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Reactionless robust finite-time control for manipulation of passive
objects by free-floating space robots
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On-orbit servicing requires efficient techniques for manipulating passive objects. The paper aims at developing a
reactionless control method that drives the manipulator to manipulate passive objects with high precision, while inducing no
disturbances to its base attitude. To this end, decomposition of the target dynamics from the base dynamics is discussed, so
that they can be considered as two independent subsystems. A reactionless nonlinear controller is presented, which ensures
high-precision manipulation of the targets and that the base orientation is unchanged. This is achieved by combining the
robust finite-time control with the reaction null space. Finally, the performance of the proposed method is examined by
comparing it with that of a reactionless PD controller and a pure finite-time controller.
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1. Introduction
Robotic on-orbit servicing is of great significance to a

growing number of structures that are in orbit.[1] Important
tasks such as orbital assembly, construction, etc., require high-
precision manipulation of passive objects. On-orbit servicing
robots are generally known as free-flying or free-floating space
robots.[2] Strong nonlinearity of the system and the complex
space environment in orbit complicate the controller design
compared to a fixed-based robot on the ground. Moreover,
to develop a controller, it is essential to consider the dynamic
coupling between the manipulator and the base.[3,4] Therefore,
investigating a well-performed control system is a challenging
problem for such a system.

Space robots must securely and firmly grasp the passive
objects before further manipulation. The capturing operation
includes three specific phases: the pre-impact phase, the im-
pact phase, and the post-impact phase.[5] One fundamental
constraint during the procedure is keeping the base orientation
unchanged. Nenchev and Yoshida[6] originally introduced a
reaction null space (RNS) concept to handle the dynamic in-
teraction problem of free-floating robots. Reactionless mo-
tion was achieved in the pre- and post-impact phases. More
importantly, the RNS-based control approach was verified by
engineering test satellite VII flight experiments.[7] Piersigilli
et al.[8] proposed a reactionless trajectory generation strategy
for a two degree-of-freedom space manipulator, which inter-
cepted the target without affecting the base attitude. When
interacting with a target initially having angular momentum,
the momentum management during the impact phase must be
considered. Nenchev and Yoshida[5] studied the impact reac-
tions at the point of momentum transfer and clarified their role
for the post-impact motion behavior of the robot. In Refs. [9]

and [10], a distributed momentum control strategy was pre-
sented, so that all angular momentum was transferred to the
reaction wheel after impact. In addition, an optimal control of
space manipulators to bring a captured target to rest in the min-
imum amount of time was developed by Aghili.[11,12] A num-
ber of approaches have been presented for the capturing proce-
dure of space robots; however, the actual handling of the firmly
grasped passive objects has been studied only a little.[13]

The manipulation of passive objects for on-orbit assem-
bly or construction requires high-precision control of the space
robots. Because of the strong nonlinearity of the system, it is
hard to obtain an exact dynamics model in practice. A kind
of data-driven framework[14,15] is valuable for such a case to
achieve more practical oriented results. In view of the compli-
cated space environment, limited manipulating time, and un-
certain factors, various studies of the nonlinear control method
have been conducted in Refs. [2], [16], and [17]. Most of the
reported studies focused on the position and force control of
the space manipulators, while a reactionless control method,
where the manipulation of passive objects would not disturb
its base attitude, has not been studied adequately.

In the paper, a reactionless robust finite-time control
method for free-floating space robots is presented. Via the
proposed method, the passive objects are manipulated with
high precision, meanwhile no disturbances from the manip-
ulation procedure lead to the base attitude. Decomposition of
the passive object dynamics from the base attitude dynamics
is discussed. Then a robust finite-time controller is developed
for the manipulation subtask and the proposed composite con-
troller is derived by combining this controller with the RNS.
Finally, simulations are conducted to verify the efficiency of
the proposed method. The control performance is compared to
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that of a RNS-PD controller and a pure finite-time controller.
The paper is organized as follows: in Section 2, task space

dynamics of the combined system of space robots and targets
is derived; in Section 3, the proposed reactionless robust finite-
time control method is presented in detail; in Section 4, simu-
lations are conducted to validate the proposed method; finally,
conclusions are addressed in Section 5.

