspondingly denote Z, £ Z, —Z,, and itis obtained
from (3), (4) and (40) that

ge = jbwb + jmwm + 5O = Yzézv (41)
where J, £ Jp(qp, gn, 0) = Ib = T T =
I (@b G O ) =Jn — J and v vo = g — v are esti-
mation errors of Jp, J;, and vy, respectively. Then, the
corresponding adaptive law on 6, is designed as

b, = nyT3,, (42)

where [ is a positive constant. From (41) and (42), the
derivative of estimation error 6, = 6, — 0, is obtained
as

b, = -1y y.0.. 43)

It is obtained from (43) that 6, () is uniformly bounded,
and the parameter I, determines decaying rate of . (¢).
Then denote a Lyapunov function candidate V_ as
T2+ = o |16 ||%. Taking the derivative of V.

along W1th 39) and (43) leads to

Ve =yl dywy — ke |0,y 1>+ v] @, V.6,

T T T . 4 a2

+ ¥, Oodmwm,r — VU, P75 — k_”Yzez“
Z

kZ 2 2 a2 J 2
<=\ — .6
< = DUl = VB o+ S s

2y 2,
1 ||wm,r||2+k—z||pzsz||2,

(44)

where the Young’s inequality i is ut1l1zed and uy > 0
is set such that MJEm3><m3 > J Jb and uyE, xm, >

JTJm Then, denote Vi, £ V, +¢4Vj, where ¢q £ 4;{,
The derivative of Vj according to (35) and (44) is scaled

as

. k 2 ~ 2C4
Vi < ——Z||<1>sz||2 - k—nmu2 — = wpl?
Z
kpca cics o~
—~ —||Lb oLyl — ||Yb@b||2
2 . 2 2 2
+ E ”pzsz” + ﬁ”phshn + CS||wm r ”

(45)

where ¢5 £ 2,’:—’ +c3cq4 > 0.

3.4 Attractive manifold control of the FFSMs at the
dynamic level

As pointed out in Remark 2 and [20-22], since the
reduced form of the FFSM dynamics is nonlinearly
parameterized toward dynamic parameter 6, several
adaptive control methods on the uncertain fixed-base
robotic manipulators, including the attractive mani-
fold control method in [62—-65], are inapplicable to the
uncertain FFSMs. In this paper, we propose a novel
attractive manifold control method to overcome nonlin-
early parametric feature of the uncertain FFSMs. First,
the estimate of w, that is, W 2 col(Wp, Wy,), is intro-
duced which obeys the following dynamic equation

M — Mo + Cw = kge M + 1y + u, (46)

where matrices MA2M (q, éd) M2M (g, w, éd)
andC 2 C (g, w, Qd) are the estimates of the matrices
M(q), M (g, w) and C(q, w), respectively, and Qd is
the estimate of uncertain parameter 6. Besides in (46),
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W2 w— 0 = col(Wp, W) is the estimation error of Denote

w, kge 1S a positive constant, and n, € R™1+73 g an

auxiliary variable which will be designed later. el M +Yy fé . (54)

Subtracting (46) from (8) yields

M + M + M — Mib + Cw

- 47)
= _kdeMlI) + kdeMa) — Nx,

where M 2 M — M = M(q,05), M 2 M — M =
M(g,w,05) and C 2 C —C = C(q,w,0y) is
estimation errors of M, M and C, respectively, and
éd L0, — éd is estimation error of dynamic parameter
04. Note that from Property 2, the matrices in (12) are
linear toward dynamic parameter 6;. Therefore, based
on (12), Eq. (47) can be rewritten as

M + M + Yy 04 = —kge M — 15, (48)
where Yy . 2 Yiq, w, W — kgew, w, w) such that
Yacfa = M@ — kgeiw) — Mib + Cuw. (49)

For the regressor matrix Yy ., an auxiliary variable
Yg r) € ROmi+m3)xn s introduced and obeys the
following dynamic equation

Yar+kaeYa s = Yac. (50)

Then, for the estimate of the uncertain dynamic param-
eter 6y, that is, 6,4, its adaptive law is designed as

Oa = —I3Y] ;b D

where I3 is a positive constant. Correspondingly, the
auxiliary variable 1y in (46) is designed as

N 2 —Yy 100 = F3Yd,deT,f17), (52)

where the adaptive law on éd (51) is utilized.
qustituting (50) and (52) into (48) and adding term
Ya, 104 — kaeYa, ;0 on both sides of (48) yield

(M®) + (Ya, 162) = —kae(Mb + Yq 102).  (53)
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and therefore, Eq. (53) can be simplified as
é = —kgee. (55)

It can be seen from (55) that the variable e(t) decays
to zero with exp(—kg4.t) exponential convergence rate.
Then, in view of (51) and (54), the derivative of éd =
04 — éd can be obtained as

By (56)
=Y M~le—3Y] M"Yy 104,

Denote Vj 4 S % ||5d||2, and according to (56) and

AM minEm, +m; < M, the derivative of Vj 4 is bounded
as

Vo =04 (Y] (M~ e —Y] M~y 10)

3. _ ~ _
< _Z dTYaZ:/M IYd’de +€TM ]e (57)
< —lel®.

M ,min

Since the signal e(#) converges to zero with exp(—kg.t)
exponential rate, it can be obtained that e(r) = e(0)
exp(—kg.t). Thus, it is further obtained from (57) that

1 ! 2
f lleCs)[1ds
)&M,min 0

lle(0)12
dee)LM,min

Vo,a(t) < Vg,a(0) +

= Vp.qa(0) + (1 — exp(—2kget)).

(58)

It can be seen in (58) that éd (t) is uniformly bounded.
The parameter I3 in (56) determines the decaying rate
of 64(1).

Besides, according to (54) and the Young’s inequal-
ity, it is obtained that

2 2
S llell® +

M ,min

-2
lw]* <

édTYdeM_lydﬁféd,
M ,min ’

(59)
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where Ajs min > 0 is defined in the preliminaries with
)"M,minEm1+m3 < M(q).

