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Noncontact Impedance Control
for Redundant Manipulators
Toshio Tsuji and Makoto Kaneko

Abstract—This paper proposes an impedance control method
that can regulate a virtual impedance between a robot manipulator and external objects using visual information. The
conventional impedance control method is not useful in some
cases where no interaction force between the arm and its environment exists, although it is one of the most effective control
methods for manipulators in contact with the environment. Using
the proposed method, we can control the manipulator motion
based on the virtual impedance before contact with the objects.
The validity of the proposed method is verified through computer
simulations and experiments using a direct-drive robot.
Index Terms—Impedance control, manipulators, motion-planning, redundancy, robot dynamics, robot vision systems.

I. INTRODUCTION

I

MPEDANCE control is a method to regulate the mechanical impedance of an end-effector of a robot manipulator
in a desired value according to a given task. It can specify
the 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 the measured position,
velocity and force of the end-effector. Since then, many studies
have been conducted, including realization techniques [2], [3]
and stability analysis for contact motion [4]. The impedance
control is one of the most important frameworks to control the
interaction between the manipulators and the environment.
In some cases, however, the occurrence of an interaction
force between a manipulator and its environment needs to
be carefully considered. For example, when the end-effector
grasps a fragile object, the approaching velocity of the endeffector should be decreased before coming into contact with
the object in order to prevent a large impact force. Also in
environments with obstacles, the interaction force between
the obstacle and the manipulator should be avoided. Under
the conventional impedance control method, it is difficult to
cope effectively with such situations, since no external force
is exerted until the end-effector makes contact with objects.
In other cases, vision-based control for robot manipulators
has been actively exploited in recent years [5]–[7], where the
robot is controlled according to the visual information on the
task space. Based on the framework of vision-based control,
Castano and Hutchinson [8] proposed the concept of visual
compliance. This method can constrain the end-effector motion
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on a virtual task plane based on a hybrid control by using both
the visual sensor information from a camera system and the
joint angular information from encoders attached at the joints
of the manipulator. However, it does not control the impedance
itself based on visual information.
For impedance control using visual information, only a few
methods have been proposed thus far. Arai et al. [9] have proposed a concept of virtual impedance for the motion planing of
multiple mobile robots. In this method, the virtual impedances
among the robots, the goal and the obstacles are defined
and virtual forces resulting from the virtual impedances are
utilized in order to achieve coordinated control of the multiple
mobile robots. For manipulators, we proposed a vision-based
impedance control [10], [11] using virtual impedance, which
can control virtual impedance between the end-effector and the
object in addition to the end-effector’s impedance. Nakabo et
al. [12] have also proposed a concept of visual impedance and
were able to show that the movement of the end-effector can
be modified in real time (less than 1 ms sampling time) by
using the visual impedance between the end-effector and the
object. In these methods, however, the relative arm motion to
the object is controlled for only by the objects approaching
the end-effector.
In this paper, we apply the vision-based impedance control
to a redundant manipulator and thus propose a noncontact
impedance control which can utilize kinematic redundancy
[13]. This method can control the virtual impedance between
the object and multiple points set on the arm, including the
end-effector, so that the virtual interaction between the whole
arm and the environment can be considered. Additionally, we
discuss how the virtual impedance parameters can be designed
in consideration to the overall control properties of the system.
This paper is organized as follows: In Section II, the
impedance control of a manipulator is briefly explained, with
an emphasis on the utilization of redundant joint degrees of
freedom; next, the noncontact impedance control is formulated
for a redundant manipulator in Section III; and in Sections IV
and V, computer simulations and experiments are performed
in order to make clear the distinctive feature of the proposed
method.

