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Abstract— This paper proposes an impedance eon-
trol method that can regulate a virtual impedance
between an end-point of a robot manipulator and

external objects using visual information. The con- -

ventional impedance control me 10ds are not useful
for some cases where no interaction force between
the arm and its environment occurs, although it is
one of the most effective control method for ma-
nipulators in contact with the environment. Using
the proposed method, we can control the manip-
ulator motion based on the virtual impedance be-
fore contact with the objects. Validity of the pro-
posed method is verified through experiments using
a direct-drive robot.

I INTRODUCTION

Impedance control is a method to regulate a mechan-
ical impedance of an end-effector of a robot manipulator
in a desired value according to a given task. It can spec-
ify desirable response of the end-effector for an external
force. 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. Then
many studies have been conducted such as a realiza-
tion technique without use of an inverse of a Jacobian
matrix [2], without use of a force sensor [3] and sta-
bility analysis for contact motion 4]. The impedance
control is one of the most important framework to con-
trol the interaction between the manipulators and the

" environment.

In some cases, howsver, occurrence of an interac-
tion force between a manipulator and its environment
should be carefully considered. For example, when the
end-effector handles a fragile object, an approaching
velocity of the end-effector should be decreased before
coming into contact with the object in order to pre-
vent a large impact force. Also in some environments
including obstacles, the interaction force between the
obstacle and the manipulator should be avoided. Un-
der the conventional impedance control, it is difficult
to cope effectively with such situations, since no exter-
nal force is exerted until the end-effector contacts with
objects.
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On the other hand, vision-based control for robot
manipulators has been actively studied in recent years
[5, 6, 7], where the robot is controlled according to visu-
al information on the task space. Bused on the frame-
work of the vision-based control, Castano and Hutchin-
son (8] proposed a concept of a visual compliance. This
method can constrain the end-effector motion on a vir-
tual task plane based on a hybrid control using the vi-
sual sensor information from a camera system and the
internal joint angle sensor information from an encoder
at each joint of the manipulator. However, it does not
control impedance characteristics itself based on visual
information.

As impedance control using visual information, on-
ly a few methods have been proposed so far. Arai,
Ohta and Suzuki [9] proposed a concept of a virtual
impedance for motion planing of multiple mobile robot-
s. In their method, the virtual impedances among the
robots, the goal and the obstacles are defined, and vir-
tual forces resulted from the virtual impedances are u-
tilized in order to achieve coordinated control of the
multiple mobile robots. Nakabo et al. [10] 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 us-
ing the visual impedance between the end-effector and

-the object. We also proposed a vision-based impedance

control [11] using a virtual impedance, which can con-
trol a virtual impedance between the end-effector and
the object as well as the end-effector’s impedance.

In this paper, we apply the vision-based impedance
control to a robot manipulator and discuss how the vir-
tual impedance parameters can be designed with con-
sideration of the overall control property of the sys-
tem. 'The proposed method can control the virtual
impedance between the object and the end-efiector, so
that the relative end-effector motion to the object can
be controlled without contact through a virtual exter-
nal force generated by the virtual impedance and vi-
sual sensor information. Finally, experiments using a
direct-drive robot are performed in order to make clear
the distinctive feature of the proposed method.



II ImpPEDANCE CONTROL

In general, a motion equation of an m-joint manip-

ulator can be expressed as follows
M(0)6 + h(8,8) + 9(6) = 7+ JT(0)Foe, (1)

where F..; € R is the external force exerted on the
end-effector; 8 € ™ is the joint angle vector; M(9) €
RMXMis the non-singular inertia matrix (hereafter de-
noted by M); h{#,8) € R™ is the nonlinear term in-
cluding the joint torgque due to the centrifugal, Coriolis
and friction forces; g(6) is the joint torque due to grav-
ity; 7 € R™ is the joint torque vector; J(6) € R/*™ is
the Jacobian matrix (hereafter denoted by J); and ! is
the dimension of the task space.

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

AfedX + Bed}g + i{edX = Fexty (2)

where M., Be, K. € R%? are the desired inertia, vis-
cosity and stiffness matrices of the end-effector, respec-
tively; and dX = X — X; € ® is the displacement
vector between the current end-effector position X and
the desired one (namely, the equilibrium position of the
end-effector) Xy.

