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Abstract

Input shaping is a feedforward approach and can be applied to suppress flexible vibration. In this paper,
modified input shaping (MIS) is proposed for robustness and multimode vibration suppression. The
theoretic analysis shows that the MIS poses better performance in several aspects than the traditional input-
shaping technique. The controller that combines MIS with PD feedback law is designed for an experimental
single-link flexible manipulator. Hardware experiments are conducted to verify the proposed method.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Increasing demands for high-speed performance and low energy consumption of robotic
systems coupled with needs of space application have motivated the design of light-weight
manipulators. Controls of such systems pose challenging problems when the significant flexibility
must be taken into account [1,2]. Considerable work has been carried out in the control of flexible
manipulators over the past years, which can be roughly divided into feedback and feedforward
strategies. The feedback control strategies use measurements and estimations of the system states
to suppress vibrations, such as adaptive control [3], fuzzy control [4], sliding mode variable
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structure control [5], neural network control [6], etc. Smart materials have also been used as
sensors and actuators in the vibration control, i.e. piezoelectric materials [7], shape memory alloys
[8], etc. While feedback approaches have been demonstrated to be effective, the performance of
feedback methods can often be improved by adding a feedforward controller.

One special feedforward control strategy, known as input shaping, has been studied widely
since its first appearance [9] for possessing the advantages of simplicity and effectiveness, and
because no additional sensor and actuator are required. Fig. 1 shows the process of input shaping.
With this method, an input command is convolved with a sequence of impulses, called an input
shaper, to produce a shaped command that causes less vibration than the original unshaped
command. It has been successfully used to reduce residual vibrations in numerous mechanical
systems, such as coordinate measuring machines [10,11], experiments on board of the space
shuttle Endeavor [12,13], long-reach manipulators [14], cranes [15,16], and two-link flexible
manipulators [17].

Many control schemes were successfully implemented by employing the input-shaping
technique. Hillsley and Yurkovich [18] apply input shaping to large angle movements of a two-
link robot, switched to feedback control when approaching the desired position. A combined
controller of input shaper and state feedback is successfully implemented on a five-bar linkage
manipulator [19]. Magee and Book [20] incorporate input shaping into a feedback controller to
suppress the vibration of a small-articulated robot mounted on the end of a long and slender
beam. Ooten and Singhose [21] combine input shaping and sliding mode control to improve the
tracking performance of a flexible system. It has been demonstrated by Murphy and Watanabe
[22] that the design of input shapers in the z-domain is easy and effective, and that the proposed
shaping algorithm could easily adapt the shaper parameters to dynamic systems with parameters
variation. Other researches include an extension of the pole-zero cancellation design techniques
[23], a particular straightforward approach [24], and the use of the z-plane to design a robust
multi-hump input shaper [25]. The design of multi-input shapers using s-plane pole placement
technique can be found in Ref. [26]. The maneuver command with input-shaping technique has
been designed for flexible spacecrafts with on—off actuators [27,28]. Input shaping is also
compared with several traditional filters in Ref. [29]. Input shaping for multimode vibration
suppression can be found in Refs. [30,31].

In this paper, the traditional input shaping (TIS) is modified and the modified technique is
studied in detail. The remainder of this paper is organized as follows. In Section 2, the TIS is
introduced first and then the modified input shaping (MIS) is proposed and analyzed. The model
for a kind of single-link flexible manipulator is proposed in Section 3. In Section 4, an
experimental single-link flexible manipulator is developed and the experimental results are
discussed. Finally, some conclusions are given in Section 5.
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Fig. 1. Diagram of input-shaping process.
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2. MIS
To simplify the analysis, a harmonic vibration system is given in Eq. (1):
X+ 2cwx + w*x = 0*F(1), (1)

where x is the state, o is the natural frequency, ¢ is the damping ratio, and F(z) is the control
input. The corresponding damped vibration frequency w, and period 7'y can be calculated by
wg = wy\/1—¢?and Ty = 2n/wy, respectively.

