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Singularity Robust Path Planning for Real Time Base

Attitude Adjustment of Free-floating Space Robot
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Abstract: This paper presents a singularity robust path planning for space manipulator to achieve base (satellite) attitude adjustment

and end-effector task. The base attitude adjustment by the movement of manipulator will save propellant compared with conventional

attitude control system. A task-priority reaction null-space control method is applied to achieve the primary task of adjusting attitude

and secondary task of accomplishing end-effector task. Furthermore, the algorithm singularity is eliminated in the proposed algorithm

compared with conventional reaction null-space algorithm. And the singular value filtering decomposition is introduced to dispose

the dynamic singularity, the unit quaternion is also introduced to overcome representation singularity. Hence, a singularity robust

path planning algorithm of space robot for base attitude adjustment is derived. A real time simulation system of the space robot

under Linux/RTAI (realtime application interface) is developed to verify and test the feasibility and reliability of the method. The

experimental results demonstrate the feasibility of online base attitude adjustment of space robot by the proposed algorithm.
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1 Introduction

With advances in space application, space robot is essen-

tial to implement space exploration mission including as-

sembling the space station, on-orbit servicing, space debris

removal etc.[1−4] The space robot is expected to reduce the

danger of space servicing jobs and provide the convenience

for space exploration.

Unlike terrestrial manipulator, the free-floating space

robot is always free from the influence of external force.

Due to the dynamics coupling of free-floating base and the

manipulator, the attitude of base is disturbed by the move-

ment of the manipulator, however, the attitude of the satel-

lite is so important when considering solar supplement and

information communication. The task of satellite attitude

adjustment is typically achieved by the attitude control sys-

tem of satellite, a way in which a limited amount of fuel

will be consumed. Because the energy of the manipula-

tor is from solar power, so the base attitude adjustment

task implemented by the mounted manipulator is a better

choice. And the coupling character between the base and

the manipulator can be utilized to adjust and maintain the

attitude[5, 6]. Furthermore, the additional degree of free-

dom (DOF) will be used to achieve end-effector task of the

manipulator. In this paper, we solve this problem by the

Cartesian path planning strategy.
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In literature, Dubowsky and Torres planned the tra-

jectory of space manipulator using enhanced disturbance

map (EDM) to minimize the disturbance of the base

attitude[7]. And a 2-DOF manipulator was taken for

example, however, it was difficult to obtain the EDM of

more DOF manipulator. Vafa and Dubowsky used Virtual

manipulator model to develop path planning that reduced

base disturbance, which was called the self-correcting path

planning algorithm[8] . The nominal path was described in

self-correcting motions. In this method, the space robot

system is viewed as a linear system with the assumption

that the movement of joint is small enough. Nakamura

and Mukherjee[9] utilized Lyapunov function to achieve

the regulation of both the satellite orientation and the

manipulator joint angle simultaneously, this scheme was

known as bi-directional approach. However, the stability

of this method was not demonstrated strictly and the

planned joint angles were not smooth. In Fernandes′s
study, the authors proposed near-optimal nonholonomic

motion planning to achieve attitude control inspired by

the fact that a falling cat can change its orientation in

midair and the algorithm was derived by this analogy[10],

and a 3-DOF Puma manipulator mounted on the space

platform was employed to test the nonholonomic motion

planning algorithm. The inconvenience of Fernandes′s
algorithm was that the Jacobian matrices should be

derived by symbolic manipulation software. And a path

planning method in Cartesian space was proposed by

Papadopoulos which can both achieve base disturbance

reducing and the avoidance of dynamic singularity. The

nonholonomic redundancy character of space robot was

also utilized in Xu′s study[11], the joint trajectory was pa-

rameterized by polynomial function, and off the shelf
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optimization methods were invoked to solve the unknown

parameters. This method could be applied to the target

berthing and base reorientation after capturing.

In addition, Nenchev et al.[12] originally utilized the no-

tation of reaction null-space (RNS) to achieve satellite atti-

tude control. The RNS method was the only method that

can achieve the base attitude regulation and end-effector

trajectory planning simultaneously. In Nenchev′s study[13],

the notation of RNS was also applied to achieve a vibra-

tion suppression task, a reactionless end-point control task

and combined motion control task. And then it was uti-

lized to achieve reactionless manipulation or zero reaction

maneuver[14]. It was also verified in the flight experiments

of ETS-VII. However, the base attitude regulation based

on RNS has the problem of intrinsic dynamic singularity,

To non-redundant space manipulator, the reasonable paths

were limited. And to redundant robot, the extra degrees of

freedom could be used to alleviate singularity issues[15].

