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Abstract: A crane system with distributed mass payload (DMP) is highly nonlinear and it is a multi-mode system with different
oscillation frequencies. The crane dynamics are also largely affected when operating under different cable and payload lengths.
This paper investigates robust multi-mode input shapers for effective oscillation control of an overhead crane carrying DMP.
Three robust shapers which are Zero Vibration Derivative (ZVD), Extra-Insensitive (EI) and Equal Shaping-Time and
Magnitude (ETM) are considered and modified to be multi-mode shapers. These are obtained by convolving two input shapers
that are designed separately based on the hook and payload oscillation frequencies. To assess the effectiveness of the shapers,
Matlab simulations are performed by using the nonlinear dynamic model of the crane and applied under three distinct cases
involving different cable and payload lengths. Simulation results show that the multi-mode EI shaper (MM-EI) has the highest
performance in reduction of the hook and payload oscillations, with the lowest maximum transient sway and mean average
error. In addition, with 40% errors in the oscillation frequencies, the MM-EI provides the highest robustness by achieving 50%
reductions in the payload oscillations as compared to the case with an unshaped input.
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1. INTRODUCTION

Cranes are type of machine that produce powerful strength commonly used in manufacturing, construction and transport sectors
to convey bulky, dangerous and lift heavyweight load from one spot to another in between the workspace. There are different
types of cranes which can be categorised depending on the mode of movement and structures: (a) Boom and tower cranes, and
(b) Overhead and bridge cranes [1]. Overhead cranes are designed to lift, lower, and traverse horizontally along a rail or beam,
possessing the capacity to safely handle extremely heavy loads [2]. Utilising an overhead crane is a more practical and efficient
solution for transporting large or exceptionally heavy materials within a manufacturing facility, eliminating the challenges and
difficulties associated with operating through congested pathways and limited floor space.

While there is a substantial body of research on the dynamics and control of cranes in the literature, most of these studies
have concentrated on the Point-Mass Payload (PMP) scenario, with less attention devoted to other payload configurations like
distributed mass payloads (DMP). Recent research has shifted its focus from the traditional PMP to the more realistic DMP’s
for double-pendulum cranes, reflecting a growing interest in more accurate and practical modelling [3]. The primary difference
between PMP and DMP in a crane system is the way the payload's weight is treated and incorporated into the
system's dynamics. The PMP model simplifies the payload's weight by concentrating it at a single point, making calculations
easier, but potentially overlooking the complexity of real-world situations where the weight is distributed across the payload
[4]. In contrast, the DMP model considers the actual distribution of weight within the payload, providing a more precise
representation of its impact on the crane's performance and structural stability. However, the attachment of such a payload to
the hook using multiple rigging cables results in complex crane dynamics. Furthermore, the crane dynamics behave as a
double-pendulum crane and oscillates with multi-mode frequencies [5]. When in operation, the crane's hook and payload move
in synchronized oscillations, requiring a control system that accounts for all oscillation modes to achieve precise
and stable control [6]. Dynamic modelling and characterisation of an overhead crane carrying a DMP was presented in [4],
together with the study on the influence of changing crane and DMP parameters on the system dynamics.
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Control algorithms for an overhead crane with DMP can be divided into two main categories: closed-loop and open-loop
techniques. As the closed-loop techniques can be used for position and oscillation control of the crane, they have received
more attention from researchers. The proposed techniques include an adaptive control system for precise positioning and swing
reduction of 3-D overhead cranes [7], a wave-based control that was not depended on the accuracy of the system model [8],
time-varying Sliding Mode Control (SMC) [9], [10], equivalent rope length trajectory planning [11], adaptive fuzzy tracking
control systems [12], time-optimal anti-swing control based on low-pass filter [13] and deep reinforcement learning-based
control [14]. On the other hand, the open-loop techniques have the advantage of being simpler to implement and more cost-
effective than the closed-loop methods. They were mainly used for control of crane oscillation. The proposed open-loop
techniques for a DMP system include a command smoothing control combining low-pass and multi-notch filters [3], command
smoothing control based on the modelled damped oscillation period [15], Extra-insensitive (EI) and modified EI shaper for
control of dual cranes under a planar motion [16], discontinuous piecewise and hybrid piecewise smoothers [17], and an ANN-
based optimal command smoother [18]. However, basic input shaping techniques lack robustness, particularly with uncertain
parameters and external disturbances, making them less robust than the closed-loop approaches [19].

