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Adaptive Reactionless Motion Control for
Free-Floating Space Manipulators

Shuanfeng Xu, Hanlei Wang, Duzhou Zhang, and Baohua Yang

Abstract—This paper investigates the adaptive version of
reaction null-space (RNS) based control for free-floating space
manipulators with uncertain kinematics and dynamics in the
presence of nonzero initial angular and linear momenta. The
great challenge in deriving the adaptive RNS-based control
scheme is that it is difficult to obtain a linear expression which is
the basis of the adaptive control. The main contribution of this
paper is that we skillfully obtain such a linear expression,based
on which, an adaptive version of the RNS-based controller is
developed at velocity level, taking into account both the kinematic
and dynamic uncertainties. It is shown that the proposed control
achieves both the base attitude regulation and continuous path
tracking of the end-effector. The simulation results are presented
to show the effectiveness of the proposed controller.

I. I NTRODUCTION

ON-ORBIT servicing (OOS) has become one of the cur-
rent hot areas of research for space agencies. For some

human manipulation tasks in hazardous space environment,
e.g., transferring payloads from one place to another, executing
repairing, maintenance and construction of spacecraft or space
station, and capturing tumbling satellite, the hazard and cost-
intensity of human space-transportation system impedes such
application to most spacecraft systems. Accordingly, robotics
are now assisting the human as the human-extended arm in
space [1]. Robotic manipulators in space environments are
usually mounted on a movable spacecraft, and such a robotic-
spacecraft system is the well-known space manipulators. OOS
demonstration missions such as the Japanese Engineering Test
Satellite VII (ETS-VII) [2], Rokviss [3], and Orbital Express
[4] are successful examples which have shown how to ef-
fectively exploit the exploration and manipulation capabilities
of robots in space using different approaches. However, such
tasks executed by space robots are inherently subject to large
kinematic and dynamic uncertainties. Under large parameter
uncertainties or variations, model based controllers tendto
lower the tracking accuracy or even drive the system unstable
[5]. Thus, it is important to develop robot controllers that
can deal with uncertainties in both kinematics and dynamics.
Adaptive control, as a standard control methodology, is a
qualified approach to solve this problem. A prediction error
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based adaptive Jacobian controller was proposed to attack task-
space trajectory tracking of free-floating space robots with
uncertain kinematics and dynamics [6].

Among the control modes of space manipulators, free-
floating space manipulators (FFSM) have their potential ad-
vantages [7]. First, the unrenewable and thus precious fuel
can be saved since both the position and the attitude of the
spacecraft are not actively controlled in this case, so the life of
the system will be extended. Second, hazardous and even fatal
collisions that may be induced by the action of the attitude
control system can be avoided in the free-floating mode of
operation when the servicing spacecraft is very close to or in
contact with the target spacecraft [3].

It is known that in a free-floating space robotic system,
due to the lack of a fixed base, the spacecraft will move in
response to the dynamic forces caused by the manipulator’s
motion, and the motion of the whole system is governed by
the principle of momentum conservation. However, from a
practical point of view, it is important to keep the base attitude
unchanged as the spacecraft has to always point its antenna
toward the Earth, whereas disturbing the base translation does
not pose any significant side effect [8]. Hence, joint motion
algorithms for space manipulators without reaction to the
base are highly preferred. On the other hand, the manipulator
end-effector is usually required to track some trajectory in
Cartesian space when executing OOS. Thus, it is meaningful
to realize coordinated spacecraft/manipulator motion control.

Many researchers have studied coordination control of a
manipulator and its free-floating base. Vafa and Dubowsky
proposed cyclic motion of the manipulator joints to change
the base orientation [9]. Nakamura and Mukherjee utilized
Lyapunov function to achieve the regulation of both the base
attitude and the manipulator joint angles simultaneously [10].
Inspired by the fact that a falling cat changes its orientation
in midair without violating angular momentum constraints,
Fernandes et al. investigated motion planning for a system
of coupled rigid bodies, which can be used for space robotic
applications, such as attitude control of the base spacecraft
using internal motion [11]. Dubowsky and Torres proposed
EDM (Enhanced Disturbance Map) to plan the trajectory of
space manipulators with minimum disturbance on the base
attitude [12]. Yamada used the variational method to find
a closed trajectory of manipulator joints that generates an
arbitrary change of the base attitude [13]. Suzuki and Naka-
mura proposed ”spiral motion” of the end-effector to achieve
arbitrary change of the base attitude and the manipulator joint
angles, which is unfortunately an approximate method [14].
Tortopidis and Papadopoulos presented a method to accom-
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plish point-to-point planning for FFSM [15], in which high
order polynomials are used to specify the desired path directly
in joint-space. Nenchev et al. analyzed a redundant free-
floating space/manipulator system based on the momentum
conservation equations [16], where the concept of Reaction
Null-Space originated. Two tasks can be realized: 1) end-
effector continuous path tracking with simultaneous attitude
maintenance; 2) changing the attitude of the base satellite
while keeping fixed position/orientation of the end-effector
with respect to either the inertial coordinate frame or a relative
coordinate frame. To sum up, only the RNS based method
can achieve the base attitude regulation with simultaneous
manipulator end-effector continuous path tracking.