II. IMPEDANCE CONTROL
In general, a motion equation of an
can be expressed as
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-joint manipulator

(1)

TSUJI AND KANEKO: NONCONTACT IMPEDANCE CONTROL

185

where
is the external force exerted to the endis the joint angle vector;
effector;
is the nonsingular inertia matrix (hereafter denoted by
);
is the nonlinear term including the joint torque
due to the centrifugal, Coriolis, gravity and friction forces;
is the joint torque vector;
is the Jacobian
matrix (hereafter denoted by ); and is the dimension of the
is larger than .
task space. For a redundant manipulator,
The desired impedance of the end-effector is described by
(2)

(a)

are the desired inertia, viscosity
where
and stiffness matrices of the end-effector, respectively; and
is the displacement vector between the
and the desired one (namely,
current end-effector position
.
the equilibrium position of the end-effector)
In this paper, we adopt the impedance control law without
using an inverse of the Jacobian matrix presented in [2]
(3)
(b)

(4)

Fig. 1. Schematic representation of the noncontact impedance control
(NCIC).

(5)
is the operational
where
space kinetic energy matrix [14], [15];
is the generalized inverse of
weighted by
is the joint torque vector needed to produce
unit matrix;
the desired end-effector impedance; is the
is the joint torque vector for nonlinear compenare the estimated values of
and
sation; and
. It is assumed that
, and the
joint configuration is not in a singular posture.
Although the control law (3)–(5) or other impedance control
methods such as [1], [3] can be applied to control redundant
manipulators, they cannot effectively utilize arm redundancy.
In order to exploit the arm redundancy, an additional controller
for a subtask needs to be incorporated into the end-effector
impedance control system in parallel [16], [17]

such that
has no dynamic effect on the end-effector
motion of the manipulator, and the end-effector impedance
remains as the desired one given by (2).
III. NONCONTACT IMPEDANCE CONTROL
Fig. 1 shows a schematic representation of the noncontact
impedance control. Let us consider the case where an object
approaches a manipulator. In order to consider the interaction
between the whole arm and the object without contact, a
are
number of virtual spheres with radius
used, the center of each being 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 , the normal vector
from the surface of the sphere to the object is given as
(10)

(6)
(7)
is the additional joint control torque for
where
are
controlling the joint impedance;
the desired joint inertia, viscosity and stiffness, respectively;
is the deviation vector between the
and
joint angle and the equilibrium joint angle . The matrix
filters out the joint torque in such a way that
the filtered joint torque has no effect on the end-effector
acceleration [14], [15]
(8)
denotes the pseudoinverse of . It can be easily
where
satisfies
shown that the additional joint control torque
the following condition
(9)

is the displacement vector from the
where
to the object
. Also,
center of the sphere
is defined as
the vector
(11)

denotes the Euclidian norm of
. When the
where
is less than
.
object is in the virtual sphere,
Next, the virtual noncontact impedance is considered between the object and the center of the virtual sphere, as shown
and
represent the virtual
in Fig. 1(b), where
inertia, viscosity and stiffness matrices associated with the th
virtual sphere, respectively. Using the noncontact impedance
, the virtual external force
and the displacement vector
exerted from the object to the center of the sphere
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Fig. 2. A four-joint planar manipulator.

Fig. 3. An example of a contact task.

is defined as

(12)
becomes
It can readily be seen from (11) and (12) that
zero when the object is not in the virtual 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
(13)
denotes the Jacobian matrix associated with the
where
center of the th virtual sphere. For the virtual sphere defined
is directly
at the end-effector, the virtual external force
incorporated in the motion equation of the end-effector (2)
(14)

the equilibrium position, was simply chosen at its initial position, where the initial posture of the manipulator was
rad. Also the desired joint impedance in (7)
kgm ,
was chosen as
Nm/(rad/s), and
N/rad, and the equilibrium joint angle
as its initial value
. The parameter
in (15) was
except for the
computer simulation shown in Fig. 11(b). The parameters
included in the control law should be designed according to
the given task.
A. Application to Contact Task
Let us consider a case where the manipulator collides
with the environment (Fig. 3). By using the conventional
impedance control only, an impact force arises [18]. Therefore,
the noncontact impedance between the end-effector and its
environment is used to reduce the impact force.
The characteristics of the environment are represented using
an impedance model such as

Consequently, by revising (6) the noncontact impedance control law is given as

(15)
where is the parameter which can adjust the effect of the
noncontact impedance to the end-effector motion. When
, the virtual force
does not affect the
, the end-effector
end-effector motion. However, when
motion is changed by the virtual external force applied to the
whole arm as well as to the end-effector. In addition to the endeffector impedance control, the relative motion between the
manipulator and its environment can be considered through
using the noncontact
the virtual impedance
impedance control.