In the following, we use the time domain approach to determine the parameters of the input
shaper. The vibration amplitude of system (1) can be derived from the sum of the impulse
responses. The response of the vibration system under multiple impulses can be calculated as

1/2

Viw.g)=e T (Z AT COS(wdTi)> + (Z AT sin(wﬂ:-)) SG)

i=1 i=1

where m is the number of applied impulses, 4; and T; are the amplitude and acting time of the ith
impulse. The simplest constraint to put on the system is zero vibration (ZV) at the modeled
frequency, and damping of the vibration mode, i.e. V(w,,,¢,,) = 0, which requires

m

Z AT cos(wyT;) = 0, AT sin(w, T;) = 0. (3a,b)
=1

i=1 i

To guarantee the desired performance, two more constraints were also imposed: (1) 7| = 0; (2)
> A; = 1. The first constraint is just for simplification. The second constraint ensures the final set
point of the system due to the shaped input is the same as that due to the unshaped input.

There are overall four constraint equations and therefore four unknown variables can be
solved. We define the amplitude and the acting time of 2 impulses as four variables. For limiting
the actuator saturation, an extra constraint 4; >0 is imposed so that the shaped input will not lead
to actuator saturation if the unshaped input does not lead to saturation.

Solving the above equations with constraints, there will be an infinite number of solutions
because of the sin(-) and cos(-) terms. By minimizing the shaper duration, we can obtain the
following closed-form solution for 2 impulses:

1 K Ty
K 1 =0, 2=11K p) “4)

A,
where K = e~ /~/1=9)_ The duration of this shaper is 7.

Eq. (4) was first given in Ref. [32], which is regarded as the original publication on the
input-shaping concept. In the TIS technique [9], this 2-impulse shaper is called a ZV shaper
because it constrains the vibration amplitude in Eq. (2) to zero at the modeled frequency and
damping.

In fact, there are many shapers that can realize ZV at the modeled frequency and damping. For
n impulses, if the amplitudes and the acting times satisfy the following, this n-impulse shaper can
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also achieve ZV [33]:

1
Iy yE 1 )

K Ty
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A, = K , Tn:w’

1+ M n

where K = e’(zm/(”'ﬂ)), M=K+ . -+K'+K" 1

It should be noted that n# can be any positive integer larger than 2. The length of the n-impulse
shaper is (n — 1)T;/n, which increases with the increase of n, and the minimal value is 7;/2 if
n = 2. In this paper, we call any shapers that can realize ZV at the modeling frequency and
damping ratio ZV shapers, but we are identifying them by impulse number and a distinguishable
character MIS, i.e. 2-, 3-impulse MIS ZV shaper, etc. Here, the character MIS is added to
distinguish the shapers obtained by using the MIS technique from those shapers developed by
other researchers. The same strategy is also applied to the robust shapers.

If n = 3, the 3-impulse MIS ZV shaper becomes

1

Adj=——"——. T =0,
1+ K+K

K Ty
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where K = ¢~ (zg”/(3‘/§)).

Choosing w = 6.283rad/s and ¢ = 0.0, we apply two different shapers in Egs. (4) and (6) to the
vibration system (1). In the simulation, we change the modeling frequency, which is used to design
the input shaper, around the natural frequency with a maximal difference of +/ — 10% to test the
robustness of these two shapers. Figs. 2 and 3 show these simulation results. It can be seen that
with the maximal frequency error of +/ — 10%, the residual vibrations are +/ — 17.3 for the 2-
impulse MIS ZV shaper and +/ — 12.4% for the 3-impulse MIS ZV shaper, which are too large to
be allowed in practice. Thus, input shapers with higher robustness are demanded for practical
applications.

Fig. 4 further shows the sensitivity curves of the above two shapers, which demonstrate the
relationship between the residual vibration and the frequency ratio. The frequency ratio is the
ratio between the natural frequency and the modeling frequency.
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Fig. 2. Simulation result of 2-impulse MIS ZV shaper: (a) input command (dot, unshaped; solid, shaped), (b) response
(solid, no error; dash, +5% error; dash—dot, —5% error; dot, +10% error; dot—circle, —10% error).
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Fig. 3. Simulation result of 3-impulse MIS ZV shaper: (a) input command (dot, unshaped; solid, shaped), (b) response
(solid, no error; dash, +5% error; dash—dot, —5% error; dot, +10% error; dot—circle, —10% error).

