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Decentralized Adaptive Coordinated Control of Multiple Robot
Arms Handling One Object”

Haruhisa KAWASAKI**, Rizauddin Bin RAMLI*** and Satoshi ITO****

This paper presents an adaptive decentralized coordinated control method for multiple
robot arms grasping a common object. In the proposed controller, the dynamic parameters
of both object and robot arms are estimated adaptively. The desired motions of the robot
arms are generated by an estimated object reference model and each robot controller works
independently as hybrid adaptive controller. The asymptotic stability of position and internal
force of the object is proven by the Lyapunov-Like Lemma. Experimental comparisons be-
tween adaptive control with force sensor and one without force sensor for the two robot arms

grasping a common object are shown.
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1. Introduction

The robotics system consisting of multiple robots has
more capacity than the single robot system for the tasks
such as handling of a heavy material and assembly. Many
researchers have studied the coordinated control of mul-
tiple robot arms actively. When multiple robots grasp an
object, the robotics system forms a closed chain mechan-
ism that is extremely nonlinear and coupled. The control
of such system is more complicated because a set of holo-
nomic equality constraints is imposed and the number of
actuators exceeds the mobility of the system. The con-
trol objective is both of the motion of the grasped object
and the internal force exerted on the object by robot arms,
which does not affect its motion.

Most of the coordinated controls are based on the
impedance control"® and the hybrid position/force con-
trol® - for which the dynamic parameters of the object
and the robot arms are known. It is well known that it
is very difficult and time consuming to identify the dy-
namic parameters of the object and the robot arms pre-
cisely. Moreover, the dynamic parameters of the object
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Robot, Adaptive Control, Manipulator, Coordinated Control, Force and Posi-

often vary according to the task, which is variable. To
control multiple robot arms whose dynamic parameters
are unknown, a control method using neural networks®,
a learning control”, and sliding mode controls®® have
been respectively proposed. Pagilla and Tomizuka‘'?) pre-
sented an adaptive control, in which the parameters of the
robot arms were known and the parameters of the object
were estimated adaptively. Liu et al.'D also proposed an
adaptive control, in which the dynamic parameters of the
robot arms were estimated based on the orthogonality of
force and velocity in the joint spaces.

The centralized controller suffers from its compli-
cated architecture because the state space of the dy-
namics of multiple robots has a high dimension. The
method of decentralized control'?, the impedance control
method"® and the force feedback control method in the
task space!!, in which each robot is controlled separately
by its own controller, are desirable approaches because
of their simple architecture. However, these decentralized
controllers are not adaptive. Kawasaki et al.'> have pre-
sented an adaptive coordinated control without force sen-
sor, in which each robot controller works independently,
but asymptotic convergence of the internal force has not
been guaranteed.

In this paper, an adaptive decentralized coordinated
control method with force sensor for multiple robot arms,
which guarantees the asymptotic convergence of the mo-
tion and internal force of a grasped object, is proposed.
In the control, the dynamic parameters of both the object
and the robot arms are estimated. The desired motions
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of the robot arms are generated by an estimated object
reference model, which is evaluated using parameter es-
timates and desired motion of the object. The motion of
each robot arm is controlled independently and adaptively
without any communication between the arms. The global
asymptotic stability of motion and internal force of the ob-
ject is proved by the Lyapunov-Like Lemma. Moreover,
experimental comparisons between adaptive control with
force sensor and one without force sensor for two robot
arms grasping an object are shown.

2. Modeling of System Dynamics

Consider the dynamic equations of k non-redundant
arms holding a common rigid object as shown in Fig. 1, in
which all robot end-effectors hold the same object moving
in three-dimensional space. The coordinate systems are
defined as follows: X, is the task coordinate system, %, is
the object coordinate system, fixed on the object, ; is the
i-th arm coordinate system, fixed on the i-th end-effector
located at the grasping point, and X is the i-th arm base
coordinate system. We also use the notations defined as:
p, € R® is the position vector of the origin of the object
coordinate system X, with respect to X,, @ € R® is the
orientation vector of the ebject coordinate system X, with
respect to £y, rp = [pg (DZJT is the position and orienta-
tion vector of the object with respect to the task coordinate
system £,, p; € R is the position vector of the origin of Z;
with respect to X, @, € R3 is the orientation vector of Z;
with respect to X, p,., € R? is the position vector from
the origin of %, to the origin of Z; with respect to X, and

