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Abstract: The classic multi-mode input shapers (MMISs) are valid to decrease multi-mode residual vibration of
manipulators or robots simultaneously. But these input shapers cannot suppress more residual vibration with a quick
response time when the frequency bandwidth of each mode vibration is very different. The methodologies and various
types of multi-mode classic and hybrid input shaping control schemes with positive impulses were introduced in this
paper. Six types of two-mode hybrid input shapers with positive impulses of a 3 degree of freedom robot were
established. The ability and robustness of these two-mode hybrid input shapers to suppress residual vibration were
analyzed by vibration response curve and sensitivity curve via numerical simulation. The response time of the zero
vibration-zero vibration and derivative (ZV-ZVD) input shaper is the fastest, but the robustness is the least. The
robustness of the zero vibration and derivative-extra insensitive (ZVD-EI) input shaper is the best, while the response
time is the longest. According to the frequency bandwidth at each mode and required system response time, the most
appropriate multi-mode hybrid input shaper (MMHIS) can be selected in order to improve response time as much as
possible under the condition of suppressing more residual vibration.
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residual vibration is when the speed of motion is
raised, which directly affects the robot’s motion
accuracy [3-5]. Input shaping control scheme is a

1 Introduction

In manufacturing field, the movement speed
and accuracy of the robot, multi-joint motion
mechanism, microelectromechanical system and
other equipment are very important evaluation
criteria [1, 2]. The parallel manipulator, in particular,
has a good system stiffness and movement stability,
but the residual vibration is generated during the
movement. Moreover, the lower the stiffness of the
manipulator’s key parts, the more obvious the

simple but valid control scheme to reduce residual
vibration [6-11]. Based on robot’s resonance
frequency and damping ratio, some adjusting
impulses and their time locations can be obtained
by calculation [12]. These impulses are convolved
with the input signals of the system, and the new
signal is input to the executing component. The
robot’s residual vibration will be minimized when
the last impulse is input [13, 14]. This method is
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efficacious to reduce the vibration of multi-joint
manipulator or nonlinear system [15-19].
Furthermore, it can be applied on a single-mode
system as well as multi-mode system [20-22]. The
classic multi-mode input shapers (MMISs) are
constructed according to identical type of single-
mode input shapers (SMISs) [23—-25]. These simple
MMISs are valid to reduce multiple mode residual
vibration of system simultaneously. The frequency
bandwidth of each mode vibration is different in the
multi-mode system. These input shapers cannot
suppress more residual vibration with a quick
response time when the frequency bandwidth of
each mode vibration is very different [26]. A new
multi-mode hybrid input shaping control scheme
can be constructed to overcome this shortcoming
effectively according to the characteristics of each
order mode by selecting the most appropriate type
of SMIS.

2 Hybrid input shaper control schemes

2.1 Positive impulses SMIS
The impulses of the basic SMIS can be
expressed in the time domain as [14]:

g(l):ZAié(t_ti) (D
i=1

where A4; stands for the ith impulse’s amplitude, #
represents the ith impulse’s time location, »
represents the number of impulses, and J(¢—t))
stands for Dirac Delta function when the ith
impulse’s time location delays time .

The impulses of the SMIS can be represented
in the frequency domain as:

G(s)=) Ae™ (2)
i=1
where { is the system’s modal damping ratio.
The single-mode vibration response of a
system should be expressed as a decaying
sinusoidal response.

(t) :{A%emb(zzg)}in[% =2 (t—to)}

)

where A represents the maximum vibration
amplitude of the system, w, means the modal
angular frequency and # is the initial time of the

vibration.

The response can be expressed when inputting
a series of impulses as [24]:

(1) = Z A %e@b([“ sin[a)b\/l ~ - ti):|
i=1 —
“4)

Using the trigonometric calculation, Eq. (4)
can be represented by

ZDZ- sin(@,t +6,) = Dy, Sin(@,t +y) ®))
i=1
where
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Damp equal to zero must be satisfied, because
the residual vibration should be zero after all
impulses end. Then, Eq. (6) can be expressed as:

iDi cosd, =0

i=l1

3 D,sin6, =0 (10)
i=l1

In order to obtain a minimal sequence of input
impulses, #; is arbitrarily set to 0. The total of all
impulse amplitudes should be set to 1. According to
the calculation of Egs. (9) and (10), all impulse
amplitudes and time locations are obtained.