2. Dynamics modeling
2.1. Joint space dynamics of free-floating system

Consider an n joints serial-link manipulator mounted on
a free-floating spacecraft. Here, it is assumed that the multi-
body system is composed of rigid body elements, of which
flexible appendages and internal friction effects are neglected.
When manipulating, the motion of the manipulator will in-
duce a reaction force to the base body. Such internal force
does not impact the spacial position of the mass center of the
multi-body system, but changes the position/orientation of the
base. However, since the spacecraft always has to point its an-
tennas toward the earth, it is critical to keep the base attitude
unchanged. In other words, the base translation is allowed to
be disturbed freely but not its attitude.[12] Therefore, in view
of constraints to the base attitude, the generalized coordinates
of the system under consideration consist of the base angu-
lar velocity 𝜔b ∈ℛ3 and the manipulator joint rates 𝑞m ∈ℛn.
Without losing generality, the joint space equations governing
the motion of the space robots are expressed as follows:[18][

𝐻b 𝐻bm
𝐻T

bm 𝐻m

][
𝜔̇b
𝑞m

]
+

[
𝑐b
𝑐m

]
=

[
𝜏b
𝜏m

]
+

[
𝐽T

b
𝐽T

m

]
𝐹h, (1)

where 𝐻bm ∈ℛ3×3 and 𝐻m ∈ℛn×n are inertia matrices of the
base and the manipulator respectively, 𝐻bm ∈ ℛ3×n denotes
the coupling inertia matrix between the base and the manipula-
tor, 𝜏b ∈ℛ3 is the control torque exerted on the centroid of the
base, usually generated by the reaction wheels, etc., 𝑐b ∈ ℛ3

and 𝑐m ∈ ℛn are the nonlinear velocity-dependent terms in-

cluding the Coriolis and centrifugal force, 𝜏m ∈ℛn is the ma-
nipulator joint torque, 𝐹h ∈ℛ6 denotes external force and mo-
ment exerted on the end-effector, 𝐽b ∈ ℛ3×6 and 𝐽m ∈ ℛn×6

are the Jacobian matrices of the base and the manipulator re-
spectively.

Special interest arises when the system operates in free-
floating mode, that is, no active control torque is applied to
the base, i.e. 𝜏b = 0. Moreover, it is assumed that no exter-
nal force or moment is exerted on the system before and after
capture. The environmental forces (e.g., micro-gravity, solar
pressure) are orders of magnitude much less than the control
forces, and hence are not included in the above equation. A re-
spective compensating term would account for these external
disturbances in the control law.

Equation (1) describes the dynamics motion of the sys-
tem when the manipulator is driven in joint space, of which
the upper part denotes dynamic coupling between the base at-
titude and the manipulator. Generally, the spacial position of
the end-effector in the task space is the state the variables are
concerned with, which are not yet directly included in the dy-
namic equations. In order to track the end trajectories, equa-
tion (1) is transformed from joint space into task space by the
following steps.[19]

Let 𝑥̇e =
[
𝑣e 𝜔e

]T ∈ ℛ6 be the generalized velocity of
the end-effector consisting of the linear and angular velocities,
𝑣e and 𝜔e. Then from the system kinematics it is obtained

𝑥̇e = 𝐽b𝜔b +𝐽m𝑞m. (2)

Upon substitution of 𝑞m from the time-derivative of
Eq. (2) into Eq. (1), the task space formulation of the free-
floating space robots dynamics can be written in the form

[
𝐻̃b 𝐻̄be
𝐻̃eb 𝐻̄e

][
𝜔̇b
𝑥̈e

]
+

[
𝑐̄b
𝑐̄e

]
=

[
0
𝜏e

]
+

[
𝐽T

b
𝐼n

]
𝐹h, (3)

where

{
𝐻̃b =𝐻b −𝐻̄be𝐽b, 𝐻̄be =𝐻bm𝐽

−1
m , 𝑐̄b = 𝑐b −𝐻̄be

(
𝐽bωb +𝐽m𝑞m

)
,

𝐻̃eb = 𝐽−T
m 𝐻T

bm −𝐻̄e𝐽b, 𝐻̄e = 𝐽−T
m 𝐻m𝐽

−1
m , 𝑐̄e = 𝐽−T

m 𝑐m −𝐻̄e
(
J̇bωb +𝐽m𝑞m

)
,

and vector 𝜏e = 𝐽−T
m 𝜏m denotes the equivalent virtual torque

exerted on the end-effector.

