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Abstract: Shaping command input is performed for reducing residual vibrations in motion control of dynamical
structures. System inputs are changed so that the structure reaches to planned motion in minimum duration without
residual oscillation. Shaping input is obtained by convolving desired input with an impulse sequence. Main goal of the
input shaper design is to define impulse amplitudes and their instants from the dynamical behavior of uncontrolled
response. Zero Vibration (ZV), Zero Vibration and Derivative (ZVD) and Extra Insensitive (EI) are the most common
shaper types. Improving the robustness respect to modeling errors requires more impulses. These increase control
duration and make difficult to solve constraint equations directly. Required parameters can be determined from the
derivation of constraint equations.

This paper presents Three-Step (TS) input shaping technique. A solution space for three-impulse shaping is given
including both positive and negative shapers. It is shown here that ZVD and EI shapers are the special solution points
in TS shaping space. The duration of the shaper less or more than ZVD’s can be obtained in the defined space. Some
of the new shapers give better robustness than ZVD. Experimental results from a prototype planar crane system are
used to support the numerical results.
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1 Introduction

The vibration is a significant problem in dynamical = Examples of such loads range from sheets to long pipes
systems that are required to perform precise motion in  and other elastic materials.

presence of structural flexibility. Step motors, robotic  The performance of precision motion depends on
arms, flexible manipulators and crane systems are some  damping capacity of the system. The damping capability
examples for this category. Oscillatory behavior is seen  of a dynamical system can be enhanced by passive or
not only system itself but also in its load or together.  active damping methods. In the passive approach,
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oscillation damping is increased by deploying external
dampers such as dashpots or viscous dampers [1].
Feedback control can also be used as an active approach
in a wide band of insensitivity. Another approach is
feedforward control techniques. For example, residual
vibration of the system is successfully reduced by
shaping the input command. The earliest incarnation of
this self-canceling command generation was developed
in the 1950's by O.J.M. Smith [2]. His posicast control
method involved breaking a command of certain
magnitude into two smaller magnitude commands, one
of which is delayed one-half period of vibration.
Unfortunately, his technique was extremely sensitive to
modeling errors [3]. Singer and Seering developed
reference commands that were robust enough to be
effective on a wide range of systems [4]. This new
robust technique is named as input shaping.

Input shaping is implemented by convolving a sequence
of impulses, an input shaper, with a desired system
command to produce a shaped input that produces self-
canceling command signal [5]. Input shaper is designed
by generating a set of constraint equations which limit
the residual vibration, maintain actuator limitations, and
ensure some level of robustness to modeling errors [6].
The process has the effect of placing zeros near the
locations of the flexible poles of the oscillatory system.
In the input shaper, the amplitudes and time locations of
the impulses are determined by solving the set of
constraints [6-10].

Most existing crane control systems are designed to
maximize speed, in an attempt to minimize system
vibration and achieve good positional accuracy in a
minimum duration [11-14]. High stiffness can be
achieved by using short rope or heavy carrier head. As a
result, such cranes are usually heavy with respect to its
payload. This limits the speed of operation of
transportation, increases size of driving motor and
energy consumption [15-17]. The payload to carrier
weight ratio is also low under this condition. In contrast,
a tall crane system with a light carrier head provides
many returns. It requires less material, is lighter in
weight, has higher conveyance speed, lower power
consumption, requires smaller motors, is more
maneuverable, is safer to operate, has less total cost and
has higher payload to carrier weight ratio. Conversely,
the control of such systems with accurate positioning is
not easy. Troubles begin due to precise positioning
requirements in many application areas. Some
difficulties occur to obtain accurate model of the system
[17].

This paper presents experimental investigations into the
development of control schemes for vibration control of
a light and very oscillatory crane system driving in high
speeds. It is preferred in this study a feedforward control
technique, input shaping. Feedback anti-sway control
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schemes can not be used crane systems, generally. Main
problem in the feedback control systems. Optical, laser
or proximity sensor measurements are not easy to setup
in most systems. The rope length and high vibration
amplitudes make difficult to define precision
measurement.