To derive the control input, denote Yy, ¢ = [Y4, r1;
Y4, r21, where matrix Yy p1 € R"™3>"2 is the first m3
rows of the matrix Yy r and matrix Yy o € R"1*"2 is
the last m rows of the matrix Yy, . Then, the dynamic
equation of the variable W (46) can be rewritten as

Myt + Myt + Cp = Oy (60a)
ME i + My iom + S = ttms (60b)

where matrices Mbb, Mbm and Mmm are the estimates
of the matrices Mpp, My, and M,,,,, respectively, and
vectors ¢, € R3 and ¢, € R™ are defined as

b 2 —Mppby — My + Copwp + Comw
— ke Mppp — ke Myt — F3Yd,f1Y£fﬁ1a
(61a)
Em £ _MbTle)b - Mmmlbm + CA‘mbwb + CA‘mmwm

— kae M, b — kge Mymm — T3Yq p2Y] 10,
(61b)

and matrices ébb, é‘bm, C‘mb, émm, Mbb, Mbm and Mmm

in (61a)—(61b) are the estimates of the matrices Cpp,

Coms Cibs Coum, Mbb, Mbm and Mmm, respectively.
Substituting wy, in (60a) into (60b) leads to

Myt + & = . (62)
where

M:;lm 2 MMM - M;,TmMﬁ,l Mbm7 (63a)
oh R G — ML M, G (63b)

Then, denote Wy, = Wy — Wy, Where Wy, is the
estimate of w,, defined before, and correspondingly,
Wy 18 the estimate of w,, , which satisfies w,, , =
Wyn.r — Wy The control input u,, is designed as

Um = g;:,k, + M;;mwm,c - de;:,mli)m,r’ (64)

where kg is a positive constant. Substituting (64) into
(62) leads to

li}m,r = _kdﬁ}m,r- (65)

64 l1% 2 AM,min D, 2

Then, denote V; = —”3‘}! + e de”fﬂ!.min SM.min7m 2 4‘)(:} |
In view of (55), (56), (59), (65), the Young’s inequal-
ity and the relation [|wy, || = [|Wn + D, )? <
%szm 1%+ 3|y, ||12, the derivative of V,; can be scaled

as

Va=07Y] ;M ~e—07Y] ;M™"'Yq 04

)\' .
2 M,min ;| 2
—_ e — w
Y- llell 2 [y, |
< 3gryr MYy 16, — ! lle||?
=T 47d td.f v AM.min
)&M,min ~ 2
- w
> |,
<—1§TYT M7y, 0, — ! lell®
=T 4vatdr i 25Mmin (66)
AM,min | ~ AM,min |, ~
e [[7] e ([
2
1~ -
<—=0r'yl M7y, s6, — Ak
=20 Yay 410 = llell
)‘«M,min ~ 2 )LM,min N 2
- — w
16 lw]| 3 | Wi,
)\M,min 2
— w .
3 W,

Then, denote ¢; £ )»146;51“ and V. £ Vi + ¢,V,;. The
derivative of V, in view of (45) and (66) is bounded as

. k 2 ~ coC4
Ve < —gncbjwznz — k—anzeznz — Tuwbn2

kpcy cicq ~
ILL L vill* — Tnnebnz

4
Ct 3T vT ap—1 5 Ct 2
— =0, Y, MYy 04 — llell
4 d7d.J / 2)\M,min
AM,minCt | ~ .2 AM.minCt | 2
- —|w||F = —||w
T lwll 2 [l W
)\M,minct

2
- Tuwm,rn2 + k—znpzszn2

2cq4 . 2
+ ——llopsnll”-
ks Il 0n55 I
(67)
3.5 Stability analysis
In view of the proposed adaptive prescribed perfor-
mance coordinated control scheme (25), (28), (36),

(42), (46), (50), (51) and (64), the following result is
obtained.
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Theorem 1 For the uncertain FFSM (3) and (5a)-
(5b), the controller with the form (25), (28), (36), (42),
(46), (50), (51) and (64) is employed. The parameters
p,(;’i, i=1,...,m3 and P?,i’ i=1,...,my+ ms,
are set such that |Aqp ;i (0)] < pl(;),i and |Az,;(0)| <
p? ;. Then, the signals Y (1), V- (1), Oy (1), 6(1), W (1),
Yaq £ (0), éd(t), e(t), Wy r (1), wy (1), and w(t) are
all uniformly bounded, and 1lim;_, oo Aqp(t) = Oy,
limy s yoo Wp(t) = Opy, limy sy oo Aze(t) = Qm2+m3,
1imt—>+oo AZe(t) = 01112+m3: limt—>+oo Yp(t) Op(2) =
0,5, ]ifnt—>+oo Y,:0)0:(t) =  Opyims limis oo
Yd,f(t)ed(t) = 0m1+m3» limt%Jroo ﬁ}(t) = 0m1+m3,
and lim;— oo Wy (t) = 0,,,. Moreover, the pre-
scribed control performances on the spacecraft attitude
regulation error Aqp(t) (16) and the end-effector pose
tracking error Az,(t) (17) are both satisfied.

Proof The proof of Theorem 1 can be divided into the
following three steps.

Step 1 The uniform boundedness of V,(z).

The proof procedure of Step 1 is inspired by [44]
and [61].

Notice that the relations (35), (45), (66) and (67) are
obtained at the time instant 7, based upon the bounded-
ness of the signals ¥, (¢) and v, (¢) at the time instant
t. Therefore, it should be proved first that the signals
Agqp(t) and Az.(¢) meet the prescribed performance
constraints (16) and (17) at all the time, respectively.
Denote x (1) £ (Agp(1), Aze(1)).

Suppose that for the signal x (¢), the prescribed per-
formance constraints (16)—(17) are not satisfied at all
the time. Hence, denote 3 > 0 as the minimum time
instant when x (¢) violates the prescribed performance
constraints (16)—(17). Due to the fact that | Ag; ; (0)| <
,02’1. fori = 1,...,m3 and |Az.;(0)] < ,021. for
i=1,...,my+ms,itisobtained that 0 < ty; < 4o00.
This means that the signal yx (#) meets the prescribed
performance constraints (16)—(17) when ¢ € [0, #p7).

