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ABSTRACT

Finishing processes such as deburring are performed on a
wide variety of products in various quantities by workers on a
piece-by-piece basis. Accordingly, the accuracy of the product
depends on the worker’s skill. The aim of this research is to
develop a finish machining support system. The machining is
supported by using a haptic device and controlled by a bilateral
control system. Here, we propose a original bilateral controller
which have the gain components on the line used to transfer the
Jorce signal between master and slave robot. These gains change
the binding force between master and slave robot to change the
construct of the system. The effectiveness of this system is shown
in simulations using haptic device and virtual model of slave
robot.

INTRODUCTION

At present, a great number of working processes are carried
out automatically by using industrial robots. Such a production
method has been widely adopted for mass production. However,
if production is limited to a number of diversified products, de-
burring these products is difficult because of time and accuracy
constraints. For example, a long time is required to prepare CAD
data on positioning and configuration of the products. It is dif-
ficult to cope with differences in the set position or warping of
the products. As a result, these processes have to be carried out
manually by workers and require the careful control of force. In
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addition, the effect of the tool’s rotation causes disturbances. If
the ability of the worker is insufficient, these factors will in turn
cause machining errors or a fall in the accuracy of production.

To solve these problems, the correspondence of haptics with
machining support systems has been studied. Yasuda improved
control performance by eliminating the effect of the tool’s rota-
tion by using adaptive modeling that estimates the friction be-
tween the tool and work piece [1]. This system does not require
information about the quality and shape of the work piece. The
use of these systems makes it possible to clearly transmit the
best cutting resistance force, which is difficult to feel without
the assistance from the robot, and to reduce machining errors
by eliminating disturbances during machining. Finish machining
systems combining haptics and bilateral control shown in Fig. |
have been studied as well. The Bilateral control is the one type
of master-slave control method. This control system can trans-
mit forces which provide the worker a feeling of independence
even if the robot is controlled remotely. Hisatomi et al. inves-
tigated the machining process using the bilateral control system
constructed by combining a PHANoM1.5/6 DOF (SenAble Tech-
nologies) and a force display driven by hydraulics [2].

When the bilateral control is applied to the machining sup-
port system, the contact force or the feed speed does not stabilize
compared with automated machining. As a result, the accuracy
of the product depends on the skill of the worker. In previous
studies, a hybrid control method with position control and force
control systems has been used [3] [4]. However, these control
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methods cannot make the height of the machining surface flat
and smooth due to the irregular change of feed speed or the ir-
regular state of burrs.

We proposed the teleoperating machining support system
via bilateral control which have special construction [5]. Here,
slave robot works automatically during machining because the
control signal from master robot to slave robot is disconnected
about for the thrusting direction. As a result, the motion of slave
robot depends on only the controller that slave robot has indepen-
dently. In addition, we proposed the control method that makes
it possible to perform debbur process accurately even if the feed
speed changes irregularly due to the workers operation as well.
This study achieved a certain result. However. this method is not
suitable to apply another field of machining support because this
system has the space to accept the operator’s opinion only about
start position and stop position. This problem is caused by the
used system that can not accept the operation toward thrusting
direction during machining. In order to broaden the region of ap-
plication, this system should be improved to accept the operator’s
opinion by changing the system component during operation so
that the operator can work the machining robot with arbitrary
way.

In this paper, the bilateral control system structured for the
machining support system is proposed. In this control method,
the gain changed by the machining condition is set on the line
of force signal between master and slave robot. The value of
this gain is defined to achieve desired control characteristic. For
example, slave robot will move automatically toward thrusting
direction during machining by setting the gain on the line from
master to slave robot as 0. We will present the design of control
proposed newly and the simulation results using this controller is
shown.

FIGURE 1. DEVICES USED AS BILATERAL CONTROL SYS-
TEM

DESIGN OF CONTROLLER
In this section, we discuss about the concept of proposed
bilateral controller and its application example.