r; = [plT (I)iT]T is the position and orientation vector of
the i-th arm with respect to the task coordinate system X,,.
Hereafter, a time derivative of any vector a is descried by
a.
To facilitate the dynamic formulation, the following
assumptions are made.
Al: All the end-effectors of the robot arms are rigidly at-
tached to the common object so that no relative mo-

k-th arm

Ist arm

Zp b3

Si

Fig. 1 Grasped object and coordinate systems
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tion occurs between the object and any end-effector,
and it is possible to generate arbitrary force and mo-
ment at any contact.
A2: r,, F,, r;, and F; are measurable.
A3: The desired position r¢, desired velocity #?, desired
acceleration rff , and vector to generate desired inter-
nal force f¢ of the object are time-continuous and
bounded.
2.1 Object dynamics
Each robot arm applies a force f; and a moment n;
through the contact point C; to the object. Then, the re-
sultant force and moment, f,,, n,, applied to the object by
multiple robot arms are given by

k

f0=;fi (1
k

1o =Y (14 Po, X ). )

i=1
Equations (1) and (2) can be rewritten as

k
F,=>WiF, 3)

=1

T
where F, = [ fr ng] is the external force applied to the

1T

object, F; = [ flr anJ is the force and moment applied

to the object by the i-th robot arm, and W; is a grasp-form

matrix at the contact point C; given by

1 0
! ] 4)

where I is the identity matrix and p is defined as such the
relation pa = pxa is satisfied for any vectors a, p. Equa-
tion (3) is represented in a more compact form as follows:

F,=WF 5)

T at
where W =[W, Wil and F = |F] FT].
In general, the dynamic equation of the object!® is
represented by )

Mo(ro);'o+C0(ros’.'n)i'a+go(ro)=F0 (6)

where M, is the symmetric positive definite inertia matrix,
C,(r,,r,)r, is the vector of Coriolis and centrifugal forces,
and g, is the gravitational force term. It is well known
that: 1) a suitable definition of C, makes matrix M,-2C,
skew-symmetric, and 2) the dynamic model of the object
is linear regarding with the dynamic parameter vector, as
follow:

w,

ocj

M, (r;)i,+Cy(r,, 1)U, +9, (ro) =Y, (ro,70,0,0,)0,

(7N
where v, is an arbitrarily defined velocity, o, is the dy-
namic parameter vector of the object, and Y, (r,,7,,0,,0,)

is a regressor matrix with respect to o,. These structural
properties are utilized in our controller.
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2.2 Robot arm dynamics
The dynamic equation of the i-th robot arm is repre-
sented by

M;(r)#i+Ci(ri,r)r;+g;(r))=u;— F; ®)

where r; = [plT d),.T]T is the position and orientation vec-
tor of the i-th arm with respect to the task coordinate sys-
tem X,, M; is the symmetric positive definite inertia ma-
trix, C; is the damping coefficient matrix, g, is the grav-
itational force term, and u; is the control input given in
the task coordinate system. It is well known that the robot
dynamic model is linear regarding with the dynamic pa-
rameters, as

M;(ro; +Ci(ri,1)vi+g,(ri) =Y (ri,1;,0;,0) 0 (9)
where v; is an arbitrarily defined velocity, o; is the
dynamic parameter vector of the i-th robot arm and
Y;(r;,F;,0;,0;) is a regressor matrix with respect to 0. The
robot dynamics can be rewritten more concisely as fol-
lows:

M@r)yr+C(r,i)i+g(r)=u-F (10)
T T

where r=(r )T, u:(uln-uk)r, F:(FlTn-F,{)
M = blockdiag(M --- My), C = blockdiag(C, --- Cy), and
g=(g"-g7) .

The robot model (10) is characterized by the follow-
ing structural properties, which are utilized in our con-
troller design.

P1: M is symmetric positive definite.

P2: Suitable definitions of C; for all i make matrix M —
2C skew-symmetric.

