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Abstract: In this paper, a practical solution for suppressing residual vibrations of industrial robots
is proposed. For suppressing the nonlinear and time-varying vibrations, we adopt learning input
shaping technique (LIST), which is suitable for robots doing repetitive tasks. Through theoretical
analyses and experiments, it is established that we can treat the MIMO dynamics of a robot as a
set of decoupled S1S0 dynamics, making the application of LIST very practical. LIST is applied to
a 6 DOF industrial robot intended for handling heavy payloads(up to 120 Kg) and experimented
for both point-to-point motion and continuous path motion. Experimental results show that LIST
can suppress residual vibrations to a level similar to that of time-varying input shaping technique,
a much more sophisticated method, thereby demonstrating its potential for suppressing the residual
vibrations in industrial robots.

1. INTRODUCTION

In controlling industrial robots, fast and precise motions
are required for better productivity y. Such motions, how-
ever, are often restricted by the residual vibrations in the
end-effecter, which tend to be time-varying and nonlinear
owing to the configuration-dependent inertia-variation and
the nonlinear stiffness of the gears.

For suppressing residual vibrations in flexible systems,
there are two distinct approaches: open-loop feedforward
(Aspinwall, 1960) and closed-loop feedback(Kotnik et aL,
1988). In terms of performance, the latter scheme is more
attractive than! the former, because it is inherently the
more robust against disturbances and parameter varia-
tions. In terms of practical implementation, however, the
closed-loop approach makes overall systems the more com-
plex, expensive, and difficult to control. More specifically,
the increased states due to vibration modes increase the
order of the control laws, thereby requiring more com-
putation and more sensors as well as the measurability
of the additional states. Because of this difficulty, many
researchers have studied feedforward schemes combined
with feedback controllers(Singer and Seering, 1990; Meckl
and Seering, 1.988). They reported that the scheme is
simple in its structure and robust against disturbances or
parameter variations, so that it is very useful for practical
applications.

Based on the c~bservations above, we have considered the
input shaping technique (1ST), proposed by Singer (Singer
and Seering, 1990), as the feedforward scheme to be com-
bined with a feedback controller. Since first proposed, the
1ST has attracted attentions owing to’ its effectiveness
and simplicity. Its effectiveness has been confirmed by
the application results from practical systems such as a
surface mounting machine (Park and Chang, 1996), a single
link flexible spacecraft (Liu and Wie, 1992), and an open
container of liquid (Feddema et al., 1997). Nevertheless,
since the 1ST was proposed originally for linear time-
invariant systems(Singer and Seering, 1990), it is not so
effective for systems with nonlinearity and time-varying

characteristics, such as multi-links robots we are concerned
with. Even robust IST(Singer and Seering, 1990), which
handles inaccuracy of frequency estimation, is not of much
help for these systems.

In response to this difficulty, there have been many studies
to improve 1ST for nonlinear and time-varying systems. As
for non-robotic systems, there are on-line adaptive schemes
by Tzes and Yurkovich(Tzes and Yurkovich, 1993) and
Bodson(Bodson, 1997), respectively. As for robotic sys-
tems, Rappole(Rappole, 1992) applied time-varying input
shaping technique (TVIST) to a two-link flexible manipu-
lator using a look-up table, Magee and Book(Magee and
Book, 1993) modified the 1ST to eliminate the first two
modes of vibration in a large and flexible manipulator
having configuration-dependent inertia. Cho and Park(Cho
and Park, 1995) proposed a method for determining the
exact time-varying impulse sequence, and applied it to a
two-link flexible robot. Besides, there have been similar
attempts to apply the 1ST to various robots(Khorrami and
Jain, 1992).

But these schemes require intensive computing power for
real time computation, or memory space for a frequency-
map. Moreover, some schemes require an exact dynamic
model of plant. Further, the robots controlled in this
previous research are mostly laboratory-level robots for
research purposes, and few of them to our knowledge can
be regarded as industrial robots. These robots tend to
have either really flexible links or overly flexible joints,
hence possessing dominant flexibility that is easy to locate
and model. An industrial robot, on the other hand, not
having such dominant flexibility, its identification itself
poses substantial difficulties, not to mention its cause.