Reaction Null-Space has its root in the work of [16]. The
RNS-based control law was originally proposed to cope with
the dynamic interaction problem of flexible structure mounted
manipulator systems [17]. A kinematic control scheme based
on reaction null-space can achieve reactionless manipulation,
or Zero Reaction Maneuver, where a combined inertia and
Jacobian matrix is introduced [18]. The RNS-based reaction-
less manipulation was carried out and verified in the ETS-VII
project [19]. Later, the implementation of the RNS-based con-
troller for end-effector path tracking with reactionless motion
and vibration suppression was proposed in [20]. A reactionless
trajectory generation strategy was developed without affecting
the attitude of the base for the capture of a target by a 2-
DOF manipulator [21]. However, it should be noted that the
methods proposed above all require the exact knowledge of
both the kinematics and dynamics of the manipulator.

In the presence of parameter uncertainties or variations, only
a few controllers have been developed attempting to resolve
this problem. The great challenge is that it is difficult to find an
appropriate linear expression which is the basis of designing
parameter adaptation law. Taking dynamic uncertainties into
consideration, adaptive reactionless motion algorithm for space
manipulator was proposed in [22]. However, there is a problem
in deriving the linear expression which acts as the basis of
the adaptive reactionless control algorithm (ARLC), i.e.,the
designed velocity in this expression depends on the actual
values of the dynamic parameters so that it is not measurable
and thus unknown in the control, which leads to a result that
the expression cannot be used to derive the ARLC. In addition,
only the angular velocity of the base spacecraft is considered.
However, the attitude of the base spacecraft will be affected
during the adaptive control, which is undesirable in practice.

In this study, we skillfully obtain a linear expression which
can be used to estimate the unknown parameters. Based on the
linear expression, we propose an adaptive reactionless motion
control algorithm that can deal with both the dynamic and
kinematic uncertainties. These uncertainties could arisefrom
the lack of accurate knowledge of the manipulator parameters
or the unknown target that is captured by the manipulator, so
our algorithm can also handle the capture problem. In contrast
to the work of [22], the proposed algorithm can regulate the
attitude of the base spacecraft during the adaptive control. Step
by step, the joint motion algorithm is designed at velocity level
to achieve 1) the base attitude regulation with simultaneous
optimization of a rather general performance index, and 2)

both the base attitude regulation and continuous path tracking
of the end-effector. The main contribution of our work lies in
that it gives the adaptive version of the RNS-based controller.
Furthermore, taking the effects of nonzero initial linear and
angular momenta into consideration, the algorithm proposed
in this paper can still achieve both the base attitude regulation
and continuous path tracking of the end-effector. A preliminary
version of this paper appears in [23], which only considers the
case where there are zero initial momenta, and, in this paper,
we extend the previous algorithm to the case where there are
nonzero initial momenta.

The paper is organized as follows: in Section II, the
dynamics and kinematics which characterize a free-floating
space robot, and the derivation of RNS are explained. Then,
the formulation of adaptive reactionless motion controller is
developed in Section III. To demonstrate the effectivenessof
the proposed method, simulation results are shown in Section
IV. Finally, the conclusions and future work are stated in
Section V.

II. PRELIMINARIES

A. Dynamics of FFSMs

The equations of motion of a free-floating space robot
explicitly including the rotational motion of the spacecraft are
described by [24], [25]

[

Hb Hbm

HT
bm Hm

][

ω̇b

φ̈

]

+

[

cb

cm

]

=

[

0

τ

]