In this paper, we adopt the impedance control law
without calculation of the inverse Jacobian matrix pre-
sented in [2}:

T = Teffector T Tcomb: (3)
Teffector = ~{T{M$‘(9){M;-1(Kgdx + B.dz + J6

~Xa}+{I = Mo ()M} Fopel, (4)

Teomp = (JI)Th(8,8) + §(6), (5)

where M,(8) = (JM-1JT)"1 e X! i the oper-
ational space kinetic emergy matrix [12, 13}); J =
M-1JTM.(0) € ®7™>! is the generalized inverse of
J weighted by M™% Teffector € R is the join-

t torque vector needed to produce the desired end-

effector impedance; I is the ! x ! ideniity matrix;
Teomp € R™ is the joint torque vector for nonlinear
compensation; and i}(t?,é), §(6) and M are the esti-
mated values of £(6,8), g(6) and M. It is assumed that
h(8,0) = h(8,6), §(8) = g(6), M = M, and the joint
configuration § is not in a singular posture.

IIT  VisioNn-Basep IMPEDANCE CONTROL

Figure 1 shows a schematic representation of the pro-
posed impedance control. Let us consider the case that
an object approaches a manipulator. In order to con-
sider the interaction butween the end point of the arm
and the object without contact, a virtual sphere with
radius r is used, where center of the sphere is located
on the end-point of the manipulator as shown in Fig. 1.
Then, when the object comes into the interior of the
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Figure 1: Schematic representation of a Vision-Based
Impedance Control

virtual sphere, the normal vector from the surface of
the sphere to the object is given as

dXo = Xr - ra, (6)

where X, = X, — X is the displacemeni vector from
the end-point X € R to the object X, € R!. Also the
vector a € R is defined as

_ 3 (X#£0) ,
o= { (x=0) ’ @

where |X,| denotes the Euclidian norm of X,.. When
the object is in the virtual sphere, | X, | is less than r.

Then the virtual impedance is considered between
the object and the center of the virtual sphere as shown
in Fig. 1, where M,, B, and K, represent the virtual in-
ertia, viscosity and stiffness matrices, respectively. Us-
ing the virtual impedance and the displacement vector
dX,, the virtual external force F, € R exerted from
the object to the end-point is defined as

[ M dX, + B,dX, + K,dX, (X.|<7)
r={} (ixizr &

It can be readily seen from (7) and (8) that F, becomes
zero when the object is not in the virtual sphere or the
object exists at the center of the sphere.

The virtual external force F, is directly incorporated
in the motion equation of the end-effector (2):

ModX + BodX + K.dX = Fopy + F,. (9)

 Consequently, by revising (3) the vision-based

impedance control law is given as

T = Teffector + Teomp + To. (10)
r, = JTF, (11)

Figure 2 shows the block diagram of the proposed
impedance control. In addition to the end-effector
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Figure 2: The block diagram of the vision-based
impedance control

Virtual circle

Figure 3: Avoidance of an object

impedance control that can regulate M., B, K, ac-
cording to the given task, the relative motion between
the manipulator and its environment can be consid-
ered through the virtual impedance M,, B,, K, using
the vision-based impedance control.

IV  COMPUTER SIMULATION

Computer simulation using a four-joint planar ma-
nipulator shown in Fig. 3 was carried out. The param-
eters of each link of the manipulatr are as follows: the
length is 0.4 m, the mass 3.75 kg, 1hie moment of inertia
0.8 kgm?, and the center of mass of each link is at its
middle point. The end-effector impedance of the ma-
nipulator is determined as M, = diag.[1, 1] kg, B, = di-
ag.[20,20] Ns/m, K. = diag.[100, 100] N/m, and the de-
sired end-effector position, i.e. the equilibrium position,
is simply chosen as its initial position, where the initial
posture of the manipulator is 6(0) = [§,~%, %, ~ 2|7
rad. The computation of the manipulator dynamics
was performed by using the Appel’s method {14}, and
the sampling time is 1 ms.

IV-A  Application to object avoidance

Let us consider the manipulator close to the object,
By using the conventional impedance control only, the
manipulator cannot take any action for aveiding the
object without the interaction force.

