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MULTI-POINT IMPEDANCE CONTROL
FOR REDUNDANT MANIPULATORS

Achmad JAZIDIE, Toshic TSUJI and Mitsuo NAGAMACHI!
(Hiroshima University, Higashi-Hiroshima; 724 Japan)

ABSTRACT
The method called Multi-Point Impedance Control {MPIC) for redundant manipu]émrs is proposed in the present paper. The
MPIC can regulate niot only the end-effector impedance, but also the impedance of several points on the manipulator's inks, and
this method has taken the dynamic effects into account. By using the concept of the virtual arms and the virtual end-points, the
dynamics of the virtual end-points are derived, and then the joint torque which is able to control the impedance of multiple
points is calculated. It is shown that controlling the multipoint impedance is useful for certain environments where some
obstacles impose restrictions on the task space of the manipulator.

1. INTRODUCTION ]

Most assembly operations and manufacturing tasks require mechanical interactions. with the environment or
with the object being manipulated. When the robot is applied to perform this kind of task, the robot must
develop a compliant motion where the interaction force along the constrained direction must be accommodated
rather than resisted. One of the most effective control method has been suggested for development of
compliant motion is the impedance control proposed by Hogan {1].

Impedance control is an approach to robot control in which the controlled variables are not position or force,
but rather, the dynamic relation between position and force. The inputs of an impedarrce controller include the
stiffness, viscosity, and inertia parameters. These parameters describe the robot's desired force response in
reaction to deviations from a desired trajectory, which is also an input to the controller. This control method
has many desirable auributes such as the ability to come into contact with hard surface without losing stability
and the ability to specify directly the behavior of the mechanical interaction with the environment. The
effectiveness and the robustness of the impedance control method. have been discussed and demonstrated in
detail eisewhere by several researchers. For example, a method to realize the impedance control without the
calculation of the inverse Jacobian matrix or without using the force sensor were proposed by Hogan [2] and
Tachi et al.[3], respectively. The robustness of the impedance control method was discussed in desail by
Kazerooni et al.{4]. On the other hand, in order to maintain performance quality as well as motion stability in
the presence of parameter uncertainties and measurement noise, the adaptive impédance conirol was proposed
by W. 8. Lu and Q. H. Meng [5]. All of them, however, didn't po&itively utilize kinematic redundancy of
robotic manipulators.

A robotic manipulator is called kinematically redundant , if it possesses more degrees of freedom than the ones
being necessary for performing a specified task. Redundancy in the manipulator structure yields increased
dexterity and versatility for performing a task due to the infinite number of joint motions which result in the
same end-effector motion. Up to the present, there are small numbers of researches have been proposed to
utilize the redundancy in terms of the impedance control. For example, Tanie et al.[6] and Teranishi and
Yoshikawa [7] proposed independent impedance control of robot manipulator ﬁtiiiiing kinematic redundancy
which are an extension of Direct Compliance Control (DCC) to dynamical case. Peng and Adachi {8], Newman
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and Dobring [9] proposed ‘a control scheme for impedance control of redundant manipulators which combines
Hogan's conventional impedance control with configuration control of redundant: manipulator introduced by
Seraji [10]. All of the rescarches, however, consider to regulate only the end-effector's impedance of the
manipulator.

In the previous works, Tsuji et al.[11,12] proposed a method called Multi-Point Compliance Control (MPCC)
which is able to regulate the compliance of several points on the manipulator's links as well as the end-effector
compliance utilizing kinematic redundancy. The same method was also developed for dual-arm robots by
Jazidie et al.[13]. Unfortunately, this method hasn't taken the dynamic effects into accounts. The present paper
argues that kinematic redundancy of robotic manipulators should be positively utilized in terms of impedance
control; and proposes a new impedance control method for redundant manipulators. ‘The method able to
regulate not only the end-effector im'pedaﬁcc but also the impedance of several points on the manipulator's
links.

First of all, we define all points in the manipulator’s links which we want to regulate their impedance as virtual
end-points. By using the concept of the virtual arms corresponding to the virtual end-points, the dynamics for
those point are derived, and then, multi-point impedance control scheme is formulated. Finally, it is shown that
the controlling the virtual end-point impedance is useful for certain environments where some obstacles impose
restrictions on the task space of the manipulator.