P3: The robot model is linear regarding the dynamic pa-
rameters, as

M@r)o+C(r,ryv+g(r)=Y(r,r,v,0)o 1n

T T

T
1...rk s

where v = (@] ---0])", o= (a’{ o{)T and Y =
block diag(Y, -, Yy).
2.3 Integrated dynamics
By eliminating F, and F from the object dynamics
and the robot dynamics by the relation (5), the integrated

dynamics are obtained as follows:
M, (ro)ro+Co(ro,to)Fo+g(r,)
+W{M@r)r+C(r,ryr+g(r)}=Wu (12)

The integrated dynamics doesn’t include the force and mo-
ment at the contact points.

3. Adaptive Coordinated Control 1

The dynamic equations of the object and the robot
arms contain dynamic parameters such as the inertia ten-
sor of links. If these dynamic parameters are unknown,
it is very difficult to control the motion of the object pre-
cisely. The control objective is to provide a set of input
joint torques as such the motion of the object converges
to the desired trajectory asymptotically for the case where
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the dynamic parameters of the object and the robot arms
are unknown. An adaptive coordinated control is pro-
posed; it is designed following three steps:

(1) Compute the desired external force F¢ using an
estimated reference model of the object, which is gener-
ated by the desired trajectories of the object, rff, i'ﬁ, and

7

(2) For all i, compute the desired trajectory of the i-
th robot arm, i, and #, and the desired contact force F¢
using the obtained desired external force F ‘01, and vector to
generate the desired internal force of the object f7,.

(3) Forall i, compute an adaptive control law of the
i-th robot arm by a reference model of the i-th robot arm.

3.1 Desired external force applied to the object

Let us define a reference velocity of the object by
’.'or="'z+peo (13)
where e, = r‘j —r, is the position error vector and p>0is a

constant scalar. Then, desired external force is generated
by an estimated reference model of the object as follows:

Fo =M, (r0)For+Co(Fosro)ror+§,(ro) —Koso
=Y, (Fo,osTorsFor) 0o — Ko$, (14

where 6, is a parameter estimate of o, and Mg, é’o, and
g, are estimates of M,, C,, and g, respectively, they are
computed using 7, and K, is a positive definite gain ma-
trix. An adaptive law of the dynamic parameters of object
is given by

6-0z—rng(rm’"o»'.'or,";or)so (15)
where I, > 0 is an adaptive gain matrix and s, € RS is a
residual error given by

sozi’o‘i‘orz‘éo—peo- (16)
The desired external force applied to the object is updated
based on the parameter estimates of the object dynamic
parameters.

3.2 Desired force and moment at contact point

It is assumed that the force and moment at contact
points equilibrating the external force, exist. Then, the de-
sired force and moment at contact points equilibrating the
desired external force should satisfy the relation of Eq. (5).
Moreover, the force and moment at contact points gener-
ate the internal force in the object allowing a stable grasp.
Hence, the general solution of the desired force and mo-
ment at contact points is given by

o 2((F7)T...(pz)T)T= WHFL+ (I-WW)f2,

an
where [ is the identity matrix, f¢ is a vector to generate
the desired internal force applied to the object, and W™ is
a pseudo-inverse of W given by

-1
wr=w" (Ww') (18)
By denoting the force error at contact point AF = F?—F,
where F; is the i-th force and moment at contact point and
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T
F= ((FI)T . ~~(Fk)T) , the force error applied to the object
is given by

AF,=WAF

3.3 Control law of robot arms

The duality of force and velocity yields a relationship
between the velocities of the object and the i-th robot arm
as follows:

Fi=W!F,. (20)
Similarly, the desired velocities of the i-th robot arm is
given by

. . d

=Wl (21)
Then, the velocity error of the i-th robot arm, é; (: rji - i‘,-),
is represented by

=W (H-i,)=W/é,

Let us define a reference velocity of the i-th arm by

Fo =4 pWTe, + QAF + ¥, 23)

where AF; is the i-th sub-vector of AF, £2,>0 and ¥;>0
are positive symmetric gain matrices, and 7; is the integral
of the contact force error given by

'
n= f AF;dt.
0

A reference model of the i-th arm is given by

19

(22)

(24)