Therefore, a zero vibration (ZV) input shaper
with two impulses, the amplitudes and time
locations of impulses can be expressed by [14]:

1 k
AT AT

¢
f4=0, h=— T f=e V¢ (11)

op1-¢°

where 4, and A> are the amplitudes of the first two
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impulses, # and % are the time locations of first two
impulses, respectively [14].

For the zero vibration and derivative (ZVD)
input shaper, this method is able to increase robust
of input shaper. Equation (12) can represent the
residual vibration of the system [14].

V(wy,¢)=e [fw[ef’”b(”” cos(@,1-¢ 1)1 +
1

i=

1

i[Dje_g%(f—t,) Sin(a)b Il_éthi)]ZJz (12)
i-1

where V(we, {) represents the residual vibration of
system, and #, indicates the time location of the last
impulse [14].

For increasing the robust, there are three
constraint conditions must be satisfied. First, the
total of all impulse amplitudes should be set to 1.
Second, V(wv, ¢) should be equal to zero. Third, the
derivative of system residual vibration V(w, {) to
wyp 1s equal to zero in order to restrict variation of
the vibration modes. The amplitudes and time
locations of a ZVD with three impulses can be
expressed by [14]

1

D2k 4k
2
P
1+2k+k
2
PR
1+2k+k
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T
=
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‘o 2
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_¢m
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where A1, Az, A3, ti, t» and t3 represent the
amplitudes and time locations of a ZVD with three
impulses, respectively.

For the extra insensitive (EI) input shaper, the
robustness is better than ZVD. The constraint
conditions of the EI input shaper are expressed by
[14]:

Vi, ©)=0, Vioy, £)=0, Ve, §)=V,=5%,
P, &) 4 =1 (14)
Ow, !

where V: represents the percentage of residual

vibration, which should be limited to 5%, w; and ws
represent two symmetric frequencies on both sides
of wy, and the residual vibration should be zero at
these two frequency points. Furthermore, a total of
all impulse amplitudes should be set to 1, and the
derivative of FV(ws, () to the modal angular
frequency ws is equal to 0. When system damping
is not considered, the amplitudes and time locations
of an EI with three impulses can be expressed by

1+7; 1-7; 1+7;
A; 4 2 4
Ll: i 2n (15)
P T v

The robustness of input shaper is an important
parameter, which is obtained via analyzing
sensitivity curve. The performance of input shaper
to reduce vibration at different frequencies can be
obtained. The effective vibration suppression range
of each mode frequency can be obtained by
analyzing the ratio of every frequency point to
suppress the vibration. The parameter Vs(wnor, (),
percentage of residual vibration, can represent the
vibration suppression ability of an input shaper
when the final impulse is finished. Vs(wnor, ()
changes when the vibration frequency of the system
changes. The relationship curve between the
vibration frequency and residual vibration
percentage is the sensitivity curve of the input
shaper. Then Vs(wnor, {) can be expressed by [14]

n

Vo(@pors &) =€ it {Z{ A5 er (1)

i=l1
1

cos 1271 )}Z
Z[A“>(wﬁr)” (16)

i=1
where the normalization frequency wnor 1S a
simplified expression of the frequency variation
range, which can be obtained by Eq. (17). ®nor
represents the percentage of the actual resonance
frequency relative to the theoretical resonance
frequency, which is beneficial to compare the level
of influence of each actual resonance frequency on
the vibration suppression capability of input shaper.

P (17)

nor
,

m

where . and on represent the actual and
theoretical resonance frequency, respectively.
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The sensitivity curve can be obtained by
Eq. (16). The insensitivity of the input shaper is
able to be attained through surveying this curve
width under a specified residual vibration standard.
The higher the insensitivity, the wider the frequency
range of the vibration suppression.

This sensitivity analysis method not only can
be applied to SMIS, but also to classic MMIS.
Furthermore, it can be applied to the multi-mode
hybrid input shaper (MMHIS).

