
Simultaneous Control for Position and Vibration of
Space Robotic Manipulator with Lightweight Flexible Arm

Masatsugu Otsuki∗, Takashi Kubota∗, Tatsuaki Okada∗, and Yasuharu Kunii∗∗
∗ Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency

∗∗ Department of Electrical, Electronic, and Communication Engineering, Chuo University
E-mail: otsuki@isas.jaxa.jp

Abstract

This study presents a synthesis scheme on a target
history for the simultaneous control of position and
vibration of a space robotic manipulator with a flex-
ible arm. As an essential problem in the manipulator
with a flexible arm, its vibration is easily induced
by self-motion and external disturbance. Therefore, in
this study, the authors develop the long, lightweight
and forceful manipulator for a planetary lander and
propose the control scheme not to require additional
sensors and actuators for suppression of the vibration
based on a feedforward control. The induced vibration
of the manipulator is confirmed through the brief
experiment and the command shaping method in the
proposed control scheme is described in this paper.
Finally, the numerical calculation with the control for
the sample object is performed.

1. Introduction
A planetary exploration is scientifically very impor-

tant because of identification of formation of a planet
in the solar system and discovery of life precursor.
In recent years, some planetary exploring missions to
Mars and asteroids have received a lot of attention in
the world. In particular, many researchers have focused
on a science instrument to directly handle a planetary
sample, rock and sand, which is different from the
instrument in orbital mission. In the Phoenix mission
operated by NASA, the spacecraft including a lander
is on the way to Mars. This lander has the manipulator
for scooping sand on surface of Mars and observing
the sample by the spectroscopic camera at the tip of the
manipulator. Further, the Mars exploration rovers have
the rock abrasion tool, which is attached to the manipu-
lator and is employed as the science instrument for the
observation of internal structure of rock and boulder on
the Mars surface. The Hayabusa spacecraft operated

by JAXA arrived at the target asteroid Itokawa on
12th September in 2005 and observed the asteroid
for approximately two months, and then Hayabusa
touched down on the surface of Itokawa twice in
November 2005. The Hayabusa spacecraft introduced
a dynamic touching down on the surface of the target
asteroid and then a method to automatically collect
samples by using the novel sampler system[1]. In
lunar or planetary exploration, similarly, a longer, more
lightweight, quicker and more forceful manipulator is
required for sampling materials around a lander and
a rover and laying scientific instruments on planetary
surface. However, the design of the manipulator like
that is often prevented by some control problems due to
flexibility of its arm; as the result, the quickness of the
behavior and positioning precision are reduced. There-
fore, in this paper, the the authors develop the long,
lightweight and forceful manipulator for a planetary
lander, and the simultaneous control scheme for the
position and vibration of the manipulator is proposed
along with the command or input shaping method.

In recent years, many researchers have focused on
a command shaping method for the synthesis of an
input or a command that is employed for simultane-
ously controlling position and vibration of a flexible
structure. By using this method, a positioning target
history can be calculated on the basis of estimates
of only the damping ratio and natural frequency of
the controlled object. Singer and Seering [3] showed
that the residual vibration can be significantly reduced
by employing the command shaping method. Further,
many methods [2], [4]–[11] for shaping a command
have been proposed thus far, and they are expected
to have practical applications from the viewpoint of
reducing computation time and hardware cost; this is
because a command shaping method only uses a simple
system model, requires very little computation, and
needs a few sensors.

It is shown in this paper that the joint target designed



Figure 1. Picture of the experimental setup of the
manipulator
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Figure 2. Schematic of the joint configuration of the
manipulator

by the proposed method has the high robustness against
parameter variation without the extension of the set-
tling time, as substitute for requiring the complicated
design procedure. In detail, this paper presents the syn-
thesis method for a robust control target that considers
parameter variation due to change of a joint angle in
the controlled object, and the specific procedure for the
synthesis of the feedforward input that is independent
of schedule and distance to a goal for positioning and
vibration control. Moreover, the procedure for the in-
stallation of the proposed target is put forward because
the load for its implementation would be reduced.
First, the motion of manipulator, induced by the on-off
control input, is shown through the experiment; second,
the procedure of the proposed method is clearly shown.
Finally, the numerical calculation using the shaped
target and a sample model is performed.

