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This paper investigates the impact of higher derivative input shaping for
minimizing both oscillations, namely hook and payload of a multimode
double-pendulum overhead crane (MDPOC) system. The MDPOC has
greater nonlinearities and stronger internal couplings, especially when
involving two oscillation frequencies with multimode dynamic effects.
With a suitable system’s natural frequency and damping ratio of the hook
and payload oscillations, multimode zero-vibration (ZV-ZV), multimode
zero-vibration derivative (ZVD-ZVD) and multimode zero-vibration
derivative-derivative (ZVDD-ZVDD) shapers are successfully designed.
More interestingly, two scenarios under a fixed cable length and a payload
hoisting are considered which are closer to the real practical crane. Thus,
an average travel length (ATL)-based shaper method is also considered to
further verify the effectiveness and robustness of efficient hook and
payload oscillation control under payload hoisting. All the multimode input
shaping is simulated using the Matlab software. The simulation results of
multimode ZVDD-ZVDD shaper successfully reduced in the overall hook
and payload oscillations by 97.9% and 97.2%, respectively, compared to
the unshaped system, whereas the multimode ATL-ZVDD shaper reduced
hook and payload oscillations by 94.8% and 94.0%, respectively. In fact,
the multimode ZVDD-ZVDD and multimode ATL-ZVDD shapers
demonstrate the superiority in minimizing the hook and payload
oscillations compared to the multimode ZV-ZV, multimode ZVD-ZVD,
ATL-ZV and ATL-ZVD shapers. This significant reduction in oscillations
enhances the precision and safety of real-world crane operations in
industrial settings. It has been proven that considering the additional
derivative of input shaping results in a higher level of hook and payload
oscillations reduction.
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1. Introduction

The input shaping approach is one of the most common control strategies for real-time
applications such as robotics, flexible structures and other control systems that involve
vibration/oscillations motion [1]-[8]. Singer and Seering made the first proposal for input shaping [9].
A command input signal is convolved with a sequence of impulses at different points to reduce the
oscillation of the system. The shaper consists of impulses with magnitudes and time locations based
on the system’s natural frequency and damping ratio [10]. The second impulse will cancel out the
oscillation induced by the first impulse if the impulse sequence is applied with the required amplitudes.
Therefore, the full response of a shaped signal can be acquired, as illustrated in Fig. 1. With an
understanding of the shaped generation concept, many researchers have expressed interest in the input
shaping method [11]-[16] and crane system is chosen as a suitable industrial application for this study
[17]-[22].

Amplitude, 4,

A

Response to First Impulse

A ---=- Response to Second Impulse

eeee Total Response

Fig. 1. Shaped generation concept of input shaping

Most input shaping techniques have been focused on single-pendulum overhead crane (SPOC)
systems [23]-[29]. However, single-mode oscillation-based input shaping techniques are
inappropriate for application in double-pendulum overhead crane (DPOC) system, which have two
separate frequency modes (hook and payload) [30]-[35]. The SPOC makes certain assumptions,
including without accounting for a hook or an extra sling cable. In addition, the hook and payload are
essentially combined and treated as a single mass point to reduce the complexity of the crane model
[36]-[45]. This has the potential to degrade the input shaping control’s effectiveness and robustness.
Therefore, some modifications to input shaping are required to reduce overall system oscillation. As
a solution, Singhose et al. proposed a strategy through convolution of several single-mode input
shaping, which was successfully applied to a DPOC [46]. To create a two-mode input shaping,
additional information regarding the system’s natural frequency and damping ratio was necessary,
which target both the first and second modes of oscillations.

Kenison and Singhose extended their research into two-mode input shaping by proposing a two-
mode specified insensitivity (SI) to eliminate hook and payload oscillations. Experimental studies
demonstrated the usefulness of the shaper in terms of efficiency and safety [47]. As opposed to manual
control, crane operators’ work completion times were much faster, and operator effort was greatly
reduced. In addition, a two-mode zero-vibration (ZV) input shaping has been introduced by Manning
et al. and VVaughan et al. [48]. A significant number of crane operators have demonstrated a thorough
study of the two-mode ZV when operating DPOC systems. Therefore, the two-mode ZV shaper
allowed the operators to maneuver the trolley with low oscillations. Furthermore, the shaper was
evaluated under various payload masses, and the experimental findings showed that the two-mode ZV
shaper reduced oscillations more effectively than the proportional-derivative (PD) controller.