Concept of Proposed Bilateral Controller

In order to develop the machining support system via bilat-
eral control, the machining control method researched in devel-
opment of automatic controlled robots should be applied in order
to construct the useful system. In this system, the gain changed
according to the machining condition is set on the line of the
force signal between master and slave robot. The system model
of this controller is shown in Fig. 2. By this gain, the domination
rate of master and slave robot to the system can be controlled.
This means that this controller can select several patterns and fea-
tures of control. For example, slave robot is controlled by master
robot during normal performance and controlled to trace the ref-
erence path calculated by machining theory during machining.
The motion equations of this system are shown in (1) and (2).

M, i(t) = —cpx(t) — emp(t — Tu1)

+ M [ka{y(r — T — Ta (1)) —x(1 — Ty ) }

e Cd{j’(f — Tl — fvt(f)) _i'(f =7 Tmi)}]

+ fop(t) + fin(2) + M fom (t — T — T (1)) (1)
Miyi(t) = —cs¥(t) — cspy(t — Ta1)

+ Hsa [k {x(t — Ty — T (1)) — (£ — T51) }

+ ca{xX(t — T — T (1)) —3(t — T1) }]

+ f;ml'(r) -f*_)'_}(!) = .u.s'ZﬂJp (I = T2 — T (I)) (2)

Where, x and y show the position of master and slave robot. M,,
and M, show the mass coefficient, ¢, and ¢, show the viscosity
coefficient of them. k; and ¢, show the spring coefficient and
viscosity coefficient between master and slave robot. f;, shows
the force given by operator and f,,,, shows the force given by en-
vironment. Here, ¢, and ¢y, are set in order to stabilize master
and slave robot by themselves by decaying the energy remain-
ing in the system. T,,; and Ty; show the time delay components
caused by the filter used for shaping measured encoder value and
T2 and Ty are for force sensor signals. T, and 7, show the
time delay components which will happen when the signals are
transfereed between master and slave robot. When we consider
about nonlinear connection force between master robot and slave
robot, (1) and (2) are written as,

Mpi(t) = —cpi(t) — cmpX(t — T )
+ ot [ka{y(t = T — Tt (1)) = x(2 — 1) }
+ ca{(t — T1 — Ta(r)) — X(t — T ) }
+ O3{y(t — Tt — T () —x(t — )}
+ Oasign{y(t — T — T (1)) — %(t — Tm1) }
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{0t — 71 — T (1)) — X(t — T1) }]
+ fop(t) + fn(t) + Wz femr (1 — T2 — T (1)) (3)
My(t) = —ey(t) — cpy(t — T1)
+ Hs1 [kg{x(t — Tyt — T (1)) — y(t — 751) }
+ cg{X(t — Tt — T (1)) — 9(t — 731 }
+ O3 {x(t — Tt — T (1)) — x(t — 71) }°
+ Oasign{x(t — T — T (1)) —¥(t — T1) }
{.i‘(l — T — T (1)) — Y(t — "'v',\-l)}z]
+ fenv(t) + f5(1) + “slﬁ)p(f — T2 — T (1)) 4

In these equations, f;, and f; work in order to achieve the target
force, target position or target velocity. They are shown as (5)
and (6).

S = amp{ fim(t) — fop(t — Tm2) }

+ amp{x(t) —x(t — T ) }

+ A {5 (1) = %t — T ) } (5
fs = asp{fis(t) = fon(t — 72) }

+ agp{yi(t) —y(t —71)}

+ an{yi(t) =yt —Ta)} (6)

Where, ay . Gmp, Gy, as5, asp and ag, show coefficients used for
each robots to achieve the target value. fi,,, x;, &, fis, Yis and
vis show target force, target position and target velocity for each
robots. When these values are constant,

S = amp{ fim — fop(t = Tm1 — Tm2) }

+ amp{x; —x(t — Tu1) }

+ amp{ X — X(t — T) } (7
fs= asf{f:.\' = fen(t — Ts1 — T.s'l)}

+ asp{y —y(t — 7))}

+ as{ye — ¥t — T1)} ®)

When this controller is used for support system, the target value
will become time varying value and we can select which target
value is used. For example, the controller used for machining
generally indicates how strongly the machining tool is pressed
toward thrusting direction.