Review of existing research on double-pendulum overhead crane (DPOC) with DMP reveals that achieving effective
control remains a difficult task, and currently, there is no single control strategy that can successfully minimise both hook and
payload oscillations to an optimal level. As the crane is a multi-mode system and oscillates with two different frequencies, an
effective open-loop technique that can handle both oscillations is desirable. This paper investigates design and performance
analyses of multi-mode robust input shapers for oscillation control of an overhead crane carrying DMP. Three robust shapers
which are based on EI, Zero Vibration Derivative (ZVD) and Equal Shaping-Time and Magnitudes (ETM) are designed and
simulated utilising a nonlinear dynamic model of the system. The main contribution of this work lies in the design of multi-
mode shapers applied to a crane carrying DMP. Three cases with distinct cable and payload lengths are examined to evaluate
the control performance in terms of reductions of hook and payload oscillations. Robustness of the shapers is also examined
by considering 40% error in the hook and payload oscillation frequencies.

2. DYNAMIC MODEL OF AN OVERHEAD CRANE

Modelling of a DPOC system with DMP was achieved through utilisation of the Lagrangian approach. Figure 1 depicts a
schematic diagram of a DPOC carrying a DMP with a constant cable length. The crane has three independent generalised
coordinates which are trolley position, hook and payload angles denoted by x, 8, and ¢ respectively. The only input for the
system is an applied external force, F,. Modelling of the crane carrying DMP using Lagrangian method was described in details
in [4]. This work utilised the derived dynamic model for extensive simulation work.

The nonlinear dynamic model of the crane system can be written as [4]

(m¢ + my, + my,)x% — (my, + m, )16 cos 6 + (my, + m,,)1,6%sin 6

—my,l, cos p + myl,p?sing = F — fi.% M
—(mh - mp)llzé - (mh + mp)lljc' cos @ @)
+ myly1,¢ cos(8 — @) +m,ly1,@? sin(6 — ) +(my, + mp)gl1 sinf =0
2 1 2\ .. .. o N2 . .
m, (l2 + Elp )(p —mplyX cos ¢ + mpl;1,60 cos(8 — @) —m,l;1,0%sin(0 — @) + m,gl, sing =0 3)

Where all the symbols are as described in Table 1. Equations (1) — (3) show that the system is highly nonlinear, and all the
outputs are coupled. Table 1 lists the crane parameters and their values used in this simulation work. These values were taken
from a laboratory overhead crane as described in [4].
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Figure 1. DPOC system with DMP.

192



M. M. BELLO ET AL., APPLICATIONS OF MODELLING AND SIMULATION, 8, 2024, 191-200.

Table 1. Overhead crane parameters.

Variables Symbol Values/units
Mass of trolley me 1.155 kg
Mass of hook my, 0.1 kg
Mass of payload my, 0.215 kg
Cable length between trolley and hook L 0.3,0.4,0.5m
Cable length between hook and payload l, 0.2 m
Horizontal length of the DMP Ly 0.2,03,04m
Viscous damping coefficients of trolley fr 82 Ns/m
Gravitational constant g 9.81 m/s?

3.INPUT SHAPING TECHNIQUES

The basic concept of the input shaping technique is to obtain an input that is able to reduce system’s vibration and oscillation.
This technique has become popular among researchers as its implementation is easier and it is able to move an underactuated
system without causing vibration. This is an open-loop technique in which the base command and the delay part of the base
command are used to implement command shaping and cancel the vibration [20], [21]. The design objective is to determine
amplitudes and time locations of impulses which can be obtained by using the system’s natural frequency and damping ratio.
In this work, three robust shapers are designed with different impulse magnitudes and locations. They are briefly described in
the following sections.