An extension of the task-priority planning strategy [16, 17]

of terrestrial robot is employed to cope with the base atti-

tude adjustment issue in this article. And we also focus our

attention on the dynamic singularity avoidance in the base

attitude adjustment algorithm[18].

2 Preliminaries

2.1 Dynamics and kinematics model of
space robot

Let us consider the linear and angular velocities of the

base, ẋb = (vT
b , w

T
b )T ∈ R6×1, and the angular velocities

of the joints, φ̇ ∈ Rn×1. The motion equation of space

manipulator system is described in the following form:(
Hb Hbm

HT
bm Hm

)(
ẍb

φ̈

)
+

(
cb

cm

)
=

(
Fb

τ

)
(1)

where Hb ∈ R6×6: the inertia matrix of the satellite base,

Hbm ∈ R6×n: the coupled inertia matrix of the space robot.

cb ∈ R6: the velocity-dependent nonlinear term of the base,

cm ∈ Rn: the velocity-dependent non-linear term of the

manipulator. Fb: the driving force actin on the base. τ :

the manipulator joint torque.

The motion of the space manipulator observes the law of

conservation of momentum:

n∑
i=0

miṙi = const (2)

n∑
i=0

(Iiwi +miri × ṙi) = const (3)

where mi is the mass of body i, ri is the vector from the

inertia coordinate system to the center of the mass, Ii is

the inertia matrix of body i.

From the rotational momentum conservation equation,

the following expression can be obtained

ISwb + IM φ̇ = L0 (4)

where IS ∈ R3×3 is the inertia matrix of the base, IM ∈
R3×n is the inertia matrix of the manipulator. L0 is initial

momentum. Through (4), we can see the coupling relation-

ship between the manipulator and the floating base.

Furthermore, denote by m the dimension of the end-

effector task. We can get the following equation from the

translational momentum conservation equation

ẋ = JSwb + JM φ̇+ ẋ0 (5)

where ẋ ∈ Rm is end-effector velocity vector, ẋ0 ∈ Rm

is initial rate vector of end-effector. Js ∈ Rm×3 and

JM ∈ Rm×n are the Jacobian matrices.

From (4) we have

wb = −I−1
S IM φ̇+ I−1

S L0. (6)

Substitute (6) in (5) to obtain

ẋ = (JM − JSI
−1
S IM )φ̇+ ˙̂x0 = JGφ̇+ ˙̂x0 (7)

where ˙̂x0 = ẋ0 + JSI
−1
S L0 and JG = JM − JSI

−1
S IM is the

generalized Jacobian matrix.

2.2 Reaction null-space based path plan-
ning of space robot

For redundant space robot, redundancy is determined by

the DOF of the manipulator and the number of end-effector

tasks combined with base task. m and l denote the num-

ber of task variables for end-effector task and base task,

respectively.

From (4), the least-squares minimun-norm (LM) solution

based on the Jacobian pseudoinverse for the base attitude

adjustment is presented as

φ̇w LM=I+
M (L0−ISwb) . (8)

As n > l, n − l DOF exists, the non-minimun-norm so-

lutions to (4) based on the Jacobian pseudoinverse can be

written in the general form

φ̇=φ̇w LM+φ̇w null=I
+
M (L0−ISwb)+

(
I−I+

MIM

)
ζ̇ (9)

where I denotes the identity matrix. (·)+ is the Moore-

Penrose pseudoinverse of matrix (·)+, the obtained joints

angle velocities φ̇ are the minimum-norm solution. And(
I−(·)+ (·)): the projection onto the null space of matrix

(·), ζ̇ is arbitrary vector.

In (9), the coupling inertia matrix from rotational mo-

mentum conservation equation comprises a non-trivial ker-

nel.

And N=
{
φ̇w null: φ̇w null=

(
I−I+

MIM

)
ζ̇ , ∀ ζ̇

}
is the set

of reactionless joint velocities. Because φ̇ ∈ N , the manipu-

lator joint motion is dynamically decoupled from the motion

of satellite base. This reactionless kernel is well known as

reaction null-space.