Classical and new input shaping methods are compared
respect to their performance. The input shaper is
designed on the basis of the dynamic characteristics of
the crane system and used for pre-processing the
reference input. Performances of the developed control
schemes are evaluated in terms of level of vibration
reduction, tracking capability in high speeds and
robustness to the modeling errors. Experimental results
of the trolley travel and payload acceleration with the
control schemes are presented.

If the constraints are minimum duration and zero
residual vibration, then the solution shaper is ZV shaper.
However, ZV shaper is not well on most systems
because it is sensitive to modeling errors. Robustness
can be improved by adding more impulse to the shaper.
The resulting shaper is a three step shaper. Direct
solution of amplitudes and their duration is not possible
due to the inadequate number of constraint equations.
ZVD shaper, as a special solution, can be obtained by
setting the derivation of constraint equations with respect
to the frequency of the residual vibration equal to zero.
ZVD scheme is less sensitive to timing error and hence
generally is more robust in real applications than the ZV
scheme. However, it requires a time penalty. ZVD
shaper has duration of one period of unshaped vibration,
while ZV has only a half period [7, 8, 11-15].

There are infinite numbers of solution for TS shaping
including ZVD shaper. Duration of obtained shapers for
the selected space is between ZV and ZVD. This paper
demonstrates that TS shaping can be improved to damp
the residual vibration when the length of the command is
not allowed to be increased. Some new shapers produce
more robustness than ZVD somewhat. In Section I, the
derivation of expressions for TS shaping is given.
Section 1l displays response and robustness
comparisons for the new and classical shapers.
Finally, concluding remarks are emphasized in
Section 1V.

2 Modeling of Input Shaping

Linear dynamical systems are generally modeled by
second order differential equations. A damped
oscillatory dynamic system model can be given as:

2
mﬂ+c%+ kx = Fu(t)

dt dt @
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The transfer function of this second-order dynamical
model is

2
,

- )

$* + 20,5+ @]

G(s) =

where, w, is the undamped natural frequency and ¢ is the
damping ratio. Relationship between the coefficients of
transfer function and differential equation is given as:

, = \/E ®)
m
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Step or impulse response of the system yields generally
damped oscillatory behavior [9, 16, 17]. Impulse
response of a second order system at time t is:

x(t) = A%e‘@"“‘%) sin(w, +1- &2 (t—t,))
1-¢
(®)
Where A and t, are the impulse amplitude and instant of

the impulse, respectively. For n impulses, the impulse
response can be expressed as

X(t) = M sin(w,t + @) (6)

where

w, = wyJ1— & is damped frequency,

M = \/(Zn: B, Cos(a)dtj))z + (Zn: B, Sin(a)d'[j))2

and
A w
_ N a—Em, (t-t)
Bj = J—ze
1-¢
¢=cos (&)

A;j and t; are the magnitudes and times at which the
impulses occur [17].
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The residual vibration amplitude is obtained at the time
of the last impulse, t, as

_ a—Sopt, 2 2
Viewo) =€ Cieon T Siz0) ()
where
n
Crw =D A COS(@,t;) (8)
j=1
Sy = 2 AL SIn(yt;) (9)
i=1

Input shaping limits residual vibration by generating a
command profile that tends to cancel its vibration [16].
The vibration occurs due to the first part of the command
input is compensate by vibration occur due to the next
part of the command input. These sequences of impulses
are convolved with the desired system command. Then,
the convolution is used to drive the system. The desired
command is a step input theoretically. Several types of
input shapers have been proposed [4, 17]. The shaper
contains impulses; all of them have positive amplitudes
for positive input shaping.

Input shaping requires constraints to produce a solution.
Eqg.(8) and Eq.(9) should be independently zero to
achieve vibration free response after the last impulse [10,
18]. The sum of amplitudes of the impulses is required
unity to ensure that the shaped command produces the

n
same set point as unshaped motion, ZAJ =1. The first
j=1
impulse is applied at time zero, t;=0. Impulse amplitudes
are selected between 0 and 1 to obtain a positive shaper.
If the system is solved for two impulse sequence, ZV
shaper is obtained. Amplitudes and time locations of the
ZV shaper is shown in Eq.(10) as first and second rows
respectively.

