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Abstract

Impedance control is one of the most effective con-
trol method for a manipulalor in contact with ils en-

vironment. In this method, however, the manipulator .

does not move uniil an erternal force is exeried. The
present paper proposes & non-coniact impedance con-
trol which can regulate a virtual impedance between an
arm and an erternal object using visual information.
Validity of the proposed method ts verified through ez-
periments using o direct-drive robot.
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1 Introduction

Impedance control is a method to regulate a me-
chanical impedance of an end-effector of a manipula-
tor in a desired value according to a given task. It
can specify desirable response of the end-effector for
an external force before contact. Hogan [1] invented
a method to control the end-effector impedance of
a manipulator based on measured position, velocity
and force of the end-effector using the concept of the
resolved acceleration control [2]. Then many stud-

_ies such as a realization technique without use of an
inverse of a Jacobian matrix [‘% or without use of a
force sensor [4], stability analysis for contact [5], model
matching design of the impedance parameter |6} have
been conducted. The impedance control is one of the
most important framework to control the interaction
between the manipulators and the environment.

In some cases, however, occurance of the interaction
force between the manipulator and the environment
should be carefully considered. For example, when
the end-effector handles a fragile object, an approach-
ing velocity of the end-effector should decrease before
coming in contact with the object in order to prevent a
large impact force. Also in some environments includ-
ing obstacles, the interaction force between the obsta-
cle and the robot should be avoided. Under the con-
ventional impedance control, it is difficult to cope ef-

. fectively with such situations, since any external force
is not exerted until the end-effector contacts with the

‘objects.

On the other hand, robot motion using vision-

based control has been actively studied in recent years

[7,8, 9], where the robot can be controlled according to
visual information on the environment. Based on the
framework of the vision-based control, Castano and
Hutchinson [10} proposed a concept of a visual com-
pliance. This method can constrain the end-effector
motion on a virtual task plane based on a hybrid con-
trol using the visual sensor information from a cam-
era system and the internal angular sensor informa-
tion from an encoder at each joint of the manipulator. .
However, it does not control impedance characteristics
itself based on visual information.

Nakabo et al. [11] proposed a concept of a visual
impedance and showed that the movement of the end-
effector can be modified in real time (remarkably,
less than 1 ms sampling time) by using the visual
impedance between the end-effector and the object.

We also proposed a vision-based impedance con-
trol [12] using a concept of a virtual impedance which
was originally proposed for motion planing of a mo-
bile robot [13]. The method can control a virtual

. impedance between the end-effector and the object as

well as the end-effector’s impedance. The relative end-
effector motion to the object can be controlled without
contact through a virtual external force generated by
the virtual impedance and visual sensor mformation.

In this paper, we apply the vision-based impedance
control to a redundant manipulator and propose a
non-contact impedance control which can utilize kine-
matic redundancy. The proposed method can control
the virtual impedance between the object and multi-
ple points set on the arm including the end-effector,

so that the virtual interaction between the whole arm

and the environment can be considered.

This paper is organized as follows: in Section II,
the impedance control of a manipulator is briefly ex- -
plained with emphasis on utilization of redundant
Joint degrees of freedom. Then, the non-contact
impedance control is formulated for a redundant ma-
pipulator in section III. In section IV and V, computer
simulation and experiments are performed in order to
clear the distinctive feature of the proposed method.



2 Impedance Control
In general, a motion equation of an m-joint manip-
ulator can be expressed as follows:

M(8)8 + h(8,6) = 7 + JT (8) Feas, (1)

where F.;; € R is the external force exerted on
the end-effector; 8 € R™ is the joint angle vector;
M (8) € R™*™is the non-singular inertia matrix (here-

after denoted by M); h(6,0) € R™ is the nonlinear
term including the joint torque due to the centrifugal,
Coriolis, gravity and friction forces; 7 € R™ is the
joint torque vector; J{#) € R'*™ is the Jacobian ma-
trix (hereafter denoted by J); and ! is the dimension
of the task space. For a redundant manipulator, m is
larger than .