2. Controlled object and control strategy

2.1. The controlled object

The controlled object is the manipulator as shown
in Figs. 1 and 2. This manipulator consists of the six
joints with DC motors, two arms and one end-effector.
The arms are made of the glass fiber reinforced plastic
but this is rigid. The vibration of the manipulator is
induced due to the second and third joints flexibility.
Each joint has a DC motor and a double stage gear
with the two harmonic drives. By the double stage

Table I
Brief summary for parameters of the manipulator

Terms Value
Total mass 8.5 kg
Maximum power consumption 15 W
Farthest accessible point 2.0 m
Maximum possible force (at 2.0 meters) 80 N
Joint number 6
1st natural frequency (manipulator with mass)3.5–8.0 Hz
1st natural frequency (flexible plate) 2.5 Hz
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Figure 3. Block diagram for the implementation of
vibration and positioning control

gear, the manipulator can generate large torque more
than 100 Nm. However, the rotation speed of the
joint is considerably reduced and the friction damp-
ing is extremely increased. The fundamental natural
frequency of the manipulator is approximately 3.5 Hz
in the case that the manipulator is fully extended, and
it is varied due to the angle of each joint. Further,
the flexible plate with an acceleration sensor for the
evaluation of the vibration suppression is attached to
the fourth joint and its natural frequency is fixed to be
approximately 2.5 Hz in the fundamental mode. The
parameters in the manipulator are shown in the Table.
I. The electrical details in the joints are omitted in
this paper. The intended purpose to this manipulator
in planetary exploration is to handle a sample on
the surface of the planet and to locate a sensor such
as seismometer and thermal flowmeter on surface or
under soil.

2.2. Simultaneous control strategy for position and
vibration

The entire control system for the manipulator is
considered as shown in Fig. 3; however, the function
blocks of ’shape command’ and ’servo controller’
alone will be mentioned in this paper. First of all,
the simultaneous control for position and vibration of
the manipulator will be verified from the viewpoint
of a settling time and vibration suppression perfor-
mance through the three experiments 1) to measure the
shortest settling time and amplitude of the vibration
by moving the manipulator with the on-off input, 2)
to confirm the generation of the vibration excitation
for the case that each joint in the manipulator follows
a given target position with two degrees of freedom
control system, and, 3) when it is confirmed the
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Figure 4. Concept of simultaneous control of position
and vibration
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Figure 5. Time history of acceleration at the flexible
plate in the manipulator and on-off input velocity

vibration of the manipulator is induced by the self-
motion, to apply the proposed control scheme to the
vibration control problem and to confirm the vibra-
tion suppression performance and robustness against
parameter variation or spillover.

The reason why the vibration is induced by self-
motion is demonstrated in Fig. 4, which shows the
amplitude of the frequency response from input to
evaluated output. Conventionally, a controlled object is
moved with very low speed; as the result, the frequency
in the object and that in the input is not intersected
like the spectrum in (1). However, in such a manner
that depends on requirement of increasing speed, the
spectrum of the input has the intersection with that
of the object in (2); as the result, the vibration in
the object is induced by its quick motion. Therefore,
the needs of the simultaneous control for position and
vibration to reduce the spectrum of the input in the
arbitrary frequency range in (3) are brought up. In this
paper, the simultaneous control will be implemented on
the basis of the control target designed in simulation
using the nonstationary robust control method.
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Figure 6. Timehistory of acceleration at the flexible
plate in the manipulator and input velocity
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Acceleration in flexible plate in the 4th joint

Fortyfold angular velocity in the 1st joint

Figure 7. Time history of acceleration at the flexible
plate in the manipulator and input velocity

2.3. Confirmation of induced vibration in experi-
ment

First, to confirm the induced vibration of the ma-
nipulator, its joints are moved by using the on-off
input. The control targets on the first three joints
are assigned to be[θ1 θ2 θ3] = [π/9 −π/9 π/9]
Figure 5 shows the time history of the acceleration
of the flexible plate and the velocity derived from the
numerical derivation of the input position into the first
joint. As a result, when the input was switched into
on or off state, it is confirmed that the vibration of the
manipulator occurs. However, in this case, the settling
time is the shortest, which is approximately 8 seconds.

In the next two cases, the control targets are mod-
ified into the constant or ramp targets. Moreover, the
feedback control system with the feedforward control
term is employed for the servo controller. As a result,
the vibration of the manipulator is excited only in the
case using the constant target because the control input
is saturated right after starting control; thus, it is often
constrained within the limitation during the control.
Meanwhile, the vibration is adequately suppressed in
the case using the ramp target because the control input
was not saturated. If it is considered that the settling



time is adequately short in this result, it is enough to
reduce the vibration by using the feedforward control
term as shown in this experiment and the simple
command shaping that the control target is slowly
brought up to the final target position.

