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ABSTRACT

For the application of tracking the path on workpieces, the CCD
(Charge Couple Device) identificating system is generally used as one
of the popular resolutions.  However, the implementation of CCD
identificating system is complex and environmental-limited.  This
study presents a compliant motion controller by using the end-effec-
tor installed with a force sensor.  This results the smoothly path
tracking on a workpiece.  By applying the algorithm of Fuzzy into this
compliant motion, the compliant control is improved and the path on
the workpiece is found more quickly and accurately.  A radius
compensating method is used to correct the measured data.  The
experiments performed have successfully demonstrated the feasibil-
ity of the proposed control algorithm.

INTRODUCTION

The task under consideration is to control the
manipulator and let the end-effector follow an unknown
path on a workpiece.  This can be used to weld the
workpieces together, cut the workpiece into two or more
pieces and so on.  To implement the task of tracking
along an unknown path, the control system must rely on
the reliable data collected by the sensors.  The equip-
ments used in this experiment include two kinds of
sensors.  They are encoders built on each of the five
joints of the manipulator and a force sensor mounted on
the wrist of the manipulator.  The encoder on each joint
of the manipulator can sense the position of the end-
effector, and receive the command from its driver to
move the end-effector with controllable manner.  The
force sensor has been used to maintain in contact with
the workpiece and determine the tangent plane of the
contact plane to create the direction of working path.  In
this study, we ignore the friction force at the contact
point between the tool grasped by the end-effector and

the workpiece.
The manipulator of contact measurement type is

extensively used in recent years.  Two kinds of methods
for performing compliant motion of this manipulator
were developed.  The development of compliant motion
can be categorized as either hybrid force/position con-
trol [1] or impedance control [2, 3, 4].  The first ap-
proach attempts to control the force and position
separately, while the second one concerned the relation-
ship between the contact forces and manipulator position.
Since the dynamic model for the contact force interac-
tion system is unknown, these two methods are not
applicable.  This mathematical model must be nonlinear,
time dependent and highly coupled.  To model, identify
and control such a complex system is by no means an
easy task.  The fuzzy controller can be used to solve this
problem.  Thus, several self-tuning fuzzy controllers
capable of automatically implementing the fuzzy rules
have been proposed and extensively studied [5, 6, 7].  F.
Y. Hsu and L. C. Fu [8] designed a new hybrid force/
position controller with adaptive fuzzy approach for the
robot manipulators.  Their approaches are successfully
applied to the deburring process.  For unknown paths or
contours, all controllers for compliant motions fail,
since the desired trajectory cannot be obtained.  This
study, however, adopts the fuzzy control method to
implement the on-line identification about the environ-
ment and response effectively.  An effective compliant
controller is developed without knowing the desired
path in advance.  Moreover, the force/torque sensors
and fuzzy logic controllers with active compliance con-
trol are used to control the contact force between the
end-effector and the workpiece.

The following sections will demonstrate the dy-
namic model of the robot manipulator, describe the
design of the fuzzy controller, show the experimental
results and end with the conclusion.

DYNAMIC  MODEL  OF  THE  ROBOT
MANIPULATOR

Consider the robot manipulator whose tool will
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perform path-tracking motion, as shown in Figure 1.
According to [10], the dynamic model of this robot
manipulator in joint space can be derived as

   M(q)q + C(q, q) + P(q) = τ + τ f , (1)

where    q, q, q ∈ ℜ6
 are joint angle vector, joint velocity

vector and joint acceleration vector, respectively.  M(q)
∈ ℜ6x6 is the inertia matrix of the robot,   C(q, q)  denotes
the coriolis and centrifugal torques, P(q) stands for the
term caused by gravity, τf ∈ ℜ6 is the joint torque vector,
and τf ∈ ℜ6 represents the constrained torque vector
generated on the joints by the environment.  To simplify
the controller design for the path-tracking task, the
space of this dynamic model will be transformed into
the Cartesian coordinates.  By assuming the Cartesian
coordinates of the end-effector x can be expressed as a
function of the joint coordinates q, that is

x = D(q), (2)

where x = [x1, x2, ... x6]T ∈ ℜ6, the Equation (2) can be
differentiated to get

   x =
∂D(q)

∂q q = J(q) q , (3)

  x = J(q) q + J(q) q , (4)

where J(q) ∈ ℜ6 is a Jocabin matrix of full rank for  q.

There must exist a properly defined one-to-one map-
ping between x and q.  Let the inverse matrix of J be
denoted as J−1.  Then we get

Mx = J−1TMJ−1

  C x = J – 1TCJ – 1 – J – 1TMJ – 1JJ – 1

Px = J−1P

fe = J−1Tτf

f = J−1Tτ. (5)

The dynamic equations of the robot manipulator in
the Cartesian frame can be represented as

  Mx(x) x + C x(x, x) + Px(x) = f + f e . (6)

In the path tracking process, the tangential direc-
tions to the path can be derived from the measured force.
Without previous knowledge of the path on the
workpiece, the manipulator can precisely comply with
the curved path.

DESIGN  OF  THE  FUZZY  CONTROLLER

The concept of Fuzzy sets was brought up by
American Zadeh at 1965.  After then, the Fuzzy Math-
ematics is popularly applied into the control system.  To
design a Fuzzy controller, it is not necessary to under-
stand the mathematics model of the system. The knowl-
edge base will be created by a set of control rules
instead.  According to these control rules, the control
performance of the system must be improved.