(1)

where ωb ∈ R
3 denotes the angular velocity of the base

satellite with respect to the inertial frame expressed in the
spacecraft frame,̇φ ∈ R

n denotes the motion rate of the ma-
nipulator joints,φ =

[
φ1, . . . , φn

]T
is the joint angle vector,

Hb ∈ R
3×3 is the inertia matrix of the base,Hm ∈ R

n×n

is the inertia matrix of the manipulator,Hbm ∈ R
3×n is the

coupled inertia matrix of the spacecraft and the manipulator,
cb ∈ R

3 is the velocity-dependent nonlinear term of the base,
cm ∈ R

n is the velocity-dependent nonlinear term of the
manipulator, andτ ∈ R

n is the manipulator joint torque.
In the case of nonzero initial angular momentum, the

integral of the upper set of (1) with respect to time gives [19]

Rt(t)(Hbωb +Hbmφ̇)
.
= H̄bωb + H̄bmφ̇ = L0 (2)

where H̄b = Rt(t)Hb, H̄bm = Rt(t)Hbm, L0 is the
initial angular momentum of the space manipulator system,
Rt(t) ∈ SO(3) is the spacecraft orientation matrix with
respect to the inertial frame, and̄Hbmφ̇ represents the angular
momentum generated by the manipulator motion. The momen-
tum conservation equation (2) is simpler than the equation of
motion at acceleration level, yet, reflects almost all aspects of
the system dynamics [26].

Equation (2) depends linearly on a set of dynamic pa-
rametersad =

[
ad1, ad2, . . . , adp

]T
and the initial angular
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momentumL0 [27]

H̄bωb + H̄bmφ̇− L0

=
[

Yd(ǫb,φ,ωb, φ̇) −E3×3

]

[

ad

L0

]

.
= Ȳdād

(3)

where we callȲd =
[

Yd(ǫb,φ,ωb, φ̇) −E3×3

]
the gen-

eralized dynamic regressor matrix, we callād =
[
aTd LT

0

]T

the generalized dynamic parameters,E3×3 is a 3× 3 identity
matrix, ǫb ∈ R

4 are quaternions used to represent the space-
craft attitude, andYd(ǫb,φ,ωb, φ̇) ∈ R

3×p is the regressor
matrix.

REMARK 1. The angular momentum conservation law
holds for free-floating space manipulators, which illustrates the
invariability of the spatial rotation. Bigger angular momentum
shows that the FFSM rotates faster around a certain fixed
axis. Intuitively, when the initial angular is much bigger,it
is difficult to make the manipulator end effector track some
desired trajectories in the inertia frame. Hence, bigger initial
angular momentum is not desired in practice, and it should
be eliminated by the thrusters or other actuators. However,it
is inevitable to have some angular momentum for FFSMs in
space environments due to some disturbances. In this paper,
we assume that the initial angular momentum is small, i.e.,
the norm ofL0 is small.

B. Kinematics of FFSMs

Denote bym the dimension of the task space. The FFSM
end-effector velocityẋ ∈ R

m in the inertial frame can be
expressed as [28]

ẋ = Jbωb + Jmφ̇+ l0 (4)

whereJb(ǫb,φ) ∈ R
m×3 andJm(ǫb,φ) ∈ R

m×n are the Ja-
cobian matrices, and the appearance of the initial translational
motion terml0 is due to the nonzero linear momentum, noting
that l0 is a constant vector.

And the kinematic equation (4) depends linearly on a set
of kinematic parametersak =

[
ak1, ak2, . . . , akj

]T
and the

initial translational motion terml0 [29], [30]

ẋ = Jbωb + Jmφ̇+ l0

=
[

Yk(ǫb,φ,ωb, φ̇) E3×3

]

[

ak

l0

]

.
= Ȳkāk

(5)

where we callȲk =
[

Yk(ǫb,φ,ωb, φ̇) E3×3

]
the general-

ized kinematic regressor matrix, we callāk =
[
aTk lT0

]T
the

generalized kinematic parameters,Yk(ǫb,φ,ωb, φ̇) ∈ R
m×j

is called the kinematic regressor matrix.
REMARK 2. In fact, l0 is the initial velocity of the center

of mass of the whole system. The linear momentum conser-
vation law holds for free-floating space manipulators, which
illustrates thatl0 is constant. Intuitively, we can see that
the end effector of the manipulator can track some desired
trajectories in the inertial frame only over a relatively short

period of time. What is worse, the FFSM may collide with
the target spacecraft if the thrusters or other actuators donot
work. Just like the initial angular momentum, the initial linear
momentum is also not desired in practice, and it should also
be eliminated by the thrusters or other actuators. However,
it is also inevitable to have some linear momentum in space
environments due to some disturbances. So, in this paper, we
assume that the initial linear momentum is small, which means
that the norm ofl0 is small.

C. Reaction Null-Space

Following the work of [19], we briefly describe the basic
idea of Reaction Null-Space.