The two issues exist in order to further reduce the
settling time down to the settling time in the on-off
control. First, the servo controller must be improved
to more quickly control an angle in each joint. In this
improvement, the synthesis method for the controller
should be changed into appropriate method such as
a sliding mode control method or other nonlinear
control method. Second, the target must be modified
not to induce the vibration of the controlled object as
shown in the on-off control experiment. Moreover, the
target should have the robustness against the parameter
variation in the natural frequency because the nature
of the manipulator is varied due to the angles of joints.
Hence, the target should be designed with the method
such as a command shaping method.

In this paper, the proposed solution for the later issue
is verified through the numerical calculation.

3. Synthesis method of the robust control
target

In this section, it is assumed that the joint of
the manipulator is more quickly controlled and the
vibration of the manipulator is induced by its self-
motion. Namely, it is supposed that the first issue, the
improvement of the servo controller, is satisfied in this
paper. For this case, we propose the synthesis method
of the target history to each joint in the manipulator
and it is redesigned for the vibration suppression based
on the command shaping method. The target history is
utilized as a target against a local servo system for the
motor of the joint and it is also designed on the basis
of the nonstationary robust control method through the
numerical calculation. The nonstationary robust control
method is based on H∞ theory and a time-varying
generalized plant with structured uncertainty due to
parameter variation and error.

3.1. Synthesis procedure of the robust control tar-
get for simultaneous control of position and vibra-
tion

In this paper, the simultaneous control for position
and vibration is performed by using the shaped com-
mand as a feedforward input into a controlled object
with a servo controller. And then we propose the
command shaping method with a model-based control
theory which is employed for changing the provided
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command to an effective target that is an input to a
general servo controller in an actuator system as shown
in Fig. 3.

3.1.1. Feature of the proposed method.The pro-
posed method is also a unified synthesis method of
a robust control target and it has the following advan-
tages: the proposed method is 1) applicable to the con-
trol of both linear time-varying (LTV) and linear time-
invariant (LTI) systems, 2) capable of reducing the
vibration of an object in the presence of the vibration
at the initial time, 3) a practical methodology without
redesigning a target history due to alterations in the
positioning schedule and distance to a goal, 4) able
to design a control target with considering parameter
variation of an object, higher-order modes, model er-
rors, and actuator dynamics, 5) effective for improving
intermediate states of the object during its control,
6) capable of taking into the maximum velocity and
acceleration of an actuator in the synthesis procedure
of a control target, 7) a method that requires no base
target history, 8) practical for the implementation of a
control target based on the Fourier series, and 9) easily
comprehensible because the proposed method is based
on the Riccati differential equation, i.e., the model-
based method. There is a lot of advantages above;



however, the works for modeling and shaping time-
varying weightings for the synthesis of the feedback
controller are disadvantageous for an inexperienced
designer when the proposed method is compared with
the command shaping method. Hence, the nominal
shapes of the time-varying weightings and the synthe-
sis technique for the other parameters are described in
this paper.

3.1.2. Synthesis procedure of the control target
history. In this section, we propose the synthesis
method for the robust control target based on the robust
input derived from the simulation of the feedback
control using the nonstationary robust controller. The
procedure for synthesizing the robust control target
consists of five steps: to formulate, design controller,
simulate, convert input and implement target, as shown
in Fig. 8. The procedure until the fourth step is
explained as follows:

1) to formulate the controlled object: the nominal
model of the controlled object for synthesizing
a controller and simulating its dynamics is con-
structed in the form of a linear time-varying or
time-invariant system;

2) to design the feedback controller:

a. to establish the control problem: the control
problem for positioning and vibration sup-
pression of a flexible structure is decom-
posed into two regulator problems in the
acceleration and deceleration areas;

b. to design a state feedback controller: the
state feedback controller is designed on the
basis of the weightings which are shaped to
solve the regulator problem with the finite
time, t f , in the deceleration area alone;

3) to simulate the regulator problem in decelera-
tion area : with the derived feedback controller,
the regulator problem only in the deceleration area
is solved through the simulation for the case in
which the initial velocity is assigned tovmax –
the maximum velocity that the actuator of the
controlled object is able to generate; thus, the time
history of the control input is obtained from the
simulation;

4) to convert the control input to the target

a. to calculate the history in the acceleration
area : first, the deceleration is calculated by
dividing the control input bymall – the entire
mass of the object; the accelerating history
in acceleration area is designed by reversing
the derived time history of the deceleration
with plus and minus; that is, if it is supposed
that the history in deceleration area is the

function f (t), the history in acceleration area
coincides with− f (t);

b. to calculate the target acceleration: Fe(t),
the entire time history in the target accelera-
tion, is obtained by locating the time history
of the deceleration, which is translated by
the time t f , after the time history of the
acceleration.

