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Abstract—The present paper proposes a distributed
feedback control for redundant manipulators based on
virtual arms. The virtual arm has the same kinematic
structure as the manipulator except that its end-point is
located on the joint or link of the manipulator. Therefore,
the configuration of the redundant manipulator can be
represented as a set of virtual arms. Firstly, each
subsystem of the distributed control system is designed
corresponding to the virtual arm. Dynamic behavior of
each subsystem is based on an end-point feedback control
of the virtual arm on the operational space. Then, it is
shown that the position control of the manipulator
utilizing kinematic redundancy can be realized through
cooperative and competitive interactions between
subsystems, and that the dynamic behavior of the whole
system is always stable. The advantages of the method are.
summarized as follows: 1} each subsystem can work fully
autonomously and the joint control torque of the
redundant manipulator can be calculated in a parallel and
distributed way, 2) the kinematic redundancy of the
manipulator can be utilized positively using virtual arms,
and 3} some subtasks can be executed by introducing a
potential function on the joint space of the manipulator.
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1. Introduction

A redundant manipulator has more joint degrees
of freedom than the one required for a given task.
Therefore, it can offer significant advantages, for instance,

avoiding obstacles or singular configurations in perform-

ing a given task. Several investigators have proposed the

inverse kinematic solutions utilizing the manipulator
redundancy [Liegeois, 1977: Hollerbach and Suh, 1984
Vukobratovic and Kircanski, 1984: Yoshikawa, 1984},
Especially, Tsutsumi and Matsumoto(1987) and Lee and
Kil(1990) proposed trajectory generation methods
utilizing the manipulator redundancy using neural net-
works. The control of the manipulator using the methods
described above, however, needs the computation of the
joint torques from the derived inverse kinematic solutions.

On the other hand, the manipulator control
system vsually uses only one computer and controls each
joint by time sharing.The larger the number of joint
degrees of freedom the manipulator has, the following
problems will arise:

1) Flexibility: since the control software must become
farge and complex, the expansion, revision and
maintenance of the control system will become difficult,
2) Reliability: the partial failure of the software or
hardware may cause a crucial system breakdown, and

3) Real time computation: it is very difficult to perform
highly advanced information processing required for an
intelligent robot control by a single computer.

One of the possible approaches to overcome such
problems is to construct an autonomous decentralized
control system which is consisted of a set of autonomous
subsystems. In order to realize such a system for Tobot .
control, firstly, we should consider how to design each
subsystem which can behave autonomously and cooperate
each other. ,

The present paper proposes a concept of virtual
arm as a subsystem. The virtual arm has the same
kinematic structure as the controlled manipulator except
that its end-effector is located on the joint or link of the
manipulator. Providing that the appropriate number of the
virtual arms are used, the configuration of the manipulator
can be represented by a set of the end-effectors of the



virtual arms. We have already proposed a trajectory
generation method using the virtual arms, which is based
on a distributed representation of the manipulator's
kinematics on the neural networks| Tsuji, Nakayama and
Ito, 1991]. This method, however, is based on only the
kinematics, not the dynamics of the manipulator. In
contrast to it, the method presented here can directly
compute the joint control torques from the desired
position of the virtual end-effectors. Each subsystem can
work fully autonomously independent of the others and
compute the joint control torques in a parallel and
distributed way.

Firstly, we formalize the kinematics of the
virtual arms, and then give a detail of the distributed
feedback control method. Finally, the effectiveness of the
method is verified by computer simulations using a planar
manipulator with redundant joint degrees of freedom.

2. Virtual Arm and its Kinematics

We consider a redundant manipulator having m
joints (hereafter referred to as an actual arm). Then virtual
arm is defined which has an end-effector on a joint or a
link of the actual arm. Figure 1 shows an example of
setting virtual arms for a 5-joint planar manipulator. The
parameters of the virtual arm such as the base position,
joint angle, and link length, are the same as-those of the
actual arm. Here, (n-1) virtual arms are generally to be
set, and the actual arm is regarded as the n-th virtual arm,
This allows the configuration of the actual arm to be
represented as a set of virtual end-effectors in the task
space.

