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number of terms in the series, whereas p is the
relative weighting of the cost function ; they are
not the same as L and p in the exact model. To
accommodate three natural frequencies, instead
of one, there are three summations in Equation

16. Therefore, w; becomes w;; , where j represents

ij >
the index of the natural frequency. In the case of
+ 17% deviation for the first three modes, the
bounds on the first three natural frequencies are

0.83w,; < w; <1.17w,;,j =1, 2, 3. The desired
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move distance is y,= 0.5 rad. Figure 10(a) shows
the frequency spectrum of the shaped ¢, . The
spectrum magnitudes around the three natural
frequencies were greatly reduced. The time plot
of ¢, and corresponding a, are given in Figure
10(b) and (c). Note that the desired move time
increased from 0.45 s in the square-wave case
Figure 8(c)) to 1.4 s in the ramped sinusoidal
case (Figure 10(c)) because the energy that was
pulled out from the spectrum around the three

Figure 9 Frequency spectrum of robot’s step response.

Figure 10 (a) Frequency spectrum of the shaped ¢, . (b) Time plot of ¢, . (c) Corresponding angular

position a.
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natural frequencies results in a slower desired
position profile. However, as will be seen in the
experimental result, the ramped sinusoidal profile
greatly reduced the robot’s move time because
it induced much less residual vibration than the
square-wave profile.

RESULTS

Figure 11(a) shows the experimental
results of the robot’s angular position o when the
square wave is used as ¢, (dotted line, without
command shaping) and when the shaped input is
used as ¢; (solid line, with command shaping). It
is clear that the robot settled at its desired trajectory
much faster in the shaped input case with much
less overshoot. The low-frequency vibration
disappeared after 7 sec in the shaped input case
while, in the square-wave case, the low-frequency
vibration was still apparent as a result of the robot
being very flexible. To quantify the result, the
robot’s settling time reduced from 3.3 sec to 1.2 sec
using the shaped input, and the overshoot reduced
from 120% to 30% using the shaped input.

The driving voltage inputs are given in
Figure 11(b) where the dotted line belongs to the
square-wave case, and the solid line belongs to the
shaped input case. During the move period, in the
shaped input case, the input was more active but
with lower amplitude. As a result, the trajectory
was actively controlled with less overshoot. The
robot could follow the human command closely
with significantly less vibration. Hence the
robot could achieve faster point-to-point motion
despite its very flexible link. The design can be
extensively applied to actual cranes or industrial
robot manipulators for faster moves and reduced
link damage due to vibration.

Table 1 contains transient responses and
control effort comparisons between the proposed
method and other active control systems. All active
control systems are designed to move the robot
from its initial position at 0 rad to its end position
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at 0.5 rad. They were tuned for the best results
possible in terms of settling time and overshoot
while the peak control effort was also recorded.

When the command shaping was turned
on, the proposed method had the shortest settling
time and smallest overshoot with the least peak
control effort used. This paper has shown that
using command shaping with a simple active
controller, like the PD, can make the following
contributions:

1) With less settling time, the very
flexible-link robot can be moved faster from
point to point; therefore, productivity can be
increased.

2) Less overshoot results in safer
operations because the very flexible-link robot
does not move beyond the safety zone, where
obstacles may be hit. Less overshoot can also result
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Figure 11 (a) Robot’s angular position with (w)
and without (w/0) command shaping.
(b) Input voltages for the two cases.
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Table 1 Transient responses and control effort comparison between proposed method and other active

control systems.

Method Settling Time (sec) Overshoot (%) Peak Control Effort (volt)
Proposed method 1.2 30 1.3
(command shaping
with PD control)

PID control 33 120 2.3
Fuzzy logic 3.0 80 1.5
Quantitative 5.7 200 3.5
feedback control

PD is the proportional-derivative controller.

PID is the proportional-integral-derivative controller.

in a longer life and lower maintenance cost for the LITERATURE CITED

robot.

3) With lower peak control effort, a
smaller motor can be selected, which reduces the
cost of the robot, and the running cost for items
such as electricity can be lower.

CONCLUSION

The desired acceleration profile was
shaped using a series of ramped sinusoidal
functions. The spectrum magnitude of the new
profile was shaped to avoid energizing the system
at its natural frequencies. As a result, the flexible-
link robot achieved a faster settling time with less
overshoot.

The work in this paper gives an alternative
and practical way of controlling the slewing of the
flexible-link robot. Since minimum knowledge of
the system was required in the algorithm, it could
casily be extended to the multi-link case or to other
robots without much redesign effort.
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