The nominal control target is obtained through the
procedure above.

In the first step, the selection of a linear time-
varying system as the nominal model is appropriate
only for the case in which the time schedule of
positioning is previously defined; therefore, the time-
invariant system, which includes the mode with the
lowest natural frequency in its estimated varying range,
is more appropriate for synthesizing a control target in
a control of a flexible structure.

In the second step, a synthesis method such as a
robust control method based on the H∞ theory and
an optimal one is employed to solve the regulator
problem. In this paper, the nonstationary robust control
method, which is mentioned below, is adopted as the
synthesis method because it is facile for this method
to satisfy time-varying requirements in the control.
Furthermore, the finite timet f as a control period is
assigned to be greater thanvmax/amax; amax indicates
the maximum acceleration in hardware. In addition to
the consideration of the hardware limitation in velocity
in the third step, this mathematical operation folds
the target acceleration within the hardware limitation.
In this paper, the nonstationary robust control method
[12] and the procedure of implementation of the target
acceleration into hardware are omitted.

3.1.3. Implementation of the target acceleration.
In this section, this paper provides the implementation
methodology, such that the target velocity or position
is implemented into hardware with a reduction in the
required memory amount by approximating the control
target on the basis of the Fourier series.

In the fifth step in Fig. 8, the specific procedure for
saving the target acceleration into a storage device is
explained as follows:

5) to implement the target

a. to approximate the target acceleration:
Fe(t), the time history of the nominal tar-
get acceleration given at the fourth step, is
approximated using the Fourier series with
an appropriate ordern as follows:

Fe(t)≈
n

∑
i=0

(
aicos(iω f t)+bisin(iω f t)

)
, (1)



b. to save the coefficients and parameters:
the derived Fourier coefficients,ai and bi ,
approximating order,n, fundamental fre-
quency,ω f , andvmax are saved into a storage
device.

When the target is utilized in the sixth step in
Fig. 8, the procedure for implementing the target into
hardware is shown as follows:

6) to generate the target

a. to derive the goal position: xgoal, the dis-
tance to the goal, is derived automatically or
from an operator;

b. to reproduce the fundamental target accel-
eration : the nominal target acceleration is
obtained by using the Fourier inverse trans-
form on the basis of the saved parameters
and internal functions of the hardware;

c. to acquire the acceleration and deceleration
sections: the reproduced target acceleration
is divided into the acceleration and deceler-
ation sections again;

d. to calculate the start time of the deceleration
: tstart, the start time of the deceleration, is
uniquely calculated by the following equa-
tion:

tstart =
xgoal

vmax
; (2)

e. to calculate the gain for the targetif tstart ≥
t f , kamp, the gain for the target, is equal to
unity; if tstart ≤ t f , kamp is described by the
following:

kamp=
xgoal

vmaxt f
if tstart ≤ t f ; (3)

in the latter case,tstart becomest f ;
f. to calculate the entire target acceleration:

the entire target acceleration is recalculated
by locating the time history of the deceler-
ation, which is multiplied by the gainkamp

and translated by the time,tstart, after the
time history of the acceleration multiplied
by the gainkamp;

g. integration of the target acceleration: if
necessary, the target position or velocity is
calculated by integrating the derived target
acceleration.

From the procedure above, the robust control target
history is changed into the type of usage. Andtc, the
terminal time of the control, is then derived astc =
t f + tstart.

In the sixth step above,tstart is uniquely obtained
because of similarity between acceleration and deceler-
ation in the control target. First, the acceleration history

for the positioning of the object consists of accelerating
area and decelerating area. However, the acceleration
in the accelerating area is obtained on the basis of the
deceleration in the fourth step. Here, it is assumed that
the velocity history in the control target includes the
constant velocity section. If it expresses the velocity
in the decelerating area, asg(t), the velocity in the
accelerating area becomesvmax− g(t). Between the
velocities in the accelerating and decelerating area,
there is the constant velocity section withvmax. Further,
when the start time of the deceleration is expressed
as tstart, the integration value of the velocity history
is equal tovmax× tstart; namely, it coincides with the
distance to goal. As the result,vmax× tstart = xgoal and
Eq. (2) is then obtained.