2.2 Classic positive impulses MMIS

When the system’s higher mode vibration is
large, the classic MMIS can reduce the second or
higher order mode vibration. Based on the
resonance frequency and damping ratio of each
mode, each SMIS can be constructed with the same
control scheme [26]. Therefore, the MMIS can be
constructed by convolution with those SMISs [23,
24]. The work flowchart is shown in Figure 1.

The single-mode positive impulses ZV, ZVD
and EI input shapers can be constructed under
different single-mode control schemes [14]. Three
types, ZV-ZV, ZVD-ZVD and EI-EI, which are
classic positive impulses two-mode input shapers,
are established by using the same control scheme
for the two-mode system [26]. All of these input
shapers are able to suppress the first-two-modes’
residual vibration. The insensitivity of the
ZVD-ZVD is better than the ZV-ZV. It also can
suppress the vibration of a more wide-frequency
band. But the system’s response time of the
ZVD-ZVD is slower than the ZV-ZV’s. The EI-EI’s
insensitivity is the best among these three types,
however, the system’s response time is the slowest
[23].

T
i

Input shaper 2

‘

Identical type
of SMISs

Convolving

Input signals

B

|V \/ \ L _Ioputshapern |

—— c— — — ————— — — —

For example, for a system with m modes
vibration, m positive impulses SMISs with »n
impulses are constructed on the basis of resonance
frequency and damping ratio of each mode
vibration.

AIS ji
[Sj:|:t ./:| (j:L 29
1Sji
where [S; is the SMIS established by the parameters

of the jth mode. Ai;; and #s;; represent the amplitude
and time location of the ith impulse in the jth mode

,m) (i=1,2, -, n) (18)

vibration, respectively. A classic positive impulse
MMIS is expressed as:

IS-IS=15,®1S,®---® IS,
:|:AISIi:|®|:‘;lISZi:|®...®|:‘;IISmij| (19)

fisti 1S2i 1Smi

2.3 Positive impulses MMHIS

The positive impulses MMIS is constructed
with the identical type of SMISs [26]. The
characteristics of vibration suppression of each
mode are similar. But, for most multi-mode systems,
the frequency bandwidths of vibration suppression
in high-order modes are different from those of
low-order modes. It is difficult to suppress more
residual vibration with a quick response time. The
overall ability to suppress vibration is reduced with
classic MMISs. Because the insensitivity is
different in various types of SMISs, the frequency
bandwidth of the effective vibration suppression is
different. The most appropriate MMIS is selected
on the basis of frequency bandwidth of each mode
vibration [26]. ZV can reduce the vibration of small
frequency bandwidth, while the EI can reduce the
vibration of large frequency band. In addition, the

Shaped
commands
n =
=] — N Outputs
2|~ Flexible | I™_
system — 1

Figure 1 Work flowchart of MMIS
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response times of the system with a variety of
SMISs are different. The ZV’s response time is
shorter than EI’s. Therefore, based on vibration
characteristics at each order, a positive impulse
multi-mode hybrid input shaping control scheme
can be obtained by the convolution calculation of
different types of single-mode positive impulses
input shapers [24, 26]. The positive impulses
MMHIS is a forward feedback open-loop control
strategy, which is the same as the SMIS. The
convolution calculation of the MMHIS is executed
by convolving the amplitudes and the time locations
of the impulses of different types of SMISs. The
amplitude of each impulse is calculated according
to the multiplication principle, and the time location
of impulse is calculated according to the addition
principle. The flowchart of the control algorithm of
MMHIS is shown in Figure 2.

’ w; and & ‘ | , and &, | | ,,and &, |
[ doput || nput | [ nput_ ||
: | npu npu npu
I?lff::f;t: shaper 1 shaper 2 shaper m :
gi/HSs |A11 Ay, A4, Ale Ay Ay, A A TAmn |
|
/R E N N |
’11114'2 lin hily by bt b Bon |1
[ Convolving calculation
Input
signals Flexible | Output
—> > —>

"] system

A
MMHIS i
0 b

Figure 2 Flowchart of control algorithm of MMHIS

For example, the vibration of the first mode is
suppressed by ZV, and the second mode vibration is
decreased by ZVD. The parameters of the input
shapers are reflected as:

Ay ] [0.54472 045528
ZVl= =
tvii 0 0.00650

ZVDZ{AZVDZ,}{O.26353 0.49964 0.23683}

. 0 0.00216 0.00432

(20)
A two-mode hybrid ZV-ZVD can be

established via convolving the impulses of these
two SMISs.