Substitute (9) into (5) to obtain(
JS−JM I+

MIS

)
wb+JM

(
I−I+

MIM

)
ζ̇=ẋ− ˙̃x0 (10)
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where ˙̃x0 = ẋ0 + JM I+
ML0, the arbitrary vector ζ in null

space is presented as

ζ̇=
[
JM

(
I−I+

MIM

)]+ [
ẋ− ˙̃x0−

(
JS−JM I+

MIS

)
wb

]
. (11)

Furthermore, substitute (11) into (9) to obtain

φ̇= I+
M (L0−ISwb) +[
JM

(
I−I+

MIM

)]+ [
ẋ− ˙̃x0−

(
JS−JMI+

MIS

)
wb

]
(12)

where P (JMP )+ can be simplified as (JMP )+, as

P=
(
I−I+

MIM

)
is a symmetrical and idempotent projec-

tional matrix.

Furthermore, assume the initial system momentum L0

and initial end-effector velocity ẋ0 are zero, and the desired

angular velocity of the satellite wb is zero, then (9) can be

written as

φ̇=
[
JM

(
I−I+

MIM

)]+
ẋF AR. (13)

And we call the matrix JM

(
I−I+

MIM

)
the fixed attitude

restricted Jacobian matrix. If the joint movement follows

φ, then there will be no disturbance to the satellite attitude

and the end-effector will move in agreement with ẋF AR.

In (12), the satellite attitude control is the primary prior-

ity task, whereas, the end-effector task is a subtask with the

second priority. And the lower priority task will not affect

the higher priority task. The first and second priority task

will have no residual error. However, there are dynamic sin-

gularity and algorithmic singularity in RNS method, while

the former occurs in the case of either:

ρ (IM )<m or ρ (JM )<l

ρ
(
JM

(
I−I+

MIM

))
=ρ

([
JM

IM

])

where ρ (·) denotes the rank of a matrix.

2.3 Extended Jacobian based path plan-
ning of space robot

When the initial state of the space robot is still, so L0 = 0

and ẋ0 = 0. From (4) and (5) we can get the following equa-

tions respectively

wb = −I−1
S IM φ̇ (14)

ẋ =
(
JM−JSI

−1
S IM

)
φ̇. (15)

From (14) and (15) we can get a combined motion equa-

tion as (
wb

ẋ

)
=

[
−I−1

S IM(
JM−JSI

−1
S IM

)
]
φ̇ = JE φ̇ (16)

where JE is the extended Jacobian.

Furthermore, we can obtain φ̇ using (16)

φ̇=

[
−I−1

S IM(
JM−JSI

−1
S IM

)
]∗(

wb

ẋ

)
=J∗

E

(
wb

ẋ

)
(17)

where J∗
E = J−1

E when 3 + m = n and J∗
E = J+

E , when

3 + m < n (J∗
E ∈ Rn×(3+m)). And we call this extended

Jacobian (EJ) algorithm.

To define the relative priority between satellite task and

end-effector task, two positive weighting coefficients λb and

λx can be introduced. Then, we can obtain

φ̇ =

[
−λbI

−1
S IM

λx

(
JM−JSI

−1
S IM

)
]∗(

λbwb

λxẋ

)
=Jλ∗

E

(
λbwb

λxẋ

)
.

(18)

Let us consider the manipulation with zero disturbance

to the base by setting wb= 0, then the momentum conser-

vation (4) can be revised as

IM φ̇ = 0. (19)

And the above equation combined with (15) will derive

zero reaction maneuver path:

φ̇=

[
−IM(

JM−JSIS
−1IM

)
]+(

0

ẋ

)
. (20)

The above solution is also belonging to reaction null-

space path planning, but the other n−3 DOF is utilized to

achieve end-effector task.

3 Singularity robust path planning al-

gorithm for base attitude adjustment

3.1 A path planning algorithm without al-
gorithmic singularity

The algorithmic singularity which occurs in the RNS

method is artificial. And through (11), it is obvious that the

algorithmic singularity is due to the selection of arbitrary

vector ζ̇, so we can avoid the algorithmic singularity by

choosing proper null-space velocity to satisfy the secondary

task.

