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Abstract

This paper described a relationship between motion
speed and working accuracy of industrial articulated
robot arms. Working accuracy of the robot armn dete-
_riorates at high speed operation caused by a nonlinear
transformation of the kinematics and the time delay of
the robot arin dynamics. The deterioration of the follow-
ing trajeclory was expressed as a linear function of the
squares of the robot arm motion speed, depending upon
a posture of the robot arm and division interval of the
objective trajectory.

1. Introduction

The contour control of robot arms is widely imple-
mented in production lines and assembly lines as for cut-
ting, grinding, sealing and welding work. The articulated
structure of the robot arms has a high nonlinearity in
the transforimation between the working coordinates and
the joint coordinates. There are many investigations of
control for the articulated robot arms such as adaptive
control|l], robust control[2], repetitive controi[3] and neu-

ral conlrol[4]. In industrial robot arms, the actuatlors of.

the servo motors are controlled by servo controller, in-
dependently. Performances of both high speed and high
accuracy are required for the industrial robot arms. How-
ever, we experienced that the following trajectory could
coincide with an objective trajectory only al slow speed
operation of the robot arm. Generally speaking, the
higher the speed of the robot arm is required, the less
accurate the control performance is obtained. The error
between the objective trajectory and the following trajec-
tory of the robot arms_js a big problem because the error
defects in the working accuracy, directly. Hence, we pre-
viously.had investigated the deterioration of contour con-
trol performance by using computer simulations and also
proposed a compensation method for deteriorated control
performance[5]. We had found the causes of the deterio-
ration in the nonlinear transformation of the kinematics
and the delay of the robot arm dynamics. The previous
work however had been done under a limited situalion in
a continuous domain.

In this paper, we further investigated the previous prob-
lems and analyzed the deteriorated control performance
of contour control theoretically. We paid atlention to the
evaluation of the error between the objective trajectory
and the following trajectory of the robot arms, which de-
pends on the motion speed, the dynamics, the kincmatics,
the posture of the robot arm and the division interval ol
the objeclive trajectory. We maiuly focused on the fol-
lowing three points: posture of the robot arm, division

interval of the objective trajectory based on simulation
studies, and theoretical derivation of the deteriorated per-
formance. By using the derived relationship between the
robot arm motion speed and the working accuracy, we can
oblain a suitable motion speed of the robot arm, which
accomnplishes the desired working accuracy.

2. Problem Statement

2.1 Deteriorated result of an industrial robot
arm motion

Figure 1 shows the contour control result of the in-
dustrial articulated robot arm (Motoman K6S). The ob-
jective trajectory was straight line and its velocity was
1{m/s].  As shown in Fig. 1, the following trajectory
slightly deteriorates from the ohjective trajectory. The
deterioration of the trajectory is a big problem because
this delects the working accuracy, directly. We focus on
the deterioration of the following trajectory when the ob-
jective trajectory is the straight line, because the straight
line is the most important in industrial applications. We
shall investigate the cause of the deterioration and obtain
a relationship between the velocity of the motion and the
deterioration.

2.2 Contour control strategy

The block diagram of Fig. 2 shows the contour control
structure of an industrial articulated robot arm. In or-

following trajectory

objective trajectory

Figure 1 Deteriorated contour control result of industrial
articulated robot arm
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der to decrease the eflect of the load inertia change in
the industrial robot arin, the reduction gear ratio is de-
signed large and the parallclogram mechanisin is adopted.
Hence, the servo motor of the actuators of the robot arm
is controlled independently for cach axis[6]. The con-
tour control of the industrial robol arms is usually im-
plemented as follows.

(1) An objective trajectory of the robot arm notion is
given in the working coordinates.

(11} The objective trajectory of the robot arm in the
working coordinates is transforied into the objective
joint angle in the joint coordinates al each division
interval by using the inverse kinematics.

(i1)) The actuators of the servo motors are controlled to
pursue the objective trajectory based on a linear dy-
namics in the joint coordinates.

(iv) The output joint angle of the robot arm in the joint
coordinates has a time delay which is caused by the
dynatnics of the servo motor.