ZN = A (10)
0 t,
Exact solution of Eq.(10) for a given system is
1 K
7V = 1+K 1+K (11)
Va
0 e
Wy
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Fig.1 shows the ZV shaper implementation by
convolving sequence of two impulses with the desired

system command.

t, Time

Ay

i

Amplitude
Anlp]itucle

Tiime
Fig.1 ZV shaper

gl

l-.-

Robustness can be improved by increasing the number
of impulses. Adding an impulse to ZV produces TS
shaper. Direct solution is impossible owing to the
insufficient constraint equations. Although we have only
three equations, three-impulse amplitudes and their time
locations require solving five unknown parameters, Ay,
A, Ag 1t and t;. A specific analytical solution can be
obtained by making the derivative of the constraint
equations (8) and (9) respect to natural frequency of the
system equal to zero,

do, =
and

s =Y At,e™" cos(wgt;) =0 (13)
da)

j=1

However, increase the impulse number results a delay in
response time. Resulting shaper is named ZVD.

1 2K K2
2D =|1+2K+K? 1+2K+K? 142K +K?
Vg 2r
0 . haidd
Wy Wy
(14)

Implementation of the ZVD shaper is shown in fig.2.
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Fig.2 ZVD shaper
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2 TS Input Shaping
This paper evaluates TS input shapers. The proposed
shapers are derived from constraints that require zero
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residual vibration of the oscillatory payload. The
searched shaper contains only positive amplitudes. TS
shaper is selected because it is less sensitive to modeling
errors.

In the case of TS input shaping, the control system
designer wants to avoid derivation process. Then it is
required to write the constraint equations in matrix form.
Three constraint equations for five unknown parameters
can be expressed depend on them as:

1 e"Cos(w,t,) e*™“Cos(m,t;) [ A ] [0
0 e"Sin(w,t,) e " Sin(o,t;) | A, |=]0
1 1 1 Al |1

(15)

The matrix form can be rewritten for impulse amplitudes
that each depends on t, and t; [11].

A
A, |=
_AS
efn %) (Cos(w,t,)Sin(w,t, ) — Sin(w,t, )Cos(w,t,)) |
Kl - Kz
— e Sin(w,t,)
Kl - Kz
e*"2Sin(w,t,)
Kl - Kz
) 16
Where

K, :e%‘“’"tzSin(a)dtz)(l—e‘f‘”"‘3Cos(a)dt3))

K, =5 Sin(w,t, )L e Cos(m,t,))

Fig.3 shows mesh plot of amplitudes respect to scaled
time locations by 7/, .
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(a) Mesh plot for A;
(b) Mesh plot for A,

(c) Mesh plot for A;

Fig.3 A;, A, and Az amplitudes respect to normalized
time locations

The usable regions for all positive impulse amplitudes
can be shown in fig.4. A;, A, and Az produce positive
value in these regions [12].
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Fig.4 Positive TS shaper region

ZV and ZVD are pointed out as special locations in this
figure. For the minimum shaping duration, the Region-I
is selected as search space in this study. All of the
shapers in this area have less duration than ZVD.
Impulse amplitudes variations in the selected area are
meshed as:
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(a) Mesh plot for A; for selected space

(b) Mesh plot for A, for selected space

(c) Mesh plot for A; for selected space

Fig.5 A;, A, and A; amplitudes mesh plot for selected
space

Our search focuses on some optimal results for different
performance measures. Minimum control time and
insensitiveness to modeling errors are main optimization
parameters. The fastest is ZV and the most robust is
ZVD. These are the extreme points in the search area.
The search area produces infinite number of new
shapers. Durations of these shapers are shorter than
Z\VD shaper. Thus, the first performance measure is
provided. Other measure is robustness. It requires that
the value of the percent residual vibration to modeling
errors should be as small as possible. In the other words,
residual vibration amplitude should be stay under the
defined level as wide as possible for more robustness
while oscillation frequency changes. Fig.6 shows the
sensitivity curve along the selected impulse time
variation area. Some shapers in this area satisfy the
robustness criteria partly. These are more robust than
ZVD under the defined level of residual vibration for
higher frequencies.
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Fig.6 Residual vibration mesh respect to impulse time
index

3 Results

Fig.7 shows the three-step input shaper control of the
experimental planar crane system setup. This is a
prototype experimental system. Some specifications are
given in Table.1.