In order to control the redundant manipulator
using the virtual arms, the following problems must be
solved:

1). planning the desired end-effector position of each
virtual arm in the corresponding subsystem independent of
the others, and

2). computing the joint control torques of the actual arm
from the desired position of the virtual end-effectors.

With respect to the former problem, we have
proposed a trajectory planning algorithm for obstacle
avoidance and winding control of hyperredundant
manipulators [Tsuji, Nakayama and Ito, 1990: Tsuji,
Kaneta and Ito: 1990]. This paper discuss the latter
problem, that is, how to compute the joint control
torques corresponding to the planned desired position of
the virtual end-effectors.

Let the end-effector position vector of the i-th

i 1
arm be denoted as XveR where 1 is thedimension of the

anmsemm
.

(2)Actual arm (b)Virtual arms

Fig.1 Examples of virtual arms for
a five-joint planar manipulator

task coordinate system. Let also the joint angle vector of

m
the actual arm be denoted as 0eR . For redundant mani-
plators, m is larger than 1. The forward kinematics of the
i-th arm is given by

: v=10), M
where f'(0) is a nonlinear function. Concatenating (1) for

all virtual arms, we can obtain
Xy = 1(9), @
where Xy = [X},X2,...,X0Te RIn
and £(8) = [f1(6),%(8), -, (B)]T € R (5

*
When the desired virtual end-effector position, Xy, is
given, the inverse kinematic problem of equation (2) can
be categorized as the follows [Tsuji, Nakayama and Ito,

1990]:

1) redundant case: the desired position vector can be
achieved for all virtual end-effectors, and the manipulator
still has redundant joint degrees of freedom,

2) over-constrained case: the desired position vector
cannot be achieved, since too many virtual arms are used
comparing to the joint degrees of freedom of the actual
arm, and

3) singular case: the desired position vector cannot be
achieved because of the location of the virtnal end-
effectors. When there is no joint between the virtual end-
effectors, for example, the virtual end-effectors cannot be
positioned arbitrarily even if the joint degrees of freedom
of the actual arm is much larger than the number of the
virtual arms. In order to design the control system using
the virtual arms, the above three cases should be taken
into the consideration,



3. Distributed Feedback Control
Based on Virtual Arms

3.1 Control Law
A motion equation of the manipulator is general-
ly given by

M(8)0 + h(8,0) + g(8) =1, @

mxXm
where. M(G)ER is the non-singular inertia matrix,

h(6,0)e R™

m m
g(@)eR is the gravity term and TeR is joint control
torque. In the present paper, we propose the following
control law:

is Coriolis and centrifugal term,

=) with
i=1 ©)
o~ ~
T=9 - laQ—(e)» B'6 + £'(0),
a6 ©)
where wi is a positive weighting coefficient representing

TeR™

an order of priority for the i-th arm, is control

KeR

torque for the i-th arm, is a Lagrangian multip-

lier satisfying

wid 20, Q(6)>0
ﬁie RMxm ;

~1 ~2
wih =w2) =...

is a differentiable potential function, s a

,vi
positive definite velocity feedback gain matrix, and & C)
is joint torque for gravity compensation which satisfies

50) = Y wig'®)
i=1
In this paper, it is assumed that the gravxty compensation

torque g (9) ,can be computed in each subsystem.