M;(r)7iy+Ci(ri, ;) Fip+9;(r) =Y (ri, I, Fip Fi ) O

(25)

where o; is the dynamic parameters vector of the i-th robot

arm. Then, a control law of the i-th robot arm in task space

is given by

(26)

where &7 is an estimate of o, K; > 0 is a feedback gain

matrix, and s; (= #; — F;,) is the residual error between the

e N d
ui=Y;(r,r, 1y, 1) 6+ F; - Ks;

635

reference velocity and the actual velocity, which is rewrit-
ten as

si= W] s,—QAF; - ¥,

An adaptive law of parameter estimate of the i-th robot
arm is given by

27

(28)

where T'; > 0 is an adaptive gain matrix. The joint input
torque of the i-th robot arm 7; is given by

A T . . .
i =-L;Y; (ri,ri,Fir,Fir)s;

(29)

where J; is the Jacobean of the i-th robot arm. In the right
side of Eq. (26), the first term is a feed forward input based
on an estimated reference model, the second term is a feed
forward input for the desired force and moment at the con-
tact point, and the third term is a feedback input for the
trajectory and force.errors. It is noted that the control law
does not need the desired position of the end-effector of
the arm.

The integrated control law and adaptive law are rep-
resented by

T
Ti=J;ui

(30)
€29

u=Y i, t)0+F —Ks
&=-1Y"(r,i, ), F))s
where Y(r, I“,I.‘r,'lzr) = blockdiag(Yl(rl,h ,i‘]r,i'lr), -
Yk(rk""k’i.krs -';kr))s K = blOdelag(Kl [ '7Kk)a r = (r{r' o
i), s = (sf-sD, 6 = (@] 6T, FO= (F)
(FHTYT, and T = blockdiag(Ty,---,Tk)
From Eq. (26), the following relation can be written:
s=WTs,—QAF-¥y (32)

where W = blockdiag (¥, ¥¢) and n=(q7 17 .

A scheme of the proposed adaptive coordinated con-
trol is shown in Fig.2. The desired external force of
the object is generated using the desired trajectory of the

d .d
E arl > 7,
e.s P| Arm controller 1 ;{ Arm 1 }T—
0°%o
ra 5ro n si] ,E
d .d 5
Fz oI 2
e s P Arm controller 2 »| Arm2 T+ "
0’ o
d -d d
v F) s fio v * —»!  Object
> Generatlfr of desired r, . F,,F,
-arm motion . . 1
. L]
. .
d .d ~
F/,r/, Arm controller & P Arm k
e,.s, A
rrF

Robot controller

Multiple arms

Fig.2 Robot arm controller
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object and its measured trajectory. The desired velocity
and the desired contact force of each robot arm are com-
puted using the desired external and internal forces and
the desired trajectory of the object, and each robot arm is
controlled independently; that is, communication among
robot arms is not needed.
3.4 Asymptotic stability

For the proposed controller, the following theorem is

proved. '

Theorem 1: Consider a rigid object attached by k robot
arms. For a system (12) using the integrated control law
(30) with the integrated adaptation law (31), in which the
desired external force of the object is given by (14), the
closed-loop system is asymptotically stable in the sense
that

(1) r,—r,

(2) F-F,

P, — i, as t— oo

0’

d
F,—F, ast— o

Proof: Using Egs. (16), (6), (7), and (14) sequentially, the
following relation can be easily deduced:

Moso +C0so =-AF,+ Yo (rOaio,i()r’;or)Ao-o _Koso
(33)

where Ao, = &, — 0, is an estimate error vector of the
object dynamic parameters. Similarly, using Egs. (8), (9),
and (26), it is shown that

Ms+Cs=AF+Y(r,r,r.,r.) Ao~ Ks (34)
where Ao = & — o is an estimate error vector of all the
robot dynamic parameters. Consider a candidate of the
Lyapunov function as

1
v=> ( sTM,s,+Ac’T,' Ao, +s” Ms

+Ac T Ao+ 1" ) (35)

Since M,—2C, and M—2C are skew-symmetric, substitut-
ing Egs. (33), (34), (19), and (32) into the time derivative
of Eq. (35) along the solution of the error equation, gives

V=-5,"K,s,—s"Ks—AFTQAF <0 (36)

This shows that V is the Lyapunov function, hence s, s,, 7,
Ao, and Ao, are bounded. Since o and o, are constant, &
and J-, are bounded. From Eq. (32), AF is bounded. Using
(16) leads to the boundness of e, and é,. These results
yield to the boundness of r,, 7,, F,,, and r,, because of
the boundness of # and . Hence, Y, (ry, o, For,For) and
F? are bounded. From the supposition that the contact
between arm end-effecters and object is maintained and
f2, is bounded, W, r;, and F? are bounded. Hence, F¢ is
bounded.