In addition, a ZV derivative (ZVD) shaper has also been developed to improve the input shaping
robustness for a DPOC [49]-[50]. The ZVD shaper relies heavily on the estimated system’s natural
frequency and damping ratio. The purpose is to generate three sets of impulse sequences, as opposed
to the ZV design, which requires two sets of impulses. In fact, the principal ZVD shaper has been used
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for developing the frequency-modulation input shaping [46], [51]. Interestingly, the testing results
demonstrated that an extra derivative in the ZVD shaper provided a higher level of oscillation
reduction and robustness towards system’s parameter adjustments. Due to the additional third impulse,
the ZVD shaper’s robustness unfortunately caused a longer (slower) trolley position response time.

Furthermore, a ZV derivative-derivative (ZVDD) shaper is a sophisticated control approach to
reduce residual oscillation in DPOC systems. It expands on the concept of ZVD shapers by
incorporating both velocity and acceleration (second derivative) elements from the input signal. This
technique aims to further suppress vibrations by addressing the system’s higher-order dynamics. This
approach has various advantages, including increased vibration control and greater control over
system dynamics. By incorporating derivative terms, the input shaper may more effectively counteract
the displacement and velocity components of the system's response, resulting in improved oscillation
and vibration suppression [17].

In this study, three types of multimode input shaping controllers are investigated for a multimode
DPOC (MDPOQOC) system. Simulations with a dynamic model were conducted under two conditions:
(1) Fixed cable length and (2) Payload hoisting, which are closer to the actual operational crane. In
summary, the contributions of this paper can be listed as follows:

1) Input shaping controllers with respective natural frequency and damping ratio are proposed to
minimize the hook and payload oscillations of MDPOC.

2) The additional derivative of input shaping controllers provided a higher level of hook and payload
oscillation reduction.

3) The average travel length (ATL) with higher derivative of input shaping controllers offers
benefits such as higher level of hook and payload oscillations reduction under payload hoisting.

2. Multimode DPOC (MDPOC)

In this section, a fixed cable length and a payload hoisting (varying cable length) are considered
in minimizing the hook and payload oscillations of the MDPOC as illustrated in Fig. 2. The MDPOC
consists of four independent generalized coordinates (trolley position, x, hook angle, 6,, payload
angle, 8,, and cable length, [,). The trolley mass, the hook mass, the payload mass, the fixed/varying
cable length, the sling cable, the trolley viscous damping coefficient and the gravitational acceleration
constant, represent m, my, m,, ly, l,, f;, and g, respectively. E, and F; are the two external forces that
is applied directly to the MDPOC as the trolley and hoisting input signals.

fi + Hoisting from
0.20m —-040m

(a) (b)
Fig. 2. lllustration of MDPOC: (a) A fixed cable length (b) A payload hoisting
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With a fixed cable length, the MDPOC dynamic equations can be expressed as [17]:
(m+my +my)# + (my +my)16; c(61) + myl,6, c(6,)
—(my + mz)l19'12 s(61) —7”212‘9'22 s(02) = B — faxt W
(my +m)l % c(61) + (my +my)l %8, +myli1,6, c(6; — 6,) )
+ m2l112922 s(6, — 62) + (my + my)glys(6;) =0 @
myloi c(8;) +mylly0, (6, — 6,) +myl,28, .

. 2
—myli1,0, (81 — 0;) + mygly s(6;) =0
where s and c represent sin and cos, respectively.

In industrial practice, the I; changes during payload hoisting, which involves lifting a payload up
or down and transfer it at a specific location, as seen in Fig. 2 (b). Therefore, F; is needed as an external
hoisting force signal for varying cable length and f; denotes the viscous damping coefficients of [;.
Thus, the MDPOC with payload hoisting can be obtained as in (4)-(7) [17], [30].

(m+my +my)i+ (my + mz)[Zilél c(6,) + llél c(6,) —

L6, s(8y) + [y s(81)] + myl5 [0, ¢(6,) — 8, s(8,)] = F — fu (4)
(my + my)[#ly c(0y) + 1,26, + gly s(6;) + 21,1, 64]

+ myly L [6, c(8, — 8,) + 6, s(8, — 6,)] = 0 ©

maly [ c(8,) + Ly + Iy s(8; — 05) — 1,6,° s(6; — 6,) ©
+ 1,6, c(0; —6,) + 20,6, c(6; — 0,) + gs(8,)] =0

(my +m)[Es(6,) + 1, — L6, + g(1 — c(8,)] -

.. .2 .
+ myly[0,5(0; —6;) — 0, (6, —02)] =F — fily

Therefore, the control challenge is to obtain low hook and payload oscillations angle of 8, and
6, respectively during trolley transportation. The simulations’ system parameters, which match the
INTECO crane model are shown in Table 1 [30].