Also, 8 eR™ is defined as

8 = ()T(XL - Xi), o
XieR!

where is the desired position of the i-th virtual

= 0X}/00 € R>™

end-effector, and is the Jacobian

matrix of the i-th virtual arm. Figure 2 shows a block
diagram of the control system. The weighted sum 7 of
joint control torque for each virtual arm ‘At‘i is the control

torque for the actual arm.,

+ 7" n
w” }<T—[subsy5tem ﬂ-L
o M(0)5+h(8.8)+9(8) = r H—

(a)

subsystem 1

(®)
Fig.2 Distributed feedback control
based on virtual anins

Next, we consider to set an order of priority for
each degree of freedom of the virtual end-effector. Introduc-

i Ix1 -
ing another weighting matrix WeR for the i-th virtu-
al end-effector, the control law is revised as the follows,

n
T= Z T
i=1

@®
i 52990 _pig 4 gio),
&' = 4h)TWicxi, - Xi), (10)

where we oeﬁne
A= wik i=12,-n,gi(8) = wigi(0),Bi = wib

i 1
and Wi = diag. [Wl’Wz» - W] Wjis a positive wei-
ghting coefficient for the j-th element of the i-th virtual
arm.

3.2 Stability

Now, the following energy function is defined.

H=V+E+H7LQ(9) an
V= 2 M(G)O a2)
n
%—2 - XHTWKE - X5)

(13)



V is the kinetic energy of the manipulator, E is the
squared position error between the desired and the virtual
end-effector, and Q(8) is a differentiable potential function,
The time derivative of the energy function is given by

. .T . . .T .
H =;—e M(6)0+86 M(6)0

JE + nkaQ(e) }+ nQ(G)?L.
On the other hand, substituting equations (8) and
(9) into (4), we can see

M(8)6 = - h(8,8) + & - nxagé‘” B,

T
+0 {

(15)

where we define

8=i SiandBr-En_: Bi
-1 i=1

Substituting equation (15) into (14) and using the relation

.T . - .T -
8 M(0)6 =26 h(8,0), we can obtain

. - T - - -
H=-6 BO +nQ(O)A. (16)
Then, we introduce a state variable s and define
A =g(s), an

where g(s)isa dxfferenuable and monotonically increasing
function, such as,

g(s) = Bmax >
gmax is a positive constant. Also we define the time
derivative of the state variable as

——m———ld <0,

Q®)g'(s) (19)
where o is a positive constant, ld denotes the Euclidean
norm of vector & and g'(s)=dg(s)/ds<0 . From (16), (17)
and (19), we have

H =- GTBG - noclﬁl <0. (20)

Since B is positive definite and no > 0, we can see that
the system is asymptotically stable and the energy func-

S=-0

tion H decreases monotonically until @ = 0 and 8 = 0,
that is the equilibrivm point of the system.

3.3 Kinematic Meaning of Equilibrium Point

In this section, the kinematic meaning of the
equilibrium point is analyzed. At the equilibrium point,
error vector 8 can be expressed as

& =1, TW(X," - Xy(to), @1

1+es (18)

In
where Xv(t)eR is the concatenated position vector of
the virtual end-effectors at the equilibrium point,

T T T

Iy=[0H5,09 (DT e Rivm

is the concatenated Jacobian and
W = block diag.[W1, W2, .., Wn]e RInxIn

is a block diagonal weighting matrix. Note that 8=0 at the
equilibrium point. Using a displacement vector dXv, we
have

J,TWdX,* = 1,TWdXy, 22)

where

dXy* =Xy - Xy(0),dXy = Xy(tr) - Xy(0) € R

and Xv(0) denotes the initial position of the virtual end-
effectors. Consequently, at the equilibrium point, the
virtual end-effectors must exist at the points which are
solutions of the simultaneous equation (22). The rank of
the concatenated Jacobian matrix Jv dominates the simul-
taneous equation as the follows:

[case 1]: If rank{Jv)=In, the rank of the matrix Jv W s
also In, since the matrix W is positive definite. Therefore

the unique solution of (22) is given by

dX, = dX,". . @23)
This guarantees the convergence of each virtual end-.
effector to the corresponding desired position as long as
the entire arm is kinematically redundant. Moreover, it is
expected that the final configuration of the manipulator
minimizes the potential function Q(8) by the effect of the
third term of equation (14).
[case 2]: If rank(Jv)<in,the simultaneous equation (22)
becomes indefinite. The general solution of (22) is given
by [Tsuji, Nakayama and Ito, 1990]

Xy = (TW) L TWAX," + [in - 3V TW) (VW) 21,
@4

where In€ Rinxin is a unit matrix, ZIn€ Rl is an arbi-
trary vector and ( Yt denotes the pseudo inverse matrix.
This indicates that when the manipulator is over-
constrained or singular, the virtual end-effectors converge
to the position where the weighting sum of positioning
error becomes minimum. Moreover, the final
configuration of the manipulator minimizes the potential
function Q(8) among the general solutions of (24) by the
effect of the third term of equation (14).