Table.1 Crane system specifications

Drive System Geared DC Motor
Motor Controller A3953SB H-Bridge
Controller PIC16F877A
Programming Language PIC-C Compiler
Starting Point Set Method Optical Sensor
Supply Voltage 30V

Rope Length 466mm

Total Travel Length 136mm

Travel Speed 0.162m/s

Payload Weight 18.8¢

The payload is controlled using predetermined three
steps at defined time intervals. Starting time t; is selected
zero, state-l. Then crane is moved along the A;
displacement. System is braked at the end of motion,
state-1l. Crane is waited during the t, delay. Payload
reaches its maximum level. Crane is moved again to A,
distance at this time, state-111. The command of the final
step, Ags, is given after the last delay t3, state-1V.
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Fig.7 Three-step shaped crane motion system

Fig.8 shows the experimental crane system. In the
system, starting position is set by using the fixed optical
sensor as limit switch and moving cover attached to belt-
pulley system, at the right bottom. The geared DC motor
is shown at the left bottom. The rope and payload is at
the middle bottom. Small circuit in the figure is H-
bridge driver, Allegro Micro Systems A3953SB. The
motion length of trolley is entered by using pad-
keyboard to PIC controller circuit. Payload is selected as
a 626z bearing.

Fig.8 Experimental setup

ZVD shaper is designed as step functions in vertical
ladder form, normally. However, it is impossible to
finish the motion at the time of zero. Acceleration of the
motor and the rigid body motion of the crane carrier add
a delay to the total journey. Therefore, the motion is a
ramp function while motor voltage is the step functions.
Fig. 9 shows the motor input and motion respect to time.
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Fig.9 Motor input and motion variation

Our search is focused on some measures as [21]

1.

2.

3.

4.

Residual  Vibration: The chosen control
technique should not produce any vibration
during the controlled motion. This must be valid
for all different length of journey for trolley.
Sensitivity: Sensitivity curve is a plot of
percentage residual vibration versus the
normalized frequency. Percentage residual
vibration is defined as the vibration with shaping
divided by vibration without shaping.
Normalized frequency is found as the actual
frequency divided by modeling frequency.
Robustness: Robustness is defined as the width
of sensitivity curve at a specific level of
acceptable vibration. It is also known as
insensitivity range.

Time Penalty: More robustness requirement
increases the length of the input shaper. It results
an increasing in duration of control. Duration of
the ZVD shaper is greater a half period than ZV
shaper. Transcendental nature of constraint
equations (8) and (9) results multiple solution
for three step input shaping control technique.
To make the solution time optimal subject to the
residual vibration and robustness constraints, the
shaper must be made as short as possible.

Time Efficiency: It is equivalent to time
optimality in the sense of satisfying all
additional constraints.

Other measures: Input shapers are designed
based on some additional set of desired
performance specifications. These specifications
include constraints on quantities such as rise
time, braking mechanism characteristic, etc.
Another idea that comes into view in this paper
is the thought that these specifications should be
acceptable in practice. For example, real systems
always exhibit some level of residual vibration.
Therefore, when a constraint is placed on the
residual vibration amplitude, it is better to limit
the vibration to some low level rather than
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require the vibration to be identically zero. To
achieve the theoretical possibility of zero
residual vibration, some other performance
criteria must be sacrificed [22].
Some assumptions are taken to account for applying
input shaping control to the crane system.

1. All initial conditions are zero: Model of the
control system requires all of the initial
conditions should be zero. If the initial
conditions are not zero then it is hard to form a
model for dynamical behavior of the crane
system.

External disturbances should be omitted: If the
system has any external disturbances, they
should not affect the modeled dynamics of the
system.

Impossibility of measurement for feedback
control: If the crane oscillation can not be
measured easily, only feedforward control
system can be applied to the crane system.

Responses of the unshaped, some new shapers, ZV and
Z\/D shapers are shown together in fig.10. The length of
ZVD shaper is T2p=0.2749 s. ZV shaper duration is
half of ZVD shaper.