As the example of the vision-based impedance con-
trol, virtual circle is attached at the end-effector as
shown in Fig. 3. The time histories of the end-effector
trajectory xz(t) and the object trajectory z,(¢) in the =
direction are shown in Fig. 4, wh re the radius of the
sphere is 7 = 0.3 m; and the virtua: stiffness is changed
as K, = diag.[0, 0], diag.[50, 50], diag.[100, 100] N/m
with constant inertia and viscosity M, = diag.[0.5, 0.5]
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Figure 4: Change of the end-effector trajectories for the
object under the proposed method
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Figure 5: Control of the end-effector trajectories via
the virtual impedance matrices

kg, B, = diag.[10,10] Ns/m. The object is oscillating
with the period of 2 s and the amplitude of 0.3 m in the
direction of z axis as shown in Fig. 3. When the dis-
tance between the end-effector and the object is more
than r, the end-effector does not move. However, when
the object comes into the virtual circle, the end-effector
is displaced in the direction opposite to the object. Also
the trajectories of the end-effactor reflects the stiffness
between the end-effector and the object.

Next, the virtual impedance matrices M,, B,, K,
are changed as

Mo.(p) = 05R(p)kg,
B.(¢) = 10R(p) Ns/m,
Ko(¢) = B50R(0) N/m,

_ cose —sing
Rlp) = ( sing  cosg ) ’

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 » axis. According to the
rotation matrix R(), the direction of the virtual ex-
ternal force is rotated with the angle ¢ in the counter-
clockwise direction from the direction of the vector dX,.

Figure 5 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.

IV-B  Virtual impedance parameters

As shown in Fig. 4, the dynamic response of the
manipulator to the object’s motion is highly depend-
ing on the virtual impedance as vell as the end-point
impedance.

The motion equation of the end-point of the manip-
ulator can be derived by substituting (8) into (9) as
follows:

MdX + BdX + deX F, (12)
F=Fa + M, (X —Xg- m)

+ B, (Xo — de - Pd)
b Ko (Xo— Xg—ra), - (13)

where M = M, + M,, B= B, + B, and K = K.+ K,.
For simplicity, we assume that the vector a is constant.
Then, we have
X(s - ’ .
Xo((s)) ! (Mos? 4+ B,s+ I&o}
(14)

where X{s), X,(s) denote the Laplace transform of
X(t), Xo(t), respectively. Therefore we can see that
the dynamic response of the end-point is determined
by the sum of the virtual impedance and the end-
point impedance. In Fig. 4, for example, the case of

=diag.[0, 0] N/m shown as the solid line results an
overdamped response. Therefore, the end-point follows
the object going further from the end-point, so that the
large overshoot is observed after the object goes out of
the virtual sphere.

The end-point imprdance parameters M,, B,, K,
should be determined according to a task. Here, we
discuss how the virtual impedance parameters can be
designed with consideration of the overall system char-
acteristics (14). For simplicity, let us consider the
following positive definite matrices as the end-point
© impedance:

= (Ms*+ Bs + K)

M, = TTM.T, (15)

B. = TITB.T, (16)
K. = TTRK.T, (17)

where 7' € R/ is the nonsingular matrix, each col-
umn of ‘which corresponds to an eigenvector; and
M., B, K, € ®* are the diagonal matrices, each di-
agonal element of which is an eigenvalue of the corre-
sponding impedance matrices, respectively.

In this paper, we choose the following virtual
impedance matrices:

M, = TTM,T, (18)
B, = TTRB,T, (19)
K, = TTK,T. (20)
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Figure 6: Change of the end-effector trajectories for the
object, where ¢() = 1 and W) =10 rad/s (¢ = 1,2)

Then, the problem is how to design the eigenvalues of
the virtual impedance matrices. As an example, the
eigenvalues of B, and K, are determined as follows:

B

i

2O (MO + 519) - BO, (21)

i

B = (o) (10 + 0P) - kO, (22)

where ém K are the i-th diagonal elements of B,,
K,, respectively; ¢, w() are the damping ratio and
the natural frequency for the corresponding degree of
the freedom, respectively. It should be noted that the
eigenvalues defined as (21) and (22) are not necessary
to be positive, because the stability of the system is
determined by the sum of the virtual impedance and
the end-point impedance as (14).