The 1ST we have adopted in this paper is the learning input
shaping technique (LIST) (Park and Chang, 1998), which
iteratively updates the parameters of 1ST from previous
trials. The idea central to this approach came from our
observation that most application situations of industrial
robots are planned in advance and the required tasks are
repetitive in nature. The robot to which we apply LIST is a
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Table 1. Descri~tion and numerical values for
parameters

parameter description value

la, 1. length of link a, link c 1.25 [m]
lb length of link b 0.5 [m]
id length of link d 1.8 [m]

mm mass of link a 160.0 [kg]

mb mass of link b 260.0 [kg]

mc mass of link c 30.0 [kg]

md mass of link d 260.0 [kg]

real industrial robot intended for handling heavy payloads.
Through some theoretical analyses and experiments, it
is established that we can treat the MIMO dynamics of
a robot as a set of decoupled S1S0 dynamics, making
the application of LIST very practical. Then, we use the
input /output value for progressing the learning process,
so that its nonlinear and time-varying residual vibrations
can be suppressed without a dynamic model of the robot.
Then the experimental results of LIST are compared to
those of TVIST so that merits and demerits of them can
be evaluated. This procedure can be a useful guideline for
various industrial robots other than ours.

This paper is organized as follows: the following section
presents the dynamic properties of the industrial robot,
showing both nonlinear as well as time-varying vibrations
for the robot. In Section 3, the main idea and the algorithm
of LIST is presented. Section 4 describes our experimental
results, and is fol}owed in section 5 with conclusions.

2. DYNAMIIC PROPERTIES OF THE ROBOT

In this section, the dynamic properties of the robot is
described in order to show the nonlinear and time-varying
characteristics of the robot.

The industrial robot of our concern has a parallelogram-
linkage structure with 6 degrees of freedom, the schematic
diagram of which is shown in figure 1. Both the description
and the approximate values for the parameters in figure
1 are presented in Table 1. As can be expected from the
numerical values of these parameters, the robot is intended
for handling heavy payloads or spot-welding, the maximum
payload of which is designed to be 120 kg.

Fig. 1. The schematic diagram for the industrial robot.

To examine its frequency variation properties, the dynamic
equation for the robot was derived based on the schematic
diagram depicted in figure 1. As shown in figure 1, the
first axis, specified as the joint axis for 81, is the swing-
axis, which rotates the overall linkage. The vertical axes,
denoted as 6Z and 63, determine the configuration of
the parallelogram linkage. The last three axes, denoted
as 04, 05, and 06, determine the orientation of the end-
effecter. Note that these last three axes have little effect on
the inertia-variation and thus on the frequency-variation;

therefore, the dynamic equation is derived only for the first
three joints.

Since joint flexibility is considered as the primary source for
robot vibration, it is included in the model. The flexibility
of the i-th joint is modeled as a torsional spring with
stiffness, KT; (Kinceler and Meckl, 1996). Consequently,
each axis also includes two joint variables representing both
motor angle (Om;) and link angle (6’i), as shown in figure
2.

Eli

K~i

end~. ~

Motor

Fig. 2. The model of joint flexibility.

The dynamic equation for this robot is derived by using
Lagrange’s method and expressed as follows:

Nflleml+ bmleml+ *erl +KTI
--# =’7-1 (1)

kfu& + MM8s?+ bzdz – bk28,2 – KTZ0.2

+iVZ(O, @ + G2(0) = O (4)

M55tim3 + bm3im3 + ~iT3 +
KT3
-#3 = ‘r3 (5)

i“vftj4& + M6663 + b363 – bk36r3 – KT3 – %r3

+N~(f), ti) + Gs(6) = O, (6)

. ..
denotes the Coriolis and centrifugal torque and G~(0) the
gravity torque, at the i-th joint. In the equations above, it
is assumed that viscous damping with a coefficient of bmi
is also present at each motor, b; at each joint, and bki at
each torsional spring.

Under the assumption that each link has a uniform and
symmetric cross-section, the elements of M;j (0)’s can be
expressed as the following.