The reason why the Fourier series is adopted for
the approximation method is that they can easily
approximate the nominal target acceleration history,
Fe(t), because of shape similarity between sinusoidal
wave and time history of the entire acceleration. If
the polynomial approximation was employed, the high
order terms would be needed in this case, and when
the signal is reproduced on the basis of the approxi-
mation coefficients, the calculated signal might become
divergent due to inaccuracy of the coefficients. In the
proposed method, the approximation of a control target
is implemented on the basis of the coefficients of the
Fourier series whose number is less than ten.

By using the above-mentioned method, the required
memory amount in the hardware is considerably re-
duced; however, the computing load is increased as
a result of the recalculation of the target. Therefore,
the amount of the saved target history and the Fourier
coefficients should be adjusted in such a manner that
depends on the required memory amount and feasible
computing load.

Thus, the target history, which induces a few vi-
brations in the controlled object, is designed and the
simultaneous control for positioning and vibration is
implemented such that the servo controller in the
controlled object follows the derived target. This is a
simple way but some questions regarding this arise; for
example, is the stability of the input for the motion and
vibration control guaranteed? From the very first, the
proposed method is based on the feedforward control.
Further, if the regulator problem is solved for the case
in which the initial velocity of the controlled object
is −vmax, we can obtain the same time history in the
acceleration area as the result given in the fourth step.
Therefore, the stability of the control is guaranteed
and the connection of the deceleration and acceleration
is also of no matter. Finally, the description on the
nonstationary robust control method is omitted.



Table II
Parameters of the controlled object in simulation

Term Value
Total mass (includes loading mass)17 kg
Loading mass 7 kg
Spring constant 9.5×102 kg/s2

Damping coefficient 5.0 kg/s
Fundamental natural frequency 1.36–1.88 Hz
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Figure 9. Time history example of the target velocities designed
by the proposed method and the command shaping method

4. Verification for the proposed method
through numerical caluculation

4.1. Verification in numerical calculation

In this paper, the proposed method for synthesizing
a target is applied to the problem for simultaneously
controlling position and vibration of the manipulator.
The vibration of the manipulator is induced by its
self-motion and disturbance due to parameter variation
depending on joint angles. The controlled object is
expressed in a general flexible structure which consists
of the two mass points, springs and dampers. And it
is then modeled by using the shearing model and the
brief summary of the parameters is shown in Table II.
It is supposed in this model that the loading mass is the
time-varying parameter because the natural frequency
of the manipulator is changed in such a manner that
depends on its attitude. In this numerical calcula-
tion, it is also supposed that the natural frequency is
changed from 1.33 to 1.88 Hz. The performance for
the proposed control and the robustness against the
parameter variation are evaluated through the numer-
ical calculation on the basis of the residual vibration
after the object stopped. The proposed control method
is compared with the command shaping method [8]
in the numerical calculation. However, the validation
of the implementing procedure of the proposed target
history will not be mentioned in this paper.

4.2. Basic results of the numerical calculation

This section describes the basic results with regard
to the positioning performance of each control target,
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Figure 10. Time history of the acceleration at the edge and its
amplitude spectrum for the nominal case
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Figure 11. Time history of the acceleration at the edge and its
amplitude spectrum for the worst case

as shown in Fig. 9. First, the results of the numerical
calculation for the nominal and worst cases are shown
in Figs. 10 and 11, respectively. In the nominal case,
the fundamental natural frequency of the controlled
object is set at 1.36 Hz; in the worst case, it is set
at 1.88 Hz. The figure in the nominal case shows
the time histories of the relative accelerations at the
edge of the object and the amplitude spectrum of the
relative acceleration only in the deceleration area, i.e.,
after 4 seconds. The figure in the worst case also
shows the time history of the relative acceleration
and its amplitude spectrum only in the deceleration
area. Furthermore, the result derived by simulating the
feedback control using the trapezoidal acceleration is
included only in the nominal case result. In Fig. 10,
the motion derived only by using the trapezoidal accel-
eration induces considerable vibration in the controlled
object during its positioning. The proposed control
can effectively reduce the residual vibration of the
controlled object without resulting in spillover due to
the higher order modes. Although the control using the
command shaping method is able to reduce the residual
vibration due to the first mode of the object, the
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residual vibration due to the higher modes could not be
effectively suppressed. In Fig. 11, the proposed control
alone can be implemented for reducing the residual
and motion-induced vibrations through all the time
without exciting the vibration due to high-order modes
and parameter variation. In the result of the control
using the command shaping method, the vibration of
the controlled object is induced during positioning
due to parameter variation and ignored higher-order
modes; particularly, the vibration with a frequency in
the vicinity of 1.88 Hz is excited. These results indicate
that the frequency components included in the target
history influence the response of the controlled object.