20F

Digplacement, mm

+  Step Resp.
2V Responas
VD Response
1.New Shaper
2 New Shaper

Fig.10 Response of the shapers

The robustness curves for them are given in fig.11. The
new shapers can be named as skewed shapers due to
their shapes. The skewed shaper concept is introduced
from vector diagram. The insensitivity of the classical
shapers can be widened by displacing the vectors from
the frequency axis. When the vectors are located off the
horizontal axis, the sensitivity curve is skewed. It is not
symmetrical depending on the modeled natural
frequency. In this case, main goal is to find the
maximum insensitivity range of the skewed. Durations
of the proposed shapers are less than ZVD shaper in the
entire searched region, Region-1 in the fig.4. Skewing
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disappear when the proposed shapers approaches to the
Z\V/D shaper.

The selected new shapers are not better than ZVD
shapers in decreasing frequency. The residual vibration
stays under a specified level along a wide range for
increasing frequency. For example, maximum level of
residual vibration in 1.New Shaper is under 8.66% while
frequency rises 1.653 time of natural frequency. The
duration of this shaper is only 0.8494.Txp. 2.New
Shaper stays 4.343% along the rising frequency of 1.434
and its duration is only 0.7912.T2,p. These are only two
example point in the Region-I of fig.4. This region gives
lots of new shapers which are more robust and shorter in
duration than ZVD shaper.

100 pe— T T
2V Shapor
VD Shagrar
- 1.New Shaper H
——- 2Now Shapaor

sof

80

T0p

GO -

B0l

% Residual Vibration

40
30 ¢
201
10+

L S —l L
0.8 1 12
Monmalized Frequency wion

ol

0 02 0.4 0.6 14 18 18 2

Fig.11 Sensitivity curve of the shapers

The experimental tests show that the presented methods
are extremely robust to the variation of load mass. We
added three times of weight to the modeled weight.
There is no significant oscillation using these techniques.

4 Conclusion

This study proposes a TS input shaping technique. We
have presented a new approach to the input shaping
generation technique. The new shaper extends ZVD
shaping technique into a generalized TS shaper method
that is easily applicable for any dynamical system model.
It is demonstrated here that small length shaped TS
shaper, though having higher amplitudes, result in less
vibration than ZVD shaper especially over ranges of
natural frequencies somewhat. It is demonstrated in this
study that important amount of reduction in settling time
can be obtained by using TS shaping.

In this study, we specifically search the Region-1 in fig.4.
This space provides wide sensitivity curve if the
vibration frequency rises. The Region-1l can give more
robust results in decreasing vibration frequency though
its duration longer than ZVD shaper. Region-I1l can also
be search for some advantages as future works.
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The major advantages of the proposed technique are:

To show the ZVD shaper is not unique solution
for positive three-step input shaper.

More robust three step shaper can be selected.
The duration of the shaper can be decreased by
using the proposed search region.

Both faster and more robust TS input shaper can
be generated in some increased modeling
frequencies.

Unsearched regions in fig.4 can be investigated
for robustness although the duration of the
shaper increases in future works.

References:

[1] T-S. Yang, K.-S. Chen, C.-C. Lee and J.-F. Yin,
Suppression of Motion-Induced Residual Vibration
of a Cantilever Beam by Input Shaping, J. of
Engineering Mathematics, 54, 2006, pp.1-15.

[2] O.J.M. Smith, Posicast Control of Damped
Oscillatory Systems, Proceedings of the IRE, 1957,
pp.1249-1255.

[3] M. J. Robertson and W. E. Singhose, Closed-Form
Deflection-Limiting Commands, American Control
Conference, Portland, USA, 2005, pp.2104-2109.

[4] N.C. Singer and W.P. Seering, Preshaping Command
Inputs to Reduce System Vibration, Journal of
Dynamic Systems, Measurement and Control, 112,
1990, pp.76-82.

[5] W. Singhose, E. Crain and W. Seering, Convolved
and Simultaneous Two-Mode Input Shapers, IEE
Proc. Control Theory Appl., Vol. 144, No. 6, 1997,
pp.515-520.

[6] W. Singhose and N. Singer, Effects of Input Shaping
on Two-Dimensional Trajectory Following, IEEE
Trans. on Robotics and Automation, Vol. 12, No. 6,
1996, pp.881-887.