2.2. Dynamics of combined system of space robot and tar-
get

Equation (3) provides a description of the dynamic be-
havior of the end-effector and the base in the task space. As
we are interested in the dynamics in terms of the generalized
velocities of the base and the target, the capturing operation is
out of the scope of the paper and will not be discussed here.

It is assumed that the target has been locked after capture (as
Fig. 1), so that there is no relative motion between the end-
effector and the target.

Under the assumption of a rigid-body target, the general-
ized velocity vector can be defined by 𝑥̇t =

[
𝑣t 𝜔t

]T ∈ ℛ6,
where 𝑣t and 𝜔t denote linear and angular velocities of the
center of mass of the target. Then its dynamics motion in the
task space is described by

𝐹h =−𝐴−T
t (𝐻t𝑥̈t +𝑐t) , (4)

054502-2



Chin. Phys. B Vol. 23, No. 5 (2014) 054502

where 𝐹h is the internal force vector between the end-target
contact point,

𝐻t =

[
mt𝐼3 0

0 IIt

]
is the target inertia matrix with mt and IIt being the mass and
inertia tensor respectively,

𝑐t =

[
mt𝜔t ×𝑣t
𝜔t × IIt𝜔t

]
is the nonlinear term, and

𝐴t =

[
𝐼3 𝜌×

0 𝐼3

]
is a transformation matrix from the contact point to the cen-
troid of the target with 𝜌 being the position vector of the con-
tact point.

Furthermore, the generalized velocities 𝑥̇e and 𝑥̇t are re-
lated by the following:

𝑥̇t =𝐴t𝑥̇e. (5)

For the combined system of space robots and target, the
internal force, 𝐹h, can be eliminated from Eqs. (3) and (4) to
yield the governing equations of the dynamics motion[

𝐻̃b 𝐻̃bt
𝐻̃eb 𝐻̃t

][
𝜔̇b
𝑥̈t

]
+

[
𝑐̃b
𝑐̃t

]
=

[
0
𝜏e

]
, (6)

with{
𝐻̃bt = 𝐻̄be𝐴

−1
t +𝐽T

b 𝐴
−T
t 𝐻t, 𝑐̃b = 𝑐̄b +𝐽T

b 𝐴
−T
t 𝑐t,

𝐻̃t = 𝐻̄e𝐴
−1
t +𝐴−T

t 𝐻t, 𝑐̃t = 𝑐̄e +𝐴−T
t 𝑐t.

The aforementioned assumption that no external forces,
except the internal driving torques to the manipulator joints,
act on the system holds in Eq. (6). It is shown that control
commands in joint space result in a dynamic response of the
target and the base. However, disturbances to the base attitude
are not permitted in practice. On the other hand, the dynamic
coupling can be applied to adjust the base attitude.[20,21] Fur-
thermore, it is possible to simultaneously control the motion
of the target and the attitude of the base if the manipulator has
kinematic redundancy with respect to the task.[6,22] Therefore,
the objective is to develop a coordination controller in order to
manipulate the target without changing the base attitude.