Now, the desired impedance of the end-effector is
described by

Medjé -+ BedX + KedX = Fext) (2)

where M,, B., K. € ®'*! are the desired inertia, vis-
cosity and stiffness matrices of the end-effector, re-
spectively; and dX = X — X4 € ®’ is the displace-
ment vector between the current end-effector position
X and the desired one (namely, the equilibrium posi-
tion of the end-effector) Xj.

In this paper, we adopt the impedance control law
without calculation of the inverse Jacobian matrix pre-
sented in [3]:

T =  Teffector + Teomp, (3)
Tegector = —J T [Mo(8){M;}(K.dX + Bd& + J6
—Xa}+{I - M (OM }Fers), (4

Teomp = (JI)TR(8,6), ' (5)

where M.(8) = (JM~1JT)~1 € R¥! is the oper-
ational space kinetic energy matrix [15, 16]; J =
M-1JT M, (6) € £™*! is the generalized inverse of J
weighted by M™1; Teffector € R™ is the joint torque
vector needed to produce the desired end-effector
impedance; I is the ! x [ unit matrix; Tcomp € R™
is the joint torque vector for nonlinear compensation;
and h(6,6), M are the estimated values of A(#,8) and
M. It is assumed that h(6,0) = h(0,6), M = M, and
the joint configuration 8 is not in a singular posture.

Although the control law (3)-(5) or other
impedance control methods such as [1], [4] can be
applied for controlling redundant manipulators, they
cannot effectively utilize arm redundancy. In order to
exploit arm redundancy, an additional controller for
a subtask can be incorporated into the end-effector
impedance control system in parallel [14]:

T =  Teffector T+ Tcomp + Tjoint, (6)

Tioine = —T (M;dfi+ B;dé + Kjda) M

where Tjoins € R™ is the additional joint control torque
for controlling the joint impedance; M;, B;, K; €

(b}

Figure 1: Schematic representation of a Non-Contact
Impedance Control (NCIC) :

RTXM are the desired joint inertia, viscosity and stiff-
ness, respectively; and df = 8 — 85 € R™ is the devi-
ation vector between the joint angle # and the equi-
librium joint angle 84. Also, the matrix I' € R™*™
can filter out the joint torque in such a way that the
filtered joint torque has no effect to the end-effector
motion [15, 16]:

r=1-Jy*, (8)
where (J)* denotes the pseudoinverse of J. It can be
easily shown that the additional joint control torque
Tjoint Satisfies the following condition:

IT Tigint = 0, (9)

so that 7jsine has no dynamic effect to the end-
effector motion of the manipulator, and the end-
effector impedance remains to be the desired one given

by (2).

3 Non-Contact Impedance Control
Figure 1 shows a schematic representation of the

non-contact impedance control. Let us consider the

case that an object ‘approaches a manipulator. In

. order to consider the interaction between the whole

arm and the object without contact, a number of vir-
tual spheres with radius #)(i = 1,2, .- n) are used,
where each center of the sphere is located on a link
or a joint of the manipulator as shown in Fig. 1 (a).
Then, when the object comes into the interior of the
virtual sphere 7, the normal vector from the surface of
the sphere to the object is given as

dX = X — pOag®) (10)



where X&) = X, — X is the displacement vector
from the center of the sphere X(*) € ®! to the object
X, € R, Also the vector a®®) € ®! is defined as

f"a‘{ll (1x9) #0)

a(‘) = X

o (1x®1=0)’

where |Xp (i){ denotes the Euclidian norm of X
When the object is in the virtual sphere, {X,f)i is less
than (9,

Then the virtual non-contact impedance is consid-
ered between the object and the center of the virtual
sphere as shown in Fig. 1 (b), where M, ) BY and

Kgi) represent the virtual inertia, viscosity and stiff-
ness matrices associated with the i-th virtual sphere,
respectively. Using the non-contact impedance and
the dlsplacement vector ng , the virtual external

force F € R exerted from the ob_}ect to the cen-
ter of the sphere is defined as

(11)