(v) The {ollowing trajectory of the robot arm in the
working coordinates is given by the coordinate trans-
formation of the delayed output joint angle.

3. Mathematical Model of Industrial
Articulated Robot Arms

3.1 Kinematics of the articulated robot arin

We locus oun the articulated robot arm of two-degree-of-
freedom as shown in Fig. 3. In Fig. 3, Tip(=,y) means the
position of a tip of the robot arm in the working coordi-
nates and (o, J) means that in the joint coordinates. The
length of the link 1 and link 2 are [} and l, respectively.

The input trajectory (1,(f),w, (1)) in the working
coordinates is transformed into the imput trajectory
(uqa(t), up(1)) in the joint coordinates as

U = sin~! ___._i!‘_(ﬂ..__._
(1) ! ( ui(t) + ug(l,))
. I;sinuﬂ(t))
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Iigure 3 Articulated robot arin of two-degree-of-freedom

We can calculate the input trajectory (1,{1). us(1)) in the
joint coordinates lor the input trajectory (u (1), 1,(2)) in
the working coordinates.

3.2 Dynamics of the articulated robot arm

Incindustrial robot arm, if the motion speed of the robot,
arm is under L.O[m/s], the nonlinear term like pravity
and Coriolis, and the mterference term are neglected.and
the dynamics of the servo motors and these controllers is
represented by the first order model{7]. Ilence, the robot
arm dynamics in the joint coordinales is described by the
first order model as

a(t) = —Kpo(t) + Kou, (1)

. 2

B(t) = —Kpp(1) + Kpup(t), @
where (1), (1)) mcans thé following trajectory in the
joint coordinates and I, means the position loop gain.
Iigure 4 shows the block diagram of the robot arm dy-
naies i the joint coordinates. The following trajectory
in the joint coordinates deteriorates from the objective
trajectory.

3.3 Following trajectory

To derive the following trajectory in the joint coordi-
nales, we solve (2) for («(t), (1)) as

. ‘ .
ali) = o(0)e~ +/ g (7)e -4y
0
, ‘ , (3)
A1) = A(0ye et +/ ug(7)e =0y
b

where (a(0). £(0)) means the initial value of the position
of the robot arm in the joinl coordinates.

The following trajectory (a(t), 3(1)) in the joint co-
ordinates is transformed into the following trajectory
(x(t), y(1)) in the working coordinates by using the kine-
matics as

(1) =l cosa(t) +  cos(a(l) + 3(1))
y(h) = Lsina(t) + L sin(a(t) + B(1)).

Consequently, the following trajectory (1), y(t)) is
calculated by using (1), (3), (1) for given input trajec-
tory (u (1), u,(1)).

4. Computer Simulation Studies of the
Deteriorated Trajectory

4.1 Objective velocity

We investigate the following trajectory errors for some
input trajectories based on computer simulation stud-
ies.  The link length of the simulated robot arm is
Iy = 700{mm], I = 908[mm] and the objective path is the
straight line from the start point (—=500{mm].500{mm])
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to the end point (500{mm),500[inm]) as shown in Fig. 5.
Division interval of the objective trajectory As = 1fins).

The following trajectory depends on both input trajec-
tory aud the robot arm dynamics (2). Then, we introduce
relative velocity which depends on the dynamics charac-
teristics. The change of the input velocity is equivalent
to that of the time scale. If a time scale changes from ¢
[s] to st [s], then the position loop gain K, {1/s] in (2)
changes to pI<, [1/s]. Hence, we define the relative ve-
locity V/ K, [m], which is invariant to the characteristics
of the robot arm dynamics (2), instead of the absolute
velocity V' [in/s].

The computer simulation results under V/K, =
0.1,0.05,0.02,0.01 [m] are shown in Fig. 5. It is noted
that the scale of Y-axis is much enlarged compared with
the X-axis. The results show that the trajectory error de-
pends on the relative velocity and the higher the relative
velocity of the robot ‘arm is required, the less accurate the
control performance is obtained.