2.3. The reaction null space

The upper part of Eq. (6) can be reformulated as

𝐻̃b𝜔̇b + 𝑐̃bbωb =−𝐻̃bt𝑥̈t − 𝑐̃bt𝑥̇t. (7)

The right-hand side of Eq. (7) represents the reaction
force and moment applied to the base by the motion of the
target. Consequently, if the appropriate acceleration for zero
reaction force is computed, the base attitude will not be dis-
turbed. Without losing generality, we assume that the system

is initially at rest. Solving Eq. (7) for the reactionless acceler-
ation obtains

𝑥̈t =−𝐻̃+
bt 𝑐̃b +

(
𝐼3 −𝐻̃+

bt𝐻̃bt
)
𝑥̈ξ , (8)

where (·)+ denotes the right pseudo-inverse of the inertia
coupling matrix, 𝑥̈ξ ∈ ℛ6 is an arbitrary acceleration vector,
𝑃RNS =

(
𝐼3 −𝐻̃+

bt𝐻̃bt
)

stands for the projector onto the null
space of the inertia coupling matrix 𝐻̃bt. Since 𝐻̃bt𝑃RNS is
strictly zero, it is easy to verify that dynamics motion (Eq. (8))
results in zero reaction to the base attitude, so that the null
space of 𝐻̃bt is named as the reaction null space (RNS).[7]

As mentioned above, the existence condition for RNS is kine-
matic redundancy of the manipulator.[10,23] Full decoupling of
the target dynamics from the base dynamics is achieved in the
presence of the RNS. Therefore, the concept can be applied to
develop a reactionless controller.

3. Reactionless robust finite-time control
The objective of the work is to develop a coordination

controller that sends commands to the manipulator in order
to fulfill passive objects manipulation, but not to disturb the
base attitude. To this end, it is assumed the manipulator is
kinematically redundant. Hence referring to the RNS, control
torques at the joint level can be divided into two dynamically
decoupled vectors: torques that control the dynamics motion
of the target, and torques that compensate for the disturbance
to base attitude. In practice, these two control tasks could be
performed simultaneously.[10,24]

3.1. Compensation for base motion

The reactionless target acceleration in task space is de-
signed via the upper part of Eqs. (6) and (8) as

𝑥̈d
t =−𝐻̃+

bt𝐻̃b𝜔̇b −𝐻̃+
bt 𝑐̃b +𝑃RNS𝑥̈ξ . (9)

The manipulator is finally driven by joint torques to
achieve the desired tasks. The decoupled control laws corre-
sponding to the base motion task and the target motion task are
represented by 𝑢b and 𝑢t respectively. Then the joint control
torques can be computed by substituting the control accelera-
tion (Eq. (9)) into the lower part of Eq. (6)

𝜏m = 𝐽T
m
(
𝐻̃eb −𝐻̃t𝐻̃

+
bt𝐻̃b

)
𝑢b +𝐽T

m𝐻̃t𝑃RNS𝑢t

+𝐽T
m
(
𝑐̃t −𝐻̃t𝐻̃

+
bt 𝑐̃b

)
. (10)

The first term on the right-hand side of Eq. (10) guaran-
tees to eliminate the angular momentum from the base. The
second term accounts for the desired manipulation of the tar-
get, and the last one is a compensation for the system nonlinear
parts.

One of the primary tasks is to keep the base orientation
unchanged. In order to achieve that, a control law 𝑢b is de-
signed as

𝑢b =−𝐾d𝜔b, (11)
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where 𝐾d is a gain matrix for base motion damping.
Control torques from Eqs. (10) and (11) guarantee ap-

proximately zero base rotation, given properly chosen gains.
Next, 𝑢t is designed not only to track desired trajectories pre-
cisely in task space, but also to account for the aforementioned
external disturbances, such that a robust control method is de-

veloped.

3.2. Nonlinear control of the target

Definition 1 For any vector 𝑦 ∈ ℛn and σ = σ1/σ2,
σ2 > σ1 > 0 are odd integers

sigσ (𝑦) =
[

sgn(y1) · |y1|σ sgn(y2) · |y2|σ · · · sgn(yn) · |yn|σ
]T

,

where sgn(·) represents sign function.
Let 𝑥d =

[
𝑟d

b 𝜃d
b

]T ∈ ℛ6 be the desired spatial position
in task space, and 𝑥̇d, 𝑥̈d be the corresponding velocity and
acceleration. Here we define a reference velocity as

𝑥̇r = 𝑥̇d −𝐾α sigσ (𝑥̃) , (12)

where 𝐾α ∈ℛ6×6 is a constant diagonal positive-definite ma-
trix, 𝑥̃= 𝑥t −𝑥d ∈ℛ6 represents the system control error.