[7] T. Chang, K. Godbole and E. Hou, Optimal Input
Shaper Design for High-Speed Robotic Workeells,
J. Vibration and Control, Vol. 9, 2003, pp.1359-
1376.

[8] C. F. Cutforth and L. Y. Pao, Control Using Equal
Length Shaped Commands to Reduce Vibration,
IEEE Trans. on Control Sys. Tech., Vol. 11, No. 1,
2003, pp.62-72.

ISSN: 1109-2777

660

Sirri Sunay Gurleyuk, Ozgur Bahadir,
Yunus Turkkan and Hakan Usenti

[9] S.S. Gurleyik, Vibration Reduction in a Step motor
Using Optimal Control Time Intervals and
Amplitudes, Acta Mechanica, Vol.177, No 1, 2005,
pp.137-148.

[10] S.S. Gurleylik, Optimal Unity-Magnitude Input
Shaper Duration Analysis, Archive of Applied
Mechanics, Vol.77, No.1, 2007, pp.63-71.

[11] S.S. Gurleyik, R. Hacioglu and S. Cinal, Three-
Step Input Shaper for Damping Tubular Step Motor
Vibrations, J. of Mechanical Engineering Science,
Vol. 221, No.1, 2007, pp.1-9.

[12] S.S. Girleyuk and S. Cinal, Robust Three-Impulse
Sequence Input Shaper Design, J. of Vibration and
Control, Vol. 13, No.12, 2007, pp.1807-1818.

[13] S.A. Kanarachos and K. Spentzas, Nonlinear
Vibration Control of a Flexible-Link Robot Arm
Based on a Taylor Series Expansion of the Control
Law, WSEAS Transactions on Circuits and Systems,
Issue 2, Vol. 2, April 2003, pp.368-373.

[14] C. Aguilar, J.H. Sossa, M.S. Suarez and F. Flores,
Lyapunov Based Control for Active Vibration
Damping in a Vertical Inverted Pendulum, WSEAS
Transactions on Circuits and Systems, Issue 10, Vol.
3, December 2004, pp.2079-2084.

[15] L. Liand Q. Li, Vibration Analysis Based on Full
Multi-Body Model and the Active Control of
Commercial Vehicle Suspension System, WSEAS
Transactions on Systems and Control, Issue 2, Vol.
2, February 2002, pp.230-235.

[16] W. Singhose, L. Porter, M. Kenison and E. Kriikku,
Effects of hoisting on the input shaping control of
gantry cranes, Control Engineering Practice, Vol. 8,
2000, pp.1159-1165.

[17] Z. Mohamed, J.M. Martins, M.O. Tokhi, J.S. Costa
and M.A. Botto, Vibration control of a very flexible
manipulator system, Control Engineering Practice,
Vol. 13, 2005, pp.267-277.

[18] A. Poty, P. Melchior, B. Orsoni, F. Levron and A.
Oustaloup, ZV and ZVD shapers for explicit
fractional derivative systems, ICAR 2003, Coimbra,
Portugal, June30-july3, 2003, pp.399-404.

[19] M.N. Sahinkaya, Input shaping for vibration-free

pistoning of flexible systems, Proc. Instn. Mech.
Engrs., Vol. 215 (1), 2001, pp.467-481.

Issue 6, Volume 7, June 2008



WSEAS TRANSACTIONS on SYSTEMS

[20] G. Alici, S. Kapucu and S. Baysec, A robust motion
design technique for flexible-jointed manipulation
systems, Robotica, Vol.24, 2006, pp.95-103.

[21] B.-J. Park, K.-S. Hong and C.-D. Huh, Time-
efficient input shaping control of container crane
systems, Int.Conf. on Control Applications, USA,
Sept. 25-27, 2000, pp. 80-85.

[22] Y. Ping, Dynamic investigation and optimal design
of a novel fluid coupling shock absorber for dual
demand of vibration and impact safety of precision
systems, Acta Mechanica, Vol.190, 2007, pp.205—
222

ISSN: 1109-2777

661

Sirri Sunay Gurleyuk, Ozgur Bahadir,
Yunus Turkkan and Hakan Usenti

Issue 6, Volume 7, June 2008