2. VIRTUAL ARM AND ITS KINEMATICS

We consider a redundant manipulator having m joints shown in Fig.1(a) which is hereafter referred as an
actual arm. Since the manipulator performing a task which requires a compliant motion of the end-effector (
referred as an actual end-point) is close to some obstacles (Fig.1(b)), the manipulator may collide with them
due to unexpected disturbance forces. Then, as shown in Fig.l(c), we define the virtual anm as an arm which
has its end-effector (referred as a virtual end-point) located on a joint or a link of the actual arm at the closest
point to the obstacle. Using the virtual arms, the interaction between the manipulator and its environment can
be considered within the framework of the impedance control. For example, to avoid a collision with the -
obstacles due to disturbance forces, the impedance of the virtual end-poims should be as stiff as possible in the -
direction of the obstacles. Here, (n-1) virtual arms are generally considered, and the actual arm is regarded as
the n-th virtual arm. ‘

»
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task \ >
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(a) actual arm (b) acrual arm close to obstacles (c) virtual arms

‘Fig. 1 Actual arin and virtual arms

Let the virtual end-point position vector of the i-th virtual é._rm in the i-th virtual end-point coordinate system
“be denoted as X,; € Rlwhere / is the dimension of the task coordinate system, and the joint angle vector of
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the actual arm be denoted as 8 R™, Let also the corresponding force vector be denoted as F vi € Rland 7e
R™, respectively. For redundant manipulators, m is larger than /. The instantaneous forward kinematics of the
. i-th virtuai arm is given by

Xvi =Jvi 0, 1))
T
t=J . F. ' V3]

where J,,; € RIXM s the Jacobian matrix associated with the i-th virtual-arm, Concatenating eqgs. (1) and (2) for
3

all virtual arms, we can obtain the instantaneous kinematics which relates all of the virtual end-point velocities

and the joint velocities as given by

X=J6"> ‘ 3)-
1’=JTF . 1G]

T 3:2 3;, T e ROl are the concatenated end-point

velocities vector and the concatenated external forces vector exerted to the. vxmxal end-points, respectively.

Here, ¥ [X X XT}T e R and F= [Fyy

J= ["'vl J‘,2 .I‘m] € ROXM jg the concatenated Jacobian matrix. ~ Note that Xyp, Fp, J,, are
corresponding to the actual end-point.

It was pointed out by Tsuji et al.[14] that there are three cases can be categorized in order to design the control
system using the virtual arms: (a) redundant and non-singular case, (b) over-constrained case, and {(c) singular
case. The method presented here will be addressed to the redundant and non-singular case, that is, for the case
where the concatenated Jacobian matrix, J, is of full row rank. In this case, m is still larger than or equal to nl.

3. MULTI-POINT IMPEDANCE CONTROL
Now, let’s assume that an external force, F, is exerted on the virtual end-points of the redundant manipulator.
The dynamic eguation of the manipulator can be represented in the general form

MO 0+hq.®=1t+JT F , | | 5)

where M(0) € RMXM s the non-singular inertia matrix, 4(,8) € RM is the nonlinear term representing the
torque vector due to centrifugal, coriolis, gravity and friction forces. In the present paper, we propose the target
impedance for all virtual end-points as the following -

MdX + BdX + KdX =F , - (6)

where the matrices M = diag. My M,5 ... M,,] € R0 B = diag. [B,; B, ... B,,] € RAXN and K = diag.
[Ky; K2 . KypJ € ROXOL are, respectively, the concatenated of inertia, viscosity and stiffness of virtual
end-points, and diag. [-] denotes a diagonal matrix. Here, M,,, € RXL, B,, € RIXI, and K, € RIXI, are
corresponding to the actual end-point impedance parameters, and dX = X - X4 € R0 is the concatenated
deviation vector of virtual end-points position from the desired trajectory, X4 & Rl

To implement the multi-point impedance control method, the following control law is used

T= Typ + Teomp , 0
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where Ty, € RM is the joint torque vector needed to produce the desired multi-point impedance of all virtual
end-points and 7¢,,, € R™ is the joint torque vector for the nonlinear decoupling as given by

T=h(6,6) - (8)
It is assumed that 1 = & . So, after the nonlinear decoupling, the manipulator dynamics becomes