MPaxP + BPaxP + kPaxP
1XP) < r®
0 %) > r®

RO =

(12)
It can be readily seen from (11) and (12) that F®
becomes zero when the object is not 1n the v1rtual

sphere or the object exists at the center of the sphere.
The virtual external force defined above can be

transformed to the equivalent joint torque 75’ ‘
7 = JOTFD, (13)

where J®) denotes the Jacobian matrix associated
with the center of the i~th virtual sphere.. For the
virtual sphere n defined at the end-effector, the vir-

tual external force Fi™ is directly incorporated in the
motion equation of the end-effector (2):

ModX + BdX + KodX = Foy + FI™.  (14)

Consequently, by revising (6) the non-contact
impedance control law is given as

T = Tefector + Tcomp + Tjoint

fnw-1
+7 4+ {1-a)I+al} Y 7, (15)
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where o is the parameter which can adjust the re-
lationship between the end-effector motion and the
effect of the non-contact impedance. When a = 1,

F(‘)(z =1,2,---,n—1) does not affect the end-effector
motion. On the other hand, when a = 0, the end-
-effector motion is changed by the virtual external
force applied to the manipulator except for the end-
effector. In addition to the end-effector impedance

Final desired
position
Xip .

Figure 3: An example of a contact task

control that can regulate M., B,, K. according to the
given task, the relative motion between the manipu-
lator and its environment can be considered through

the virtual impedance MS, B), K§” using the non-
contact impedance control.

4 Computer Simulation

Computer simulation using a four-joint planar ma-
nipulator shown in Fig. 2 was carried out. The param-
eters of each link of the manipulator are as follows: the
length'is 0.4 m, the mass 3.75 kg, the moment of in-
ertia 0.8 kgm?, and the center of mass of each link
is at its middle point. The end-effector impedance
of the manipulator is determmed as M, = diag.[1, 1
kg, B, = dlagcg 0, 20} Nm/s, K, = diag.[100, 100
N/m, and the esired end~eﬁ"ector position, i.e. the
equilibrium position, is simply chosen as its initial po-
sition, where the initial posture of the manipulator is
9(0) = {%1 _%7 ”%7 ""%]T rad.

4.1 Application to contact task .

Let us consider a case where the manipulator col-
lides with the environment during movement (Fig. 3).
By using the conventional impedance control only,
an impact force may arise [17]. Therefore, the non-
contact impedance between the end-effector and its
environment is used to reduce the impact force.

At first, the characteristics of the environment are
represented using an impedance model as follows:

MyX + BpX + Ku(Xs — X) = Fore,  (16)

where X, represents the equilibrium position of the
environment; and M,,, B,,, K,, are the inertia, viscos-
ity and stiffness of the environment, respectively. Note
that F,.;; = 0 when the end-effector is not in contact
with the object. In this simulation, M,, = diag.[0, 0.5]
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Figure 4: A simulation result of the contact task under
the conventional impedance control

kg, B, = diag.[0, 100] Ns/m, K, = diag.[0, 10000]
N/m are used, and the surface of the object is located
along the z axis (Fig. 3).

First, Fig.4 represents the simulation result of the
contact task under the conventional impedance con-
trol, where the end-effector trajectory X (t) in the z—y
plane and the time histories of the end-effector tra-
Jectory y(t) and the interaction force Fe;(t) in the
y direction are shown. The desired trajectory X4(t)
of the end-effector is determined using the fifth-order
polynomial under the boundary conditions,

X4(0) = (1+5\/§,0.2)m,
Xalty) = (2+5\/§,-0.2)m,
X4(0) = 0.0m/s,

Xa(ty) = (0,0)m/s,

Xi(0) = (0,0)m/s?,
Xa(t;) = (0,0)m/s’

where t; = 2 s. The computation of the manipulator
dynamics was performed by using the Appel’s method
[18], and the sampling time is 1 ms.

On the other hand, Fig. 5 and 6 show the results
under the non-contact impedance control. The virtual
circle with its radius () = 0.3 m is used only for the
end-effector (n = 1), and the representative point X,
is set on the surface of the object in such a way that
X, is always a normal vector, i. e. the closest, to the
~ surface. In Fig.5, the virtual stiffness K M are changed
as K" = diag.[100, 100], diag.[200, 200], diag.[300,
300] N/m, whereas constant inertia and viscosity ME
= diag.g().s, 0.5] kg and B = diag.[10, 10] Ns/m are
used. Also 1n Fig.6, the virtual viscosity is changed as

() = diag.[10, 10], diag.[50, 50], diag.[90, 90] Ns/m
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Figure 5: Simulation results of the contact task under
the NCIC. Three different virtual stiffness matrices are

used.
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Figure 6: Simulation results of the contact task under
the NCIC. Three different virtual viscosity matrices
are used.

with constant inertia and stiffness M$" = diag.[0.5,
0.5] kg and Y = diag.[0, 0] N/m.