4.3. Comparison of the numerical results and dis-
cussion

The robustness of the proposed control target is
compared with that of the command shaping method
on the basis of the numerical calculation that simulates
the variation in the natural frequency. The robustness
of the target history against the parameter variation is
examined for the case in which the fundamental natural
frequency of the controlled object is set at an arbitrary
value between 1.36 and 1.88 Hz.

Figure 12 shows the result and the shaped command
performances of positioning and suppressing the resid-
ual vibration of the controlled object are equivalent
to the nominal case; however, the proposed method
alone can reduce the residual vibration more effectively
for all the frequencies. On the basis of the above-
mentioned numerical results, we could confirm that the
proposed control target implements the simultaneous
control of position and vibration of the manipulator
with high robustness against the natural frequency
variation, and that a shaped command designed by
using a model-based method is usefulness.

5. CONCLUSIONS
This paper mentioned the method for the synthesis

of the robust control target, which is practical for

positioning the joints in the manipulator with flexible
arms. Through the experiment that the manipulator
is controlled, it is confirmed that the vibration is
induced by the on-off input in exchange of shorten-
ing the settling time. Further, in order to verify the
proposed method through numerical calculation, the
procedure of the synthesis of a control target was
clearly described. The proposed target was designed
on the basis of the numerical calculation that simulates
the feedback control using the nonstationary robust
controller which considered the parameter variation as
a structured uncertainty; Finally, the numerical calcu-
lation using the shaped target in the proposed control
scheme was performed. In the future study, first, the
proposed method is applied to the vibration control
of the manipulator with faster movement implemented
by the modified servo controller in the experiment.
Furthermore, by using the nonstationary robust control
method [12], the control target, with the high robust-
ness in uncertainties due to both parameter variation
and ignored high order modes, would be designed.

6. References
[1] H. Yano, and et al., ”Touchdown of the Hayabusa spacecraft

at the Muses sea on Itokawa”,Science, vol. 312, pp. 1350-
1353, 2006.

[2] B. K. Kim, and et al., ”Robust controller design
for PTP motion of vertical XY positioning systems
with a flexible beam”, IEEE/ASME Trans. Mechatron-
ics, vol. 8, No. 1, pp. 99-110, 2003.

[3] N. C. Singer, and W. P. Seering, ”Preshaping command inputs
to reduce system vibration”, ASME J. Dyn. Syst., Meas.,
Control, vol. 112, pp. 76-82, 1990.

[4] P. H. Meckl, and R. Kinceler, ”Robust motion control of
flexible systems using feedforward forcing functions”,IEEE
Trans. Control Systems Technology, vol. 2, No. 3, pp. 245-
254, 1994

[5] C. L. Teo, and et al., ”Pulse input sequence for
residual vibration reduction”, J. Sound and Vibra-
tion, vol. 211, No. 2, pp. 157-177, 1998.

[6] W. J. O’Connor, ”Wave-echo position control of flexible
systems: towards an explanation and theory”,Proc. 2004
American Control Conference, 2004, pp. 4837-4842.

[7] L. Y. Pao, and M. A. Lau, ”Robust input shaper control design
for parameter variations in flexible structure”,ASME J. Dyn.
Syst., Meas., Control, vol.122, pp. 63-70, 2000.

[8] W. Singhose, and et al., ”Residual vibration reduction using
vector diagrams to generate shaped inputs”,ASME J. Dyn.
Syst., Meas., Control, vol.116, pp. 654-659, 1994.

[9] W. Singhose, and et al., ”Vibration reduction using multi-
hump extra-insensitive input shapers”,Proc. 1995 American
Control Conference, 1995, pp. 3830-3834.

[10] T. Singh, ”Jerk limited input shapers”,ASME J. Dyn. Syst.,
Meas., Control, vol.126, pp. 215-219, 2004.

[11] K. S. Lee, and Y. S. Park, ”Residual vibration reduction
for a flexible structure using a modified input shaping tech-
nique”, Robotica, vol. 20, pp. 553-561, 2002.

[12] M. Otsuki, K. Yoshida, H. Kimura, T. Nakagawa, S. Fuji-
moto, ”Nonstationary robust control for vibration of ele-
vator rope”, JSME Journal of System Design and Dynam-
ics, Vol. 1, No. 2, pp.283-294, 2007.