The reference acceleration is obtained from the time-
derivative of Eq. (12)

𝑥̈r = 𝑥̈d −𝐾α diag
[
σsigσ−1 (𝑥̃)

]
˙̃𝑥.

The reference error between 𝑥̇r and actual velocity 𝑥̇t can
be described by

γ = 𝑥̇t − 𝑥̇r.

Then the trajectory tracking control of the target is deter-
mined as

𝑢t = 𝑥̈r −
[
𝐾φ γ +𝐾β sigσ0

(γ)
]
, (13)

where 𝐾φ , 𝐾β ∈ℛ6×6 are constant diagonal positive-definite
matrices, σ0 is a positive integer which satisfies definition 1.

Finally, substituting Eqs. (11) and (13) into Eq. (10) re-
sults in the joint control torques

𝜏m = −𝐽T
m
(
𝐻̃eb −𝐻̃t𝐻̃

+
bt𝐻̃b

)
𝐾dωb

+𝐽T
m𝐻̃t𝑃RNS

[
𝑥̈r −𝐾φ γ −𝐾β sigσ0

(γ)
]

+𝐽T
m
(
𝑐̃t −𝐻̃t𝐻̃

+
bt 𝑐̃b

)
. (14)

3.3. Stability analysis

Proposition Consider a free-floating space robot dynam-
ics governed by Eq. (6), if the manipulator joint control law
is designed as Eq. (14), the task space trajectory tracking er-
rors will converge to zero in finite time, meanwhile, the base
attitude will remain at the initial orientation.

Proof Substituting the above control law into system dy-
namics as Eq. (6), target acceleration 𝑥̈t is eliminated so as to
obtain the closed-loop attitude equation(

𝐻̃b −𝐻̃bt𝐻̃
−1
t 𝐻̃eb

)
(𝜔̇b +𝐾dωb)

+𝐻̃bt𝑃RNS
[
𝑥̈r −𝐾φ γ −𝐾β sigσ0

(γ)
]
= 0. (15)

Obviously, the second term of Eq. (15) equals to zero
from the RNS. The matrix expression

(
𝐻̃b −𝐻̃bt𝐻̃

−1
t 𝐻̃eb

)
is full rank,[6] such that the base rotation will be zero with
proper choice of the gain matrix 𝐾d.

Since 𝐻̃t𝑃RNS is full rank, substituting the possible tar-
get acceleration (8) and the control torques (14) into the lower
part of Eq. (6) under the condition of a stationary base, obtains
the closed-loop equation of the target

𝑥̈t − 𝑥̈r +𝐾φ γ +𝐾β sigσ0
(γ) = 0. (16)

Equation (16) is a nonlinear ordinary differential equation
with respect to the parameter γ . The general solution shows
that γ goes to the equilibrium point γ = 0 from arbitrary initial
conditions at a certain time tγ [25]

tγ =
1

1−σ0
𝐾−1

φ
ln
[
𝐾−1

β
𝐾φ γ (0)1−σ0 +1

]
. (17)

Referring to the terminal sliding mode control
theory,[26–28] γ = 0 is a nonlinear sliding mode of the con-
trol errors. If properly chosen of the matrices 𝐾φ , 𝐾β , sys-
tem control errors converge rapidly to zero along the sliding
mode surface.[29] The external environmental disturbances
(eg., gravity gradient, solar pressure), parametric uncertain-
ties, as well as un-modeled dynamics are supposed to be ex-
pressed as a bounded time varying function symbolized by
𝑑(t), with ‖𝑑(t)‖ ≤ Γ . Thus in order to ensure the robust
stability, 𝐾β holds for

𝐾β =
Γ

‖γσ0‖ +δ ,δ > 0.