IV-ZVD = {Azw} ® |:AZVD21‘:|
Lzvii tz7vDai

~10.14355 0.27217 0.12901 0.11998 0.22748 0.10782
0 0.00216 0.00432 0.00650 0.00866 0.01082

21

Some two-mode hybrid input shapers
(TMHISs) are established according to convolution
with two different kinds of SMISs, such as EI-ZV,
EI-ZVD, ZVD-ZV, ZVD-El, ZV-ZVD and ZV-EI
[26].

3 Mechanism and structure of robot

A 3 degree of freedom (3DOF) robot, as
shown in Figure 3, is assembled through a moving
platform, base and three sets of symmetrical
linkages, sliders, linear guides and DC brushless
servo motors [27]. There are three DOF in the
horizontal plane of the robot. The robot’s coordinate
system is demonstrated in Figure 4 to express the
motion state of the robot. The deformed and
undeformed states of the robot’s linkages are shown,
and points Or and Ow represent the origin points of
the fixed and moving coordinate system, when [6],
6, 03]=[71, y2, 3]=[270°, 30°, 150°], respectively. In
the fixed coordinate system, 6; represents the angles
between the X axis and the ith linkage, and y;
represents the angles between the X axis and the ith
linkage. Each linear displacement mechanism
consists of one servo motor and one linear guide.
The motor and the linear guide are connected at
point R;, i=1, 2, 3 by a ball screw. A slider is fixed
on the linear guide and is driven by the motor to
move along the linear guide. W; is the moving
distance of each slider. The motion platform adopts
an equilateral triangle structure, 717,>73. The sliders
and the motion platform are connected by the
linkages using the revolute joints at points S; and 75,
respectively. In order to obtain sufficient stability,
the 3DOF robot is fixed on the foundation. The
three linkages are identical in structure size and
material. The material of the linkage adopts an
aluminum alloy, of which the mass density is
2.77x10° kg/m* and the elastic modulus is 7.1x
10" N/m®. The dimensions of the linkage are
200 mm (Length), 30 mm (width of cross-section)
and 2 mm (height of cross-section). For the moving
platform, the distance between any two revolute
joints Th1»=T>T5=TT5>=100 mm. The maximum
range of linear movement for each slider is 400 mm
[14, 27]. By coordinating control of these three
server motors, the motion platform of the robot can
realize the various motion trajectories, including
triangular motion, linear motion, circular motion,
etc. The kinematic equation of the 3DOF robot was
investigated by our team member, ZHANG [28].
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Figure 3 A 3DOF robot
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residual vibration. The trajectory accuracy and
motion performance of the robot will be worse. Our
previous results show that the dynamic modeling of
the robot can be obtained by the Lagrange’s strategy,
and the dynamic equations and its derivation
process of the robot are investigated by ZHANG
et al [27]. According to the experimental model
tests of the robot, the former two damping ratios
and resonance frequencies are 0.057, 76.6 Hz, and
0.017, 231.2 Hz, respectively [27].

4 Numerical simulations

The system’s input signal adopts unit step, and
the moving distance of the linkage is 1 mm. Since a
single-mode ZV input shaper requires a minimum
of two impulses, and ZVD and EI require three
impulses, it is a minimum of six impulses to EI-ZV,
ZVD-ZV, ZV-EIl and ZV-ZVD TMHISs, and at least
nine impulses to ZVD-EI and EI-ZVD. The
parameters of the first-two-modes’ SMISs of the
3DOF robot are listed in Tables 1 and 2. The
parameters of these six TMHISs are listed in
Tables 3 and 4, which can be obtained by