In this force control system, we assume that there
is no any frictional force between the end-effector and
the workpiece, and both of them are taken as the rigid
bodies.  The equations of the system can then be written
as:

F = kX (7)

where F is the contact force, k is the displacement of the
end-effector, and is the coefficient of elasticity.

During the processes of path-tracking implemented
by the robot, there exists an optimal value for each
displacement.  The force control requires the robot to
move faster and larger before it contacts with the
workpiece.  In order to hold the accuracy of the contact
force, the displacement of the robot should be slowed
down when the end-effector contacts with the workpiece.
In this research, we define the displacement of the robot
as ∆x, and tune the parameters by the fuzzy controller.

Fig. 1.  Five degrees of freedom SCORBOT-ER VII robot.
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The requirements of the velocity and accuracy will be
satisfied accordingly with the fuzzy controller applied.

Figure 2 shows the control system with the fuzzy
controller.  In this research, the parameter ∆x is deter-
mined by the error of the force, e(k).  That is

If e(k) is Ai, then ∆x is Bi, i = 1, 2, ..., m.

where Ai is the fuzzy set on the corresponding support-
ing sets. The membership functions (MF) of these fuzzy
sets for e(k) are shown in Figure 3.  The fuzzy set Bi is
characterized by the membership functions shown in
Figure 4.

A set of rules is shown in Table 1. The defuzzi-
fication processes are implemented by the Center of
Gravity method.

   

y * =
Σ

l = 1

m

y
Y

Bl(y) dy

Σ
l = 1

m

YBl(y) dy
(8)

where B(y) is the fuzzy set.

EXPERIMENTAL  SETUP  AND  RESULTS

The control system is schematically shown in Fig-
ure 5.  The five axes robot SCORBBOT-ER VII that
designed by ESHED ROBOTEC Company is used to
perform this experiment.  Five AC servomotors are used
to drive the five axes of the manipulator.  The optical
encoders are installed on the manipulator.  A force
sensor NITTA UFS 3012A SN_N25 with a resolution of
0.01 kg and an amplifier NITTA UFS EE-161 are in-
stalled on the manipulator.  The controllers of type
PCL-818 and PCL-726 are designed by ADVANTECH
Co.  LTD.  The position and force signals are sent to the
servomotors from the personal computer through a D/A
converter.  The control program is coded by C language.
The systematic notation for the right-handed orthogonal

Fig. 2.  Block diagram of the fuzzy controller.

Fig. 4.  The membership function of ∆x.Fig. 3.  The membership functions of the error.

Table 1.  The Fuzzy rules of ∆x

e(k)

∆x NB NM ZO PM PB
B M S M B
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coordinate system is represented in Figure 6.
The measured data must be fitted before applying

them to construct the real path, since there are some
errors existing in measured data.  In the measuring
process, the errors of the force sensors and any other
external disturbance may end up with unsuccessful
movement of the end-effector.  In this study, the radius
compensating method is adopted to generate the differ-
ential signals and to magnify the errors of data.  This
magnification process will create many noises after
radius compensation.  To resolve this defect, we take
some advantage of the hardware to design an easier and
more efficient calculation method.   This method, al-
though not modifying the contents of the data, rejects
most of the improper data.   Moreover, this method
functions exactly like a signal filter.

The 0.55 kgf contact force seems to be appropriate
in this experiment.  The movement of the end-effector
and the contact force are controlled and tuned by the
fuzzy controller.  Figure 7 displays the variations of
contact force, one is for the end-effector moves with
constant step, and the other is for the end-effector
controlled by this self-tuning fuzzy controller.  In Fig-
ure 8, the inner path is the path of the end-effector, and

the outer path is the path on the workpiece obtained by
radius compensation.  The distance between the center
of end-effector and the boundary of the workpiece is the
radius of the end-effector, which is 5 mm.  By compen-
sating this distance, we obtain the real path on the
workpiece from the measured data.  The accuracy will
increase if the radius of the end-effector decreases.

Figure 9 to Figure 13 illustrates the variations of
contact force for the positions A to E in Figure 8,

Fig. 5.  The basic structure of this experiment.

Fig. 6.  Coordinates of the SCORBOT-ER VII robot.

Fig. 7.  The variation of contact force for fuzzy control vs. constant step.

Fig. 8.  The path on the workpiece.
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Fig. 9.  The variation of the contact force at point A in Figure 8.

Fig. 10.  The variation of the contact force at point B in Figure 8.

respectively.  Position A is a concave angle of 90°,
position B is a concave circle of radius 10 mm.  Position
C is a convex circle of radius 15 mm.  Position D is
concave circle of radius 30 mm.  Position E is a concave
circle of radius 13 mm.

CONCLUSION

This study presents a adaptive fuzzy control algo-
rithm to implement automatic path tracking of the
workpiece.  The algorithm proposed herein also intro-
duces the radius compensation method to match the
experimental results.  Although the measured paths of
the workpieces near the sharp turning points still have
some more disturbances, the self-tuning contact pathFig. 11.  The variation of the contact force at point C in Figure 8.

Fig. 12.  The variation of the contact force at point D in Figure 8.

Fig. 13.  The variation of the contact force at point E in Figure 8.
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tracking method adopted in this study can significantly
reduce the noises.  The measuring time varies with the
different conditions automatically.
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