In Fig. 4, large impact force is observed when the
end-effector collides with the object. On the contrary,
in Fig. 5 and Fig. 6, the end-effector slows down before
contact, so that the impact force decreases consider-
ably. It can be seen that the virtual external force
acts to the end-effector in the direction for avoiding
the collision with the object.

4.2 Application to object avoidance

Next, let us consider the manipulator close to the
object. By using the conventional impedance con-
trol only, the manipulator cannot take any action for
avoiding the object without the interaction force.

As the first example of the non-contact impedance
control, virtual circle is attached at the end-effector
(n = 1) as shown in Fig. 7. The time histories of the
end-effector trajectory z(t) and the object trajectory



Figure 7: Avoidance of an object using the NCIC
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Figure 8: Change of the end-effector trajectories for
the object under the NCIC

z,(t) in the z direction are shown in Fig. 8, where the
radius of the sphere is r(1) = 0.3 m; and the virtual
stiffness is changed as KV = diag.[0, 0], diag.[100,
100], diag.[200, 200] N/m with constant inertia and
viscosity MV = diag.[0.5,0.5] kg, BSY = diag.[10,10]
Ns/m. The object is oscillating with the period of 2
s and the amplitude of 0.2 m in the direction of «
axis as shown in Fig. 7. When the distance between
the end-effector and the object is more than (1), the
end-effector does not move. However, when the ob-
ject comes into the virtual circle, the end-effector is
displaced in the direction opposite to the object. Also
the trajectories of the end-effector reflects the stiffness
between the end-effector and the object. ,
¢!

Next, the non-contact impedance matrices M,
Bgl), K are changed as

M® R(p) kg,
B 10R(p) Ns/m,
K = 50R(p) N/m,

_ cosyp —singp
Rle) = (simp cos @ )’

and the step response of the end-effector is examined,
where the object is located at the position with a dis-
‘tance 0.15 m apart from the initial position of the end-
effector in the direction of z axis. According to the
rotation matrix R(y), the direction of the virtual ex-
ternal force is rotated with the angle ¢ in the counter-
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Figure 9: Control of the end-effector trajectories via
the non-contact impedance matrices :

Figure 10: A manipulator and virtual circles

CIo%lls;vise direction from the direction of the vector
dXs.

Figure 9 shows the change of the step responses
of the end-effector with the angle ¢. The response of
the end-effector (namely, the amplitude and the direc-
tion) can be controlled by regulating the non-contact
impedance matrices. ;

In the second example of the non-contact
impedance control, eight virtual circles are used (n =
8) as shown in Fig. 10, where the centers of the circles
are located at the middle point of each link and each
joint except for the first joint.

Figures 11 and 12 show the change of the arm pos-
ture for the moving object. The radius of each cir-

cle is *®) = 0.1 m and tl}e virtual impedance are
MY = diag.[2, 2) kg, BY = diag.[40, 40] Ns/m,
K = diag[200, 200] are used. Also the desired
joint impedance in (7) are chosen as M; = diag.[0.01,
0.01, 0.01, 0.01] kgm?, B; = diag.[0.2, 0.2, 0.2, 0.2]
Nm/(rad/s), K; = diag. [1, 1, 1, 1] N/rad. The pa-
rameter o in (15) is @ = 1 in Fig. 11 so that the arm
redundancy is utilized. On the other hand, @ = 0 in
Fig. 12. It can be seen from both the figures that the
manipulator moves without contact and the use of the
arm redundancy can be specified using the parameter
[+ N ’

5 Experiments

5.1 Experimental apparatus

The experiment of the non-contact impedance con-
trol was carried out using a direct-drive robot (three-
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joint planar type, KOBELCO) and a PSD carmera sys-
tem to measure the position of the object as shown
in Fig.13. Table 1 shows the link parameters of the
robot. The task space is the horizontal plane and a
LED is attached at a tip of a stick in order to repre-
sent the point object, where the measurement error is
less than +3 mm in the task space. The computation
of the control law is performed by using four CPUs
(Transputer, T800, 26MHz).