Table 1 Parameters of ZV1 and ZV2

Figure 4 Coordinate system 7V1 7V2
The lisht ot Tink lected £ Amplitude, 4;  Time, ti/s Amplitude, 4;  Time, t/s
e I wel inkages are selected for
improving ré;lotion fpeed of gthe robot. However, 054472 0 0-31333 0
these components are more likely to lead to greater 045528 000650 048665 000216
Table 2 Parameters of ZVD1, ZVD2, EIl and EI2
ZVD1 ZVD2 Ell EI2
Amplitude, 4; Time, ti/s Amplitude, 4; Time, ti/s Amplitude, 4;  Time, ti/s Amplitude, 4; Time, ti/s
0.29672 0 0.26353 0 0.26250 0 0.26250 0
0.49600 0.00650 0.49964 0.00216 0.47500 0.00650 0.47500 0.00216
0.20728 0.01300 0.23683 0.00432 0.26250 0.01300 0.2625 0.00432
Table 3 Parameters of TMHISs receiving 6 impulses
ZN-ZVND ZVND-ZV ZV-E1 EI-ZV
Amplitude, 4; Time, ti/s Amplitude, 4; Time, ti/s Amplitude, 4; Time, ti/s Amplitude, 4; Time, ti/s
0.14335 0 0.15238 0 0.14299 0 0.13480 0
0.27217 0.00216 0.14440 0.00216 0.25874 0.00216 0.12770 0.00216
0.12901 0.00432 0.25472 0.00650 0.14299 0.00433 0.24390 0.00650
0.11998 0.00650 0.24138 0.00866 0.11951 0.00650 0.23115 0.00866
0.22748 0.00866 0.10645 0.01300 0.21626 0.00866 0.13481 0.01300
0.10782 0.01082 0.10087 0.01516 0.11951 0.01083 0.12775 0.01516
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Table 4 Parameters of TMHISs receiving 9 impulses

ZVD-EI EI-ZVD
Amplitude, 4;  Time, ti/s Amplitude, 4; Time, ti/s
0.07789 0 0.06918 0
0.14094 0.00216 0.13116 0.00216
0.07789 0.00433 0.06217 0.00433
0.13020 0.00650 0.12518 0.00650
0.23560 0.00866 0.23733 0.00866
0.13020 0.01083 0.11249 0.10826
0.05441 0.01300 0.06918 0.01300
0.09846 0.01516 0.13116 0.01516
0.05441 0.01733 0.06217 0.01733

convolving calculation using the parameters of
Tables 1 and 2 [26]. For the TMHISs with EI, the
vibration suppression of the robot is less than 5%
[25].

Upon the simulation, some response curves of
the robot linkage with these TMHISs can be
obtained. Figure 5(a) shows the response curves of
the linkage with and without a ZV-ZVD TMHIS.

As exhibited in Figure 5(a), the residual

3.0

---- Response without input shaper
— Response with ZV-ZVD

2.5

1.0H©
P
//
0.8 I~ /1
/
g L /
£ 06 b
= I
041 /l
7 —— ZVD-ZV
021/ ----ZVD-ZVD
,/ +++ ZVD-EI
0 001 002 003 004 005

t/s

vibration of the linkage without input shaper is
conspicuous when the amplitude of input signal is 1,
and it is significantly suppressed when ZV-ZVD is
used [26]. In order to analyze the vibration
suppression performance of every TMHIS, the
response curves of the linkage with various TMHIS
are displayed in Figures 5(b)—(d), moreover, they
are compared with two-mode classic input shaper.
As illustrated in Figures 5(b)—(d), the ZV-ZVD,
ZV-El, EI-ZV, EI-ZVD, ZVD-ZV and ZVD-EI
TMHISs are effective to reduce residual vibration.
The response curves of the following pairs are very
similar: ZV-ZVD and ZV-EI, ZVD-ZVD and
ZVD-EI, EI-EI and EI-ZVD [26]. It indicates that
the ability to suppress vibration is in the same effect.
Moreover, if the vibration of the first mode is
suppressed by the identical type of input shaper, and
the second mode vibration is decreased by ZV, the
response time is faster, but the ability to suppress
the amplitude of vibration is weakened. However, if
EI is used in the second mode of the two-mode
input shaper, the response time is slower, but the
ability to suppress the amplitude of vibration is

| (b)
1.0 -
/
/
t
— ZV-ZV
---- ZV-ZVD
o ZV-EI
0.01 0.02 0.03 0.04 0.05
t/s
d
1.0 (@
/
/
L y
0.8 7
7
= L /
E 0.6 /
A /
04 t
,/ —— EI-ZV
----EI'EI
/4
0.2 / o+ EI-ZVD
/4
0 0.01 0.02 0.03 0.04 0.05

t/s

Figure 5 Response curves: (a) With and without ZV-ZVD input shaper; (b) ZV-ZV, ZV-ZVD and ZV-EI; (c) ZVD-ZV,