The angular momentum equation with zero initial angular
momentumL = 0 and zero attitude disturbanceωb = 0

becomes
H̄bmφ̇ = 0. (6)

Equation (6) yields the following null-space solution

φ̇r = (E− H̄+

bmH̄bm)ζ (7)

where(·)+ = (·)T((·)(·)T)−1 denotes the right pseudoinverse
of (·), and noting that(·)(·)+ = E, with E being an identity
matrix of proper dimension. The joint motion given by (7) can
ensure zero disturbance to the base attitude. The vectorζ is
arbitrary and the null-space of the inertia matrixH̄bm ∈ R

3×n

is called the reaction null-space. The expressionP(q) = E−

H̄+

bmH̄bm appearing in (7) denotes the projector onto the null-
space of the coupled inertia matrix̄Hbm.

REMARK 3. Eq. (7) can not be linearly parameterized with
respect to a set of physical parameters due to the advent of
H̄+

bm, which is a great challenge to the application of the
conventional adaptive control.

In this paper, we assume that there exists the reaction null-
space. A necessary condition for the existence of the reaction
null-space is the availability of any of the following features:
kinematic redundancy, dynamic redundancy, selective reaction
null-space, and rank deficiency of the coupled inertia matrix
[17].

III. ADAPTIVE REACTIONLESS CONTROL
FORMULATION

In this section, we will derive an adaptive reactionless
kinematic controller for FFSMs with unknown kinematic and
dynamic properties.

A. Problem Formulation

When the dynamic parameters of FFSMs are unknown, we
cannot use the control law in (7). Replacing the unknown
dynamic parametersad in (7) with their estimateŝad, we get
the following kinematic control law

φ̇
∗

r = (E− ˆ̄H+

bm
ˆ̄Hbm)ζ (8)

where ˆ̄Hbm is the estimate of the coupled inertia matrixH̄bm.
Hence, the objective of the adaptive reactionless kinematic

controller design for FFSM can be stated as: assuming that
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there exists a dynamic control law so thatφ̇ → φ̇
∗

r as t →

∞, seek an adaptive kinematic control law which includes
the estimated parameters and a parameter adaptation law for
updating the estimated parameters to achieve both the attitude
regulation of the base spacecraft and continuous path tracking
of the manipulator end-effector. That is,ωb → 0, Rb → Rbd,
∆x → 0 and∆ẋ → 0 as t → ∞. Here,∆x = x− xd is the
tracking error of the end-effector, andxd ∈ R

m is a desired
trajectory of the end-effector. The boundedness ofxd, ẋd, and
ẍd is assumed.Rb andRbd are the current and desired attitude
matrices of the base, respectively. For the attitude regulation
problem, the desired attitude matrixRbd is constant.

REMARK 4. The role of the existing dynamic control law is
to make the current joint motion rate track the designed joint
motion rateφ̇

∗

r which can be regarded as a reference velocity.
Note that, the torque control input does not appear explicitly
in (8). However, joint velocity can be achieved by velocity-
based closed-loop servo controller straightforwardly based on
the work of [31], and thus it can be considered as an input
command to the system. Actually, precise velocity control
of mechanical system can be easily achieved with the rapid
development of mechatronics technology, so it is reasonable
to assume that velocity control of robot manipulators can be
accomplished with high precision [32].

B. Adaptive Controller Design Considering the Base Attitude
Regulation

In order to achieve the attitude regulation of the base
spacecraft, the designed joint motion rate in (8) needs to be
modified as follows

φ̇
∗

r = (E−
ˆ̄H+

bm
ˆ̄Hbm)ζ + ˆ̄H+

bm(L̂0 +
ˆ̄Hbλb∆ǫbv) (9)

where L̂0 is the estimate of the initial angular momentum,
λb > 0 is a constant, and∆ǫbv is the vector part of the error
quaternion corresponding to the error attitude matrix∆Rb =
RT

bdRb [37].
Premultiplying both sides of (9) bŷ̄Hbm, we have,

ˆ̄Hbmφ̇
∗

r = L̂0 +
ˆ̄Hbλb∆ǫbv. (10)

Due to the nonzero initial momentum, combining (2) and (10),
we get,

ˆ̄Hbmφ̇
∗

r −
ˆ̄Hbλb∆ǫbv − L̂0 = H̄bωb + H̄bmφ̇− L0. (11)

Subtracting both sides of (11) from̄̂Hbωb +
ˆ̄Hbmφ̇, we have,

ˆ̄Hb(ωb + λb∆ǫbv) +
ˆ̄Hbm(φ̇− φ̇

∗

r)