5.2 Robust Impedance Control

The impedance control cannot regulate the end-
effector impedance perfectly without an accurate
model of the robot dynamics. Also, unexpected ex-
ternal disturbances are often applied to the robot, so
that errors between the desired impedance and the re-
alized one may arise. We develop a robust impedance
control in the presence of modeling error for the ex-
periments using the direct-drive robot.

The impedance controller is divided into two part as
shown in Fig. 14: the impedance filter and the robust
position controller.

5.2.1 Impedance filter

This part computes the ideal trajectory of the end-
effector X, from the measured external force Foy, the

computed virtual external force F\™ and the desired
end-effector impedance, which must be satisfied to re-
alize the desired impedance:

Mer + BeXu + KXy = de . (17)
Vi= Font +F§n)+MeX'v +BeXt) +K3Xv: (18)

PSD camera

Figure 13: Experimental apparatus

Table 1: Link parameters of the robot

link1 } link2 | link3

length (m) 8.25 0.25 | 0.125
wmass (kg) 208 | 132 | 884
ceater of mass (m) 0.064 | 0.065] 0.031

ofinetiaGkpm?® | 03341 0.196] 0.0851
joint friction (Nms/rad) 269 | 188 § 0.0634

where X, = [z}, zZ, ---, zL]T; and Vi = [}, o3, -+,
v4]T € R is the modified total disturbance force. Since

the initial values of X, X,,, X, are known and the
desired end-effector impedance M., B., K. and the

desired (equilibrium) position X4, X4, X4 are given,
X, can be solved numerically based on F.p; and F§")f

5.2.2 Robust position controller

Using the ideal trajectory of the end-effector X,,, the
state feedback controller is designed. Transforming
the motion equation the manipulator into the task
space, we have

M,,(H)X +ﬂz(61é) =F4 Fe:t:t» (19)

where p:(0,0) = (M~(6)JT M,)Th(6,6) — M,Jjé €
®; and F € ® is the equivalent end-effector force
generated by 7. The end-effector control force F is
defined as follows: :

F M(G)zd* 4+ ﬁx(grg) - Fext; (20)
¢t = M'VW-M'BX-M1KX, (21)

it

where V = [vl,vz;--~,v’]T € ®' is the input to
the feedback controller; and M. (6) and ﬁ?(é,é) are
the estimated values of M_(8) and u,(6,6), respec-

tively. In the presence of the modeling error, M,(6) #
My(8) and . # pr. Therefore the error E,, =

[EL, EZ,--- EL] T & ® arises in the end-effector mo-
tion equation by substituting (20), (21) into (19):

M. X +B.X+K.X=V +E,, (22)



Figure 14: Robust impedance control of a direct-drive
robot in the presence of modeling error

Now, let us derive the input V of (22) which results
(17). Kuo and Wang [19] proposed the robust posi-
tion feedback control in the task space based on the
following simple model of the error signal Ey,:

[Em}(”) - EP: B; {Em}(f’*f), o (23)
J=1

where [Em}(P) denotes the p-th time derivative of E,,.
In this paper, assuming p = 1 and ¥; = 0 for simplic-
ity, we can derive the following state equation from
(17, (22), (23)-

Z = LZ+MS, (29)
e = NZ, (25)

where Z =[e,6,é]T € R S=En € R, e= X - X,,
E,=V -V, Also L, M, N are deﬁned as

0 I 0
L = |0 0 I € RIx3
0 -M 'K, -M B,
T
M = [0 0 2M;1T] € ®*¥,
N = [I 0 0]e®™¥,

where I € R and 0 € ®% denote the unit matrix
and the zero matrix, respectively.
For the state equation derived above, we apply the
state feedback
S=-Kz, (26)

where K = [K;, K2, K3} € R%¥ is the feedback gain

matrix which should be chosen in such a way that Z -

in (24) converges to zero faster than the change of
Xy. We can choose the diagonal matrix for K; =
diag. [k}, kZ,--- k] € ®'*! for simplicity. As a result,
- we have