Besides, it can be seen in (29), (43), (55) and (65)
that Y,(1)0,(1) € L2[0, ty), Y(1)0:(1) € L2]0, tyr),
e(t) € L2]0, tyr), Wi r(t) € Lool0, tar). Correspond-
ingly, from (56), it is further that Yy r(1)04(t) €
L5[0, tp). Hence, it can be seen from (54) that w(z) €
L£5[0, tpr), and accordingly for wy, (1) = Wy, () +
Wy, (1), we have w,, »(¢) € £2[0, tyr). According to the
definition of p5(¢) (19a), p,(t) (19b), sp(¢) and s, (¢),
it is also obtained that pp(t) € Lo[0, tpr), p;(t) €
Lool0, ty), sp(t) € Lool0, ty) and s, (1) € L0, 1rr),
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and correspondingly pp(f)sp(t) € Loo[0, 1)) and
pz()s;(t) € LoolO, ty).

In addition, denote Vy p = %||1,0;,||2 and Vy ; =
% l%- 1% According to the definition of the time instant
tMm, it is obtained that ¥, (¢) and ¥ (¢) are both finite
for any ¢ € [0, t)7). According to (34) and (39) and the
Young’s inequality, the derivative of Vi, ;, at any time
instant ¢t € [0, 1)) is scaled as

Vb = —kpw] @pLyL) & Y — 1//;,T¢bLbﬁb_,,1 Y50
- lﬁbT(PbLbI‘AI,,_hl Hpmwn,» — U b opss
< —kllL) L Wl + 11 Hyp) Yobp I L L W
+ 1 Ey, Hpmwn 1LY @7 Wl
+ I ppsollll@] vl

kprb o7 12 2 2

< -2\ —— | ops

< = NPl + = lps
A,

+ e3llwm 11> + * 1¥,65117,

(68)

where L;,LZ > ApEpn;, A%bEm3 > I-AIb_bTILAIl;)1 and
aEy, > (Bex + %)Aﬁhﬁgmﬁbm are utilized. Then,
for any r € [0, 1), it is obtained from (68) that

t
Vb (t) < Vy 5(0) +03/O 1w, (5)]1*ds
My [ -
+ —/ Y5 ()05 (s)]I"ds (69)
kp Jo

2 d )
— ) ds.
+ kb)»b/(; 106 (s)s5(s) | “ds

Due to the fact that w,, (1) € £2[0, tar), Yp(1)0p(1) €
L7[0, tar) and pp(1)sp(t) € Lool0, 1ar), it can be seen
that all the integral terms of the right side of (69) are
uniformly boundedin [0, #57). This implies that V, , (¢)
is also uniformly bounded in [0, #57), and ¥ (¢) is also
uniformly bounded in [0, #37). Accordingly, @ (¢) and
Ly (t) are also uniformly bounded in [0, #j7) owing to
the uniform boundedness of v (¢) in [0, £37).
Additionally, in view of (32), (39) and the Young’s
inequality, the derivative of Vy; , is scaled as

Vo = vl & Jywp — k|01 + v ! @,7,6,
+ WZ@meme - wZT(pzlézSz
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k 2 ~ Z,uj
— gnézwznz 0 k—nYzezn2 + = lwp |
Z Z

2, 6k7 1Ly

+—||pzsz||2 Z ILE @yl
Z

6)~ wy

+ — b Hbmwm r”

Z

=< ——le@lllel + _”Yzéz” + —Ilﬁzszll2

6k 1y 6AZ, 1Ly
+ = LT Dy | + —22L ) v, |12
Z Z
3cskpey  2pg
+<k—+ ; Nl - II* (70)
Z Z

where s E;; > ijjb,/J/jEml > f,gfm and i3E,,, >
(Bep + %)kﬁ b ﬁbTm I:Ibm are used. Integrating both sides
of (70) leads to

2 ! -
Vi) = Vo) + — fo 12 ()-(5) [P ds

2t 5
+ —/ 62(s)s-(s)[I“ds

hl/‘]

/ 1L (5)P5 ()9 (5) [ ds

7y ~
Oty / 115 (5)85 (5)1|*ds
kz 0

3c3k 2 t
+ (M+ “’)/ 1w (5) 17,
kz kz 0
(71)

for t+ € [0, 1)). Note that based upon the previ-
ous proof, we have Lg O Pp()Yp(t) € Lool0, tar).
Besides, ithas been proved that Y, (t)9~Z (1) € L2]0, ta),
H:2(1)s2(1) € Lool0, tar), Yp(1)0p(t) € L]0, 1)) and
Wi (1) € L£2]0, tyr). Therefore, it can be seen that all
the integral terms in the right-hand side of (71) are uni-
formly bounded in [0, #3/), and accordingly Vi ,(t) is
uniformly bounded in [0, 77). This implies that ¥, (¢)
and @,(¢) are also uniformly bounded in [0, 737).

In all, according to the above analysis, it is obtained
that v, (¢) and v, (¢) are uniformly bounded in [0, 7).
This contradicts with the assumption that the regula-
tion/tracking error x (t) = (Agp(t), Az.(t)) violates
the prescribed performance constraints (16)—(17) when
t = ty. Hence, this assumption is invalid and, due to
the generality of the time instant 737 (0 < t)y < +00),
it is obtained that both v (¢) and ¥, (¢) are uniformly

bounded, and the prescribed performance constraints
(16)—(17) are always satisfied for y (¢) in [0, +00).

Then, it will be proved that V.(z) is uniformly
bounded. Since it has been proved that the pre-
scribed performance constraints (16)—(17) are satis-
fied in [0, 400), the aforementioned inequality (67)
is always established in [0, +00), and the relations
|spi(t)] < Lfori =1,..., m3and |s;;(¢)] < 1 for
i = 1,...,my + m3 are also always established in
[0, +00). Correspondingly, due to the fact that pp (1)
and p,(t) are both uniformly bounded in [0, +00),
b (t)sp(t) and p,(t)s,(¢) are also uniformly bounded
in [0, 400).