3.1 Zero Vibration Derivative (ZVD) Shaper
For any vibratory system, the output y, can be expressed as:

A
0= [ s/ T8 -0 ?

where A, is the amplitude of impulse applied, { is the damping ratio and w is the natural frequency of the system. Zero
Vibration (ZV) shaper is the simplest type of input shaping technique with two impulses, and the amplitudes and time locations
of the impulses can be calculated as:

1 K
4, -
[ ]_ 1+K 1—71;1( 5)
wg
where
__
Wg=wyy/1—¢> and K=e V-7 ©)

However, the ZV shaper is not robust as small adjustments/errors in the damping ratio and natural frequency significantly
degrade its performance. An additional constraint was later added into the formulation to improve the performance of the ZV
shaper in the presence of nonlinearities, modelling errors, and parameter uncertainties [22]. This additional constraint causes
the frequency derivative of residual vibration to become zero. Solving the related equations yields a three-impulses input
shaper known as Zero Vibration Derivative (ZVD) shaper as shown in Figure 2. The magnitudes and locations of the shaper
can be determined as:

A; A, A, A
[ ] 1 2 t3] (7)
2 3
where
A - 1 A_ZK A—KZ t—Ot—nt—Zn
T A4KTTET A2 T A4+K)2TTT T T w7 T wy

3.2 Extra-Insensitive (EI) Shaper

The ZVD shaper is designed with an extended shaper duration and a more gradual response to enhance the robustness of ZV
shapers. In order to solve this problem, an alternative shaper was designed by adding a constraint to reduce vibration [23]. This
shaper offers an additional resistance to errors in the natural frequency and damping ratio estimation. The shaper is known as
Extra-Insensitive (EI) shaper which has a comparable duration to that of the ZVD shaper but with greater robustness. The
development of the EI shaper involves the use of three impulses having the same locations as the ZVD shaper, however with
varying amplitudes. The amplitude and time location of impulses for the EI shaper can be obtained as [24]
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Figure 2. ZVD shaper with three impulses. Figure 3. Input shaping process.
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where V;,, is defined as the acceptable level of vibration, typically set at 5% or 0.05. t;, t, and t; are similar to the ZVD shaper
as in Equation (7).
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3.3 Equal Shaping-Time and Magnitudes (ETM) Shaper

The concept of Equal Shaping-Time and Magnitudes (ETM) shapers is based on impulse vectors and input shaping as described
in [25]. The ETM shaper is a specific type of shaping technique that involves shaping impulses with equal magnitudes and
time locations. In this technique, impulses with the same magnitude and the same angle between impulse vectors are applied,
contributing to the optimisation of the system's response and reducing undesired vibrations [25], [26].

The ETM shaper ensures that the sum of its impulse vectors is consistently zero for alln = 2 (n is the number of impulse),
distinguishing it from the ZVD or EI shapers [27]. Notably, the shaping time remains fixed at one damped period of the time
response, irrespective of the increase in n. Derived from these conditions, the ETM4 shaper, featuring four impulse vectors,
can be obtained as:

I I I ml
[Ai] |1+m . . (1 +m)z? 9
til (2m/3) (4m/3) 2n ©)
Wq Wgq Wq
where
1 +m)t?
I = d+m | 1= GNTE a0

4 2
?2+(1+m)(T3+13)+m

and m = 0.79 and 0.9 for the hook and the payload shaper designs respectively. It is worth mentioning that ETM3 shaper with
the parameter m set to 1 is similar to the ZVD shaper.

3.4 Design of Multi-Mode Shapers

Generally, the shaping process is as shown in Figure 3 where a desired input is convolved with an input shaper to yield a
shaped command. The shaped command is then excited into the system for reduction of oscillation. However, as the overhead
crane with DMP oscillates with two modes of frequencies for the hook and payload, it is necessary to design an input shaper
that considers all the frequencies. In this case, reduction of hook oscillation is crucial in order to achieve low payload oscillation
as both hook and payload responses are highly coupled. In this work, design of a multi-mode shaper is proposed, in which two
different shapers are designed separately based on the two frequencies and damping ratios. Then, both shapers are convolved
to obtain a single multi-mode shaper. Figure 4 shows a block diagram of designing the multi-mode shaper and its
implementation for oscillation control in an open-loop configuration.