= ∆H̄bωb +∆H̄bmφ̇−∆L0

=
[

Yd(ǫb,φ,ωb, φ̇) −E
]

[

∆ad

∆L0

]

= Ȳd∆ād

(12)

where∆H̄b = ˆ̄Hb − H̄b, ∆H̄bm = ˆ̄Hbm − H̄bm, ∆L0 =
L̂0 − L0, and ∆ād = ˆ̄ad − ād is the generalized dynamic
parameter estimation error. Let

y1 = ˆ̄Hb(ωb + λb∆ǫbv) +
ˆ̄Hbm(φ̇− φ̇

∗

r). (13)

We assume that the base spacecraft attitudeǫb, the angular
velocity of the base spacecraftωb, the manipulator joint angle
φ, and the manipulator joint velocitẏφ are available from
the sensors. Therefore, the signaly1 is measurable. For the
attitude regulation problem, the desired value ofωb is zero,
and thus the regulation error of the angular velocity of the
base spacecraft is∆ωb = ωb −0 = ωb, which means thaty1

can be rewritten as

y1 = ˆ̄Hb(∆ωb + λb∆ǫbv) +
ˆ̄Hbm(φ̇− φ̇

∗

r). (14)

Now the gradient estimator of the standard form is adopted
to update the generalized dynamic parameter estimateâd, and
the updating law is given by

˙̄̂ad = −ΓdȲ
T
d y1 (15)

whereΓd is a diagonal positive definite estimator gain matrix.
Based on the work of [33], we know thaty1 ∈ L2, and ˆ̄ad ∈

L∞.
Differentiating (13) with respect to time, we get,

ẏ1 =
˙̄̂
Hb(ωb + λb∆ǫbv) +

ˆ̄Hb(ω̇b + λb∆ǫ̇bv)

+
˙̄̂
Hbm(φ̇− φ̇

∗

r) +
ˆ̄Hbm(φ̈− φ̈

∗

r)

(16)

whereφ̈
∗

r is the time derivative oḟφ
∗

r . We assume that under
an existing dynamic control law which can guarantee thatφ̇ →

φ̇
∗

r ast → ∞, the entire dynamic system is stable, i.e.,ǫb, φ,
ωb, φ̇, ω̇b, and φ̈ are all bounded. Since the desired attitude
matrix of the spacecraftRbd is constant, the vector part of the
error quaternion∆ǫbv and its derivative∆ǫ̇bv are bounded.
It is reasonable to assume thatζ ∈ L∞ and ζ̇ ∈ L∞, so (9)
leads to thatφ̇

∗

r ∈ L∞, and from (16), we obtaiṅy1 ∈ L∞,
i.e., the signaly1 is uniformly continuous.

Here, we introduce a sliding variable [37],

sb = ∆ωb + λb∆ǫbv. (17)

So far, we have known thaty1 ∈ L2 and y1 is uniformly
continuous, and thusy1 → 0 as t → ∞ [34]. We assumed
that there exists a joint motion control law which can guarantee
φ̇ → φ̇

∗

r as t → ∞. Hence, we obtain, from (14),sb → 0 as
t → ∞ if Ĥb is uniformly positive definite.

According to the analysis in the work of [37], the fact that
sb → 0 as t → ∞ implies that∆ǫbv → 0 and∆ωb → 0 as
t → ∞, which means thatωb → 0 andRb → Rbd ast → ∞.

REMARK 5. Here we assume that the estimate of the inertia
matrix of the baseĤb is positive definite, which can be
guaranteed by the parameter projection algorithm [35], [36].

Now, summarizing the above analysis, we will state the
following theorem.

Theorem 1: The kinematic control law (9) and the parame-
ter adaptation law (15) achieve the base attitude regulation
provided that there exists a dynamic control law so that
φ̇ → φ̇

∗

r as t → ∞. That is,ωb → 0 and Rb → Rbd as
t → ∞.
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C. Adaptive Controller Design Considering Both the Base
Attitude Regulation and Continuous Path Tracking

When FFSMs are executing OOS, it is usually not enough
to control only the attitude of the base spacecraft. Under this
circumstance, the end-effector of the FFSM is usually required
to track a desired trajectoryxd ∈ R

m. Here, we assume that
the space manipulator is operating in a workspace where the
dynamic singularity does not occur.

Let d1 and d2(= m) be the number of task variables for
the spacecraft task and the end-effector task, respectively. As
long as the number of the manipulator jointsn is not smaller
than the total number of task variablesd1+ d2, i.e.,n ≥ d1 +
d2, the base attitude regulation and simultaneous continuous
path tracking of the end-effector will be achieved by making
appropriate choice ofζ [16]. So n ≥ d1 + d2 is assumed in
this paper.