Let us consider (7) again, the equation can be rewritten

as

ẋ−ẋ0−JSwb=JM I+
M (L0−ISwb)+JM

(
I−I+

MIM

)
ζ̇. (21)

We can know that the above equation can be achieved if

the following condition is satisfied

ẋC ∈ R (JM ) (22)

where ẋC=ẋ−ẋ0−JSwb, R (JM ) denotes the range space

of JM . This means arbitrary vector stands for the motion

in null space and it can be derived by the solution of the

following

JMJ+
M ẋC=JM I+

M (L0−ISwb)+JM

(
I−I+

MIM

)
ζ̇. (23)

Then, we can obtain

J+
M ẋC=I+

M (L0−ISwb) +
(
I−I+

MIM

)
ζ̇. (24)



172 International Journal of Automation and Computing 14(2), April 2017

This means that we search for the null-space arbitrary

vector to achieve the equivalence between the non-minimun-

norm solutions of (4) and least-squares minimun-norm so-

lution of (5). The ζ̇ is selected to satisfy the following equa-

tion as accurately as possible

φ̇x LM=φ̇w LM+φ̇w null (25)

where φ̇x LM=J+
M ẋC , is the least-squares minimun-norm

solution of (5).

Furthermore, ζ̇ can be given

ζ̇=
(
I−I+

MIM

)+ (
J+

M ẋC−I+
M (L0−ISwb)

)
. (26)

By recalling
(
I−I+

MIM

)+
=I−I+

MIM and I+
MIMI+

M=I+
M

(26) can be simplified as

ζ̇=
(
I−I+

MIM

)
J+

M ẋC . (27)

Substituting (27) into (9) and recalling the idempotence

of
(
I−I+

MIM

)
we can obtain

φ̇=I+
M (L0−ISwb) +

(
I−I+

MIM

)
J+

M ẋC . (28)

In above equation, the satellite attitude control is higher

priority task, whereas, the end-effector task is a subtask

with the second priority. The implementation of the above

equation has no algorithmic singularity. We call it task-

priority based reaction null-space algorithm (TP-RNS).

The priority level of the two tasks can be exchanged, that

is to say, the end-effector task is primary while the base task

is secondary. And following the analogous math deduction,

we can get

φ̇ = J+
M ẋC +

(
I − J+

MJM

)
I+

M (L0 − ISwb) . (29)

Furthermore, suppose the initial system momentum L0

and initial end-effector velocity x0 are zero, and the desired

angular velocity of the satellite wb is zero too, then (28) can

be written as

φ̇=
(
I−I+

MIM

)
J+

M ẋFAR. (30)

In the above (28), the joint velocities associated with the

respective desired task velocities are solved by the pesudoin-

verses I+
M and J+

M . And the above solution is equivalent to

solution (12) when the end-effector task is compatible to

the satellite base related task if and only if the following

equation is satisfied

JM I+
M (L0−ISwb)=0 ∀ L0−ISwb that is JM I+

M=0 .

And solution (28) is equivalent to solution of (12) when

the end-effector task is not compatible to the satellite base

related task for the case(
I−I+

MIM

)
J+

M=0.

So in this case, there is no additional DOF to achieve

end-effector Cartesian path tracking task, and both solu-

tions reduce to (8).

3.2 Dynamic singularity avoidance

Equations (28) and (30) are the other algorithms to solve

two priority control of space redundant manipulator but

without algorithmic singularity. However, the algorithms

still have dynamic singularity, and it is intrinsic character of

space robot which cannot be avoided by the reconfiguration

of algorithms. To better know the notation of dynamic sin-

gularity, consider the singular value decomposition (SVD)

of IM and the analysis of JM is the same as IM

IM=UΣVT=
l∑

i=1

σiuiv
T
i (31)

where ui,vi are the columns of U and V . From (31) we

can see there is a discontinuity on the pesudoinverse opera-

tor around the singular configuration. When coming across

dynamic singularity, the discontinuity causes large joint ve-

locities with high conditioning. The condition number of

IM can be defined as

cond (IM ) =
σmax (IM )

σmin (IM )
. (32)

To avoid the discontinuity, some methods are proposed.

The singular value filtering (SVF) aims to modify the Jaco-

bian singular value to obtain an alternative pseudoinverse

with full-rank and bounded condition number[19].