From (20)—(22), the following relations are obtained:
i=WTi,, i“=WTi, and é = W'é,. These show that #,
#, and ¢ are bounded. The boundness of r,, F,, r, and
i yields that W is bounded. Equation (23) leads to #, =
i +pW'e,+QAF+ W, which shows the boundness of #,.
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The boundness of AF brings to the boundness of F, AF,,,
and F,. Hence, Eq. (33) proves the boundness of §,, the
time derivatives of Eqgs. (16) and (20) show the boundness
of 7, and 7, respectively, and the boundness of u, ¥,, and
s are shown through Egs. (10), (30), and (34). The time
derivative of Eq. (32) is § = W7s, + WTs, - QAF — WAF,
which shows the boundness of AF.
Differentiating (36) with respect to time gives

V==2(5,"K,s,+5Ks + AF' QAF). 37

V is bounded because of the boundness of s, §, and AF.
This means that V is uniformly continuous. From the
Lyapunov-Like Lemma, it is shown that V — 0 as t — co.
This implies that s — 0, s, > 0, ¢, > 0, ¢, — 0, and
n— 0, as t - co. Therefore, r, — rjf r, — r‘ol F — F4
and F, — F¢ as t — co. Finally, It is shown using Eq. (20)
that r — r? and i — ¥ as 1 — 0.

Remark: 7, and €, are bounded. The convergence of F
and F, to F¢ and F¢, respectively, means that the internal
force applied the object converges to (I-W*W)f¢ . If the
persistently exciting condition of motion is satisfied, the
estimates of the dynamic parameters of the object and the

arms converge to the true values.
4. Adaptive Coordinated Control 2

If o is known and o, is unknown, then the adaptive
laws of the dynamic parameters of the robot arms are not
needed. The integrated control law is given by

u=Yr i, t)o+F -Ks (38)
Then, the following theorem can be written.

Theorem 2: Consider a rigid object attached by k robot
arms. For a system (12) using the integrated control law
(38), in which the desired external force of the object is
given by (14), the closed-loop system is asymptotically
stable in the sense that

(1) r,—>r, k- ast—oo
(2) F>F F,>Flast—>o

The proof of Theorem 2 can be done similarly to that of
Theorem 1 but using the following positive definite func-
tion

1 N N
V=3 (57 Mos, +AcI T, 00, +5" Ms+n" ¥n) (39)

5. Coordinated Control

If o and o, are known, then the parameter estimates
of the object and robot arms are not needed. The desired
external force is generated by

F =M, (ry) for+CoFoyi'y) For+g, (1)
=Y0(r03i'oai'or’i0r)a-() (40)

and the integrated control law is given by (38). Then, the
following theorem may be written.
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Theorem 3: Consider a rigid object attached by & robot
arms. For a system (12) using the integrated control law
(38), in which the desired external force of the object is
given by (40), the closed-loop system is asymptotically
stable in the sense that
(1) rp—>r, b —
(2) F-F
The proof of Theorem 3 can be done by using the
following positive definite function

,ast— oo

()’