3. Multimode Input Shaping Controllers

This section describes and formulates the multimode input shaping controllers as feedforward
control designs. The aim of input shaping is to modify the original command signal, thus reducing
hook and payload oscillations. This includes ATL-based shaper methods to further verify the
robustness of efficient hook and payload oscillation control under payload hoisting [46], [52]-[60].

3.1. Multimode ZV-ZV Shaper

A set of impulses called input shaping are created depending on the system’s natural frequency,
wy,, and damping ratio, ¢ [17]. The residual vibration, v that results from convolving an input signal
with a sequence of impulses is given as:

v(wn, {) = e~9nta [ c(wp, {)? + s(wy, {)? (8)
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where:
M
(o) = ) Age™Onti c(waty) ©
A=1
M
S(@n,0) = ) Ay e Ont s(waty) (10)
A=1

The positive amplitudes and time locations of the impulse series are denoted as A, and t;,
respectively. To maintain the same output magnitude, the total of the A4 is set to unity as follow:

M
Z A =1 (11)
A=1

where M denotes the maximum number of impulses. By solving (8)-(11), in which v(w,, {) equals
zero, the ZV shaper can be designed with A, and t; of a two-impulse shaper (M = 2) as follows:

M) _ [ A
o) =le <] @)
1 T
A1—1+—H,A2—1+—H,t1—oandt2—w—d (13)
{m

where wy = wy/1—C%2andH = e 15, Fig. 3 depicts the convolution process of ZV shaper.

Table 1. MDPOC parameters

Variables Parameters

Symbol Values Unit

Trolley Mass m 1.155 kg

Hook Mass my 0.20 kg

Payload Mass m, 0.10 kg

Fixed Cable Length and Payload Hoisting I 0.30 and 0.20 - 0.40 m

Sling Cable I, 0.20 m
Trolley Viscous Damping Coefficient fx 82 Ns/m
Hoisting Viscous Damping Coefficient fi 75 Ns/m
Gravitational Constant g 9.81 m/s?

To eliminate undesirable hook and payload oscillations, an MDPOC system requires the
convolution of two ZV shapers, called as a multimode ZV-ZV shaper. Thus, it is necessary to obtain
the value of w,, and ¢ for each mode of both oscillations. In this work, the curve fitting toolbox [49]
was used to estimate the w,, and ¢ values of MDPOC. After carefully determining the cable lengths
[, =0.30mand [, = 0.20 m, the values of w,, and ¢ values for modes 1 and 2 were determined to be
5.226 rad/s and 0.01334, and 9.872 rad/s and 0.05183, respectively. The ZV shaper parameters for
every mode were then generated by solving (12) and (13). Subsequently, (14) and (15) were convolved
together to form a multimode ZV-ZV shaper for handling both oscillations.

sz]_ 0.5105 0.4895
[tZV _[ 0 0.6013] (Mode 1) (14)

[sz] _ [0.5407 0.4593
0

o 031 87] (Mode 2) (15)
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3.2. Multimode ZVD-ZVD Shaper

A ZVD shaper is a three-impulse shaper (M = 3) that is intended to boost shaper robustness. Fig.
4 depicts the ZVD input shaper, which can be created using the convolution process as:

Al _ 41 A2 A4
[t/l] B [t1 t; t3] (16)
A LI 2H H* (17)
T A+ A+ )2 T L+ )Y
t—Ot—n dt—zn (18)
1=Vl = wg andtz = wg
A A
Amax“ Amax T
* A, —
—
Unshaped Ay Shaped
Input Input
0 Time > 0 t, 0 t, Time
Fig. 3. Hlustration of ZV shaper convolution
Amax Amax
% 4, — —
|
Unshaped Shaped
Input Ay Az Input
> [ 1
0 Time 0 t, t, 0 t; Time

Fig. 4. lllustration of ZVD shaper convolution

Similar values of w,, and ¢ were used to calculate the ZVD shaper for each mode by solving (16)
to (18) separately, resulting in ZVD shaper parameters as in (19) and (20). Subsequently, (19) and
(20) were convolved together to develop multimode ZVD-ZVD shaper.