Due to the fact that lim;— 1o 05(1) = Opzxms
and lim,_, ¢ pz(l) = 0(n,4m3) x (ma+my) from (19a)—
(19b), denote (1) = max {1 5: (01, 7 15117},
and it is obtained that limt_,+oo)1(t) = 0. This
means that there exists ry > 0 such that i(t) <
min{2k,, kyAp} for any ¢+ > ty. Notice that accord-
ing to the previous proof, it is obtained that oy (¢)sp (¢)
and p, (¢)s,(t) are uniformly bounded in [0, #x ], mean-
ing that V.(¢) is also uniformly bounded in [0, ty]
based upon (67). Moreover, for any time instant ¢ €
[ty , +00), the derivative of V. (¢) in (67) can be further
scaled as

. 2 ~ CcoC4
Ve < =2k, 19 11* — k—nmn2 - T”wb”z
Z

c1c4 ~
— kpearpllPpll? — —||Yb9b||2

AM,minCt  ~ 2
Yy 0 ——||w
mTy MmaxH d.f 1> — 16 lwll
AM,minCt 2
2 W 17 — Dort i llell*
AM,minC ()
= e P =
C4)»(t)
Iyl
= —17, (72)
where
2, 2 52, €204 2
IT = k|| ¥l +—||Yz9z|| +Tllwhll
Z
kbC4)»b
) ||Yb9b||2
AM,minCt | ~ 2
Y, +6 _—
+4Mmax||df a2+ 0 o]l
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)\M minCt
+ — + o
g e Drt lell?
)\.M’ inC
T
>0, (73)

and the relations @,®/ > 4E,, and ¢, ¢! >
4B,y when Y3l < +oo and |yl < oo,
Ly LZ > ApE; and (23)—(24) are utilized. From (72)-
(73), it is obtained that V() is also uniformly bounded
in [ty, +00). In all, it is concluded that V,.(¢) is uni-
formly bounded in [0, 4+-00).

Step 2 The asymptotical convergence of signal I7(¢).

First, due to uniform boundedness of V,(¢), the sig-
nals (1), Pp(1), (), Op(1), V=), D(1), 6:(D),
9 (1),e(1), Hd(t) Gd(t) Wy, (1) and wy, ,(¢) are all uni-
formly bounded. Remind that it has been proved that the
signals s (¢) and s (¢) are both uniformly bounded and,
together with the uniform boundedness of pp(#) and
pz (1), it is also obtained that Agy (1) = pp(#)sp(f) and
Aze(t) = p;(t)s;(t) are both uniformly bounded. Due
to uniform boundedness of 6, (1), the matrices I:Ibb (1),
I—AI,;b1 (1), FAI;,m (1), ﬁ;m (), lA](t) are also uniformly
bounded. Similarly, owing to the uniform boundedness
of éz (1), the matrices fb (t)and JAm (t) are also uniformly
bounded. According to the uniform boundedness of
Jn () and U(1), it is obtained that J,,(1)U(¢) and
(fm (t)0 (t))Jr are both uniformly bounded. Note that
the estimates of Ag and v, that is, Ao(t) and 0g(¢), are
the components of O (1) and éz (1), respectively, which
means that both Ao(t) and 0¢(7) are also uniformly
bounded in view of the uniform boundedness of éb(t)
and éz (t). It is also noted that g, (¢) and L, (¢) are both
uniformly bounded due to the uniform boundedness of
Aqp(t) = qp(t) —qp.q- In all, in view of (25) and (36),
the signals wy, (t) are uniformly bounded. Accord-
ingly, the signals wy, (1) = Wy, c(t) + Wy (), wp(t)
= Hy,' (DAo — Hy () Hpm (1) wy () and w(r) =
col(wp (1), wy (1)) are all uniformly bounded, due to
the uniform boundedness of w, (t) and wy, (7).

Then, we will prove that the signals Up (1), V- (1),
431, (1), @Z(t) and é(¢) are uniformly bounded. From
the structures of the regressor matrices Y (¢) (14) and
Y.(t) (4), it is obtained that Y (¢) and Y,(¢) are both
uniformly bounded, owing to the uniform boundedness
of w(t). In view of thg uniform boundedness of Oy (1),
Yo(0), Y (1), (1), Hy' (), L (1), wyn, (1), Hpm (1),
sp(t) and pp(7), it is obtained that Ag,(¢) in (33) and
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l/}b (t) in (34) are both uniformly bounded. Correspond-
ingly, s3(¢) is also uniformly bounded in view of the
uniform boqndedness of Agqp(t), Agy(t), ,ob_l(t) and
pp(t), and @Dy(¢) is also uniformly bounded owing to
the uniform boundedness of ¥, (1), sp (¢) and 55, (¢). Sim-
ilarly, from (22b) and (38), the signals Az(¢) and dfz (1)
are also uniformly bounded due to the uniform bound-
edness of w(t), vo, Ze,d(t), Jp(t), Jn(1), @ (1), pz (1)
and s.(¢). Accordingly, §.(¢) and @.(r) are also uni-
formly bounded due to uniform boundedness of Az, (¢),
Aze(0), p7 (1), f2(0), s:(8), Y. (0). Besides, é(r) in
(55) is also uniformly bounded in view of the uniform
boundedness of e(r).

Next, the uniform boundedness of w,, () wi.11 be

verified. From (29) and (43), the signals 6, (1), 0y(t),

éz(t) and éz(t) are all uniformly bounded in Yiew
of the uniform boundedness of Yj(z), Y:(7), 6,(t)

and éz (t). Accordingly, the signals Ao({) and 5o(t),

which are the components of é;, (t) and éz (t), respec-
tively, are also uniformly bounded. Correspondingly,
in view of the uniform boundedness of é;, (1), é;, (1),
0.(1), 0:(8), w(t), Hy (1), HY, (1), U(®) and Jn (1),
it is obtained that (Hpy(t)), (Hpm (), (H] (1)),
@), Un@), o) and (T @) are all
uniformly bounded. Based upon the uniform bound-
edness of J,, (U (1), (Ju()U 1)) and (J,, (1)U (1)),
the matrix ((fm (t)[j (t))T)/ is also uniformly bounded.
Besides, based upon the uniform boundedness of g, (¢)
and wp (1), it is obtained that L;(7) is also uniformly
bounded. In all, according to the uniform bounded-
ness of the 51gnals 1//b(t) (Ph(t) Lh(t) th(t) Ao(t)
Hym (6), Hy, (), U@), Jn(@), Gu@U @), (),
D, (1), Ze.4 (1), V() and the corresponding derivatives,
it is obtained that 1y, .(¢) is uniformly bounded.