In this work, multi-mode EI (MM-EI), ETM4 (MM-ETM4), and ZVD (MM-ZVD) shapers were designed and simulated
for control of the crane. Each technique provided different shaper parameters as in Equations (7) — (9), and comparative
assessments of their performance and robustness can be conducted.

4. IMPLEMENTATION AND RESULTS

This section presents design and implementation of the multi-mode shapers, and simulation results of the crane oscillation
responses. The controller’s performance and robustness are examined and discussed.
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Figure 4. Design and implementation of multi-mode input shapers.

4.1 Implementation

Three cases of crane parameters with distinct cable and payload lengths were considered to evaluate the controller’s
performance and robustness. The cases are:

a) Case 1: cable length of 0.30 m and DMP length of 0.20 m.

b) Case 2: cable length of 0.40 m and DMP length of 0.30 m.

c) Case 3: cable length of 0.50 m and DMP length of 0.40 m.

The other parameters are kept constant: hook mass (100 g), payload mass (215 g), and rigging cable length (0.2 m).

In order to design the multi-mode shapers, the oscillation frequency of the crane system need to be measured or estimated.
For this purpose, the crane was initially excited with a trapezoidal input signal with an amplitude of 1 N and a time duration
of 2 s as shown in Figure 5. The input was applied to the crane as an external force to move the trolley. This is a typical input
given by an operator in which it is initially accelerated, then maintain at a maximum speed, and eventually decelerated to stop
the crane.

Simulation of the nonlinear DPOC with DMP dynamic model given in Equations (1) — (3) and implementation of the
controllers were performed using Matlab and Simulink R2021a version. A computer with i5 and 2.40 GHz processor, 12 GB
RAM and 64-bit operating system was used. The simulation employed the ode45 (Dormand-Prince) solver with a variable
step. For evaluation of the controller performance, the hook and payload oscillation responses were monitored for a duration
of 10 s. Maximum transient sway (MTS) and mean average error (MAE) values were calculated and used as performance
indexes of the controllers. MTS determines the maximum amplitude during the transient response whereas the MAE values
indicate the average magnitude of the oscillations throughout the observation period. Lower MTS and MAE values are
desirable as they represent low oscillation in the transient and overall responses.

4.2 Unshaped Input

Simulation results of the hook and payload oscillation responses when excited with the input shown in Figure 5 under the three
cases are shown in Figure 6. It is noted that changes in the cable and payload lengths of the crane significantly impact the
oscillatory behavior, influencing the amplitude, shape, and frequency of the oscillations. During these operations, the MTS for
the hook decreases in a sequential order for each case, whereas the MTS for the payload oscillation increases.

Table 2 presents the oscillation frequencies of the hook and payload responses for all cases, revealing that the crane
oscillates at different frequencies in each case. From Case 1 to Case 3, the hook and payload oscillation frequencies have
reduced by 39%. These findings correspond with theoretical expectations, as increasing the cable length during operation leads
to a decrease in the oscillation frequency. Furthermore, the results demonstrate that the DPOC with DMP exhibits a multi-
mode behavior, characterised by multiple oscillation frequencies.

4.3 Shaped Input Responses

Based on the oscillation frequencies of the hook and payload oscillations of each case as shown in Table 2, magnitudes and
time locations of EI, ETM4 and ZVD shapers were calculated separately. As an example, the calculated parameters of the
shapers for Case 2 are presented in Table 3. The shapers for the hook and payload are then convolved to yield a multi-mode
shaper as shown in Figure 4. Figure 7 shows the shaped inputs obtained after the original input (Figure 5) was modified using
the multi-mode shapers.

15

Table 2. Hook and payload oscillation frequencies.

Modes Case 1 Case 2 Case 3
T 1 Hook 5.05 5.01 3.09
Payload 5.43 5.28 3.30

orce (N)

Figure 5. Input force signal.
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Hook sway (deg)

Figure 6. Unshaped response of the DPOC system (a) Hook oscillation and (b) Payload oscillation.

Table 3. Shaper parameters for Case 2.