The distributed feedback control presented here
can positively utilize the redundant joint degrees of
freedom in the task space and compute the joint control
torque in a parallel and distributed way. In the next
section, the effectiveness of this method will be verified
by computer simulations.



4. Simulation Experiments

4.1 Roles of Potential Function Q(8)
Firstly, computer simulations were carried out

for a three-joint planar manipulator without use of the
virtual arm ( 1=2, m=3, n=1). Note that the manipulator is
redundant. Figure 3 shows examples of simulation
results. The weighting matrix W! and the velocity
feedback gain matrix B!(see equation (10)) were set as -

Wi=diag.[300.0, 100.0)(N/m)

and

Bl=diag.[120.0, 160.0, 7.0]J(Nm/(rad/sec)),
respectively. The other parameters used in the simulations
are shown in the figure. We used the Appel method for the
manipulator dynamics [ Potknjak and Vukobratovic, 1978}
and the link parameters of the manipulator are shown in
Table 1.

Table 1 Link parameters of a
three-joint planar manipulator

Hnkl link2 tink3

length(m}) 0.8 1.5 0.5

mass(kg) . 1.0 1.2 0.5

center of mass{m) 0.4 0.75 0.25
moment of inertia(kg-m?) | 0.053333 | 0.225 0.0104166

In Figure 3, the initial and desired positions of

the end-effector were set as Xv(0) = [1.0, 0.0]T(m) and |

Xy"2[0.0, 1.5]T(m), respectively, and the potential func-
tions were set as
Qi(8) =gy, (25)
in Figure 3(a), and
Q2(8) = 1{6(0) - 69} {6(0) - B(®)} + &2,

in Figure 3(b), whereg, =¢,= 1.0.

Since 0Q1(6)/06 = O’Figure 3(a) is equivalent to the

" feedback control method by Takegaki and Arimoto(1981).
On the other hand, Figure 3(c) shows a simulation
result using the manipulability measure {Yoshikawa,
1984] as the potential function,

Q3(8) =V det] J,T+ €3, @7

where €,=1.0. In this case, the potential function was

0Q(6)/08,

(26)

maximized by changing the sign of the term,
in equations (6) or (9).

In Fig.3(a), the third joint rotated largely. As a
result, the second and third links were overlapped. On the

v A

(m) |
1.0:' \
0 1.0 (m‘;

initial posture®(0)=[{2.967146,-2,792473,-1.091282]T(rad)
final posture e(tf)=[3. 163653,-2.307091,-4.9889921T(rad)

(a)
" = 80.0
= 15.0
\z 1.0%x107°
% + >
1.0 z

(m)

initial posture®(0)=[2.967146,-2.792473,-1.091282}T(rad)

final posture e(tf)=[3.490397,~2.170’737,-04612733]T(xad)

(b)
yA 9max = 50.0
(m) ] 5o = 25.0
~ -\ « = 1.0x10"°
P——
ol 10 Z
(m).

initial postieree(())z{z.%?146,-2.792473,- 1.091282]T(rad)
final posture 8(1p)=[3.406421,-2.058269,-0.852928 1Trad)
Fig.3 Roles of potential function Q(6)

other hand, in Fig.3(b) and (c), the end-effector reached
to the goal point without such a overlapping, because the
large rotation of some specific joints resulted in
increasing the squared sum of the joint displacement of
equation (26) and also the manipulability measure of
equation (27) decreased near 6 = -w(rad), that is, at the po-



sition overlapping of the second and third links. Figure
4 shows the time changes of the squared sum of the joint
displacement and the manipulability measure (the first
term on the right hand side of equations (26) and (27),
respectively).