ZVD-ZVD and ZVD-EI; (d) EI-ZV, EI-El and EI-ZVD
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stronger. The response curves of some TMHISs are
smoother than that of the classic two-mode input
shaper (CTMIS), indicating that the former can
suppress more residual vibration. Interestingly,
some input shapers have exactly the opposite
characteristics. For example, ZV-EIl and ZV-ZVD
can decrease more vibration than ZV-ZV, while
EI-EI and ZVD-ZVD suppress more residual
vibration than EI-ZV and ZVD-ZV [26]. For the
TMHISs of the 3DOF robot, ZV-EI can decrease
the vibration the most, while EI-ZV can decrease
the vibration the least. This is mainly determined
due to the frequency bandwidth of each mode.
Therefore, for the TMHISs, ZV-EI or ZV-ZVD
should be selected when the frequency bandwidth
of each mode is narrow, and the ZVD-EI or
EI-ZVD should be used when the bandwidth is
wide.

The response times of ZVD-EI, EI-ZVD,
EI-ZV, ZVD-ZV, ZV-EI and ZV-ZVD are 0.0177,
0.0174, 0.0154, 0.0151, 0.0108 and 0.0105 s,
respectively. The response times of the system with
the CTMIS EI-El, ZVD-ZVD and ZV-ZV are
0.0179, 0.0171 and 0.0087 s, respectively. The
percentages of saved time are shown in Table 5 for
comparing response time of between the CTMISs
and the TMHISs. For this 3DOF robot, the response
time of the system will be reduced by 41.34% if the
EI-EI is replaced by ZV-ZVD. However, the
response time of the system will be prolonged by
103.45% if ZV-ZV is replaced by ZVD-EIL In
addition, the response times of ZV-EI and ZV-ZVD
are 0.0021 and 0.0018 s slower than that of ZV-ZV,
respectively. But the ZV-ZVD and ZV-EI suppress
more residual vibration than ZV-ZV. As to EI-ZV
and ZVD-ZV, the response times are 0.0020 and
0.0026 s faster than that with EI-ZVD and ZVD-EI,
respectively. But ZVD-ZV and EI-ZV suppress less
residual vibration than ZVD-EI and EI-ZVD.

Table 5 Percentages of saved time

Saved time/%

Shaper
ZN-ZV ZVD-ZVD EI-EI
ZN-ZND —20.69 38.60 41.34
ZV-El —24.14 36.84 39.66
ZND-ZV —73.56 11.70 15.64
EI-ZV —77.01 9.94 13.97
EI-ZVD —-100.00 -1.75 2.79
ZVD-EI —-103.45 -3.51 1.12

Therefore, the most appropriate MMIS or MMHIS
is selected on the basis of the required system
response time and the frequency bandwidth of each
mode [26].

The ability of input shaper to suppress
vibration can be assessed through the robustness
expressed by the sensitivity curve. The sensitivity
curves of various SMISs and TMHISs are displayed
in Figure 6.

As illustrated in Figure 6, the first and second
order SMISs are valid to reduce the vibration of the
corresponding modes, but illustrate less ability of
suppressing vibration of other modes. The TMHISs
are valid to simultaneously reduce the vibration of
the first two modes. As the MMISs are constructed
by convolution with multiple SMISs, each SMIS
not only reduces the vibration of the corresponding
mode, but also suppresses the vibration of other
modes. Therefore, the insensitivity of each mode of
the MMHIS is greater than that of the
corresponding SMIS. The insensitivities of all
TMHISs and the SMISs are almost of the same
scale in the first-mode. The insensitivities of
ZV-ZVD and ZVD2, ZV-EI and EI2 input shapers
are slightly different in the second-mode. However,
the insensitivities of EI-ZV, EI-ZVD, ZVD-ZV and
ZVD-EI are very different than that of the
corresponding second order SMIS. This indicates
that ZV-ZVD and ZV-EI can fully reflect the
abilities and characteristics of vibration suppression
of each SMIS. The insensitivities of the EI-ZV,
EI-ZVD, ZVD-ZV and ZVD-EI are greater than
that of the corresponding SMIS, but the TMHISs
increase the response time.