In view of Eq. (12), it is obtained from the sliding surface

˙̃𝑥+𝐾α sigσ (𝑥̃) = 0. (18)

Equation (18) is a first-order nonlinear ordinary differen-
tial equation with respect to system control errors. Given that
𝐾α and σ satisfy the previous conditions, it is obvious that
system control errors 𝑥̃ will converge to the stable equilibrium
point x̃ = 0 at a certain time tx

tx =
𝐾−1

α

1−σ
|x̃(0)|1−σ . (19)
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4. Simulations and discussion
4.1. Simulation results

In this section, simulations are conducted by Mat-
lab/Simulink to evaluate the effectiveness of the proposed re-
actionless robust finite-time control method. Here, we con-
sider a three degrees-of-freedom planar manipulator mounted
on a free-floating spacecraft, shown as Fig. 1. Its control mis-
sion is to manipulate a passive object from the initial position
in Cartesian space to a desired position, while the attitude of
the spacecraft cannot be disturbed by the manipulation. The
parameters of the space robot system and the target are shown
in Table 1.

r0l0

l1

x0

y0

z0

r3

l3

y1

x2
y2

y3

l4

x1

r1

l2

r2

x3

ρ

r4

Fig. 1. (color online) A diagram of the space robots and the target.

Table 1. The parameters of the combined system of space robots and
target.

ri/m li/m mi/kg Izi/(kg·m2)
Base 1.15 1.15 5799.287 4124.834

Link 1 1 1 68.685 22.844
Link 2 1 1 68.685 22.844
Link 3 0.85 0.85 54.948 19.417
Target 0.3 0.3 50.301 3.018

As discussed before, only the translational position of the
target is controlled in order to make sure the manipulator is
redundant with respect to the task. A stationary initial state of
the combined system is assumed. The inertial frame coincides
with the mass center of the entire system.

The initial attitude of the system:
[

Qb 𝑞m
]T

=[
0 −100 200 100

]T. The desired position of the target: 𝑥d =[
3 −2

]T. The system uncertainties and the external distur-
bances are expressed by

𝑑(t) = 0.1 [sin(𝑞mt)+ cos(𝑞mt)] .

The proposed reactionless robust finite-time control
(RRFTC) method is applied to such a system. The parame-
ters of the controller are as follows:

σ = 3/5, σ0 = 1/3, 𝐾α = diag
[

1 1
]
,

𝐾φ = diag
[

10 10
]
,

𝐾d = diag
[

10 10
]
, δ = 1.

For the purpose of comparison, the robust finite-time con-
trol (RFTC) without considering constraint to the base attitude
and the reactionless PD (RPD) control are applied to the same
system. The corresponding parameters of them are the same as
the above. Finally, the simulation results are shown in Figs. 2–
11.

4.2. Discussion

Figure 2 shows the actual trajectories of the target manip-
ulated by the space robots, where the solid line is the simu-
lation result of the RRFTC, and the dotted line is that of the
RPD. In addition, the snapshots animation from the result of
RRFTC is shown in Fig. 2. It can be seen that in all cases the
target is manipulated to the desired position. However, the pro-
posed RRFTC has a much smoother trajectory than the RPD.
We can see further from Fig. 3 that the proposed method per-
forms higher precision and convergence rate. As mentioned
for RRFTC controller, the time that control errors converge to
zero can be calculated from Eqs. (17) and (19).

0 2 4 6

↩2

↩1

0

1

2

3

x/m

y
/
m

RRFTC
RPD
desired position

Fig. 2. (color online) The actual trajectories of target and the snapshot
animations from the result of RRFTC.
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Fig. 3. The trajectory tracking errors: (a) x error. (b) y error.
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From Figs. 2 and 4, it is shown that the base orienta-
tion is not disturbed during the manipulation in the cases of
RRFTC and RPD. The absolute stability of the base attitude is
in the scale of 10−6 rad (Fig. 4). However, it is clear that the
proposed RRFTC has a shorter settling time, which leads to
smaller disturbance to the base attitude in practice.
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Fig. 4. The trajectories of the base attitude. (a) RFTC. (b) RRFTC and RPD.
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Fig. 5. The trajectories of the angular momentum of the base. (a) RFTC and

(b) RRFTC and RPD.