Design Examples of Bilateral Control System for Ma-
chining

In this section, we present the design examples of this con-
troller in order to apply this to machining support system. We
prepare the 2 patterns set value of (. During normal control,

this mean without machining working, (,,; and L, are set as
Wy = 1, mugl = 1. Master robot doesn’t equip the force sensor.
So, Wy is set as W2 = 0. In this condition, the system has a same
construction of force reflective type bilateral control. In addition,
slave robot controller has a compliance controller in order to not
yield the over load when it contacts with some object.

During machining, 1 and ) are set as t, = 1, U =0
toward the normal direction. By using this condition, the motion
of master robot doesn’t influence the motion of slave robot. That
is, slave robot has a completely dominating rate to the system.
In addition, slave robot will move independently with a motion
calculated by the machining theory if slave robot has a controller
which control it independently based on the machining theory.

SIMULATION VIA PROPOSED BILATERAL CON-
TROLLER

First, we performed the simulation via virtual 1 DOF master
robot and 1 DOF slave robot. This simulation was performed in
5 conditions.

No transfer time delay.

Include constant transfer time delay (0.2s).

Include time varying transfer time delay (shown in Fig. 3).
Slave robot has a target position (y = 0).

Slave robot has a target velocity (y = 0.5[m/s]).

o L b —

In condition 1, 2 and 3, U, and p are set as U, = 1 and
Uy = 1. In condition 4 and 5, W,,; and g are set as U, = 1
and g = 0. Simulation results are shown in Fig. 4-8. The
yellow markers are plotted every 0.1s and the green marker is
plotted at 10s. In this simulation, we set M,, = 1.0[kg], C,,, =
50[Ns/m], Cyp = 20[Ns/m], My = 1.0[kg], C; = SO0[Ns/m], Cy) =
20[Ns/m], K; = 100[N/m], C; = 50[Ns/m], ay, = 500[N/m],
ag = 10[Ns/m]. Each position signal and force signal of master
and slave robot is run through the low pass filter with frequency
20Hz. The initial position of slave robot is set as ygp = 1[m].
By comparing the simulation results in condition 1, 2, and 3, we
can detect that the deviation between master and slave robot po-
sition become smaller as the simulation continue and becomes
static. These movements can be observed even if there is transfer
time delay. In this study, master robot and slave robot is con-
nected by the spring component. The deviation can be reduced
by setting more large spring coefficient. However, it is known
that the overlarge spring coefficient make the system unstable.
It is also known that the small impedance parameter leads the
good response to input signal. The impedance parameter of mas-
ter robot has limitation about its value because the operator and
master robot are considered as one dynamics and it is difficult to
reduce the impedance parameter of operator’s hand. In this study,
master robot can perform as dominator for slave robot by setting
W = 0and pg = 1 and as followership by setting t,,,; = 1 and
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FIGURE 3. TRANSFER TIME DELAY

g1 = 0. This mean that the optimum condition for one parame-
ter setting may not be optimum one for another parameter setting.
Therefore, we should define the spring coefficient carefully.

In condition 4 and 5, slave robot has the target position or
the target velocity. This simulation results assume to perform
some works by separating the control of slave robot from the
movement of master robot. From these results, we can detect that
this system make it possible to realize such features by changing
K. Slave robot can perform such a movement even if there are
transfer time delay components because the movement of slave
robot doesn’t depend on movement of master robot. If we set
My = 1 and g = 1, slave robot will receive both effect from
master robot(i,) and effect from its controller(f). This feature
is also useful. For example, the velocity of slave robot should
be reduced when it enter the region which has possibilities of
collision with some object.