(md?) B
Ly ) U SR
= e -
El T e using 0,(6) (Fig:3(s))
s 2 . using Qu(8) (Fig.3(3))
35| i —
3 :g 1.0 i(sec.)
2
v (a)Squared sum of joint displacements
(m?% )
o) 00 e
5!
g .
E[ wsing ,(9) (Fig-3(c))
2 using u(0) (Fis3(e)
:—g
= + } } + + fom
2 1.0 t(sec.)
E
=

(b)Manipulability measure

Fig.4 Time changes of squared sum of
joint displacements and manipulability

4.2 Role of Virtual Arms

Table 2 shows the link mode! of the manipula-
tor used in simulations. The following parameters were
used: gmax= S0 (see equation (8)), the initial value of the
state variable s, s, = 0.1, a = 10-7g'(s). Figure 5(a)
shows a simulation result using a virtual arm (n=2), the
end-effector of which was on the third joint of the
manipulator. Both the desired positions of the actual and
virtual end-effectors were given as the same goal as shown
in the figure. From Figure 5(a), the virtual end-effector
as well as the actual end-effector reached to the goal point.

In Figure 5(b), we used nine virtual arms
(n=10), the end-effectors of which were on a middle point
of each link and on each joint except the first joint. The
desired position for the actual arm was given by the goal
point shown in the figure, and each desired position for
virtual end-effector was set to the corresponding initial
position. Although the virtual end-effectors tried to keep
their initial positions, the virtual end-effectors moved to
the directions of the goal point, since they were pulled by
the actual end-effector as seen in the figure.

Table 2 Link parameters of a
five-joint planar manipulator

link i (i=1,",5)

length(m) 0.4
mass(kg) : 1.0
center of mass(m) V 0.2
moment of inertia(kg-m?) 0.013333
YA
(m) S
1.0:
Z
G
0.0 1.0 oz
(m)

W= diag.[20.0,20.0,20.0,20.0)( N/ m)
Bi=diag.[22.0,13.0,6.0,2.5,1.5)( Nm/(rad/s))

(a)
Yy
(m)
1.0 N
G
0.0 1.0 *
(m)

W=diag.{1.0,7+,1.0,40.0,40.0) € R*°**°( N/ m)
Bi=diag.[5.0,3.0,1.4,0.5,0.3)( Nm/(rad/s))

(b)

v
(m)
1.0

L,

0.0

1.0

(m)

W= diag.[5.0,,5.0,40.0,40.0)e R®***(N[m)
Bi=diag.|4.4,2.6,1.2,0.5,0.3)( Vm/f(red/s))

(¢)

Fig.5 Simulation results of
the distributed feedback control



On the other hand, in Figure 5(c), the same
virtual arms as Figure 5(b) except for their desired
positions of the end-effector were used. The desired end-
effector position of each virtual arm was given by the
position of the first joint of the manipulator, While the

actual end-effector reached to the goal point, the virtual

end-effectors moved to the direction of the first joint of
the manipulator. Consequently, it can be seen that the
configuration as well as the end-effector of the actual arm
can be controlled by planning the desired positions for the
virtual end-effectors in the task space.

5. Concluding Remarks

In this paper, we proposed the distributed
feedback control for the redundant manipulator based on
virtual arms. The advantages of our method are summariz-
ed as follows: _

1) each subsystem can work fully autonomously,

2) the jo‘in\t control torque of the redundant manipulator
can be calculated in a parallel and distributed way,

3) the kinematic redundancy of the manipulator can be
utilized positively using virtual arms, and

4) some subtasks can be executed by introducing the
potential function on the joint space of the manipulator
utilizing the kinematic redundancy.

Further research will be directed to apply the
control method presented here to the multiple manipulator
systems.
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