M(0) 0= Tt JTF - 9

The inertia matrix of the manipulator, M(8), is a symmetric, positive definite matrix. Therefore, this matrix is
always invertible. Using the relationship: 1,,,, = JT Fppp. we can rewrite (9) in the form

6=M"(8) JT{Fmp+ F) (10)

where Fmp e RM is the concatenated force vector exerted by the manipulator to the external system at the
virtual end-points. On the other hand, by differentiation we can obtain from (3) the following equation

X=J6+J6 - (an

Also, from (6) we have
X=X9-M' (KdX +BdX +F ) - ‘ (12

Finally, it can be readily shown that the joint torque needed to produce the desired multi-point impedance,
Tmp can be computed without the calculation of the inverse Jacobian matrix as the following
(13)

= JTrwt (%9 M (kax +8dX N +wim'- In{)F-W"’Jé}’

where /,,; € R is an alxn! unit matrix and W = JM-1()JT € RUIX0ljs the mobility tensor which the inverse is
the actual inertia matrix of the manipulator in the virtual end-point spaces. it should be noted that for
redundant case, the matrix W is always invertible, since it is always a full rank matrix. Using the control law
given in egs. (7), (8) and (13) we can regulate, at the same time, the actual end-point impedance and the
impedance of multiple points on the manipulator's links simultaneously.

4, SIMULATION EXPERIMENTS

The manipulator and the task considered in the coinputer simulations are the same as the ones in Tsuji et
al.[11]. That is, the MPIC is applied to the collision avoidance problem using a six-joint planar manipulator
{}=3 ) as shown in Fig.2. The link parameters of the manipulator are shown in Table 1.

The manipulator is needed to perform a task which requires its actual end-point to be soft in the direction of x,
axis, and to be stiff in the direction of y, axis and its rotation, represented in'the task coordinate system. The
3rd link of the manipulator lies between a i:ouple of obstacles. Therefore, a virtual end-point is located on the
middle point of the third link. The desired virtual end-point impedance parameters should be determined
depending on the subtask which will be performed. In this simulation experiment, the subtask is to avoid any
collision with the obstacle. The collision can be caused by the large motion of the third link in the direction of
Yy axis of the virtual end-point coordinate systcm.vand the large rotation of the third link. So it is desired that
the virtual end-point to be stiff in that direction and its rotation. On the other hand, since the motion in the
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={12,-08,14,06,-12,-1.0|T (rad)

Fig.2 A six-joint planar manipulator close
to obstacles (a non-singular case)

Table 1 Link parameters

. Link i (=1, ..., 6)
fength (m) 0.20
mass (kg) 1.57
center of mass (m) 0.10
moment of inertia (kgm?) 10.00

direction of x,; axis doesn't cause the collision with
obstacle, the virtual end-point in this direction is set to be
soft.” The stiffness/softness in some -directions can be

specified by the stiffness matrices of the impeddnce

parameter. In this paper, the concatenated stiffness matrix
is set as K = diag. [200 (N/m), 1000 (N/m), 1000
(Nm/rad), 200 (N/m), ‘1000 (N/m), 1000 (Nm/rad)]. By
using the MPIC we can also specify the dynamic

characteristics of the multiple points through the proper
selection of In the

simulation, those matrices are set in the concatenated form
as B = diag. [4 (NAm/s)), 20 (NAm/s)), 20 (Nmy/(rad/s)), 4
(NAms)), 20 (NA(mYs)), 20 (Nm/(rad/s))] and M = diag.
[0.02 9 (kg), 0.1 (kg), 0.1 (kgm?2), 0.02 (kg), 0.1 (kg), 0.1
(kgm?)].

inertia and viscosity matrices.