Next, we will exploit the property ofζ to achieve both the
base attitude regulation and continuous path tracking.

If the parameters of the FFSM are exactly known, for the
task of continuous path tracking with simultaneous spacecraft
attitude maintenance,ζ is designed as [16],

ζ = (Jm(E− H̄+

bmH̄bm))+ẋd. (18)

When both the generalized dynamic parameters and the
generalized kinematic parameters are unknown, we propose
the following kinematic control law

φ̇
∗

r = (E−
ˆ̄H+

bm
ˆ̄Hbm)ζ + ˆ̄H+

bm(L̂0 +
ˆ̄Hbλb∆ǫbv) (19)

where

ζ = (ĴmP̂)+[−l̂0+ ẋd−Λx∆x− Ĵm
ˆ̄H+

bm(L̂0+
ˆ̄Hbλb∆ǫbv)]

(20)
andΛx is a constant symmetric positive definite matrix.

Since the new control law (19) is a special case of the
previous control law (9), (19) will certainly ensure the base
attitude regulation. Next, we will show that (19) can also
achieve continuous path tracking of the end-effector.

Premultiplying both sides of (19) bŷJm, we get,

Ĵmφ̇
∗

r = ẋd −Λx∆x− l̂0. (21)

Combining (4) and (21), we have,

ẋd −Λx∆x− Ĵmφ̇
∗

r − l̂0 = ẋ− Jbωb − Jmφ̇− l0. (22)

Adding Ĵbωb + Ĵmφ̇ to both sides of (22), and after some
simple calculations, we obtain,

Ĵbωb+Ĵm(φ̇−φ̇
∗

r)−(∆ẋ+Λx∆x) = ∆Jbωb+∆Jmφ̇+∆l0
(23)

where∆Jb = Ĵb −Jb, ∆Jm = Ĵm − Jm, and∆l0 = l̂0 − l0.
From (5), the right hand side of (23) can be linearly parame-
terized, so we get,

Ĵbωb + Ĵm(φ̇− φ̇
∗

r)− (∆ẋ +Λx∆x)
︸ ︷︷ ︸

y2

= Ȳk(ǫb,φ,ωb, φ̇)∆āk

(24)
where∆āk = ˆ̄ak − āk is the generalized kinematic parameter
estimation error. We assume that the position and the velocity
of the end-effector are available from certain sensors. Hence,

the signaly2 is measurable. And the kinematic parameter
estimates are updated by

˙̄̂ak = −ΓkȲ
T
k y2 (25)

whereΓk is a diagonal positive definite estimator gain matrix.
Here, we introduce another sliding variable [38],

sx = ∆ẋ+Λx∆x. (26)

Because the new kinematic controller (19) with the gradient
estimator (15) has all the properties which the previous kine-
matic controller (9) with the same kind of estimator bears,
thus, we know that̂̄ad ∈ L∞, andωb → 0 as t → ∞. Due
to the property of the gradient estimator [33], we conclude
that ˆ̄ak ∈ L∞ and y2 ∈ L2. And also we assume that the
whole system is stable under an exiting dynamic control law
guaranteeing thaṫφ → φ̇

∗

r as t → ∞, i.e., ǫb, φ, ωb, φ̇,
ω̇b, andφ̈ are all bounded, so the end-effector position in the
inertial frame is also bounded from the forward kinematics,
and it implies that bothẋ and ẍ are bounded from the
kinematic equation (4). Thus (19) gives thatφ̇

∗

r ∈ L∞. Hence,
ẏ2 is bounded, which means thaty2 is uniformly continuous.
The fact thaty2 ∈ L2 andy2 is uniformly continuous leads to
thaty2 → 0 as t → ∞ [34]. Since we have hadωb → 0 and
φ̇ → φ̇

∗

r as t → ∞, the definition ofy2 means thatsx → 0

as t → ∞.
According to the analysis in the work of [38],sx → 0 as

t → ∞ implies that∆x → 0 and∆ẋ → 0 as t → ∞, which
means thatx → xd and ẋ → ẋd as t → ∞.

Now, summarizing the above analysis, we have the follow-
ing theorem.

Theorem 2: The kinematic control law (19) and the pa-
rameter adaptation laws (15), (25) achieve the base attitude
regulation and the convergence of the FFSM end-effector
tracking errors provided that there exists a dynamic control
law so thatφ̇ → φ̇

∗

r ast → ∞. That is,ωb → 0, Rb → Rbd,
∆x → 0 and∆ẋ → 0 as t → ∞.