Given an allowable residual vibration value, we call the frequency ratio range within which the
residual vibration is allowable as the insensitivity of the shaper [9]. For example, if 5% residual
vibration is allowable, the insensitivities for 2- and 3-impulse MIS ZV shapers are 6.4%
(0.968-1.032) and 8.2% (0.96-1.042), respectively.

Moreover, it can be seen from the sensitivity curves in Fig. 4(b) that these two MIS ZV shapers
can suppress not only one mode with frequency ratio 1 but also infinite vibration modes with
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Fig. 4. Sensitivity curves for two MIS ZV shapers: (a) frequency ratio between [0, 2] (solid, 2-impulse MIS ZV; dash,
3-impulse MIS ZV), (b) frequency ratio between [0, 10] (solid, 2-impulse MIS ZV; dash, 3-impulse MIS ZV).

specified frequencies. For the 2-impulse MIS ZV shaper in Eq. (4), it can suppress vibration modes
with frequency ratios equal 1,3, 5, ..., etc. (positive integers except for 2i). For the 3-impulse MIS
ZV shaper in Eq. (6), it can suppress vibration modes with frequency ratios equal 1,2,4,5, ..., etc.
(positive integers except for 37). In general, we have the following Remark 1 for n-impulse MIS ZV
shaper.

Remark 1. If there are n impulses and the amplitudes and acting times satisfy Eq. (5), then the -
impulse MIS shaper can suppress vibration modes with frequency ratios of k, where, k is arbitrary
positive integer and k#1i - n.

As discussed previously, robust input shapers are highly demanded for practical application. In
TIS technique, the improvement in robustness to system parameter variations can be realized by
adding extra constraints [9,34,35]. One such design additionally requires the partial derivatives of
the vibration response with respect to frequency and damping to be zero at the modeled frequency
and damping. The resultant shaper is known as ZV and derivative (ZVD) shaper, which includes
three impulses and has the following expression:

1
1= 2 Tl—Oa
1+2K+ K
2K o _ T
2 1+2K+K2’ 2_2a
K2
Ay=— D Ti=T, 7
3 1+2K+K2 3 d ()

where K is the same as defined in Eq. (4).
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Fig. 5. Convolution process of two shapers: (a) arbitrary two shapers, (b) two identical MIS ZV shapers, (c) two
different MIS ZV shapers.

Being different from the TIS, the MIS obtains MIS ZVD shapers by convolving arbitrary two
MIS ZV shapers. Fig. 5(a) illustrates the convolving process of two arbitrary 2-impulse shapers.
Fig. 5(b) shows the process of convolving two identical 2-impulse MIS ZV shapers that results in
the MIS ZVD shaper expressed in Eq. (7). Fig. 5(c) shows another MIS ZVD shaper formed by a
2-impulse MIS ZV shaper and a 3-impulse MIS shaper, which includes 6 impulses and has the
following expression:

Az:leM’
A3:1f3M’
A4_1f4M’
As = K
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where K = e_;n/(3 1_;2), M=K+K+K*+ K+ K.

Egs. (7) and (8) give the expressions of two MIS ZVD shapers. The same as MIS ZV shapers,
there are infinite MIS ZVD shapers according to the MIS technique. We identify MIS ZVD
shapers here as m x n-impulse MIS ZVD shapers, where, m and n denote the impulse numbers of
two MIS ZV shapers used to form the MIS ZVD shaper. For example, we call the ZVD shapers in
Egs. (7) and (8) 2 x 2-impulse MIS ZVD shaper and 2 x 3-impulse MIS ZVD shaper,
respectively.