In addition, it will be proved that the control input
U, (1) is uniformly bounded. Note that u;)m, #(t)in (65)is
uniformly bounded due to the uniform boundedness of
Wiy (). Wim () = Wy )+ uk)m,,(t) is also uniformly
bounded due to the uniform boundedness of wy, (1)
and Wy, - (t). Similarly, W,, (1) = wy. (1) + Wy ()
is uniformly bounded due to uniform boundedness of
Wiy, e (1) and Wy, (1). Wy (1) = Wy (1) — Wy (¢) s also
uniformly bounded, owing to the uniform bounded-
ness of w,,(t) and w,,(¢). Therefore, it is obtained
that Yy .(¢) in (49) is also uniformly bounded. The
signals Yq 7(1) = [Ya,71(0); Ya,p2(1)] and Yy 7 (1)
in (50) are also uniformly bounded, according to the
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uniform boundedness of Y, (). The estimation error
w(t) in (54) is also uniformly bounded due to the uni-
form boundedness of e(t), M(t), Yy, #(t) and 04 (1).
Correspondingly, w () = w(¢) — w(¢) is uniformly
bounded. Besides, due to the uniform boundedgess of
w (t) and 0;1 (1), 1tis 9btained that the matrices M;,b (1),

My (1), My, (0), My @), Cop(0), Com (1), Conp (1),
Coum (), Mpp(t), Mpy, (1), MbTm (t), My (¢) are all uni-
formly bounded. Therefore, it is obtained that M;,‘;m
in (63a), ¢p(¢) in (61a) and &, (¢) in (61b) are all uni-
formly bounded. The vector ¢, (¢) in (63b) is also uni-
formly bounded, according to the uniform bounded-
ness of & (t), &u (1), Mpp(t) and M] (1). In all, it is
obtained that the control input u,,(¢) in (64) is uni-
formly bounded based upon the uniform boundedness
of ¢ (1), mm(t) Wy, (1) and Wy, (7). . )

Moreover, it will be proved that signals (Y (£)6,(2)) ,
(Y.(1)0.(r)), and (Yaq ;(t)64(1)) are uniformly
bounded. According to the uniform boundedness of
Ya.;(z) and (), it is obtained from (51) that 6,(r)
and 5,1 (¢) are uniformly bounded. Therefore, (Y4, ()
64 (t))/ is uniformly bounded, according to the uni-
form boundedness of Yy, 7 (1), Yd,f(t), éd () and 5,1 (1).
Besides, due to the uniform boundedness of w(t), the
matrix C(g(t), w(t)) is also uniformly bounded. Cor-
respondingly, according to the uniform boundedness of
Um (), w(t), C(q(t), w(t)) and M(g(t)), it is obtained
that w(t) = [wp(t); Wy (1)] in (8) is also uniformly
bounded. Due to the uniform boundedness of the sig-
nals w(¢) and w(t), it is obtained from the structures of
the regressor matrices Y (¢) (14) and Y- (¢) (4) that Y, »(1)
and Yz (t) are also uniformly bounded. Therefore, based
on the uniform boundedness of the signals Y} (), Oy (1),
Y. (1), éz (t) and their derivatives, it is obtained that
both (Y (1), (t)) and (Y- (7). (1)) are also uniformly
bounded: Additionally, due to the uniform bounded-
ness of 6, () and Y4, 7(t), it is obtained that 1, (¢) in
(52) is uniformly bounded. M) is also uniformly
bounded due to the uniform boundedness of w(t).
Therefore, due to the uniform boundedness of M(7),
M(t) w(t) Yq,c(0), Qd(t) and ny (¢), the signal w(t) =
[wh (1); Wy ()] in (48) is also uniformly bounded. Cor-
respondingly, Wy, , (1) = Wy, () + Wy, (¢) is also uni-
formly bounded due to the uniform boundedness of
Wy (1) and i (1).

In all, it 1s obtained that wb(t) (Yb(t)eb(t)) Wz(t)
(Yo(0)0-(), (1), (Yo, (8a() s o, (1), &),

Wy (1), W (t) are all uniformly bounded. Besides, from
(72)—(73), it is further obtained that

+00
M (1)dr < Ve(tn) < +00, (74)

IN

which means that ¥,(t) € Lo, Yp(1)0p(t) € Lo,
Yo (1) € L2, V(D0 (1) € Lo, wp(t) € L2, Ya, 5 (1)0a (1)
€ Lo, Wy r(t) € Lo, e(t) € Lo, wyy (1) € Lo, W(t) €
L>.Based upon Lemma 1 in Section 2, it is obtained that
limy s oo Yo (1) = Oy, iy oo Yo (1) (1) = O,
lim;— oo Y2 (1) = Opytmsy, limros oo Yz(’)ez([)~ =
0m2+m3, lim; s oo wp(t) = 0m3» lim; 4 Ya’,f(t)ed ()
= 0 +-m3, limy— 400 Wy, (1) = 0y, limy s o e(t) =
0ty +my> My oo Wi, (1) = Oy, limys 00 w(t) =
0,1, +m5. Besides based upon (23)—(24), it is further
obtained that lim;_, {0 5p(t) = 04, and lim,,
§:(t) = 0y,4m;,and correspondingly lim;_, ; oo Agp(t)
= lim;  yoo Pp(1)sp(t) = Oy and lim; ., oo Aze(F)
= limy— 400 0z (£)5:(t) = Opytms-

Step 3 The prescribed control performances on the
spacecraft attitude regulation error Ag(¢) and the end-
effector pose tracking error Az, (z).