Mll=cJ~I (7)

M2z = (ma1ga2 +Ja + ~C)C22 + (mbigb2 + ~ZI+~d)c32

+m.(zbcs – /gcC2)2 + ‘md(1cc2 + zgdc3)2

+mP {1cC2 + (Zd – zb)C3}2 (8)

M33 = J~2 (9)

M44=m.lg.2 +J. +m. &2+J.+mdl.2 + mpl.2 (lo)

Mf54= M46 (12)

M55 = Jm3 (13)

M~6=mb~f+~b+m.b2 +md&d2+Jd+~P(~d –lb)2f14)

where lk and lgk (k = a, b, c, d), as shown in figure
1, denote the length of the corresponding link, and the
length to the center of gravity, respectively. In the same
manner, mk and Jk represent the mass of the link and the
moment of inertia, respectively. In addition, mp denotes

(c) 2000 Elsevier Science Ltd. All rights reserved.



the payload, which is attached at the end-effecter, and Ci
and s~ symbolize cos 0~ and sin 6$, respectively.

Note in equation (8) that the inertia about the swing-
axis, MZZ, varies with both 02 and (33, whereas ivf44 and
kfee have constant vahres in equation (10) and (14). Fur-
thermore, M44 and M66 take smaller values as compared
to M2z, and so does the magnitude of the vibration. So,
this observation implies that the tirae-vrwying residual
vibration of the end effecter is predominantly determined
by that of the swing-axis. Practically, this finding is very
important, because it enables us to concentrate on the
swing-axis only. For the rest of the other axes, we can
design other filters such as conventional 1ST, as if the
residual vibrations were time-invariant.

In addition, the nonlinear functions, IV~(tl,b) ’s, cause the
nonlinear residual vibration of the robot. Moreover, the
nonlinear vibraticm appears to be further complicated by
some mechanical properties of the robot, such as the
nonlinear flexibility of the harmonic drive.

Owing to such tirne-varying and nonlinear characteristics,
the residual vibration of the industrial robot is not well
suppressed by conventional 1ST, which was derived for
linear time invariant (LTI) systems.

3. ITERATIVE LEARNING INPUT SHAPING
TECHNIQUE

To suppress the time-varying and nonlinear residual vi-
brations described in the previous chapter, learning input
shaping technique (LIST) was applied to the industrial
robot. This section presents its main idea and the algo-
rithm for LIST.

3.1 1ST and measures representing residual vibrations

The two-impulse sequence for suppressing the residual
vibration is generally given in following form:

u(s) = [Ale–Tl$ + Aze–TZ$] r(s) (15)

where r(s) is the reference command. Clearly the two-
impulse sequence has four parameters: the magnitudes of
impulses Al and A2, and the applying times T1 and T2.
Without loss of generality, T1 may be fixed to O for a faster
response, and AZ may also be fixed to (1 – Al) in order
to maintain a unity gain. Then, there remain only two
independent parameters to be determined, which are A 1
and T2.

According to the study by Singer and Seering(Singer and
Seering, 1990), the residual vibrations due to the two-
impulse sequence vanishes if Al and T2 are properly
selected by following equations:

T2. =

“=& ‘

(17)

where ( .)~ denotes the proper values of (.), and <, Un mean
the damping ratio and the natural frequency of the residual
vibration to be suppressed, respectively.

When Al # Al. or Tz # Tzn, however, the residual
vibration does not vanish after T2. Depending on the
combinations of the following two conditions, there are

nine possible cases listed in Table 2, where ~ denotes the
phase differences between the residual vibrations with and
without 1ST.

● Condition 1 : Al > Aln or Al = Aln or Al < Aln
● Condition 2 : T2 > T2m or T2 = T2m or T2 < T2m

Table 2. The ranges of ~ for nine possible cases.

Al > Aln Al = Aln Al < Aln
T2 > T2n 0<+<$ 0<+<; o<#<7r
Tz = T2. +=0 no vib. Cj=.

T2 < TM –;<45<0 –; <@<o –7r <@<o

Among the nine cases, two cases are selected to examine
the responses: Al = Aln and T2 > T2n; and Al = Aln and
T2 < T2n. figure 3 shows the responses to the two-impulse
sequence, with the parameters from the above two cases. In
the figure, the solid lines represent the original vibration,
the unit impulse response without 1ST, and the dotted
lines represent the resultant responses to the two-impulse
sequence. The upper plot shows the response for the case
Tz > Tzn, and the lower plot for the case T2 < T2n.
Both of the responses display that the residual vibrations
still persist, and that phase differences also exist from the
vibration without 1ST.