Figs. 6 and 7 show the simulation results when applying these two MIS ZVD shapers to the
harmonic vibration system (1). With the maximal +/ — 10% error in frequency, now the residual
vibrations are only +/ — 3% (for the 2 x 2-impulse MIS ZVD shaper) and +/ — 2.21% (for the
2 x 3-impulse MIS ZVD shaper), respectively. Fig. 8 shows the corresponding sensitivity curves.
The insensitivities have been increased to 28.7% (0.8565-1.1435) and 33.18% (0.8429-1.1747),
respectively, which are almost 5 times the values of the MIS ZV shapers. The improvement in
robustness is remarkable.

It can also be seen from the sensitivity curves in Fig. 8(b) that these two MIS ZVD shapers can
suppress vibration and have higher robustness at infinite vibration modes. For the 2 x 2-impulse
MIS ZVD shaper in Eq. (7), it can suppress vibration modes and has higher robustness with
frequency ratios equal 1,3, 5, ..., etc. (positive integers except for 2i). For the 2 x 3-impulse MIS
ZVD shaper in Eq. (8), it can suppress vibration modes when frequency ratios equal
1,2,3,4,5,7,... (positive integers except for 67), and has higher robustness when frequency ratios
equal 1,5,7,11,13,..., etc. (positive integers except for 2i and 3i).
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Fig. 6. Simulation result of 2 x 2-impulse MIS ZVD shaper: (a) input command (dot, unshaped; solid, shaped), (b)
response (solid, no error; dash, +5% error; dash—dot, —5% error; dot, +10% error; dot—circle, —10% error).
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response (solid, no error; dash, +5% error; dash—dot, —5% error; dot, +10% error; dot—circle, —10% error).
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Fig. 8. Sensitivity curve for two MIS ZVD shapers: (a) frequency ratio between [0, 2] (solid, 2 x 2-impulse MIS ZVD;
dash, 2 x 3-impulse MIS ZVD), (b) frequency ratio between [0, 10] (solid, 2 x 2-impulse MIS ZVD; dash, 2 x 3-impulse
MIS ZVD).

Remark 2. The m x n-impulse MIS ZVD shaper can suppress vibration modes when frequency
ratios equal f,y (f zy #i - LCM, where LCM is the least common multiple of m and n). Moreover,
it will have higher robustness for vibration modes with frequency ratios equal to f,yp, where

The sensitivity curves for the four shapers, i.e. 2-impulse MIS ZV, 3-impulse MIS ZV, 2 x 2-
impulse MIS ZVD, and 2 x 3-impulse MIS ZVD, are given in Fig. 9 for further comparison.
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ZVD; dash—dot, 2 x 3-impulse MIS ZVD).

Sharing the same principle, (1) the shapers with higher robustness can be obtained by
convolving multiple shapers with lower robustness; and (2) an arbitrary number of shapers can be
convolved to form a new shaper with expected robustness and characteristics. For example, the
convolution of a 2-impulse MIS ZV shaper with a 2 x 3-impulse MIS ZVD shaper can result in a
2 x 2 x 3-impulse MIS ZVDD shaper; the convolution of a 2 x 2-impulse MIS ZVD shaper with
a 2 x 3-impulse MIS ZVD shaper can result in a more robust 2 x 2 x 2 x 3-impulse MIS
ZVDDD shaper, etc.

Remark 3. The previous analysis and simulation show that the shapers with arbitrary
robustness and/or with the ability of multimode suppression can be formed by using the
proposed MIS technique. However, the designer should be aware that the improvements in
performance are at the cost of increases in length of shapers. For example, the lengths
for the 2-impulse MIS ZV shaper in Eq. (4), 3-impulse MIS ZV shaper in Eq. (6),
2 x 2-impulse MIS ZVD shaper in Eq. (7) and 2 x 3-impulse MIS ZVD shaper in Eq. (8) are
T./2,2T4/3, T4 and 7T,/6. The better the ability of vibration suppression is, the longer the
shaper will be.

3. Dynamic modeling

A single-link flexible manipulator grasping a payload is modeled as a uniform cantilever beam
with a tip mass that can rotate about the Z-axis perpendicular to the paper, as shown in Fig. 10.
For system modeling, the following assumptions are made: (1) the beam is considered to be an
Euler—Bernoulli beam and the axial deformation is neglected; (2) the gravitational effect and the
hub dynamics are neglected for simplicity.
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4

m tip mass

flexible beam
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Fig. 10. A single-link flexible manipulator.