Ep = Kie + K2é + K3é, 27)

so that we can compute the control input V.
Consequently the robust impedance control law is
given as follows:

T = Tfeedback + Tcomp + Tadd, (28)

Treedback = J T (Mz(6)a" — Feg, (29)
Teomp = JT»&r(e’ 9): (30)

nel
Tadd = Tioint + {(1 — @)+ al} Z 7, (31)
i=1
Under the above control law, the resulted end-effector
trajectory X agrees with the ideal trajectory of the
end-effector X, computed by the impedance filter, so
that the desired end-effector impedance can be real-
ized. In the experiments in this paper, the feedback
gain K; = diag.[13.5, 5.75, 0.925] (¢ = 1, 2) is used,
which results the poles P; = [-8, —6, —6] (i =1, 2) of
the closed loop (24) and (26).
5.3 Experimental results

The end-effector impedance of the robot 1s M, =
diag.[25, 25] kg, B. = diag.[200, 200] Ns/m, K, =
diag.j400, 400] N/m; and the desired end-effector po-
sition is chosen as its initial position X = [0.4,0]T m,
wa}:iere the initial posture is §(0) = [0.8, —1.02, —1;49}T
rad.

The virtual circle with its radius » = 0.3 m is used
only for the end-effector (n = 1), and the step re-
sponses of the end-effector are measured, where the
object is located at the position with a distance 0.2
m apart from the initial position of the end-effector
in the direction of y axis. Figure 15 (a) shows the
experimental results of the step responses, where the

virtual viscosity B,(,l) is changed as Bgl) = diag.[20,
20], diag.[100, 100], diag.[200, 200] Ns/m with con-

stant inertia and stiffness M§1) = diag.[4, 4] kg, K,(,l)
= diag.[400, 400] N/m. Also in Fig. 15 (b) the error
ey (t) between the measured trajectory X and the ideal
end-effector trajectory X, computed from (17),(18)
are shown. The sampling time is 2.6 ms. The step re-

sponse of the end-effector changes depending on BV ,
and the control error is quite small.
Figure 16 shows the end-effector trajectory X (t) for

the moving object X,(t), where r(1) = 0.2 m; MV

= diag.[4, 4] kg; BY = diag.[80, 80] Ns/m; K =
diag.[400, 400] N/m. The posture of the robot changes
according to the motion of the LED.

6 Conclusion

The present paper proposed the non-contact
impedance control that can control the virtual
impedance between the manipulator and the environ-
ment as well as the end-eflector impedance. This
method uses the virtual interaction force in order to
express the relationship between the manipulator and
the environment without contact and the dynamics of
the relative motion of the manipulator to the object
can be regulated. Also the arm redundancy can be uti-
lized in the framework of the non-contact impedance
control. The validity and feasibility were confirmed
through the computer simulation and the robot ex-
periments. , ,

This method includes several parameters such as
the location and the size of the virtual sphere, the
joint and virtual impedance matrices, the parameter
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- the NCIC

0z r LED @1 =0s

mt';;os

01 b oo f =28

e § 32 3 §

t=2s

s 0C
&
.01
-02 ey’
’0.3 i 1 'y
0.2 04 0.6
x [m]

Figure 16: The DD robot avoiding the object

* for the use of the arm redundancy. Future research
will be directed how the parameters can be determined
- according to the given task and its environment.

References ;

{1] N.Hogan, “Impedance Control: An Approach to Ma-
nipulation, Parts I, I, III,” ASME journal of Dynamic
Systems, Measurement, and Control, 107, 1, pp.1-24,
1985,

[2] J. Y. S. Luh, M. W. Walker and R. P. Paul, “Re-
solved Acceleration Comntrol of Mechanical Manipu-
lators,” IEEE Trans. on Automatic Control, AC-25,
pp.468-574, 1980.