Magnitudes Time locations
Mode Ay A> A3 As 15 13 7
ZVD 0.45 0.45 0.12 - 0.65 1.29 -
Hook ETM4 0.34 0.37 0.23 0.06 0.43 0.86 1.29
EI 0.45 0.38 0.12 - 0.67 1.29 -
ZVD 0.36 0.48 0.16 - 0.6 1.20 -
Payload | ETM4 0.26 0.36 0.28 0.10 0.40 0.80 1.20
EI 0.38 0.44 0.18 - 0.6 1.20 -

Force (N)

Figure 7. Shaped input signals

4

Time (sec)

Figure 8 shows the hook and payload oscillation responses for Case 1 with the shaped inputs. It is noted that all the shaped
inputs significantly reduced the oscillations as compared to the unshaped responses. MM-EI can also be shown to be superior
as it produced the lowest MTS value and has the lowest overall oscillation. Figures 9 and 10 depict the oscillation response
simulations for Cases 2 and 3 respectively, with the same input force as in Figure 5. Similarly, the results show that all the
controllers significantly improved the system's performance. Moreover, a similar pattern was obtained in which the MM-EI
outperformed the MM-ZVD and MM-ETM4 by achieving more substantial reductions. Figures 11 and 12 present comparative
assessments of the shapers in terms of the MTS and MAE values. The results indicate that for all cases, the MM-EI provided
the best performance in oscillation reductions with the lowest MTS and MAE values. This is further evidenced in Figure 13
with the percentage of improvements achieved by using all the shapers. As expected, the MM-ETM4 provided a better
performance than the MM-ZVD shaper.
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Figure 10. Response of the DPOC for Case 3: (a) Hook oscillation and (b) Payload oscillation.
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Hook sway (deg)
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Figure 14. Simulation responses with 40% errors in oscillation frequencies: (a) Hook oscillation and (b) Payload oscillation.

Table 4. Percentage of improvements with erroneous oscillation frequencies.

MTS MAE
Hook Payload Hook Payload
Value Improve Value Improve Value Improve Value Improve
(deg) (%) (deg) (%) (deg) (%) (deg) (%)
Unshaped 3.46 - 4.30 - 1.35 - 1.64 -
MM-ZVD 2.67 22.8 3.61 16.1 1.34 0.74 1.60 2.44
MM-ETM4 2.35 32.1 3.03 29.5 1.19 11.9 1.41 14.0
MM-EI 1.75 49.4 2.16 49.7 0.90 333 1.12 31.7

4.4 Robustness Analysis

A major drawback of input shaping technique is its low robustness towards parameter uncertainties and
measurement/estimation errors of crane parameters and oscillation frequencies. In this work, the robustness of all the robust
shapers were examined by considering erroneous oscillation frequencies in the shaper designs. In this case, the multi-mode
shapers with parameters designed using Case 2 shown in Table 2 were implemented for Case 3. This represents 40% errors in
the hook and payload oscillation frequencies. Figure 14 shows the simulation responses of the oscillations using the multi-
mode shapers with erroneous frequencies. As expected, the performance of all the shapers in reducing the oscillations
decreased as compared to Figure 10 (Case 3 with exact frequencies). However, reasonable oscillation reductions were obtained
using the MM-EI shaper.

Table 4 summarises the MTS and MAE values obtained using the shapers and their percentage of improvements as
compared to the unshaped input. It can be shown that the MM-EI provided the highest robustness with 50% and 30% reductions
in the MTS and MAE values. The MM-ETM4 only achieved 30% and 14% reductions in the oscillation responses.
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5. CONCLUSION

Robust multi-mode shapers based on ZVD, EI and ETM4 input shapers have been designed for oscillation control of an
overhead crane carrying DMP. Based on the system dynamics, separate input shapers considering the hook and payload
oscillations were initially designed. Then, a multi-mode shaper was obtained by using a convolution process of both shapers.
Matlab simulations utilising the nonlinear model of the crane under three cases involving different cable and payload lengths
demonstrated that all the multi-mode shapers were able to provide significant hook and payload oscillations. Further analyses
have shown the superiority of the MM-EI in reductions of oscillations with the lowest values of MTS and MAE. Furthermore,
analyses with 40% error in the oscillation frequencies have also revealed that the MM-EI shaper has the highest robustness
when compared to the other shapers.
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