IV. SIMULATION RESULTS

In this section we present simulation results for the proposed
adaptive control law via a three-DOF planar space manipulator
(Fig. 1). The base attitude regulation and simultaneous trajec-
tory tracking of the end-effector in task space is required.We
assume that the velocity servo control is fast enough so that
the designed joint motion ratėφ

∗

r can be tracked very quickly,
so in the simulationφ̇ = φ̇

∗

r holds.
For the system considered here, the number of the manip-

ulator jointsn = 3, and the number of task variables for the
spacecraft task isd1 = 1. If we are interested in the position
and the linear velocity of the end-effector, the number of task
variables for the end-effector taskd2 = 2. Thus,n = d1 + d2,
which implies that the available redundancy can be utilized
only to coordinate the end-effector-spacecraft motion, soin
this simulation the attitude of the base spacecraft is required
to be regulated to a desired state, meanwhile, the FFSM end-
effector is required to track a desired trajectory in the task
space. Without loss of generality, the desired value of the base
attitude is assumed to be zero, i.e,qbd = 0.
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Fig. 1. A three-DOF planar space manipulator.

TABLE I
THE MANIPULATOR PARAMETERS

i-th body mi(kg) Ii(kg ·m2) li(m) ri(m)
0 60.0 11.2500 0.75 0.75
1 6.0 1.1250 0.75 0.75
2 5.0 0.9375 0.75 0.75
3 5.0 0.9375 0.75 0.75

The physical parameters of the space manipulator are listed
in Table I, wheremi andIi (i = 0, 1, 2, 3) are the mass and
moment of inertia of thei-th rigid body about the center of
mass, respectively,li andri are shown as Fig. 1, and the 0-th
body denotes the base spacecraft. The sampling period used
in the following simulations is 2ms.

Matrix expressions for̄Hb, H̄bm, Jb, andJm can be found
in [39]. And the kinematic parameters and dynamic parameters
are listed in Appendix.

In simulations, the desired end-effector trajectory of the3-
DOF FFSM is a circle in inertial space which is given by

xd =

[
3.7 + 0.3 cos(πt)
0.2 + 0.3 sin(πt)

]

.

The initial state of the 3-DOF space manipulator is as fol-
lows: the position of the center of mass of the spacecraft
is RC0 =

[
0 0

]T
, the initial configuration of the FFSM

is q(0) =
[
0 π/3 − 2π/3 π/3

]T
and the initial position

of the FFSM end-effector isx0 =
[
3.75 0

]T
. The FFSM

is not initially at rest and the initial velocities are set as
ṘC0 =

[
0.1 0.1

]T
, andq̇(0) =

[
−0.05 0.05 0.05 0.05

]T
.

The initial values of the generalized kinematic and dynamic
parameter estimates are chosen as

âk(0) =
[
2 3 3 3 0 0

]T
,

âd(0) =
[
30 20 3 3 3 5 100 50 30 2 0

]T
.

The actual values of the kinematic parameter and dynamic
parameter are obtained based on the physical parameters given
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Fig. 2. The angular velocity of the base spacecraft (the previous controller).
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Fig. 3. The attitude of the base spacecraft (the previous controller).

in Table I,

ak =
[
0.5921 1.2434 1.3520 1.4507 0.1 0.1

]T
,

ad = [11.5461 13.9885 4.6628 5.0699 6.6612 2.2204

57.2516 38.8964 16.8997 3.5650 3.7500]T.

The actual value of the initial angular momentum isL0 =

0.1915, and the actual value ofl0 is l0 =
[
0.1064 0.1007

]T
.

The design parameters of the proposed controller are deter-
mined asΓd = diag([30 30 10 10 10 10 10 10 10 10 1]),
Γk = diag([20 20 20 20 2 2]).

If we use the previous controller (19) in our work [23], i.e.,
the effects of the nonzero initial linear and angular momenta
are not considered in the controller (19), the performance of
the previous controller is shown in Figs. 2-4.

By contrast, the performance will be improved if the new
controller (19) proposed in this paper is adopted. Under
the circumstances, we estimate both the generalized dynamic
parameters̄ad and the generalized kinematic parametersāk,
taking into consideration the nonzero initial momenta. The
simulation results of the proposed adaptive controller are
shown in Figs. 5-12. Fig. 5 and 6 shows the angular velocity
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Fig. 4. FFSM end-effector tracking errors (the previous controller).
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Fig. 5. The angular velocity of the base spacecraft (the new controller).

and the attitude of the base. Fig. 7 gives the FFSM end-effector
tracking errors.

