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Abstract

For free floating space robots with manipulators, we
have proposed a digital tracking control method us-
ing the transpose of the Generalized Jacobian Matrix
(GJM). In future space missions, it is considered that
many tasks will be achieved by cooperative motions of
some space robots. In this paper, the tracking control
method using the transpose of the GJM is applied to
cooperative manipulations of a floating object by some
space robots. Simulation results show the effectiveness
of the control method.

1 Introduction

Many control methods of space robots with manipula-
tors have been proposed [1]. Most of them use the in-
verse of the Generalized Jacobian Matrix (GJM) which
is a coefficient matrix between the end-effector’s veloc-
ity and the joint velocity of the manipulator. There-
fore, if the robot system becomes in a singular config-
uration, the manipulator is out of control because the
inverse of the GJM does not exist. We have proposed
discrete time control methods using the transpose of
the GJM [2,3]. Since the control methods belong to a
class of constant value control such as PID control, we
have proposed a digital tracking control method based
on the reference [3].

In future space missions, it is considered that many
tasks will be achieved by cooperative motions of some
space robots. We have studied on control problems
for realizing cooperative manipulations and reported
that a system consisting of some space robots with
manipulators and a floating object can be treated as a
kind of distributed system [5,6]. Using the distributed
system representation each robot constituting the dis-
tributed system can be designed the control system
individually.

In this paper, the tracking control method using the
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Fig. 1 Model of space robot system

transpose of the GJM is applied to cooperative manip-
ulations of a floating object by some space robots. To
validate the control method computer simulations are
done. Simulation results show the effectiveness of the
control method.

2 Modeling

2.1 Robot system model

In this paper, we consider a space robot system con-
sisting of M robots with manipulators and a float-
ing object shown in Fig. 1. The h-th robot (h =
1, ---, M) is consisting of an uncontrolled base and
np-DOF manipulator with revolute joints. Assump-
tions and symbols used in this paper are defined as
follows:
[Assumptions]

A1) All elements of the space robot are rigid.

A2) The robot system is standing still at an initial

state, i. e., the initial linear momentum and an-



gular momentum of the space robots are zero.
A3) No external force acts on the robot system.
A4) Positions and attitude angles of robots and an
object in inertial coordinate frame can be mea-
sured.
[Symbols]
X;: inertial coordinate frame
Yiat: point of interest coordinate frame
7 target coordinate frame
i": number of link or joint 4 of robot h
Ping: position vector of point of interest
pr: position vector of origin of X'p
To: position vector of mass center of object
v,: linear velocity vector of point of interest (¥ =
int) or mass center of object (x = 0)
w,: angular velocity vector of point of interest (x =
int) or mass center of object (x = 0)

pl: position vector of joint i*
rP: position vector of mass center of link i
k!: unit vector indicating joint axis direction of
joint 4"
T4: position vector of mass center of system
rg: position vector of mass center of robot h
q: joint angle vector

TA,: rotation matrix from X, (* =int, T) to Xy
@": relative angle of joint i"
¢": joint angle vector of robot h
mg: mass of object
m!': mass of link i"
Iy: inertia tensor of object
I": inertia tensor of link i"
E: identity matrix
The tilde operator stands for a cross product such that
fa = r x a. All position and velocity vectors are
defined with respect to the inertial reference frame.

2.2 Kinematic model

The robot system shown in Fig. 1 can be understood
as one robot with M manipulators by regarding the
object as a robot body, and M robot arms and robot
bodies as M manipulators. The kinematic formula-
tion of such space system has been derived by Yoshida
et al. [7]. The relation obtained from its geometri-
cal relationships, and the conservation laws of linear
momentum and angular momentum under the above
assumptions as follows:
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Form Eq. (1), the relation between velocity vy of
the object and joint angular velocity ¢ of the manip-
ulator can be derived as follows:

Vi = J°0 (2)

where J* = —J,(H,)"'H,, is a GIM of the system
shown in Fig. 1.

2.3 System partition

For the system shown in Fig. 1 control systems can be
easily constructed by using Eq. (2). However, if the
number of robots is changed, Eq. (2) must be recalcu-
lated. Furthermore, if the number of robots becomes
increased, a large amount of calculation for the system
is necessary. To solve the problems described above,
This total robot system is regarded as a distributed
system.

By examining parameters and variables included in
the matrix H, and vector H,,¢ in Eq. (1), the matrix
and vector can be rewritten as follows:
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H! and H! are matrices including parameters the
h-th robot only, and H? is a matrix including param-
eters of the object only.

Egs. (1) and (3) make the following relation:
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It is clear that the following set of equations is one

of solutions of Eq. (4), when a constant and diagonal
matrix Ay, is introduced.

ﬂnglyint+ng¢h:0 (h:]-;""M) (5)
where
M
H!=H!+ AH., Y A,=E.
h=1
Then, the following relation can be derived from
Eq. (5).
Vint:_Js(ﬂ—g)_lHSz‘ﬁh (h:]-;"' 7M) (6)

Therefore, for each robot of the system the control
system can be designed individually.

3 Digital Control

Eq. (6) can be rewritten:

Vine (k) = JL@" (K), wine(k) = T5o" (k) (7)
where
i
Ji
For Eq. (7) the following digital tracking control law
using the transpose of the GJM [4] is utilized:
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where 7/ (k) is the joint torque input vector and
epr(k) = pr(k) — pins(k),
1
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Table 1 Physical parameters of robots and object

Length | Mass | Moment ofzinertia
m kg kg-m
Base 3.5 2000 3587.9
Link 2 2.5 50 26.2
Link 1 2.5 50 26.2
hand 0.5 ) 0.23
Object 4.0 1200 2400.0

A5 ¢! base
3 (link 3)

‘J 2500

3500 [mm]

Fig. 2 Space robot

The vectors n., s, and a. (x = T, int) are unit vec-
tors along the axes of X, with respect to Xy, i. e.,
A, = [ni(k) 8.(k) ax(k)]. i, (k) and wipg, (k) are
the desired velocities of vy (k) and win(k), va,,,, and
Wd,,., are the maximum values of the norm of iy, (k)
and wint,(k), ot (af > 0) and By (0 < Bt < 1)
(t = L, A) are setting parameters. Furthermore, k,
and k, are positive scalar gains for position and orien-
tation, and Ky and K 4y are symmetric and positive
definite gain matrices for linear and angular velocities
of the point of interest on the object.

To examine the performance of the tracking control
law Eq. (8), simulations are performed by using three
and same horizontal planar 3-DOF robots shown in
Fig. 2 and an object.

Physical parameters of the robots and object are
shown in Table 1. Simulations are carried out under
the following condition. A point of interest on the
object moves along a straight path from the initial
position to the target position and the object angle
is set up the initial value. The sampling period is
T = 0.01s and the coefficient matrices are A; = Ay =
0.33F and Az = 0.34E. The feedback gains are k, =
k, = 2 x 10°, Ky = diag{2 x 10%, 2 x 10*} and
K,y =2 x 10%. The setting parameters are a; = 2
and By =0.2 (f =L, A).

Fig. 3 shows the motion of the robot system. From
this figure, the object is successfully moved by three
robots. Fig. 4 shows the time history of the simula-
tion. This figure also shows the case of constant gains,
i. e, oy = B+ = 0. From Fig. 4, it can be seen that
good control performance can be achieved using the
tracking control law.
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Fig. 3 Motion of the robot system
Conclusion

this paper, we propose a tracking control method

using the transpose of the GJM for handling a floating

ob

ject cooperatively by some space robots. Simulation

results show the effectiveness of the control method.
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