Applying Lagrange’s approach, the motion of the complete system equation is represented by

Mmeg  Moq | | 0 G mgq  0q"mg, | [0 0 T
mT  m .|t : Tk = , 9)
0q aq | | ¢ —0myyq 0 q a9 0
—_—
Miq) C0.9:9)

where 0 represents the hub angle, ¢ is the flexible deflection, mygy, myy, my, are parameters related
to the inertia, K, is the stiffness matrix, t denotes the input torque acting on the hub. Moreover,
%M (9) — C(0,q,q) is a skew symmetric matrix.

4. Experiments

Fig. 11 shows a photograph of the experimental single-link flexible manipulator developed to
verify the approach proposed in this paper. This setup consists of a flexible aluminum beam and a
SANYO servo AC motor with a gear reduction of 1:25. The light-weight flexible beam is clamped
at the shaft of the motor through a coupling and is limited to rotate only in the horizontal plane,
so the effect of gravity can be ignored. The tip deflection of the link is measured by a system
consisting of a laser diode, which locates at the hub, and a position-sensitive detector (PSD),
which is installed at the tip of the flexible link. The measurement range of the PSD is 28 mm. A
built-in incremental encoder is used to calculate the rotating angle of the hub. The encoder has the
resolution of 0.0072° per pulse. A three-axis quadrature encoder and counter card, PCL-833, is
used to count the encoder pulses. The analogue signal of the PSD is converted into digital data
through a PCL-818HD A/D card. The control voltage for driving the motor is sent to the servo
amplifier through a PCL-727 D/A card. Moreover, different mode characteristics can be obtained
by bonding the PZT layer at different positions.
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Fig. 11. Photographs of the experimental single-link flexible manipulator.

To identify the mode characteristic of the flexible system, we apply bang—bang commands to
drive the motor and implement the fast Fourier transform (FFT) to the measured tip deflection.
Fig. 12 shows the measured tip deflection curve and the corresponding result of FFT. Here, a
third-order bandpass Butterworth digital filter with passband frequency of 0.5-20Hz
(3.14-125.6rad/s) is applied to pre-filter the measured data in order to reduce the low-frequency
offset and the high-frequency noise. It can be seen that the first two modes play the main roles in
the vibration. The frequencies of these two modes are 25.1529 and 50.2655 rad/s, respectively. For
the damping ratio, we calculated it on the basis of decay characteristic of the measured vibration
signal. The mode parameters of the experimental flexible manipulator are listed in Table 1.

4.1. Controller design

In this section, we first propose a PD feedback control law for the hub angle motion of the
single-link flexible manipulator. Second, various input shapers are designed according to the
measured frequencies and damping ratios to shape the angle commands. Finally, the shaped
commands are sent to the controller as the final input commands. Using this strategy, the
vibration modes are expected to be suppressed effectively while achieving the desired attitude
motion. It should be noted that the frequencies and damping ratios of the flexible manipulator
with PD feedback controller will be different from those values obtained by applying the open-
loop bang—bang commands. These differences are small for our flexible system because it has a
large gear reduction and a light flexible beam. However, for the convenience of robustness
analysis, it is a good choice to use the measured frequencies and damping ratios in Table 1 (with
errors) for designing of the MIS.
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Fig. 12. Mode identification of the experimental flexible manipulator: (a) tip deflection curve, (b) FFT result.

Table 1

Mode parameters of the experimental flexible manipulator

Parameter The first mode The second mode Unit
Frequency 25.1529 50.2655 rad/s
Damping ratio 0.0045 0.004

4.1.1. PD controller for rigid motion
The following PD feedback controller was designed to drive the motor:

(1) = —Kpe(1) — Kpé(1), (10)

where e(7) = 0(f) — 04 and é(r) = 0(f) — 04 are angle position error and angular velocity error,
respectively; Kp and Kp are proportional and derivative gains.
To compensate for the motor friction, the practical control torque, 7,, was defined by

1,(1) = ©(2) + 0.0020(?) + 0.005 sgn(0(1)), (11)

where 7(7) is the same as in Eq. (10), and the remaining two terms denote the feedforward
compensations of the viscous and Coulomb frictions. The compensation coefficients are selected
experimentally.