F(,—>FU, as t— oo,

1, , -
V:E(sé M,,s0+sTMs+l]’ 'I’I]) 41

6. Experiment

Experiments using two robot arms were performed to
show the effectiveness of the proposed control method in
the case in which the dynamic parameters of the object
and the robot arms are unknown. In the experiment, as
shown in Fig. 3, two robot arms, the Ist robot of which,
on the left side, has 6 DOF, and the 2nd of which, on
the right side, has 5 DOF, are used as 3 DOF robot arms
that grasp one object rigidly and carry it in a vertical
plane. Link lengths from the 1st link to the 3rd link of
the 1st robot arm are 103.9, 90, and 71 mm, respectively.
Similarly, those of the 2nd robot arm are 80, 134.4, and
46.3 mm, respectively. Each arm is equipped with 6-axis
force sensors (NANO sensors by BL.AUTOTEC, LTD.)
at the end link to measure the contact force. The object
is a rectangular solid made of aluminum, 30 x30x20 mm
in size, and its mass is 50 g. Position vectors from the
origin of Z, to the origin of X; with respect to X, are
Poc; =(=22,0,0)T and p,., =(22,0,0)7. The desired tra-
jectory of the object is a circle 30 mm in diameter, and
in which the motion time is 3 sec. The magnitude of the
desired internal force is set as f¢ =ON. The controller
gains are chosen as: K| = K, = diag(500,500,5), p =100,
I, =diag(0.01,0.001), and all the diagonal elements of T';
and I'; are 0.001. The initial values of the unknown dy-
namic parameters are set as zero. Coulomb friction and
the damping friction coefficient at each joint are also es-
timated adaptively, and feedfoward input using their esti-

Fig.3 Experimental system consisting of two robot arms
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mates are added. The sampling cycle is 0.5 ms.

First, the adaptive control without using force sen-
sor is applied. The experimental results of the trajec-
tory of the object with respect to the task coordinate sys-
tem are shown in Fig.4, in which (a) is the trajectories

Ist round

™ 10th round

63
1
Desired

031
N‘%M

-0.02 -0.01 0 0.01 0.02

(a) Object trajectory

= WHAAAAAAAS
SR [LVAVAVAVAVAUAHANANA
Time[sec]

(b) x element of object position error

Actual external force

~
S r\
e
=]
o
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Kv—rv—'w?-—-—v

Desired external force
Time[sec]

(¢) x element of external force

0.1

0.05 W
= /\///\/‘/"
24 0 | i
(g 20 4 60
-0.05 SR

Time[sec]
0.1
(d) Estimated mass of object
20

10 |

W Y fa
Thg 11Tt

Time[sec]

Internal Force[N]
=)
i
L%

-10

=20

(e) Internal force

Fig.4 Adaptive control without force sensor
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033 \\
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Fig.5 Adaptive control with force sensor

of object, (b) is x element of position error, (c) is x ele-
ment of external force acting on the object, (d) is estimated
mass of object, and (e) is internal force acting on the ob-
ject. These figures show that the position error, external
force and internal force decrease by repetition of motion.
Parameter estimates converge nearly to constant values,
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which are not true values. There is a reason why the pa-
rameter estimates do not converge to true values, that is,
the persistently exciting condition is not satisfied because
of redundancy of the dynamic parameters.

Second, the proposed adaptive control with using
force sensor is applied. The experimental results of the
trajectory of the object with respect to the task coordinate
system are shown in Fig.5. These figures show that the
position error, external force and internal force decrease
by repetition of motion. The external force is larger than
the desired external force, but it is smaller than the case
of adaptive control without using force sensor. There are
several reasons why the position errors do not converge
to zero; the dynamics of the mechanism such as the flex-
ibility of the joint is not modeled; the controller is not a
continuous-time control system but a discrete-time con-
trol system whose accuracy of trajectory depends on the
sampling cycle!”. These results show that the adaptation
in control is working successfully and effectively.

7. Conclusion

An adaptive coordinated control method for multi-
ple robot arms handling a common object has been pre-
sented. In the control, the desired motion of the robot
arms is generated by an estimated reference model of the
object, which is evaluated using parameter estimates and
the desired motion of the object. The motion of each
robot arm is controlled independently and adaptively with-
out communication among the arms. The asymptotic con-
vergence of motion and contact force has been proved by
the Lyapunov-like Lemma. Experimental comparisons be-
tween adaptive control with force sensor and one without
force sensor for the two robot arms grasping a common
object were shown. They showed the control objective
was achieved successfully.

References

(1) Schneider, S.A. and Cannon, R.H., Jr, Objective
Impedance Control for Cooperative Manipulation;
Theory and Experimental Results, IEEE Trans. on
Robotics and Automation, Vol.§, No.3 (1992), pp.383—
394.

(2) Kosuge, K., Yoshida, H., Fukuda, T., Kanitani, K.,
Sakai, M. and Hariki, K., Coordinated Motion Con-
trol of Manipulators Based on Impedance Control, J. of
RSJ, (in Japanese), Vol.13, No.3 (1995), pp.404—410.