In SVF, the Jacobian matrix′s singular values are modi-

fied to get the following transformation

ÎM=UΣ̂VT=

l∑
i=1

fυ,σ0 I (σi)uiv
T
i (33)

and

fυ,σ0 I (σi) =
σ3

i +υσ2
i +2σi+2σ0 I

σ2
i +υσi+2

where σ0 I is the constraint bound value for the minimum

singularity value, υ is a shape factor. So the pseudoinverse

of the Jacobian IM is

Î#
M =

l∑
i=1

viu
T
i

fυ,σ0 I (σ)
=

l∑
i=1

σ2
i +υσi+2

σ3
i +υσ2

i +2σi+2σ0 I
viu

T
i . (34)

The condition number of ÎM is

cond
(
ÎM

)
=

(
σ3

1+υσ2
1+2σ1+2σ0 I

) (
σ2

l +υσl+2
)

(σ2
1+υσ1+2) (σ3

l +υσ2
l +2σl+2σ0 I)

(35)

and σi → 0, 1
fυ,σ0 (σi)

→ 1
σ0

and cond (IM )=const and when

σi → ∞, 1
fυ,σ0 (σi)

→ 1
σi

.

So the dynamic singularity can be avoided and the con-

dition number is bounded.

3.3 Representation of singularity avoid-
ance

In practical application, if the orientation is represented

by Euler angles ψ= [α β γ], then the relationship between
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angular velocity w and rotational velocity ψ̇ is represented

as

w=

⎡
⎢⎣
wx

wy

wz

⎤
⎥⎦=Rψ̇=

⎡
⎢⎣

cosα cosβ − sinα 0

sinα cos β cosα 0

− sin β 0 1

⎤
⎥⎦
⎡
⎢⎣
α̇

β̇

γ̇

⎤
⎥⎦ .
(36)

And w can be derived from forward kinematics or non-

holonomic constraint in velocity level. So the orientation

velocity is solved by the inverse operation of transforma-

tion R. But R is not invertible for β= ± 90◦. We call

this orientation singularity. A numerically robust solution

to this problem can be formulated with the help of unit

quaternion. The unit quaternion can be defined as

q=
[
η ε

]
=
[
η ε1 ε2 ε3

]
∈ R4 (37)

where η is the scalar part and ε is the vector part, and they

satisfy η2+ε21+ε
2
2+ε

2
3=1.

The relationship between the time derivative of the

quaternion q̇ and angular velocity w is[
η̇

ε̇

]
=

1

2

[
−εT
ηI−ε̃

]
w. (38)

The integration of q̇ can be utilized to calculate the Ja-

cobian matrix in the path planning and control algorithm.

So the Euler angle is used to display attitude and the

unit quaternion is utilized for numerical calculation.

3.4 Singularity robust implementation of
path planning algorithm

To handle singularity, the inverse can be replaced by the

singularity robust inverse, denoted by the superscript #,

in this paper, the novel pseudoinverse can be calculated by

the way of singular value filtering. So the singularity robust

solution of (12), (18) and (28) are as follows

φ̇DLS RNS=Î#
M (L0−ISwb) +[

JM

(
I−Î#

MIM

)]# [
ẋ−̇̃x0−

(
JS−JM Î#

MIS

)
wb

]
(39)

φ̇DLS EJ=

[
−λbIS

−1IM

λx

(
JM−JSIS

−1IM

)
]#(

wb

ẋ

)
=Jλ#

E

(
wb

ẋ

)

(40)

φ̇DLS TP RNS=Î#
M (L0−ISwb)+

(
I−Î#

MIM

)
Ĵ#

M ẋC . (41)

Take (41) for example, and let us look at the residual

error of the algorithm. Combining (41) and (4) we can de-

duce

R1=ISwb−L0+IM φ̇DLS TP RNS =

ISwb−L0+IM

(
Î#

M (L0−ISwb) +(
I−Î#

MIM

)
Ĵ#

M ẋC

)
(42)

which stands for the residual error of primary task. And

R1=0 , if σi << σ0 I , i=1 · · ·n. And the singularity occur-

ing in the execution of secondary task will not effect the

implementation of the primary task. To some degree, semi-

singularity-separation can be achieved.

Combining (42), (41) and (4) we obtain

R2=ẋ−JSwb−JM φ̇DLS TP RNS−ẋ0 =(
I−JM Ĵ#

M

)
ẋC−JM Î#

M

(
L0−ISwb−IM Ĵ#

M ẋC

)
(43)

which stands for the residual error of secondary task. And

R2=0 , if σj << σ0J ∩ JM I#
M=0, j=1 · · ·n.