The sensitivity characteristics of the MMHISs
can be compared by the sensitivity curves. The
sensitivity curves of various TMHISs are shown in
Figure 7.

As shown in Figure 7, the frequency
bandwidths of the first-mode vibration reduction of
the linkage are almost identical when using the
same type of input shapers in the first-mode
vibration, but the frequency bandwidths of the
second-mode vibration reduction are very different
due to the use of different types of input shapers.
The insensitivities of EI-ZV, EI-ZVD, ZVD-ZV,
ZVD-EI, ZV-ZVD and ZV-EI in the first two modes
can be obtained by measuring the sensitivity curves
widths of every mode at a level of 5% residual
vibration. The TMHISs do not reduce vibration to
retain below 5% when the errors are more than
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Figure 6 Sensitivity curves of various SMISs and TMHIS: (a) ZV1, ZVD2 and ZV-ZVD input shapers; (b) ZV1, EI2
and ZV-EI input shapers; (¢) ZVDI1, ZV2 and ZVD-ZV input shapers; (d) ZVDI1, EI2 and ZVD-EI input shapers;
(e) EI1, ZV2 and EI-ZV input shapers; (f) EI1, ZVD2 and EI-ZVD input shapers

these insensitivities. For the EI, ZVD and ZV
SMISs, the frequency bandwidth of vibration
suppression with EI is the broadest, and ZV
presents the narrowest frequency bandwidth. This
finding is also true in the TMHISs. For the TMHISs
of the 3DOF robot, ZVD-EI has the best robustness.
The frequency bandwidths of the first two modes
are 0.312 and 1.545, respectively. But the response
time of ZVD-EI is the longest. In addition,

ZV-ZVD has the weakest robustness, but the
response of the system is the fastest. The frequency
bandwidths of the first two modes are 0.095 and
1.145, respectively.

5 Conclusions

In this work, the theories of some MMHISs
and a 3DOF robot are introduced. A series of
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Figure 7 Comparison of sensitivity curves of various
TMHISs: (a) ZV-ZVD and ZV-EI; (b) ZVD-ZV and
ZVD-EI, (¢) EI-ZV and EI-ZVD

TMHISs for the 3DOF robot, including EI-ZV,
EI-ZVD, ZVD-ZV, ZVD-EI, ZV-ZVD and ZV-EI,
are established under the calculation of the
first-two-modes’ damping ratios and resonance
frequencies. The numerical simulation demonstrates
that these TMHISs are very effective to reduce the
first-two-modes’ vibration. The performances of
these two-mode classic and hybrid input shapers are
compared by response curves and sensitivity curves.

The results show that wvarious TMHISs are

characterized by different response times and
frequency bandwidths of the vibration suppression.
The characteristics of vibration suppression of the
MMHISs are the same as those of the SMISs.
Regardless of the vibration of any mode, the ZV
shows the fastest response time, however, the EI
shows the best robustness. The percentages of saved
time are obtained by comparing the system’s
response time between the CTMISs and the
TMHISs. As to the TMHISs for the 3DOF robot,
ZV-EI decreases vibration the most, while EI-ZV
decreases vibration the least. Moreover, ZVD-EI
has the best robustness, however, it has the longest
response time. ZV-ZVD has the fastest response
time, but the robustness is the weakest. Therefore,
in order to suppress more residual vibration with a
quick response time, the most appropriate MMIS or
MMHIS is selected on the basis of the required
system response time and the frequency bandwidth
of each mode. In the next work, the input shaping
control strategies will be combined with the
adaptive control and closed-loop control strategies
based on the advantages of various input shaping
control strategies. The method can switch various
input shapers when the robot’s resonance frequency
and damping ratio change, which can suppress
more residual vibrations more quickly.
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