(16)
represents the equilibrium position of the environwhere
and
are the inertia, viscosity, and
ment and
stiffness of the environment, respectively. Note that
when the end-effector is not in contact with the object. In this
kg,
Ns/m
simulation,
N/m are used, and the surface of
and
the object is located along the axis (Fig. 3).
Fig. 4 shows the simulation result of the contact task
under the conventional impedance control, where: (a) the endin the - plane, (b) the time histories
effector trajectory
, and (c) the interaction force
of the end-effector trajectory
in the direction are shown. The desired trajectory
of the end-effector was determined by using the fifthorder polynomial under the boundary conditions of
m

IV. COMPUTER SIMULATIONS
Computer simulations using a four-joint planar manipulator,
as shown in Fig. 2, were carried out. The parameters of each
link of the manipulator were as follows: the length was 0.4
m, the mass 3.75 kg, the moment of inertia 0.8 kgm , and
the center of mass of each link was at its middle point. The
end-effector impedance of the manipulator was determined
kg,
Nm/s,
as
N/m, and the desired end-effector position, i.e.,

m
m/s
m/s
m/s
m/s
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(a)

(b)
Fig. 4. A simulation result of the contact task under the conventional
impedance control.

(b)
Fig. 6. Simulation results of the contact task under the NCIC. Three different
virtual viscosity matrices are used.

(a)

Fig. 7. Avoidance of an object using the NCIC.

(b)
Fig. 5. Simulation results of the contact task under the NCIC. Three different
virtual stiffness matrices are used.

where
s. The computation of the manipulator dynamics was performed by using Appel’s method [19], and the
sampling time for control was 1 ms.
By contrast, Figs. 5 and 6 show the results under the
noncontact impedance control. The virtual circle with a
m was used only for the end-effector
radius
, and the point
was determined on the surface
in (12) always
of the object in such a way that
is the
becomes a normal vector to the object, so that
closest point on the surface of the object from the endwas changed
effector. In Fig. 5, the virtual stiffness
as
N/m; whereas constant inertia and viscosity
kg and
Ns/m were
used. Also in Fig. 6, the virtual viscosity was changed as
Ns/m with
kg and
constant inertia and stiffness
N/m.

In Fig. 4, a large impact force is observed when the endeffector collides with the object. On the contrary, in Figs. 5
and 6, the end-effector slows down before contact, so that
the impact force decreases considerably. It can be seen, then,
that the virtual external force acts to the end-effector in the
direction of avoiding the collision with the object.
B. Application to Object Avoidance
Next, let us consider the manipulator close to a moving
object. By using the conventional impedance control only,
the manipulator cannot take any action in avoiding the object
without the interaction force.
As an example of the noncontact impedance control, a
as
virtual circle was attached to the end-effector
shown in Fig. 7. Time histories of the end-effector trajecand the object trajectory
in the
directory
tion are shown in Fig. 8, where the radius of the sphere
m. The virtual stiffness was changed as
was
N/m with
kg,
constant inertia and viscosity
Ns/m. The object was oscillating in a
cosine form for the period of 2 s and with the amplitude of
0.3 m in the direction of axis as shown in Fig. 8. When the
distance between the end-effector and the object was more than
, the end-effector did not move. However, when the object

188

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS—PART A: SYSTEMS AND HUMANS, VOL. 29, NO. 2, MARCH 1999

Fig. 10. A manipulator and virtual circles.
Fig. 8. Change of the end-effector trajectories for a moving object under
the NCIC.