(3) Hayati, S., Hybrid Position/Force Control of Multi-
Arm Cooperating Robots, Proc. of IEEE Int. Conf.
Robotics and Automation, (1986), pp.82—89.

(4) Uchiyama, M. and Iwasawa, N., Hybrid Position/Force
Control for Coordination of a Two-Arm Robot, Proc.
of IEEE Int. Conf. Robotics and Automation, (1987),
pp.1242-1247.

(5) Yoshikawa, T. and Zheng, X., Coordinated Dynamic
Hybrid Position/Force Control for Multiple Robot Ma-
nipulators Handling One Constrained Object, Proc. of

JSME International Journal

NI | -El ectronic Library Service



The Japan Soci ety of Mechani cal

(6)

(7

(8)

(9)

10)

an

Engi neers

IEEE Int. Conf. on Robotics and Automation, (1990),
pp-1178-1183.

Hwang, Y.Y. and Toda, I., Coordinated Control of Two
Direct-Drive Robots Using Neural Networks, JSME
Int. J., Ser. C, Vol.37, No.2 (1994), pp.335-341.
Nakayama, T., Arimoto, S. and Naniwa, T., Coor-
dinated Learning Control for Multiple Manipulators
Holding an Object Rigidly, Proc. of IEEE Int. Conf.
on Robotics and Automation, (1995), pp.1529-1534.
Yao, B., Gao, W.B., Chan, S.P. and Cheng, M., VSC
Coordinated Control of Two Manipulator Arms in the
Presence of Environmental Constraints, IEEE Trans.
on Automatic Control, Vol.37, No.11 (1992), pp.1806—
1812.

Su, C.Y. and Stepanenco, Y., Adaptive Sliding Mode
Coordinated Control of Multiple Robot Arms Attached
to a Constrained Object, IEEE Trans. on System, Man,
and Cybernetics, Vol.25, No.5 (1995), pp.871-877.
Pagilla, PR. and Tomizuka, M., Adaptive Control
of Two Robot Arms Carrying an Unknown Object,
Proc. of IEEE Int. Conf. on Robotics and Automation,
(1995), pp.597-602.

Liu, Y.H., Arimoto, S. and Kitagaki, K., Adaptive
Control for Holonomically Constrained Robots: Time-
Invariant and Time-Variant Cases, Proc. of IEEE Int.
Conf. on Robotics and Automation, (1995), pp.905—
912.

(12)

(13)

(14)

(15)

(16)

(17)

(13)

639

Hsu, P., Control of Multimanipulator Systems: Trajec-
tory Tracking, Load Distribution, Internal Force Con-
trol, and Decentralized Architecture, Proc. of IEEE
Int. Conf. Robotics and Automation, (1989), pp.1234—
1239.

Kosuge, K. and Oosumi, T., Decentralized Control
of Multiple Robots Handling an Object, Proc. of
IEEE/RSJ Int. Conf. on Intelligent Robots and Sys-
tems, (1996), pp.318-323.

Liu, Y.H. and Arimoto, S., Distributively Controlling
Two Robots Handling an Object in the Task Space
without Any Communication, IEEE Trans. on Auto-
matic Control, Vol.41, No.8 (1996), pp.1193-1198.
Kawasaki, H., Ueki, S. and Ito, S., Force Sensor-
less Adaptive Coordinated Control of Multiple Robot
Arms, Trans. of the SICE, (in Japanese), Vol.39, No.9
(2003), pp.872-878.

Kawasaki, H., Ito, S. and Ramli, R.B., Adaptive Decen-
tralized Coordinated Control of Multiple Robot Arms,
Preprints of SYROCQO’03, (2003), pp.461-466.
Kawasakil, H. and Li, G., Expert Skill-Based Gain
Tuning in Discrete-Time Adaptive Control of Robots,
Journal of Robotics and Mechatronics, Vol.16, No.1
(2004), pp.54-60.

Murray, R.M., Li, Z. and Sastry, S.S., A Mathemati-
cal Introduction to Robotic Manipulation, (1993), CRC
Press.

JSME International Journal

Series C, Vol. 48, No. 4, 2005

NI | -El ectronic Library Service