For the i-th diagonal element of the virtual inertia
M, is also defined as

-y X!
i = | =EME (23)

where M$), is the upper limit of the virtual inertia
in the corresponding degree of the freedom. When the
object comes into contact with the surface of the vir-
tual sphere, the virtual inertia is automatically set to
be small. As the object approaches the end-point, the
virtual inertia becomes larger. Using (21), (22), (23),
we can control the dynamic response of the end-point
to the object motion according to the object position
as well as the given end-point impedance.

Figure 6 shows an example of the simulation results
using (21), (22), (23), where the upper limit of the vir-
tual inertia M,(n&x are changed as MS,',%,,, =0.5,1.0,15
kg (i = 1, 2). On the other hand, the constant damp-
ing ratio and the natural frequency are used: ¢ =1
and w$ = 10 rad/s (¢ = 1,2). Other simulation con-
ditions are the same as the ones used in Fig. 4. Note
that the matrix T' is the identity matrix, since the giv-
en end-point impedance matrices are diagonal. From
the figure, it can be seen that the end-point returns to
its initial position without overshoot as specified by the
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Figure 7: Time histories of the virtual impedance pa-
rameters

Table 1: Link parameters of the robot

Jink I | link2 { link3

tength (m) 025 | 025 | 0125
mass (kg) 208 13.2 2.84
center of mass (m) G064 1 00651 0031

moment of inertia (kgm?) 03341 01961 0.0851
joint friction (Nms/rad) 260 1.88 | 0.0634

damping ratio. The changes of t'tz virtual impedance
parameters are also shown in Fig. 7, where the param-
eters are adaptively regulated according to the object
motion.

VYV  EXPERIMENTS

The experiment of the proposed impedance control
was carried out using a direct-drive robot (three-joint
planar type, KOBELCO) and a PSD camera system to
measure the position of the object as shown in Fig.8.
Table 1 shows the link parameters of the robot. The
task space is the horizental plane and a LED is attached
at a tip of a stick in order to represent 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,
25MHz). ‘

The end-effector impedance of the robot is M, =
diag.[25, 25] kg, B, = diag.[200, 200] Ns/m, K, = di-

LED
®(object)

DD robot

Figure 8: Experimental apparatus
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Figure 9: Step responses of the end-effector under the
proposed method

ag.[400, 400] N/m; and the desired end-effector position
is chosen as its initial position X4 = [0.4,0]7 m, where
the initial posture is 4(0) = [0.8, —1.02, ~1.49]" rad.

The virtual circle with its radius r = 0.3 m is used, -
and the step responses of the end-effector are exam-
ined, 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 9 (a)
shows the experimental results of the step responses,
where the virtual viscosity B, is changed as B, = di-
ag.[20, 20], diag.[100, 100}, diag.[200, 200] Ns/m with
constant inertia and stiffness M, = diag.[4, 4] kg, K, =
diag.[400, 400] N/m. Also in Fig. 9 (b) the error e, ()
between the measured trajectory X and the ideal end-
effector trajectory X, computed from Fig. 2 are shown.
The sampling time is 2.6 ms. The step response of the
end-effector changes depending on B,, and the control
error is quite small.

Figure 10 shows the end-effector trajectory X (¢) for
the moving object X, (1), where r = 0.2 m; M, = di-
ag.[4, 4] kg; B, = diag.[80, 80] Ns/m; K, = diag.[400,
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Figure 10: The DD robot avoiding the object

400} N/m. The posture of the robot changes according
to the motion of the LED.

VI CoNcLUSION

The present paper proposed the vision-based
mmpedance control that can control the virtual
impedance between the manipulator and the environ-
ment as well as the end-effector impedance. This
method uses the virtual interact.on 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. The salidity and feasibility were con-
firmed through the computer simulation and the robot
experiments.

Generally speaking, there are many difficulties in
vision-based robot control in 3D space such as measure-
ments of 3D position of objects with occlusion, compu:
tational delay of the control system due to the video
rate sampling. In the proposed method, however, visu-
al information on the task space is required only for the
interior of the virtual sphere. Therefore, instead of a
visual serisor like a camera system, 3D position sensors
such as a magnetic sensor and ultrasonic sensor can be
used. Also, if the object is occluded by other object,
the virtual impedance should be set to the occluding
object.

Finally, the proposed method can be extended in
order to deal with the interaction between the whole
arm as well as the end-point of the manipulator and
the environment [15].
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