Fig. 1 illustrates the proposed algorithm implementation

in the control scheme of the space robot. The control

scheme consists of task planning part, central controller,

joint controller, forward dynamics and forward kinematics.

The proposed algorithm works in the central controller as

shown in the following.

Fig. 1 Algorithm implementation in the control scheme of space

robot

4 Algorithm verification in real time

simulation system

4.1 Real time simulator under Linux/RTAI

To space robot, the ground hardware-based verification

methods like air-bearing table[20], airplane flying or free-

falling motion[21] and suspension system[22] are adopted

based on the analog of no gravity. Recently, a kind of hy-

brid simulation method following the principle of dynamics

simulation and kinematics equivalence has been presented,

which is called hardware-in-the-loop simulation system[23].

The above verification systems are built costly. In this ar-

ticle, we build a real time simulation system of a redun-

dant space robot under Linux/RTAI to explore the capa-

bilities and limitations of the proposed method. This real

time numerical simulator is conceived and realized as an

aid to the design of the controller of a new space robot in

development[24].

Taking a seven DOF space manipulator for example, the

body fixed frame is shown in Fig. 2. And the kinematics

and dynamics parameters are listed as Table 1.

The real-time verification system runs under the Linux

operating system with the real time application interface

(RTAI) extension. And RTAI is a hard real time extension

of Linux. It provides task scheduling and synchronization

and inter-task communication services among others. The
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Fig. 2 Body fixed frame of space robot

Table 1 Mass properties of the space manipulator system

Inertia (kg·m2)

Mass (kg) Origin position (mm) Ixx Iyy Izz

Base 2 000 [0 0 3 000] 100 100 100

Link1 5 [0 0 150] 0.15 0.15 0.08

Link2 18 [0 250 0] 0.5 0.2 0.5

Link3 10 [0 0 150] 0.35 0.35 0.15

Link4 12 [0 150 0] 0.40 0.15 0.40

Link5 8.6 [0 0 135] 0.38 0.38 0.16

Link6 16 [0 200 0] 0.40 0.16 0.40

Link7 10 [0 0 100] 0.23 0.23 0.17

functional architecture of the simulator is shown as Fig. 3.

The real time simulation system consists of 4 modules:

1) Forward dynamics simulator of space robot

The dynamic model of space robot built offline in the

Fig. 3 Functional architecture of the real time simulator

SimMechanics and the MATLAB RTW (real-time work-

shop) is utilized to port the virtual prototype model into C

codes for online calculation of the dynamic model.

2) Simulator of the controller

The controller of the real space robot system consists of

the central controller and joint controller. The central con-

troller is responsible for the online vision based autonomous

planning, Cartesian path planning, joint space path plan-

ning, computed torque control and so on. The functional

diagram of central controller simulator is shown as Fig. 4.

While the simulator of joint controller is used to simulate

the servo system of the space robot, and its functional dia-

gram is shown as Fig. 5.

3) Task scheduling and synchronization

The modules mentioned above are made into three

real-time tasks and run in three independent threads.

Another thread for scheduling the three tasks which is

called clock task is created to make them run periodically.

The synchronous execution of the tasks is achieved by a

blocking inter-process/thread communication semaphore.

Fig. 4 Functional diagram of central controller simulator
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Fig. 5 Functional diagram of joint controller simulator

When one executes its period and writes data into shared

memory, the semaphore value is set to one and the next

is allowed to run. The shared memory in this simulator

worked as a virtual bus.

4) Monitor

The monitor part runs in another Windows PC installed

with Labview which can modify control parameters online

and save data to offline analyze furthermore. It is connected

with the main simulator by TCP/IP communication. The

control parameters could be modified and sent back to the

model so as to be easily adjusted.

To sum up, the real time simulator of free-floating space

robot is built through the analogy with the real control sys-

tem of the space robot in development. And its communi-

cation architecture of the simulator is shown as Fig. 6. This

simulator can be used to verify and develop the path plan-

ning algorithm, motion control algorithm, dynamics based

control algorithm and respond to offline database. And

codes of different parts in the simulator can be transformed

into the real controller easily.