[1] 1 2 3 4 5 (3] 7 8 9 10
Timefs]

FIGURE 4. SIMULATION RESULT ABOUT POSITION OF MAS-
TER AND SLAVE ROBOT IN CONDITION 1
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FIGURE 5. SIMULATION RESULT ABOUT POSITION OF MAS-
TER AND SLAVE ROBOT IN CONDITION 2

EXPERIMENT RESULT

We perform the experiment with objective robot and virtual
robot. Three-dimensional haptic device (Falcon, Novint) is used
as master robot. This robot has the parallel mechanism and can
output the 3 dimensional position signals. The force sensor is not
equipped and 3dimensional force signal can be inputted. At this
time, we consider only about one dimension. As a slave robot,
we use the 1 DOF robot which have mass coefficient M, and
damper coefficient C;. We assume that this robot can output the
position signal and accept force signal. In addition, this robot has
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FIGURE 7. SIMULATION RESULT ABOUT POSITION OF MAS-
TER AND SLAVE ROBOT IN CONDITION 4
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FIGURE 8. SIMULATION RESULT ABOUT POSITION OF MAS-
TER AND SLAVE ROBOT IN CONDITION 5

the force sensor and measure the force signal which is given by
the environment. From these conditions, (1) and (2) are rewritten
as,

Mpi(t) = —cmX(t) — CmpX(t — T )

+ M [ca{y(r — Ts1) — (1 — To1) }

+ ka{y(t — 1) = %(t — ) }]

+ f.:;p(f) + fni (I) + .umlﬂ.'m'(r - TSE) (9)
M’_‘-ji(t) = _ij"(f) —Cspy (t— 7.\-1)

+ i [ca{x(t = Tm) —¥(t —Ta1) }

+ kg {%(t — Ty — T2) = ¥(t — Ta1)}]

+ feme (1) + £s(1) (10

In this study. a master robot and slave robot are controlled by
one computer. Then, we consider that there is no transfer time
delay. We set as Cy,, = S0[Ns/m], M, = 0.1[kg], C; = 10[Ns/m],
Csp = O[Ns/m], Ky = 1000[N/m], Cy = 100[Ns/m].

This experiment was performed in 3 conditions.
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FIGURE 9. EXPERIMENT RESULT ABOUT POSITION IN CON-
DITION 1
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FIGURE 10. EXPERIMENT RESULT ABOUT DEVIATION IN
CONDITION 1
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These results are shown in Fig. 9-14. In condition 1 and 2, the
target position is given as a form of sin wave. This motion can
be observed in Fig. 11. In condition |, master robot and slave
robot have an equal condition. Therefore, both of the force from
master robot and the force yield by controller of slave robot are
given to slave robot. This phenomenon is observed in Fig. 9.
In condition 2, slave robot is completely controlled only by the
controller of slave robot. At this time, the overlarge spring coeffi-
cient destabilizes the motion of master robot. In this experiment,
the connecting force between master robot and slave robot is ad-
justed by reducing the value of ;. In condition 3, f; is set as 0.
Then, slave robot is controlled to trace master robot entirely. In
order to improve the following capability of slave robot to master
robot, impedance parameter is set as smaller value. Then, slave
robot can trace master robot successfully and its accuracy can
be improved by set L, as higher gain. These results can be ob-
served in Fig. 13 and 14.

CONCLUSION

In this study. a bilateral control system for a finish machin-
ing process was designed. This system have the arbitrary value
on the line for force translation between master robot and slave
robot. By changing this value, we can achieve the desired bi-
lateral control system for machining support system. The rela-
tion natures between ¢ and motion of master and slave robot are
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FIGURE 14. EXPERIMENT RESULT ABOUT DEVIATION IN
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shown through simulation and experiment results. These results
show that this system can be applied to several operating con-
ditions. The most important point is to define how should u is
changed. This should be discussed for each works such as deb-
bur process, welding and others.
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