The locus error, the deviation of the following path
from the objective path, is an important measure lor the
working precision of ‘the contour control of the industrial
robot arm. In Fig. 6, we plot the maximum locus er-
ror during an operation versus the squared rclative veloc-
ity (V/I(,)? for simulation studies of 100 operations and
approximate the points by a linear function y = 0.964x
bascd on the least squares error method. According to
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Iigure 5 Trajectory error for different relative velocitics
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Figure 6 Linearity between the maximum locus error and
the relative velocity V/IV, based on computer sitaulation
studies

the computer simulation results, the maximumn locus er-
ror [5, is in proportion to the squared relative velocity

V/K, as
vy’
= 0.964 (-—>
s,

The experimental relationship is proved theoretically in
chapter 5.

(5)

4.2 Posture of robot arms

Next, we investigated the contour control perforinance
dependency on a posture of the robot arm. Several po-
sitions of the objective trajeclories in the working coor-
dinates are shown in Fig. 7(a). The computer simulation
results for the objective velocily being Vo= 1.0 [in/s]
are shown in IMig. 7(b}). The locus errors illustrate a de-
pendency on the posture of the robol arm. According
to the computer simulation results, the locus error be-
cotues larger when the position of the objective trajectory
is closer Lo the origin of the working coordinate axes.

4.3 Division interval of objective trajectory

In the industrial articulated robot arm, the objective
trajectory (wu.(t),u,(t)) is transformed into the joint co-
ordinates at each division interval. Then the actuators
of the servo motors are controlled to pursue the divided
objective trajectory in the joint coordinates. We inves-
tigated the contour control perlormance dependency on
the division interval of the objective trajectory based on

(a) The position of the objective trajectory

y[m)

c[m]

(1) Trajectory error
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computer simulation studies. The simulation conditions
were the same as in section 4.1, The division intervals
were As = 1,10,20,50,100{ms], which meant that the
division intervals of the objective trajectory were varied
al VAs = 1,10,20,50, 100[imn] because of the objective
velocity being V = I[m/s]. The computer simulation re-
sults, depicted in Fig. 8, showed that the division interval
As s permissible within 20[ms] (VAs < 20{mm]) because
oscillation of the following trajectory is invisible.

5. Theoretical Derivation of Velocity
Dependency
We shall derive the relationship (5) between the maxi-
mum locus error £, and the relative velocity V/ I, theo-
retically in this chapter.
We introduce {ollowing assumptions as follows:

(i) Objective velocity V in the working coordinates is

approximately in proportion to the angular velocity -

w in the joinl coordinates.

(i1) The delerioration of the amplitude of the [requency
transfer function in the joint coordinates is trans-
formed into the deterioration of the maximum locus
error in the working coordinates.

(111) The maximuin locus error is a steady state error.

The transfer function of the robot arm dynamics (2) is
calaulated by the Laplace transloration as

Ay
s+ K,

Then, the frequency transfer function is obtained by sub-
stituting s = jw into (G) as
K,

(7
The gain of (7) is calculated as

i

N ®

1GGw)| =

and the amplitude of a unit sinusoidal input for angular

frequency w is reduced as
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Figure 8 Trajectory error for dilferent division intervals
of objective trajectory

By substituting the assumption (i) V = Rw, (R: curva-
ture radius) into equation (9), the maxinuun locus error

E, is detived
V2
K —_
P (Kr') 1o

The equation (10) is equivalent to the relationship (5).

To achieve the desired acenracy of the lollowing tra-
jectory, the expernnent of arbitrary objective velocity is
carried out and measure the maximum locus error, Then,
the suitable objective velocity is calculated {rom the re-
lationship (10) such that the maximum locus error is the
desired one.

6. Conclusions

We investigated the deteriorated performance of the
following trajectory of the robot arm caused by the non-
linear transformation and the time delay hased on both
simulation studies and theoretical studies. The deteri-
oration of the following trajectory was proved to be in
proportion to the square of the input velocity. The de-
rived relationship can be use effectively in delermining
appropriate motion speed so that is achieved a desired
éccuracy in the following trajectory.
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