Fig. 6 Communication architecture of the real time simulator

4.2 Experiment results

The performance of TP-RNS algorithm proposed in this

article, EJ algorithm and RNS algorithm are illustrated by

three simulation examples. Assume the initial state of the

space robot is still and the initial momentum is zero. The

initial joint angles of space robot are (0 −90 0 0 0 0 0) de-

gree and the base attitude Euler angle is (0, 0, 0) degree.

Furthermore, we adopt trapezium trajectories to plan the

velocity and angular velocity. And the cycle of the control

system is 0.01s.

Example 1. The primary task is to execute base atti-

tude adjustment, while the secondary is to implement the

end-effector path tracking task. In this example, the de-

sired end-effector displacement is (−35 −105 70) mm, that

is from the initial position (985 0 1 650) mm to (950 105

1 720) mm , the desired base attitude is (3, 3, 0) degree.

The simulation results are shown as Figs. 7 and 8.

In above, we adopt σ0 I=σ0 J= 0.000 000 5, υ=15. From

the above results, the curves of real pose and desired pose

are almost coincidental, that is to say, the 3 algorithms

can perform the desired tasks. And we can see the atti-

tude control task errors in RNS are smaller than that in

EJ, while bigger than that in TP-RNS. However, the end-

effector task errors in EJ algorithm are bigger than that

in TP-RNS, while smaller than that in RNS. This is be-

cause, when algorithmic singularity occurs, the singularity

avoidance will sacrifice accuracy in all directions, while the

other two will ensure the primary task. In the meantime,

the end-effector task accuracy will be sacrificed. And the

semi-singularity separation will also ensure the accuracy in

TP-RNS is higher than that in RNS. In this case the de-

sired two tasks are almost compatible to some degree, and

the contradiction can be eliminated by the avoidance of dy-

namic singularity.

Fig. 7 Attitude of the base and the position of the end-effector
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Fig. 8 Tracking errors of both tasks

Example 2. The desired end-effector displacement is

(0 56 −3.5) mm, the desired attitude of the satellite is (3,

3, 0) degree. And we also adopt σ0 I=σ0 J= 0.000 000 5,

υ=15 just the same as that in example one. The simulation

results are shown as Fig. 9.

Fig. 9 Attitude of the base and the position of the end-effector

From Fig. 9, the RNS algorithm and EJ algorithm has

failed to accomplish the desired task. The TP-RNS algo-

rithm is more stable than RNS algorithm and EJ algorithm.

This is because the two tasks in this example are fully con-

tradictory, that is to say, they cannot be implemented si-

multaneously. While in TP-RNS algorithm proposed in

this paper, we can ensure the accomplishment of the at-

titude control task, however, regardless of the accuracy of

the lower priority task.

Example 3. The both sets of the above simulation re-

port the comparison of the three algorithms for base atti-

tude adjustment. Furthermore, when we set the desired an-

gular velocity of satellite base to be zero, the described three

algorithms can achieve reactionless manipulation. This

base attitude maintenance manipulation is very important

in the path planning and control of space robot. The de-

sired end-effector displacement is (−21 0 −70) mm. And we

adopt σ0 I=σ0 J= 0.000 000 5, υ=15 as example one. The

simulation results about two tasks are shown as Fig. 10,

Fig. 11 shows the errors of both tasks.

Fig. 10 Attitude of the base and the position of the end-effector

Fig. 11 Tracking errors of both tasks

The above results show that the described methods can

achieve reactionless manipulation. And the errors in atti-

tude in TP-RNS are smaller than those in other two meth-

ods.

5 Conclusions

In this paper, we proposed a task priority based reaction

null-space algorithm to deal with the base attitude adjust-

ment of space robot. Based on the characteristics of task

priority, the Cartesian path planning based on TP-RNS

will ensure no algorithmic singularity and the inaccuracy

of lower priority task will not affect the accomplishment of

the higher priority task. The proposed method is compu-

tationally less demanding and more robust to occurrence of
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algorithmic singularities caused by the contradictory task

situations. And the singular value filtering decomposition

is introduced to dispose the dynamic singularity.

In addition, a real time simulator under Linux/RTAI of

free-floating space robot is built in this paper to verify

the online calculation of the proposed method. Further-

more, the related comparisons about the three methods are

made. Thus, real time base attitude adjustment task is

implemented in the simulator.
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