4.1.2. MIS for vibration suppression

In this section, we will design various input shapers using the MIS technique, based on the
measured frequencies and damping ratios. Considering the mode condition of the flexible
manipulator, we select the first two vibration modes as the targeted modes to suppress.
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From the modes’ parameters listed in Table 1, we know that the frequency of the second mode
almost equals twice the frequency of the first mode, i.e., 25.1529 x 2 = 50.3058 =~ 50.2655rad/s.
According to Remarks 1 and 2 in Section 2, if a 3-impulse MIS ZV shaper designed for
suppressing the first mode is applied, this shaper can also suppress the second mode; if a 2 x 3-
impulse MIS ZVD shaper is designed to suppress the first vibration mode, it can suppress these
two modes and will enhance the robustness for suppressing the first mode. However, in TIS, we
have to convolve two ZV shapers, each for one mode, to get the 4-impulse TIS ZV shaper that can
suppress two modes. To get a shaper that has the ability of a 2 x 3-impulse MIS ZVD shaper,
three ZV shapers must be convolved together, two ZV shapers for the first mode and the other for
the second mode. Thus, to get an appropriate shaper, the MIS is much simpler than the
traditional technique.

In the following, four MIS shapers, 2-impulse MIS ZV, 3-impulse MIS ZV, 2 x 2-impulse MIS
ZVD, and 2 x 3-impulse MIS ZVD shapers, are designed according to the mode parameters in
Table 1 and then these shapers will be applied in the hardware experiments to verify the MIS
technique:

2-impulse MIS ZV shaper:

[A4;]  [0.5035 0.4965
= . (12)
1 0  0.1249
3-impulse MIS ZV shaper:
[A;] 103365 0.3333 0.33027 "
| [ 0 0.0833 0.1665)] (13)
2 x 2-impulse MIS ZVD shaper
[4;] 1702535 0.5000 0.24657 "
G0 [ 0 01249 0.2498 ] (14
2 x 3-impulse MIS ZVD shaper:
A, 0.1694 0.1678 0.1671 0.1663 0.1655 0.1639 15)
1L 0 00833 0.1249 0.1665 0.2082 0.2914 ] (

4.2. Experimental results

Experiments are conducted on the system shown in Fig. 11. The goal is to rotate the hub
position to a desired angle 30° while suppressing flexible vibration effectively. In the following
experiments, the unshaped reference input of the motor is a 30° step command. The feedback
coefficients of the PD controller (10) are chosen experimentally to realize a good-compromise
hub-angle response in terms of overshoot, rising time and settling time, and no PSD measuring
over-range. The sampling frequency is set to 1 ms and the final gains are chosen as

Kp =005 Kp=00l. (16)
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Fig. 13. Experimental results of maneuvering without shaping: (a) attitude angle motion (dot, desired angle; dash,
actual angle), (b) tip deflection curve, (¢) FFT of PSD measurement.

For comparison, the experiment of using PD feedback only is carried out first and the result is
shown in Fig. 13. Then, experiments of combining the PD controller with four different MIS in
Egs. (12), (13), (14), and (15) are conducted, and the results are shown in Figs. 14-17. The FFT
amplitudes of residual vibration without/with MIS are listed in Table 2.