From the previous proof, it is obtained that the pre-
scribed performance error signals ¥, (¢) and ¥, (¢) are
both uniformly bounded. Therefore, based on Remark
4, it is obtained that the spacecraft attitude regulation
error Aqp(t) and the end-effector pose tracking error
Az (t) can satisfy the prescribed control performances
(16)—(17), respectively. Besides, in the previous proof,
it is verified that lim;— oo wp(t) = 0p,. Further-
more, due to the fact that lim;— 400 wp(t) = 0p;,
limt%Jroo wm,r(t) = 0m1 B limt%+oo 1//z (1) = 0m2+m3
and lim;_, 4 o0 Y, ()0, (1) = 01,11, itis obtained from
(38) that lim;_, 4 oo AZ (1) = Op,ms. The proof of this
Theorem is complete. O

Remark 5 According to the proposed control scheme,
the base spacecraft and the mounted manipulator can be
coordinated controlled to realize the spacecraft attitude
regulation task and the end-effector pose tracking task
simultaneously. Besides, compared with the adaptive
null-space control methods in [35,36], the proposed
control scheme can further ensure the prescribed con-
trol performances on the spacecraft attitude regulation
error Agp(t) and the end-effector pose tracking error
Aze(t) (16)—(17) simultaneously.

Remark 6 The attractive manifold control methods
have been put forward to achieve adaptive control of
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several controlled systems [62—-65]. For instance, in
[63], the attractive manifold control method has been
utilized to achieve trajectory tracking control of the
uncertain fully actuated robotic manipulators with the
following dynamic equation

Me(gp)gyr +Crlar.gp)gr +Gyrlgp) =uyp, (75)

where g, gy and G are the joint angle, joint veloc-
ity and joint acceleration of the robotic manipulator,
M¢(qr),Cr(qr,qr)and G r(qy) is the inertia matrix,
the centrifugal/Coriolis matrix, the potential force vec-
tor of the robotic manipulator, and u  is the control
input. In [63], the robotic manipulator (75) is con-
trolled to track the desired trajectory qy,q(¢). Denote
the tracking error as Ag s (t) £ qr() —qyra(t), and
accordingly Ag (1) £ G (t) — ¢r.q(1) and Ags(1) £
Gr(t) — Gya(t). Then, it is obtained from (75) that

Me(qp)AGr(t) = —Mp(qp)gra —Cr(qr.qr)qy
—Gyrlgf)tuy. (76)

The proposed attractive manifold controller in [63] is
designed on the above tracking error dynamic equation
(76). For the dynamic parameter 67 in (76), the pro-
posed adaptive controller in [63] can ensure that the
uncertain parameter estimation error term on 6y can
converge to zero independent of the persistent excita-
tion condition.

However, it should be noted that the method in [63]
is designed for the fully actuated robotic manipulator
(75) and besides depends on the linearly parametric
feature of the robotic dynamics, that is,

Wqr,qr.Gra)0r =—M¢qp)gra —Crlar,qr)qy
—Grlgf), 77)

where W(gr,qr,Gra) is the according regressor
matrix. Unfortunately, owing to the free-floating mode
of the space manipulator, the FFSM is an underactu-
ated system. Besides, the reduced form of the FFSM
dynamics (10) is nonlinearly parameterized toward
the dynamic parameter. Hence, the attractive manifold
method in [63] is inapplicable toward the FFSM.

In this paper, a novel attractive manifold control
method is proposed. A nonlinear filter on the FFSM
dynamics is constructed in (46), and the designed
updated law on the dynamic parameter estimate (51)
is driven by estimation error of the joint velocity. Dif-
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ferent from the methods in [62,63] in which the updated
laws on the uncertain parameters are designed directly
on the tracking error equations (like Eq. (76)), the
proposed adaptive law is constructed on the dynamic
equation on the estimation error of the joint velocity
(47), and correspondingly, the nonlinearly parametric
issue of the FFSM is overcome. Hence, compared with
[35,36], the proposed control scheme can be designed
at the dynamic level.

Remark 7 Similar to [62-65], the proposed attractive
manifold control method renders parameter estimation
error term decay to zero, that is,

Jim Yo (00a(t) = Oy ms, (78)

independent of the persistent excitation condition
which is the prerequisite for the several adaptive control
methods to render the parameter estimation error terms
converge to zero. Once the parameter estimation error
term Yd‘féd falls to zero, that is, Yd,féd = 0,y 4m5, it
is obtained from (54) and (55) that

(M®) = —kgo M. (79)

This means that the estimation error w(t) = (II)bT (1),
ﬁ)g (1))T can tend to zero with exp(—kg,t) exponential
convergence rate. Besides, since W, »(¢) in (65) also
tends to zero with exp(—k4t) exponential convergence
rate, itis obtained that the sliding vector wy, , = Wy, +
Wy, can also tend to zero with exponential convergence
rate. In addition, the proposed adaptive control method
also ensures that the parameter estimation error terms
Y, (t)éh (t)and Y, (t)éZ () tend to zero, independent of
the persistent excitatiop conditions. This means that
lim; s oo @y (1) Ly (1) ' (1) Yy (£)05 (1) = 0y in (34)
and 1imy 400 @, (1) Y;(1)0;(t) = Opyimy in (39). In
all, the proposed adaptive control method can eliminate
the influences of kinematic and dynamic uncertainties
of the FFSM, independent of the persistent excitation
conditions.

4 Simulation results
In this section, a 4-DOF planar FFSM (see Fig. 1) is

taken as an example to show the control performances
of the proposed control scheme [36]. For this planar
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L

Ls g

Fig. 1 Planar free-floating space manipulator with 4 degrees of
freedom

FFSM, its base spacecraft is equipped with a 4-DOF
manipulator, which means that m; = 4. For the end-
effector pose tracking task of this planar FFSM, the
number of task variables is m» + m3 = 3. For the
spacecraft attitude regulation task of this planar FFSM,
the number of task variable is m3 = 1 [36]. Therefore,
it is obtained that m| = my + 2m3, which means that
the DOFs of the mounted manipulators are enough to
realize the spacecraft attitude regulation task and the
end-effector pose tracking task simultaneously [36].
The system parameters are chosen based upon [36]
and are given in Table 1, where the base spacecraft is
labeled 0, mq represents the mass of the base space-
craft, m;, i = 1, 2, 3, 4, represents the mass of the ith
link, Iy stands for the moment of inertia of the base
spacecraft, I;, i = 1,2, 3,4, stands for the moment
of inertia of the ith link, and the physical meanings
of [ and l.;,i = 0,1, 2, 3,4, can be seen in Fig. 1.
The structure of matrices in (3), (5a), (5b) and (13)
can be seen in [36]. Besides, the nonzero constant
velocity vg and the nonzero constant angular momen-
tum Ag are vp = [0.0988;0.0943] m/s and Ag =
—1.6467 kgm? /s, and correspondingly, the uncertain
parameters 6, € R",0; € R"2 and 6, € R are 6, =
[0.0988, 0.0943, 0.6277 1.1550, 1.2600, 1.3542]7,
04 = [34.5482, 20.0140, 11.9952, 3.1686, 11.9952,