[AZVD] _ [0.2606 0.4998 0.2396

0 06013 1.2026] (Mode 1) (19)

tzvp

[szu]_[0.2923 0.4967 0.2110

=l o 03187 0.6374] (Mode 2) (20)

tzvp

3.3. Multimode ZVDD-ZVDD Shaper

With four-impulse shaper (M = 4), ZVDD is designed to further increase the shaper robustness
as shown in Fig. 5. Through the convolution process, the ZVVDD shaper can be formulated as:

Al _[A1 Ax Az Ay
[tz - [t1 t, t3 U (21)
1 3H 3H?2 H3

Ay (22)

:—'A :—'A :—'A o ——
(1+H)3 2 A+H3 2 Q+H3 ™ (A+H)3
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=0ty =ty = 2 andt, = o~ 23
1 — ’Z_wdl 3_wdlan 4-_wd ( )
AH’J.HI Amax
* A, —
Unshaped Ay — Shaped
Input A, Ay Input
>
0 Time 0 t, ts ty 0 t, t3 t4 Time
Fig. 5. lllustration of ZVDD shaper convolution
Similarly, (24) and (25) were convolved together to yield multimode ZVDD-ZVDD shaper.
AZVDD]_ 0.1330 0.3827 0.3670 0.1173
[tzmn =| 0 06012 12024 18036 (ModeD (24)
AZVDD] _[0.1581 0.4028 0.3422 0.0969
[tzmn =| 0 03187 06373 09560) Mode2) (25)

3.4. Multimode ATL-2ZV, Multimode ATL-ZVD and Multimode ATL-ZVDD Shapers

During payload hoisting operation, w,, and ¢ fluctuate significantly and can be designed via ATL
approach [56]-[57]. Hence, the multimode ZV-ZV, multimode ZVD-ZVD and multimode ZVDD-
ZVDD shapers designed with [; = 0.30 m in Sections 3.1, 3.2 and 3.3 respectively are also the ATL-
based shapers. Therefore, multimode ATL-ZV, multimode ATL-ZVD and multimode ATL-ZVDD
shapers are expected to perform effectively under payload hoisting conditions. This allows for a fair
comparison of the three ATL-based shapers.

4. Results and Discussion

Two simulation scenarios: (1) Fixed cable length and (2) Payload hoisting are presented in this
section. The designed multimode ZV-ZV, multimode ZVD-ZVD and multimode ZVDD-ZVDD
shapers were tested under fixed cable length conditions, while multimode ATL-ZV, multimode ATL-
ZVD and multimode ATL-ZVDD shapers were executed under payload hoisting conditions. All the
multimode input shaping was applied to the MDPOC model as shown in Fig. 6.

A
SN Multimode Shaped %,0.,0, 1
R Input Shaping MDPOC
Input
Controllers

Fig. 6. A block diagram with multimode input shaping controllers

An external input force as plotted in Fig. 7 was stimulated into the multimode input shaping
controllers (multimode ZV-ZV, multimode ZVD-ZVD and multimode ZVDD-ZVDD) and converted
as shaped input to maneuver the MDPOC as illustrated in Fig. 8.

In this work, the maximum amplitude of hook, 6;,, and payload, 6,,, angles was measured.
Furthermore, a performance indicator known as mean squared error of hook, MSEq and payload,

MSEg, was also used. Low values of 6;,,, 6, MSEg, and MSE,, indicate minimal oscillations,
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which are critical for ensuring the stability and precision of the MDPOC system in real-world
operations. The most effective controller among the others is the one with the lowest 8, 62,,, MSEg,
and MSEyg, .

0.8 T T T T T T T T

0.6 fm = mm e

Force (N)
o
s

0.2
0 1 — - — 1 | I— - -
0 1 3 4 5 6 7 8 9 10
Time (s)
Fig. 7. An external force
05 T T T T T -
Multimode ZV-ZV
Multimode ZVD-ZVD
Multimode ZVDD-ZVDD
0.4 .
z
@03} .
e
=]
'S
[
€02F _
=]
o
0.1 .
0 J 1 1 L Il Il Il 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Fig. 8. Shaped control inputs
4.1. Fixed Cable Length

In this scenario, fixed cable lengths, [; = 0.30 m and [, = 0.20 m are investigated. Figs. 9, 10(a)
and 10(b) depict the trolley position and both oscillations obtained with the multimode ZV-ZV,
multimode ZVD-ZVD and multimode ZVDD-ZVDD. Fig. 10 summarizes the maximum and overall
oscillations achieved using the controllers. In addition, Table 2 shows the performances of the
multimode ZV-ZV, multimode ZVD-ZVD and multimode ZVD-ZVD shapers. The results indicate
that multimode ZVDD-ZVDD provided the highest oscillations reduction. The multimode ZVDD-
ZVDD provided 97.9%, 75.3% and 48.3% reductions in the overall hook oscillations and 97.2%,
67.6% and 38.5% reductions in the overall payload oscillations when compared to the unshaped,
multimode ZV-ZV and multimode ZVD-ZVD shapers, respectively. As expected, the multimode
ZVDD-zVDD shaper reduced oscillations more effectively in all aspects than the multimode ZV-ZV
and multimode ZVD-ZVD shapers.
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Fig. 9. Response of trolley position