!&!fkz5
o 00, 0, 0,5 0, 026 03

T,nm

Fig. 3. The responses to the 2-impulse sequence with inac-
curate parameters. Solid lines represent unit impulse
responses; dotted lines represent the resultant re-
sponses to the 2-impulse sequence with a large (upper
plot) or a small (lower plot) T2.

In adopting a learning scheme for 1ST, we have used two
measures: the magnitude of residual vibration and the
phase difference mentioned above. More specifically, the
magnitude measure M is defined as

(18)

where v(t) is any signal representing residual vibration
such as position, velocity, or acceleration. t~ < t < t~ is

the duration when the residual vibration is significant.

Another measure, @, is the phase difference between the
residual vibration with and without 1ST. Examples of @
are shown for improper sets of TZ in figure 3. When T2
is larger than the proper value, @ has a positive value or
phase lead in the upper plot. On the other hand, when
T2 is smaller than the proper value, @ then has a negative
value or phase lag in the lower plot. Hence, by observing
O, one can determine whether an 1ST parameter is larger
or smaller than the proper value.

3.2 Iterative learning scheme

The iterative learning scheme updates the 1ST parameters,
Al and Tz, by using the results from previous trials.
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Specifically, M and ~ are obtained from the previous
results, and then the 1ST parameters are updated to
further minimize M. The overall algorithm for this is
illustrated by a flow-chart in figure4, and also summarized
as follows:

●

●

●

●

Step 1 : Select an initial guess for Al and T2, and
then obtain residual vibration, either by simulation
or experiment.
Step 2 : Fix Al. Continue to simulate (or exper-
iment), while varying T2, until M has a minimum
value.
Step 3 : Set the best T2 obtained at Step 2 fixed,
and then repeat the same procedure for updating Al.
Step 4 : Repeat steps 2 and 3 until M has a
minimum value,

The initial guesses of Al and T2 are determined by (16)
and (17) from our observations of the residual vibrations
without 1ST. Yet, for nonlinear and time-varying systems,
these initial guesses are usually insufficient in suppressing
the residual vibrations. Hence, a learning process is aleo re-
quired to obtain the proper values for the 1ST parameters.

Initialguessof Al and 7’2
,

I —i

I r-”~ +Experiment(or Simulation)

I [ FixAl, Update’T,to drcreaseM ]

+

I No ~ Is M minimum?

End

Fig. 4. The flow-chart of Learning Input Shaping Technique
(LIST).

In the proposed learning scheme, parameters are updated
by using both their values and their corresponding M from
the previous two trials. Regarding the previous two trials,
we have two different convergent situations, as illustrated
in figures 5 (a) and (b), respectively.

(a) (b)

Fig.
(c) (d)

5. The (a)(b) represent the relationship between of
two parameters which were used in previous trials,
and the (c) (d) represent the updating rules for the
each case.

The two situations require two different updating rules as
follows:

When both of the two values are either larger or
smaller than the most exact value, as shown in figure
5(a), the secant method, which is a root finding
method, is then used for the next trial. This updating
rule is illustrated in figure 5(c), and also formulated
in the following equation.

Pk+l = Mk:::lMk (Pk ‘Pk-1) +Pk-1, (19)

where the Mj and the pj mean the M and the
parameter, Al or T2, of the jth trial, respectively.
When one of the values is larger than the exact value,
while the other smaller, as ~een in figure 5(b), the
weighted average value of the two parameters is then
used for the next trial (figure 5(d)), as follows:

Mk–lPk + MkPk–1
Pk+l =

h’fk_l +J!’!fk ‘
(20)

With regard to this procedure, it is therefore very im-
portant to discern which of the two above situations we
are in. For both LTI systems or nonlinear time-varying
systems having phase characteristics similar to those of
LTI systems, we can easily do so by observing the value of
+, as described in Table 2.