(a)

Fig. 9. Control of the end-effector trajectories via the noncontact impedance
matrices.

came into the virtual circle, the end-effector was displaced in
the direction opposite the object. As well, the trajectories of
the end-effector reflected the stiffness between the end-effector
and the object.
After this, the noncontact impedance matrices
were changed to be

(b)
Fig. 11. Avoidance of an object using the NCIC.

kg
Ns/m
N/m

Fig. 12. The block diagram of the NCIC.

and the step response of the end-effector was examined,
where the object was located at a position with a distance
of 0.15 m apart from the initial position of the end-effector in
the direction of the axis. According to the rotation matrix
, the direction of the virtual external force was rotated
with the angle in a counterclockwise direction.
Fig. 9 shows the change of the step responses of the endeffector with the angle . The response of the end-effector,
that is, the amplitude and the direction, can be controlled by
regulating the noncontact impedance matrices.
As another example of noncontact impedance control, eight
, as shown in Fig. 10, where
virtual circles were used
the centers of the circles were located at the middle point of
each link and at each joint except for the first joint.
Fig. 11 shows the change of the arm posture for a moving
m, and the virobject. The radius of each circle was
kg,
tual impedance of
Ns/m, and
were used. The parameter

in (15) was
in Fig. 11(a) in order to utilize the arm
was used in Fig. 11(b). It can be
redundancy, while
seen from both figures that the manipulator moves without
contact and that the parameter can specify the use of the
arm redundancy.
C. Virtual Impedance Parameters
As shown in Fig. 8, the dynamic response of the manipulator to the object’s motion is highly dependent on both
the virtual impedance and the end-point impedance. In this
subsection, we analyze the effect of the virtual impedance to
the end-point dynamic response.
The block diagram of the system including the end-point
virtual impedance as shown in Fig. 8 is given in Fig. 12. The
motion equation of the end-point of the manipulator can be
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derived by substituting (12) into (14) as follows:
(17)

(18)
and
.
where
For simplicity, we assume that the vector is constant. This
gives

Fig. 13. Change of the end-effector trajectories for the moving object, where
j
 j = 1 and !n = 10 rad/s (i = 1; 2) were used.

(19)
denote the Laplace transform of
where
, 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. 8, for
N/m, indicated by the
example, the case of
solid line, resulted in an overdamped response. Therefore, the
end-point followed the object going away from the end-point,
so that the large overshoot was observed after the object went
out of the virtual sphere.
and
The end-point impedance parameters
should be determined according to a task. Therefore, we
discuss how the virtual impedance parameters can be designed
with a consideration for the overall system characteristics in
mind (19). For simplicity, let us consider the following positive
definite matrices as the end-point impedance:
(20)
(21)
(22)
is the nonsingular matrix, each column of
where
which corresponds to an eigenvector; and
are the diagonal matrices, each diagonal element of which
is an eigenvalue of the corresponding impedance matrices,
respectively.
For simplicity, we chose the following virtual impedance
matrices:
(23)

stability of the system is determined by the sum of the virtual
impedance and the end-point impedance described by (19).
is
For the th diagonal element of the virtual inertia,
also defined as
(28)
is the upper limit of the virtual inertia in
where
the corresponding degree of the freedom. When the object
comes into contact with the surface of the virtual sphere, the
virtual inertia is automatically set to be small. As the object
approaches the end-point, the virtual inertia becomes larger.
Using (26)–(28), we can control the dynamic response of the
end-point to the object motion according to the object position,
as well as by the given end-point impedance.
Fig. 13 shows examples of the simulation results using (26),
(27), and (28), where the upper limit of the virtual inertia
were changed as
kg
.
As well, the constant damping ratio and the natural frequency
and
rad/s
. Other
were also used:
simulation conditions were the same as the ones used in Fig. 8.
Note that the matrix is the unit matrix, since the given endpoint impedance matrices are diagonal. From the figure, it can
be seen that the end-point returns to its initial position without
overshooting, as specified by the damping ratio. The changes
of the virtual impedance parameters are also shown in Fig. 14,
where the parameters are adaptively regulated according to the
object motion.