4.2. Payload Hoisting

To investigate the efficiency of multimode input shaping, a payload hoisting scenario (from 0.20
m to 0.40 m) is also considered, as plotted in Fig. 11. During payload hoisting operation, w,, and ¢
fluctuate based on varying cable length. Therefore, the controller’s robustness towards frequency
fluctuations should be evaluated. As a result, Fig. 12 (a) and Fig. 12 (b) demonstrate the hook and
payload oscillations, respectively. The maximum and overall oscillations are summarized in Fig. 12.
Table 3 also shows the performances between unshaped and multimode ATL-based shapers.

Table 2. Performances of multimode shapers under a fixed cable length

Shapers (a) Oim 0, (D) MSE,, MSE,,
Unshaped 8.444° 12.295° 31.250 73.809
Multimode ZV-z2V 3.048° 5.272° 2.639 6.327
Multimode ZVD-ZVD 2.267° 4.215° 1.259 3.335
Multimode ZVDD-ZVDD 1.582° 3.409° 0.651 2.052

Similarly, the multimode ATL-ZVDD was demonstrated to have the highest robustness,
particularly in controlling the hook and payload oscillations. The multimode ATL-ZVDD reduced
overall hook oscillations by 94.8%, 60.9% and 35.5% compared to the unshaped, multimode ATL-
ZV and multimode ATL-ZVD shapers, respectively, as well as overall payload oscillations by 94.0%,
52.6% and 26.6%. Thus, the multimode ATL-ZVDD shaper reduced oscillations more than the
multimode ATL-ZV and multimode ATL-ZVD shapers, demonstrating its robustness and
effectiveness in handling frequency fluctuations. Overall, the multimode ZVDD-ZVDD shaper
proved to be the most effective for fixed cable lengths, while the multimode ATL-ZVDD shaper
demonstrated superior performance during payload hoisting. However, the design and implementation
of additional derivative shapers are typically more complex than standard input shapers. In addition,
the multimode input shapers design is heavily reliant on the estimated system’s w,, and ¢ for both
hook and payload oscillations.

Table 3. Performances of multimode ATL-based shapers under a payload hoisting

Shapers (c) O1m 0, (d) MSEg, MSE,,
Unshaped 8.602° 14.044° 13.861 29.717
Multimode ATL-ZV 2.507° 4,1540 1.826 3.778
Multimode ATL-ZVD 1.956° 3.471° 1.107 2.442
Multimode ATL-ZVDD 1.482° 3.120° 0.714 1.792
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Fig. 10. Responses of oscillation with a fixed cable length: (a) Hook (b) Payload
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Fig. 11. Response of payload hoisting from 0.20 m to 0.40 m
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Fig. 12. Responses of oscillation with a payload hoisting: (a) Hook (b) Payload

5. Conclusion

A multimode input shaping controller provides an established feedforward control approach for
minimizing hook and payload oscillations in an MDPOC system under fixed cable length and payload
hoisting. The multimode ZVDD-ZVDD shaper successfully reduced in the overall hook and payload
oscillations by 97.9% and 97.2%, respectively, compared to the unshaped system, whereas the
multimode ATL-ZVDD shaper reduced hook and payload oscillations by 94.8% and 94.0%,
respectively. Furthermore, the multimode ZVDD-ZVDD shaper has demonstrated the ability to
achieve the highest reduction in both hook and payload oscillations when compared to the multimode
ZV-ZV and multimode ZVD-ZVD shapers. In fact, the multimode ATL-ZVDD shaper was shown to
be robust in modelling uncertainties related to variations in oscillation frequency during payload
hoisting over the multimode ATL-ZV and multimode ATL-ZVD shapers. This significant reduction
in oscillations enhances the precision and safety of real-world crane operations in industrial settings.
However, the design and implementation of additional derivative shapers are typically more complex
than standard input shapers. In addition, the multimode input shapers design is heavily reliant on the
estimated system’s w,, and ¢ for both hook and payload oscillations. Future research will explore
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adaptive or learning-based multimode control strategies that dynamically adjust to system changes
without the need for estimate w,, and {.
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