Table 1 System parameters of the free-floating space manipu-
lator

Base spacecraft & ith m;(kg) I; (kg m?) [; (m) lc,i (m)

link

0 61.2 26.112 1.6 0.8

1 6.3 1.0290 1.4 0.7

2 5.4 0.8820 1.4 0.7

3 5.1 0.8330 1.4 0.7

4 5.1 0.8330 1.4 0.7
12.6126, 4.1234, 6.8544, 4.4982, 2.2409]"

and 6, = [—1.6467, 34.5482, 20.0140, 11.9952,
3.1686, 11.9952, 12.6126, 4.1234, 6.8544, 4.4982,
2.2409]7.

Besides, the desired attitude in the inertia frame is
qpb.a = 0, and the desired trajectory of the end-effector
pose in the inertia frame is set as

3.9+ 0.1cos(gt) +0.1 cos(%t)
2.3 40.1sin(%1) +0.1sin(31) |,
0.03 + 0.03 cos(% 1) + 0.05 cos(31)

Zed(t) =
(30)

where the first two rows of z,_4(¢) constitute the desired
end-effector position trajectory, and the last row of
Ze,d(t) 1s the desired end-effector attitude trajectory.

In order to verify the control performance of the
proposed control scheme, two control schemes are
employed as compared control scheme. The first con-
trol scheme resembles the proposed control scheme but
does not consider the prescribed performance require-
ments (16)—(17), in order to show the transient and
steady control performance of the proposed control
scheme. The second control scheme only considers
the prescribed performance control of the FFSM end-
effector, but overlooks the requirement of spacecraft
attitude regulation, to show the coordinated control per-
formance of the proposed control scheme.

4.1 Compared simulation results between the
proposed control scheme and the control scheme
without prescribed performance requirement

In this case, the corresponding control scheme with-
out the prescribed control performances is employed
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Table 2 Initial values of system variables and control variables

Variables Initial values

q»(0) (rad) 0.18
qm(0) (rad) [7/3; =7 /3; 7/3; —7/3]

wp(0) (rad/s) —0.0037

wy, (0) (rad/s) 04

éZ(O) [0;0;0.1; 1.9; 0.8; 1.5; 1]

éd(O) [34; 30; 18; 14;3.5;17;9; 7; 1.5;
20;10;4.1;12; 4.6, 4.1]

é;,(O) [0; 34; 30; 18; 14;3.5;17;9;7; 1.5;
20;10;4.1; 12; 4.6, 4.1]

w(0) 05

Yy, r(0) 0515

as compared control scheme, to verify the control per-
formances of the proposed control scheme [66]. To be
specific, in the compared control scheme, the variables
V(1) (20a), ¥ (1) (20b), pp(r) (18a) and p (1) (18b)
are replaced by Agy (), Az.(t), 1 and E3, respectively.
Correspondingly, it means that the variables sp(?),
s;(t), @p(t) and P, (¢) are also replaced by Agy(?),
Aze(t), 1 and Ej3, respectively, and pp(t) = 0 and
0z (t) = 0343 for the compared control scheme.

The control parameters of proposed control scheme
are set as k, = 0.04, I = 10, k, = 0.04, I3 = 10,
kie = 03, kg = 0.8, I3 = 10, pj = 0.4, p? | =
pYy = 1,005 =02, p° = 0.03, pX = p% =
0.08, 025 = 0.05, B = 0.22, .1 = oo = oz =
0.22, 0 = 0.8, 0,1 = 0;2 = 0,3 = 0.8. As for
the compared control scheme, its control parameters
are set the same as the counterparts of the proposed
control scheme, expect for the control parameters in
the decaying functions of time p,(¢) (18a) and p,(¢)
(18b). The initial values of the system variables and
control variables can be seen in Table 2.

The control performances of proposed and com-
pared control schemes are shown in Figs. 2 and 3.
In Figs. 2 and 3, the proposed control scheme is
denoted as case 1, and the compared control scheme
is denoted as case 2. Besides, the black dotted lines in
Fig. 2a—d depict the corresponding decaying functions
of time (18a)-(18b), and the regions surrounded by
these black dotted lines are the prescribed performance
constraints. If, in Fig. 2a—d, the spacecraft attitude reg-
ulation error Agp(t) and the end-effector pose track-
ing error Aze(t) = [Aze,1(1); Aze(1); Aze3(1)] are
within the corresponding prescribed performance con-
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straints, it means that the corresponding control scheme
satisfies the prescribed control performances (16)—(17).

The control performances of the proposed control
scheme are analyzed first. Notice that in Fig. 2a—d, both
the spacecraft attitude regulation error Agy(¢) and the
end-effector pose tracking error Az, (t) = [Aze,1(t);
Aze2(t); Az, 3(t)] of the proposed control scheme can
converge to zeros within 10s, and satisfy prescribed
control performances (16)—(17). Besides, in Fig. 2e-g,
the spacecraft angular velocity wy(¢), the time deriva-
tive of the end-effector position tracking error A p,(t),
and the time derivative of the end-effector attitude
tracking error Ag,(t) of the proposed control scheme
can all converge to zero within 10s. In Fig. 2h, the
joint velocity w, (¢) of the proposed control scheme is
bounded.