For some nonlinear systems that have different phase char-
acteristics, however, this phase information is not reliable
any more. For instance, a nonlinear mass-spring system can
vibrate with a decreasing frequency at smaller amplitudes.
The phase difference in this case is meaningless, because
vibrations in comparison have different frequencies. Obvi-
ously, we need to also use the updating rules that do not
demand phase information.

This end can be met by a simple trial-error method
described as follows. An initial assumption is made that
both the values of the parameters are either larger or
smaller than the exact value, as in figure 5(a). Sometimes,
the use of@ at this stage is helpful for the convergence of
iteration. Under this assumption, we first calculate pk +1 by
using the equation (19), and then obtain Mk+l through
either the experiment or simulation using this pk+l. If
the Mk+ ~ is smaller than Mk ae assumed, the learning
procees further proceeds to the next cycle. On the other
hand, M~+l larger than Mk, as shown in figure 6, indicates
that the pk+l was not properly updated. In euch a case,
the p~+l is then recalculated by using the equation (20).
This trial-error method therefore clearly enables a proper
updating of pk+ ~ wit bout using phase information.

A
M M~+l

Fig. 6. The hfk+l become larger than M~ when the
parameter is updated improperly.

4. EXPERIMENT

4.1 Experimental Setup

Experiments were performed to verify that LIST is ef-
fective for suppressing the residual vibrations in a robot

(c) 2000 Elsevier Science Ltd. All rights reserved.



conducting repetitive tasks. For this, two types of reference
trajectories were given, and the results from LIST were
then compared to those of both conventional 1ST as well
as TVIST based on Rappole’s method (Rappole, 1992).

The schematic diagram of experimental setup is shown in
figure 7. P-controllers that have inner PI velocity control
loops are used as the position controllers. An accelerometer
is attached at the tip of the robot, in order to measure the
residual vibrations from the tip.

IBMPC486
Fig. 7. Experimental setups used for the LIST. The learn-

ing process is done on the IBM-PC 486.

As shown in figure 7, 1ST is implemented on the robot
controller, whereas the learning algorithm is carried out
on an outside controller, IBM PC 486DX2-66. While the
robot is moving, the acceleration signals sensed by the
accelerometer are sent to the PC. Then the signals are
filtered with a band-pass filter in order to filter out both
drift signals and noise, and then it is stored in the memory
of the PC. After l-cycle of motion, the PC calculates ill
and ~, and then updates the 1ST parameters. Then the
values of the 1ST parameters that are updated above are
sent to the robot controller, and the next cycle follows.

Of the two different types of reference trajectories, the first
type is designed for point-to-point motions so as to have
trapezoidal velocity profiles; the second type is the same
as the first one, except that it includes an intermediate
via point to pass through with non-stop motion. It is
well known that these trajectories are very often used in
industrial applications. The joint angles of the points for
designed trajectories are listed in Table 3.

Table 3. The joint angles of the points for
desimed trajectories.

Initial point Via point Final point
Traiectorv 1
%1“ “00 — 0°
02 90° — 57°
0% 0° — 36°
Trajectory 2
91 58.6° 0° –45°
(32 26° 90° 132°
e, 0° 0° 14”

Before applying 1ST filters to the robot, we examined the
level of the residual vibrations without 1ST filters. figure
8 shows the tip acceleration signal through a filter with a
bandwidth between 2Hz and 30Hz, when only a feedback
control is used. Clearly, the residual vibrations without 1ST
are substantial and problematic. Note that the robot is
moving for 1.0s, the tip acceleration aj’ler 1.0s is regarded
as the residual vibration.

Through the above experiment, we observed that the fre-
quency of residual vibration decreases at smaller amplitude
whereas the damping ratio remains nearly constant. The
frequency variation, in our study, is caused by both the
time-varying inertia coming from both a change in the
robot’s configuration as well as a nonlinear flexibilityy in
the harmonic drive.

In order to suppress such vibrations, in addition to LIST,
two other schemes of 1ST have been adopted: conventional

15, , 1

.15: II I
0.5 1 1.5 2 2,5 3

Fig. 8. Experimental result%~(!-esidual vibration without
1ST. Note that because the robot moved for 1.0s, the
tip acceleration after 1.0s is the residual vibration.