(24)
(25)
The problem, then, is how to design the eigenvalues of the
virtual impedance matrices. As an example, the eigenvalues
and
are determined as follows:
of
(26)
(27)
are the th diagonal elements of
,
where
are the damping ratio and the natrespectively; and
ural frequency for the corresponding degree of the freedom,
respectively. It should be noted that it is not necessary for the
eigenvalues defined as (26) and (27) to be positive, because the

V. EXPERIMENTS
A. Experimental Apparatus
The experiment of the noncontact impedance control was
carried out using a direct-drive robot (a three-joint planar type,
KOBELCO) and a PSD camera system to measure the position
of the object, as shown in Fig. 15. Table I shows the link
parameters of the robot. The task space was the horizontal
plane; and an LED was attached at the tip of a stick in order
to represent the point object, where the measurement error was
mm in the task space. The computation of the
less than
control law was performed by using four CPU’s (Transputer,
T800, 25 MHz).
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Fig. 16. Robust impedance control of a direct-drive robot in the presence
of modeling error.

a robust impedance control, within the presence of modeling
errors, for the experiments using the direct-drive robot.
The impedance controller used in this experiment is divided
into two parts, as shown in Fig. 16: the impedance filter and
the robust position controller.
1) Impedance Filter: This part computes the ideal trajecfrom the measured external force
tory of the end-effector
, the computed virtual external force
and the desired
end-effector impedance, which must be satisfied to realize the
desired impedance
(29)
(30)
Fig. 14.

Time histories of the virtual impedance parameters.

=[
, and
where
denotes the modified total disturbance force. Since the
are known and the desired endinitial values of
and the desired (equilibrium)
effector impedance
are given,
can be solved numerically
position
and
based on the measured and computed forces
in real time.
2) Robust Position Controller: Using the ideal trajectory
, the state feedback controller is deof the end-effector
signed. Transforming the motion equation (1) of the manipulator into the task space, we have
(31)

Fig. 15.

Experimental apparatus.

TABLE I
LINK PARAMETERS OF THE ROBOT

;
where
is the equivalent end-effector force generated by
and
. The end-effector control force is defined as follows:
(32)
(33)
is the new input signal; and
and
are the estimated values of
and
, respectively.
If there is no modeling error in the robot dynamics, we
can easily obtain the ideal end-effector motion equation by
substituting (32) and (33) into (31):

where

B. Robust Impedance Control
The impedance control cannot regulate the end-effector
impedance perfectly without an accurate model of the robot
dynamics. Also, unexpected external disturbances are often applied to the robot, so that errors between the desired impedance
and the realized one may arise. Therefore, we need to develop

(34)
and
. Therefore, comparing
since
should
(34) with (29), we can see that the input signal
of (30). For a real robot, however,
be determined by
the modeling error such as uncertainties in the estimated
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parameters, that is,
and
, and
unexpected external disturbances always exists. As a result,
from the ideal
the error
motion equation (34) arises as
(35)
Our goal is to find the control input in (33) in such a way
that the resulted end-effector motion equation (35) under the
control input reduces to (29). Kuo and Wang [20] proposed
the robust position feedback control in the task space based
:
on the following simple model of the error signal
(36)

denotes the th time derivative of
. In this
where
and
for simplicity, we adopt
paper, assuming
this model and derive the following state equation from (29),
(35), and (36):
(37)
(38)

Fig. 17. Step responses of the end-effector under the NCIC.

Consequently the impedance control law derived in this
paper is summarized as follows:
(48)
(49)

where

and

. Also,

(50)
(39)
(40)
(41)
(42)
(43)

and
denote the unit matrix and the
where
zero matrix, respectively.
For the state equations (37) and (38), we apply the state
feedback control
(44)
is the feedback gain matrix
where
which should be chosen in such a way that in (37) converges
. If we choose the diagonal
to zero faster than the change of
, we have
matrix for
the following equations from (39) and (44):
(45)
Therefore, we can compute the control input
(40) and (45)

in (33) from

(46)
(47)