In addition, as shown in Fig. 3a—d, the uncertain
parameter estimation errors éb (1), QNZ (t) and éd (t) of the
proposed control scheme can converge into the neigh-
borhoods of the desired equilibriums within 15s, and
the variable Yy (t) of the proposed control scheme
is bounded. This means that the parameter estimation
error terms Y, (t)0) (1), Y (1)0.(¢) and Y,_¢(t)04(t) of
the proposed control scheme can also converge into the
neighborhoods of the desired equilibriums asymptoti-
cally. Moreover in Fig. 3e—f, the estimation error w(t)
of the proposed control scheme can also converge to
zero within 8s, the control input u,, (¢) of the proposed
control scheme is bounded, and the maximum value of
|t ()] is nearly 6.38 N m.

On the other hand, in Fig. 3a—c, the compared control
scheme can also ensure the convergence properties of
the parameter estimation errors Oy (1), 672 (¢) and 64(7).
In Fig. 3d, e, the auxiliary variable Yy r(¢) of the com-
pared control scheme is bounded, and the estimation
error w(t) of the compared control scheme can also
converge to zero. In Fig. 3f, the control input u,, (t) of
the compared control scheme is also bounded, and the
maximum value of ||u,, (¢)] is nearly 3.75 N m, which
is smaller than that of the proposed control scheme.

However, the compared control scheme does not
possess the same control performance as the pro-
posed control scheme. First, in Fig. 2a—d, it can be
seen that both the spacecraft attitude regulation error
Agqp(t) and the end-effector pose tracking error Az, (¢)
= [Az, 1(t); Aze2(t); Aze 3(t)] of the compared con-
trol scheme violate the prescribed control performances
(16)-(17). This is because the compared control scheme
does not take the prescribed control performances (16)—
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Fig. 2 Regulation and tracking performance of the proposed control scheme and the control scheme without prescribed performance
constraint. Case 1: The proposed control scheme. Case 2: The control scheme without the prescribed performance requirements
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Fig. 3 Estimation performance and control input of the pro-
posed control scheme and the control scheme without prescribed
performance constraint. Case 1: The proposed control scheme.

(17) into consideration. Besides, in Fig. 2e—g, the
spacecraft angular velocity wj(¢), the time derivative
of the end-effector position tracking error A p,(t) and
the time derivative of the end-effector attitude track-
ing error Ag.(t) of the compared control scheme do
not converge as fast as the counterparts of the proposed
control scheme.
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4.2 Compared simulation results between the
proposed control scheme and the control scheme
without spacecraft attitude regulation

In this subsection, the control scheme that only con-
siders the end-effector pose tracking and neglects the
spacecraft attitude regulation is introduced as a com-
pared control scheme. Different from the proposed con-
trol scheme, the controller of this compared control
scheme at the kinematic level is designed as
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Fig.4 Regulation and tracking performance of the proposed control scheme and the control scheme without the base spacecraft attitude
regulation. Case 1: The proposed control scheme. Case 3: The control scheme without the base spacecraft attitude regulation
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Wine = I (=00 + Ze.a — Jowp — k, P ,).  (81)

The updated law on the parameter estimates 6, (42),
the updated law on the parameter estimate 64 (51), the
filters (46) and (50) and the control input (64) are still
employed in this compared control scheme. It can be
seen that the spacecraft attitude regulation error Agp(¢)
and the corresponding prescribed performance error ¥,
do not appear in (81), which means that the spacecraft
attitude regulation is not considered in the compared
control scheme.

The control parameters of this compared control
scheme are still the same as the counterparts of the
proposed control scheme. The simulation results on
the proposed control scheme and the compared control
scheme can be seen in Fig. 4. In Fig. 4a-h, the pro-
posed control scheme is denoted as case 1, the above
compared control scheme is denoted as case 3, and
the corresponding decaying functions on time are also
shown in Fig. 4a—d as the black dotted lines.

On the one hand, in Fig. 4b—d, the end-effector
pose tracking error of the compared control scheme
obeys the prescribed performance requirement (17).
The time derivatives of the end-effector position and
attitude tracking errors also converge to zero within
10s in Fig. 4d, e. On the other hand, compared with the
proposed control scheme, the spacecraft attitude reg-
ulation error of the compared control scheme violates
the prescribed performance requirement (16) in Fig. 4a,
and the corresponding spacecraft angular velocity does
not converge to zero in Fig. 4e. Moreover, in Fig. 4h, the
reaction torque J, (#) of the compared control scheme
does not fall to zero within 20 s, compared with the
proposed control scheme whose reaction torque falls
to zero within 7 s.

The reason of these differences in Fig. 4a, e, h is that
the spacecraft attitude regulation is not taken in consid-
eration in this compared control scheme. Notice that
there exists dynamic couplings (5a) between the base
spacecraft and the mounted manipulator, and hence,
the manipulator motion of the FFSM will induce reac-
tion torque toward the base spacecraft. However, since
the requirement on the spacecraft attitude regulation is
overlooked in this compared control scheme, the FFSM
will not be controlled to reduce the spacecraft attitude
regulation error, even if the spacecraft attitude is far
away from the desired attitude. Therefore, the uncon-
trolled reaction torque of the compared control scheme

@ Springer

will alter the base spacecraft attitude, such that the
spacecraft attitude deviates from the desired attitude.
On the other hand, the proposed control scheme takes
the requirement on the spacecraft attitude regulation
into account. Hence, for the proposed control scheme,
its spacecraft attitude regulation error obeys the pre-
scribed performance requirement (16) and converges
to zero in Fig. 4a, its spacecraft angular velocity falls
to zero in Fig. 4e, and its reaction torque exerted on the
base spacecraft also converges to zero in Fig. 4h.

5 Conclusions

In this paper, the coordinated control of the uncer-
tain FFSM is investigated. Both the prescribed per-
formance error transformations and the reaction null
space are carefully designed to realize the spacecraft
attitude regulation task and the end-effector trajectory
tracking task simultaneously. Besides, in face of the
nonlinearly parameterized feature of the FFSM, anovel
attractive manifold control method is proposed, and the
convergence of the parameter estimation error terms
does not rely on the persistent excitation conditions.
Based upon the proposed adaptive coordinated control
scheme, both the spacecraft attitude regulation error
and the end-effector pose tracking error can meet the
prescribed control performances, in the presence of the
nonlinearly parametric feature and the nonzero linear
and angular momenta of the FFSM. Future work will
focus on the detumbling control of the uncertain space
manipulator with prescribed control performance.
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