- Fig.3 shows stick pictures of the mampulator under the

conventional impedance control, where the disturbance
force exerted to the actual end-point, F,,, = [-20 (N), -20 .
(N), 20 (Nm)}T in terms of the task coordinate system,
where the desired impedance of the virtual end-point is not

included in the control law. On the other hand, Fig.4 shows a simulation result under the proposed method with

the same condition as Fig.3,

The response of the actual end-point is the same between Fig.3 and Fig.4. In terms of the vinual- end -point,
however, the effectiveness of the proposed method appears clearly. It can be seen that the MPIC can be used as
a configuration control of the manipulator through the regulation of the virtual end-point impedances. Since
the motion planning can be performed in the virtual and actual task coordinate systems, it is effective to solve

the collision avoidance problem.

b obstacle

Fig. 3 Stick picture for disturbance force
under the conventional impedance

control

5. CONCLUSION

Fext

- initial posture
............. final posture

Fext
obstacle

®  virwal end-point.
initial posture
............. final posture

Fxg. 4 Stick picture for disturbance force
under the multi-point impedance
contro}

We have proposed the multi-point impedance control method for redundant manipulators. It was shown that
* the method was able to regulate the impedance of several points on the manipulator's links as well as the actual.
end-point impedance by positively utilizing the kinematic redundancy. This feature has been demoristrated in.
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the case of the collision avoidance problem. Only the redundant case, however, has been considered in the
present paper. Therefore, the generality of the proposed method for all kinematic conditions of the
manipulator including over-constrained and singular cases is recommended as a further research.

{11
2}

31

[41.

(51

[6l.
7.
8.

91

{10}
(11}
{12}
[13).

{141

REFERENCES
N. Hogan, "Impedance Control ; An Approach to Manipulation, Parts LILII", ASME Joumal of
Dynamic Systems Control, 107,1,pp. 1-24, 1985,
N. Hogan, "Stable Execution of Contact Tasks Using Impedance Control”, Proc. IEEE International
Conference on Robotics and Automation, pp. 1047-1054, 1987
S. Tachi, T. Sakaki, H. Arai, S. Nishizawa and J. F. Pelaez-Polo, “Impedance Control of a Direct Drive
Manipulator without Using Force Sensors”, Journal of Robotics Society of Japan, 7-3, pp. 172-184,

. 1989 (in Japanese).

H. Kazerooni, T. B. Shridan and P. K. Houpt, "Robust Compliance Motion for Manipulators, Parts LH",
IEEE, 1. of Robotics and Automation, RA-2-2, pp. 83-105, 1986.

W. S. Lu and Q. H. Meng, "[mpedance Control with Adaptation for Robotic Manipulation”, 1EEE,
Trans. on Robetics and Automation, RA-7-3, pp. 408-415, 1991.

K. Tanie, K. Yokoi and M. Kaneko, "Compliance Control - with consideration of Trajectory Controt
Characteristics”, Proc. of the ASME Int. Computers in Engineering Conc. Exp., pp. 275-280, 1990.
M. Teranishi and T. Yoshikawa, " Independent Joint Impedance Control of Robot ,Manipulators" Proc.
of 3rd Annual Conference on Robotics and Mechatronics, 910-31, B, pp. 9-12, 1991 (in Japanese).

Z. X..Peng and N. Adachi, "Impedance Control of Redundant Manipulators”, Proc. of 3rd Annual
Conference on Robotics and Mechatronics, 900-31, B, pp. 5-8, 1991 (in Japanese).

W. 8. Newman and M. E. Dohring, "Augmented Impedance Control : An Approach to Compliant
Control of Kinematically Redundant Manipulators®, Proc. IEEE, International Conference on Robotics
and Automation, pp. 30-35, 1991.

H. Seraji, "Configuration Control of Redundant Manipulators : Theory and Implementation”, IEEE, .
Trans. on Robotics and Automation, RA-5-4, pp. 472-490, 1989.

T. Tsuji, T. Takahashi and K. Ito, "Multi-Point Compliance Control for Redundant Manipulators”, In S.
Stifter and J.Lenaric (Eds.), Advances in Robot Kinematics, 1991.

T. Tsuji; T. Takahashi and K. ito, "Multi-Point Compliance Control for Manipulators Constrained by
Task Objects", Trans. of the SICE, 27-11, pp. 85-92, 1991 (in Japanese).

A. Jazidie, T. Tsuji, M. Nagamachi and K. Ito, "Multi-Point Compliance Control for Dual-Arm Robots

‘Utilizing Kinematic Redundancy”, Trans. of SICE, 29-6, pp. 636-646, 1993,

T. Tsuji, S. Nakayama and K. Ito, "Trajectory Generation for Redundant Manipulators Using Virtual
Arms", Proc. of ICARCV, pp. 554-558, 1990.

=653~