(51)
Under the above control law, the resulted end-effector traalmost agrees with the ideal trajectory of the
jectory
computed by the impedance filter, so that the
end-effector
desired end-effector impedance can be realized. In the experiments, the feedback gain
is used, which results in the poles
]
of the closed loop system (37) with (44).
C. Experimental Results
The end-effector impedance parameters of the robot were:
kg;
Ns/m;
N/m; and, the desired end-effector position
was chosen as its initial one. In the impedance control method
proposed in this paper, it is necessary to measure the accelerations of the joint angles and the LED [see (7) and (12)]. For
digital differentiation, the low-pass first-order differentiation
invented by Usui and Amidror [21] were used. For
filter
second-order differentiation, the first-order filter was applied
twice in cascade. The sampling time for differentiation was 1
ms, while the one for control was 2.6 ms.
m
In Fig. 17, the virtual circle with its radius
, and the step responses
was used for the end-effector
of the end-effector were measured, where the object was
located at a position with a distance 0.2 m apart from the
initial position of the end-effector in the direction of the
axis. The initial posture was
rad. Fig. 17(a) shows the experimental results of the step
was changed to
responses, where the virtual viscosity
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Fig. 18.

Fig. 19.
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Fig. 21. The DD robot avoiding the object.

The DD robot and the object.

Change of the arm posture under the NCIC with

= 0.

Nm/(rad/s), and
Nm/rad. If the joint
impedance (7) is not used, the arm posture does not return to
its initial posture after the object is removed. Using the joint
impedance and the parameter , the kinematic redundancy is
effectively utilized in the framework of the NCIC.
Finally, Fig. 21 shows the end-effector trajectory
for the moving object
, where the virtual sphere was
defined at the end-effector with the parameters
m;
kg;
Ns/m; and
N/m. The posture of the robot changes
according to the motion of the object.
VI. CONCLUSION

Fig. 20.

Change of the arm posture under the NCIC with

= 1.

Ns/m
kg,
with constant inertia and stiffness
N/m. Also in Fig. 17(b), the error
between the measured trajectory
and the ideal endcomputed from (29) and (30) are shown
effector trajectory
. The step responses of the endcorresponding to viscosity
, while the control errors
effector changed depending on
were almost constant and less than 0.004 m.
After this, the response of the arm for an object close to the
second joint was examined. The virtual circles were set at the
m
second joint and the end-effector with a radius
m, as shown in Fig. 18. The initial posture
and
rad was used as its equilibrium,
. The object was located at a position with
that is,
a distance 0.2 m apart from the initial end-effector position
s and was removed
in the direction of the axis at
s. Figs. 19 and 20 show the results under
at
and
[see (15)], respectively, where (a) represents the
end-effector displacements and (b) the joint displacements.
Also, the virtual impedance parameters,
kg;
Ns/m;
N/m,
were used.
In the experiments, the joint impedance in (7) was chosen as
kgm ,

This paper has proposed the noncontact impedance control
method which can control the virtual impedance between
the manipulator and the environment in addition to the endeffector impedance. This method uses the virtual interaction
force in order to express the relationship between the manipulator and the environment without contact, as a result,
the dynamics of the relative motion of the manipulator to
the object can be regulated. The validity and feasibility of
the method were confirmed through computer simulation and
robot experiments.
Generally speaking, there are many difficulties with visionbased robot control in three-dimensional (3-D) space, including measurements of the 3-D position of objects with occlusion
and computational delay of the control system due to the
video rate sampling. In the proposed method, however, visual
information on the task space is required only for the interior
of the virtual sphere. Therefore, instead of using a visual sensor
like a camera system, 3-D position sensors such as a magnetic
sensor and an ultrasonic sensor can be used. Also, if the object
is occluded by other objects, the virtual impedance should be
set to the occluding object.
This method includes a number of parameters such as: the
location and the size of the virtual sphere; the joint and virtual
impedance matrices; and, the parameter for the use of the
arm redundancy. Future research will be directed by how the
parameters can be determined according to the given task and
its environment.
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