From the experimental results we know that, with the PD controller without input shaping,
the amplitudes of the first two vibration modes are 0.6525 and 0.123mm, respectively, after
slewing. Comparing this result, the tip deflection has been effectively suppressed by combining
MIS with the PD controller; see Figs. 14-17. With the 2-impulse MIS ZV shaper in Eq. (12),
these two amplitudes are 0.1093 and 0.0914 mm as this MIS shaper has the ability of suppressing
the first vibration mode only. With the 3-impulse MIS ZV shaper in Eq. (13), both amplitudes
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Fig. 14. Experimental results of maneuvering with 2-impulse MIS ZV shaper: (a) attitude angle motion (dot, desired
angle; dash, actual angle), (b) tip deflection curve, (¢) FFT of PSD measurement.

are reduced to 0.0969 and 0.0351 mm because this MIS shaper can suppress these two
modes together. The amplitudes of the first mode are suppressed to be 0.0505 and 0.0313 mm
when using the robust 2 x 2-impulse and 2 x 3-impulse MIS ZVD shapers in Egs. (14) and (15).
Moreover, for the second vibration mode, we obtained the smallest amplitude, 0.011 mm, using
the 2 x 3-impulse MIS ZVD shaper because this shaper has the ability of suppressing the
second vibration mode. However, with the 2 x 2-impulse MIS ZVD shaper, the amplitude
of the second mode is 0.0903 mm, which is almost the same as the value obtained by the
2-impulse MIS ZV shaper. These results are reasonable because they cannot suppress the second
vibration mode.
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Fig. 15. Experimental results of maneuvering with 3-impulse MIS ZV shaper: (a) attitude angle motion (dot, desired
angle; dash, actual angle), (b) tip deflection curve, (¢) FFT of PSD measurement.

For making a complete comparison between various input shapers, we also calculate the lengths
of these shapers and list the values in Table 2. We also consider two TIS: TIS two-mode ZV (one
ZV shaper for each vibration mode) and TIS two-mode ZVD-ZV (ZVD shaper for the first mode
and ZV shaper for the second modes). The results show that the 2-impulse MIS shaper has the
shortest length, 0.1249s. However, it can only suppress the first vibration mode and has no
robustness. For two shapers that all can suppress the first two vibration modes concurrently, 3-
impulse MIS ZV has a length of 0.1665s. However, the TIS two-mode ZV has a longer length,
0.1874s. Similarly, the 2 x 3-impulse MIS ZVD has a shorter length, 0.2914 s, than the TIS two-
mode ZVD-ZV, 0.3123s.

Furthermore, we have conducted experiments on different system configurations and obtained
satisfactory results. However, those results are not shown in this paper.
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Fig. 16. Experimental results of maneuvering with 2 x 2-impulse MIS ZVD shaper: (a) attitude angle motion (dot,
desired angle; dash, actual angle), (b) tip deflection curve, (c) FFT of PSD measurement.

5. Conclusions

Input shaping is an effective vibration control method that has been widely studied in recent
years. In this paper, the modified input shaping (MIS) method is proposed to get better
performance. The MIS method is analyzed in detail and has been compared with the traditional
input shaping (TIS) method. First, it is shown that the length of a MIS shaper is shorter than that
of a corresponding TIS shaper while both shapers have the same ability of vibration suppression.
Second, the MIS method is easier than the traditional method because the numerical optimization
is unnecessary in the design of the MIS shaper. However, to get a satisfactory shaper with the TIS
method, optimization is necessary. For a single-link flexible manipulator, the MIS method is
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Table 2

Comparison between various input shapers: MIS and TIS

Type of shaper Ist mode (mm) 2nd mode (mm) Length (s) Performance

N/A 0.6525 0.1230 0 N/A

2-impulse MIS ZV 0.1093 0.0914 0.1249 Ist mode

3-impulse MIS ZV 0.0969 0.0351 0.1665 Ist, 2nd mode

2 x 2-impulse MIS ZVD 0.0505 0.0903 0.2498 Ist mode, robust

2 x 3-impulse MIS ZVD 0.0313 0.0110 0.2914 Ist mode, robust; 2nd mode
TIS two-mode ZV 0.1874 Ist, 2nd mode

TIS two-mode ZVD-ZV 0.3123 Ist mode, robust; 2nd mode
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combined with a PD feedback controller to suppress flexible vibration while realizing the hub
motion. Several MIS shapers, non-robust and robust, are designed for the flexible manipulator.
Experimental results validate the proposed approach and the theoretical analysis.
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