Since the magnitude of the initial angular momentum and
the initial velocity of the FFSM are rather smaller compared
with that of the dynamic parameters and the kinematic pa-
rameters, for clarity, we shall not present the estimates ofthe
generalized dynamic parameters and that of the generalized
kinematic parameters in one figure, respectively. Instead,the
estimates of the initial angular momentum and the initial
velocity of the FFSM are given in Fig. 9 and Fig. 11. Fig. 8 and
Fig. 10 show the dynamic and kinematic parameter estimates,
respectively. Fig. 12 describes the desired and actual paths of
the FFSM end-effector. Fig. 13 presents the estimation of the
inertia matrixHb.

Fig. 5 shows that the angular velocity of the base spacecraft
tends to zero as time evolves. From Fig. 6, we see that the
attitude of the base spacecraft tends to zero which is the
desired value. Compared with their counterpart, no significant
differences were made when we investigate the convergence
of the base angular velocity and the base attitude. However,
the difference lies in the tracking error of the end-effector. As
seen from Fig. 4, large tracking errors are induced due to the
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Fig. 6. The attitude of the base spacecraft (the new controller).
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Fig. 7. FFSM end-effector tracking errors (the new controller).
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Fig. 8. The dynamic parameter estimates.

nonzero momenta. The comparison between them illustrates
the effectiveness the new controller. Fig. 13 shows that the
estimated inertia of the base spacecraft is always positive
definite (here,̂Hb is a1×1 matrix), so the parameter projection
algorithm is not required here.
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Fig. 9. Estimation of the initial angular momentumL0.
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Fig. 10. The kinematic parameter estimates.
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Fig. 11. Estimation of the initial velocity of the FFSMl0.

To illustrate the convergence of the proposed controller,
in the simulation, we give a desired trajectory that initially
deviates from the end-effector position, as shown in Fig. 7
and 12 and as time evolves the end-effector approaches the
desired trajectory.
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Fig. 12. The actual and desired paths of FFSM end-effector (the new
controller).
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V. CONCLUSION

In this paper, we have developed an adaptive version of
RNS-based control for free-floating space manipulators with
uncertain kinematics and dynamics in the presence of nonzero
initial angular and linear momenta. We skillfully obtain a
linear expression which is crucial to estimate the unknown
parameters, based on which, we then proposed an adaptive
reactionless joint motion controller at velocity level. Byex-
ploiting the feature of the vectorζ, the controller can guarantee
that the end-effector tracks the desired path in inertial space
and meanwhile the attitude regulation of the base spacecraft
can be accomplished. It is worth noting that the adaptive
controller can also deal with the capture of an unknown target
from which uncertainties arise. Next, we will develop the
adaptive reactionless joint motion control law at acceleration
level, which will be our future work.
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APPENDIX

The kinematic parametersak =
[
ak1, ak2, . . . , akj

]T
are

listed as follows:

ak1 = m0r0/M,

ak2 = [m0(l1 + r1) +m1r1]/M,

ak3 = [(m0 +m1)(l2 + r2) +m2r2]/M,

ak4 = [(m0 +m1 +m2)(l3 + r3) +m3r3]/M,

and the dynamic parameters

ad =
[
ad1, ad2, ad3, ad4, ad5, ad6, ad7, ad8, ad9, ad10

]T

are listed as follows:

ad1 = M0r0l1 +M1r0r1,

ad2 = M1l1l2 +M2l1r2 +M3r1l2 +M4r1r2,

ad3 = M2l1l3 +M4r1l3,

ad4 = M4l2l3 +M5r2l3,

ad5 = M1r0l2 +M2r0r2,

ad6 = M2r0l3,

ad7 = J0 + J1 + J2 + J3,

ad8 = J1 + J2 + J3,

ad9 = J2 + J3,

ad10 = J3,

where
M0 = m0(m1 +m2 +m3)/M,

M1 = m0(m2 +m3)/M,

M2 = m0m3/M,

M3 = (m0 +m1)(m2 +m3)/M,

M4 = m3(m0 +m1)/M,

M5 = m3(m0 +m1 +m2)/M,

M = m0 +m1 +m2 +m3,

J0 = I0 +M0r
2
0 ,

J1 = I1 +M0l
2
1 +M3r

2
1 + 2M1l1r1,

J2 = I2 +M3l
2
2 +M5r

2
2 + 2M4l2r2,

J3 = I3 +M5l
2
3.
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