[3] N. Hogan, “Stable Execution of Contact Tasks Us-
ing Impedance Control,” Proc. of IEEE International
Conference on Robotics and Automation, pp.1047~
1054, 1987. :

[4] S. Tachi, T. Sakaki, H. Arai, S. Nishizawa and J.
F. Pelaez-Polo, “Impedance Control of a Direct-Drive

Manipulator without Using Force Sensors,” Advanced

Robotics, vol.5, no.2, pp.183-205, 1991.

[5] E. Colgate and N. Hogar, “An Analysis of Contact
Instability in terms of Passive Physical Equivalents,”
Proc. of IEEE International Conference on Robotics
and Automation, pp.404-409, 1989. -

[6] Z. W. Luo and M. Ito, “Control Design of Robot for
Compliant Manipulation on Dynamic Environments,”
IEEE Trans. on Robotics and Automation, Vol. 9, No.
3, pp. 286-296, 1993. ~

[7} 1. E. Agapakis, J. M. Katz, J. M. Friedman and G.
N. Epstein, “Vision-aided Robotic Welding: An Ap-
proach and a Flexible implementation,” International
Journal of Robotics Research, vol.9, no.5, pp.17-33,
1990, - )

[8] B. Espiau, F. Chaumette and P. Rives, “A new ap-
proach to visual servoing in robotics,” IEEE Trans.
on Robotics and Automation, vol.8, no.3, pp.313~
326,1992. ’

[9] R. Sharma, J. -Y. Herve and P. Cucka, “Dynamic
robot Manipulation Using Visual Tracking,” in Proc.
of IEEE International Conference on Robotics and
Automation, vol. pp.1844-1849, 1992.

{10] A. Castano and S. Hutchinson “Visual Compliance:
Task-Directed Visual Servo Control,” IEEE Trans. on
Robotics and Automation, vol.10, no.3, pp.334-342,
1994.

[11] Y. Nakabo, I. Ishii and M. Ishikawa, “Robot Con-
trol Using Visual Impedance,” Proc. of JSME Annual
Conference on Robotics and Mechatronics 96, Vol.B,
pp.999-1002, 1996. (In Japanese)

[12] M. Hatagi, H. Akamatsu, T. Tsuji and M. Kaneko,

“Non~Contact Impedance Control for Manipulators,”
Proc. of JSME Annual Conference on Robotics
and Mechatronics *96, Vol.B, pp.853-856, 1996.(In
Japanese)

[183] T. Arai, H. Ogata and T. Suzuki, “Collision
Avoidance Among Multiple Robots Using Virtual
Impedance,” Proc. of IEEE/RS] International Work-
shop on Intelligent Robots and Systems, pp. 479485,
1989.

[14] T. Tsuji and A. Jazidie, “Impedance Control for
Redundant Manipulators: An Approach to Joint
Impedance Regulation Utilizing Kinematic Redun-
dancy,” Journal of the Robot Society of Japan, Vol.
12, No. 4, pp.1072-1078, 1994. (In Japanese)

[15] O. Khatib, “A Unified approach for motion and force
control of robot manipulators: the operational space
formulation,” IEEE J. of Robotics and Automation,
vol.RA-3, no.1, pp.43-53, 1987.

{16} O. Khatib, “Motion/Force Redundancy of Manipula-
tors;,” Proc. of Japan-U.S.A. Symposium on Flexible
Automation, 1, pp.337-342, 1990.

[17] T. Tsuji, K. Ito and P. Morasso,* Neural Network
Learning of Robot Arm Impedance in Operational
Space,” IEEE Trans. on Systems, Man and Cyber-
netics - PartB: Cybernetics, vol.26, No.2, pp.290-298,
1996, : .

[18] V. Potkonjak and M. Vukobtatovic, “Two New Meth-
ods for Computer Forming of Dynamic Equation of
Active Mechanisms,” Mechanism and Machine The-
ory, vol.14, no.3, pp.189-200, 1987.

f19] C. Y. Kuo and S. P. T. Wang, “Robust Position
Control of Robotic Manipulator in Cartesian Coor-
dinates,” IEEE Trans. on Robotics and Automation,
vol. 7, no. 5, pp. 653-659, 1991,