1ST and the TVIST based on Rappole’s method(Rappole,
1992), respectively, the details of which are described as
follows:

●

●

Conventional 1ST : For adopting conventional 1ST
to nonlinear time-varying systems, we have designed
an 1ST filter using the mean value of varying frequen-
cies.
TVIST :The TVISTis represented by:

u(t) = Air(t) + A2r(t – Tz(t)). (21)

The applying time ofasecond impulse, T’2(t), which
varies with time, is estimated in real-time from the
position data of each axis.

4.2 Experimental Results

figure 9 shows the experimental results for the first type of
trajectories, which does not include via points. With the
parameters chosen initially) the magnitude of the residual
vibration is quite large. Yet, as the number of iterations
increases, the residual vibrations become smaller. The
decrease in residual vibrations shows itself id the plot of
iVf vs. iteration numbers in figure 10.

W/o 1,, 2nd 3,d

_ ,0
1ST

Iteration Ileraum Iteration

1?
g

~o
<
.

F 10
I

41h W 6th

~- 10 Iteration Iteratmn Iteration

&

go L ,$;

<
d

G 10

I I
‘024.98 12 14 16 18 20

J:(.)

Fig. 9. Experimental results: the change inresidualvibra-
tions. Residual vibrations become smaller and smaller
as the number of iterations increases.

‘i~0 0,5 1 1,5 2 2.5 3 3.5 4 4.5 5

Fig. 10. Experimental res~l% the M decreases as the
number of iterations increases.

In figure 11, the results from LIST are compared with those
from TVIST. The comparison displays that both LIST
and TVIST have well suppressed the residual vibrations,
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which implies that we can choose one between the two
schemes according to application conditions. If the real-
time estimation of the varying frequency is both possible
and affordable, TVIST is applicable; if not, yet the task is
repeatable, LIST is suitable.

....
.,0: I0,5 1 1.5 2 2,5 3

Fig. ll. Experimental result% &)othTVISTand LIST have
suppressed the residual vibrations.

The experimental results for the second type of trajecto-
ries, including avia point are shown in figure 12 and figure
13. Similarly totheresults forthefirst type of trajectories,
LIST decreases the residual vibrations as the iteration goes
on except for the 3rd iteration. 0nthe3rd iteration, iM in-
creases because of an improperly estimated ~, as illustrated
in figure 6. Moreover, owing to another vibration mode of
25Hz shown in figure 13 (notably between 1.75s and 2.25s),
Mdoes not converge to zero. Theexperimental resultsin
figure 13, however, show that the vibrationsat 3.5Hz have
virtually disappeared, as intended.

M
0.35

0.3

z

0.25

0,2

,,l,o~~o
Fig. 12. Experimenta lresul%~it htrajector yhaving avia

point: the M decreases as the number of iterations
increases. A.n increasing of ill at the 3rd iteration
was caused by an improperly estimated +.

..~l ,Z I
o 0.51152 253354

Fig. 13. Experiment alresul%$)i thtrajecto ryhavingavia
point: both TVIST and LIST have suppressed the
residual vibrations.

From the results, we have concluded that LIST is suitable
forsuppressing theresidual vibrations in a robot which is
used for repetitive tasks.

5. CONCLUSIONS

For suppressing nonlinear and time-varying residual vi-
brations in a 6 (degrees of freedom industrial robot, we
have used LIST which updates the parameters of 1ST from
previous trials.

After defining a set of measures for iteration, we have then
used the input/output value for progressing the learning

process, eo that the residual vibrations could be suppressed
without using a clynamic model.

decoupled S1S0 dynamics, based on theoretical analysis
and experiments. As a result, application of LIST could be
very simple and easy, because the iterative learning scheme
has been used only at the swing axis.

In some experiments, LIST has suppressed the nonlinear
and time-varying residual vibrations in the robot as well
as time-varying 1ST (TVIST), which changes the 1ST pa-
rameters in real time according to an estimated frequency.
Thus, we have concluded that LIST is suitable for sup-
pressing the residual vibrations in industrial robots that
are conducting repetitive tasks. Therefore, this result could
serve a useful guideline for various industrial robots other
than ours.
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