In the case of RFTC, which does not constrain base ro-
tation, the base attitude deviates from its initial position by
0.47 rad (Fig. 4), though the control performance is as good
as the case of RRFTC (Fig. 3). Figure 5 shows the angular
momentum of the base with respect to time. It is seen clearly
that the whole manipulation process in RRFTC is reactionless
and more stable.

The joint space trajectories of the manipulator are shown
in Figs. 6–8 respectively. It is seen from Figs. 6 and 7 that the
final configurations of the manipulator are almost the same,
but the trajectories in Fig. 6 are more stable. In other words,
the proposed method provides a smother path for manipula-
tion. The trajectories in Figs. 6 and 8 correspond to the same
path in the task space (Fig. 3). However, motions in joint space
are recalculated when the base attitude constraints are taken
into consideration.
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Fig. 6. The joint space trajectories of the RRFTC controller.
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Fig. 7. The joint space trajectories of the RPD controller.

Figures 9–11 show the corresponding control torques of
the three controllers. We can see that the required torques of
the RFTC ars obviously bigger than the others. The reason
may be that a part of the kinetic energy of the manipulator is
transferred to the base, which invokes the base motion. There-
fore, it is clear that the proposed RRFTC method not only pro-
vides a high-precision control performance, but also saves en-
ergy.
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Fig. 8. The joint space trajectories of the RFTC controller.
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Fig. 10. The required control torques of RPD.

t/s

T
or

q
u
e/

10
4  

N
Sm

τ1

τ2

τ3

0 5 10 15 20

-1.4

-1.0

-0.6

-0.2

0

0.3

 

 

Fig. 11. The required control torques of RFTC.

From the above comparison results, we would like to
point out the following.

(i) Full dynamic decoupling of the system in task space
is achieved by applying the reaction null space. Via the pro-
posed null space projector, the task space can be decomposed
into two complementary orthogonal subspaces. Consequently,
control laws for the manipulation of passive objects and the
base attitude are designed separately in the two subspaces,
such that the complexity of the controller is decreased. More-
over, simultaneous subtask performances are ensured, which

means the proposed controller can impose additional force
constraints compared with the RFTC, on the base orientation
via manipulator motions.

(ii) An outline of high-precision coordinated control is
given to the kinematically redundant manipulator. It is vitally
important to design a control system with rapid response per-
formance and high precision in view of the on-orbit manipula-
tion. Therefore, a novel frame that combines the reaction null
space with the finite-time control is presented to improve the
convergence performance. It is clear that the control errors of
the proposed controller converge more rapidly and precisely
than those of the conventional RPD.

(iii) A nonlinear hyperplane based finite-time control law
is developed and applied to the complicated nonlinear system
subject to external disturbances. Comparing with the RPD and
the RFTC, the proposed closed-loop system shows strong ro-
bustness in the presence of bounded uncertain disturbances.
Though the simulation is carried out on the two-dimensional
case, the proposed controller can be extended easily to the gen-
eral three-dimensional cases.

5. Conclusion
In this paper, a composite control method capable of

manipulating passive objects in task space without inducing
disturbances to the base attitude is discussed. The dynam-
ics equation that describes the dynamic coupling behavior of
the captured target and the base is derived in the task space.
It is shown that decomposition of the dynamics is possible
by applying the RNS of the inertia coupling matrix. There-
fore, given a redundant manipulator, the reactionless robust
finite-time control method is proposed in detail. In addition,
a nonlinear robust item is designed to guarantee the global
stability in the presence of system uncertainties and external
disturbances. Finally, the performance of the proposed con-
trol method is examined by comparing with a reactionless
PD controller (RPD) and a pure robust finite-time controller
(RFTC). The results show that the proposed controller not only
keeps the attitude of the base undisturbed, but also manipu-
lates the target to the desired position with higher precision
and a shorter settling time. Especially, the proposed method
can save energy compared to the controller that does not con-
strain base rotation. As a result, it is illustrated sufficiently that
the proposed controller can satisfy the control requirement of
on-orbit manipulation and that it has widespread application
prospects in future space missions.
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