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However, shapers can be sensitive to parameter estimation,
i.e. if the frequencies and the damping are not well estimated or they are time−varying, then the effectiveness
of the method is reduced. For some shapers, residual vibration increases rapidly as the actual parameters deviate
from the modeled or estimated parameters. One possible
strategy to overcome this problem is the use of robust input
shapers [2], which allow a significative vibration suppression
even in presence of uncertainity in the plant parameters.
The disadvantage in this case is increasing the rise time,
which becomes higher as the robustness of the shaper increases. Moreover, robust shapers still suffer in systems with
time−varying parameters, since they allow the suppression
of the vibrations in a pre−defined frequency interval. In sum,
the use of robust shapers, even if it allows for vibration
suppression in presence of uncertainity, it still presents two
main problems: (i) increasing of the rise time; (ii) requiring
a−priori knowledge of the frequency range in which the
system operates.

I. I NTRODUCTION
Accurate motion of flexible systems is a challenging problem
because it often results in high levels of vibrations. Classical
feedback control methods may be used to reduce transient
vibrations, but they can be expensive and difficult to implement, as they require sensors information. Moreover, they
often need a complete dynamical model of the controlled
system and significative control power. If not properly designed, then feedback may lead to instability of the system.
Command−shaping methods [1] are proven techniques to
control the motion of flexible systems: shaping the reference
command such that the vibratory modes of the system are
canceled reduces the vibrations. In these methods, the reference signal is convolved with a sequence of impulses, namely
an input shaper. The rise time of the command is lengthened
by the duration of the shaper. Hence, to achieve high−speed
motion, it is important to minimize the shaper duration. The
main advantage of input shaping techniques is that the timing
and the amplitude of the impulses are determined by solving
a set of constraint equations using only estimates of the
system natural frequencies and damping [1].

In this paper we propose a predictive approach to develop
a new class of input shapers, as illustrated in Fig. 1. The
reference command is convolved with two impulses whose
location and amplitude is given by the input predictive
shaper. The shaped command acts on the nonlinear system,
which results in almost zero residual vibrations. In this work
we obtain a closed−form predictive−adaptive input shaper
for vibration suppression in slewing flexible systems with
time−varying natural frequencies. Using a zero vibration
structure we overcome the limitation in (i). The predictive
approach allows the method overcoming the limitation in (ii).
The input shaper results from an offline training procedure
used to learn, in a data-based fashion, the response of the
system when it is subjected to a wide range of different
inputs. Thus, it might be used to control the motion of
flexible nonlinear systems in complex trajectory tracking
tasks, without knowing a priori the range of frequencies in
which the system will operate.
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Abstract— This paper presents the foundation of a new class
of input shapers, designed using a predictive approach. The
method is used to control the transient and residual vibrations
in flexible nonlinear systems with time−varying parameters.
The motivation is the development of simple algorithms and
architectures for controlling the motion in flexible nonlinear
systems with minimal modeling effort. The approach trains
an artificial neural network to obtain closed−form expressions
used for calculating, in real time, the amplitudes and the time
locations of the impulses required by a common input−shaping
technique. In this work we use this idea to design a command
shaper for controlling the motion of the simplest flexible nonlinear system, an overhead crane with a suspended payload. We
validate the approach using simulations and experiments. The
benefits of such a control system will, in the end, enable using
this method for controlling the motion of complex nonlinear
systems, resulting in almost zero vibrations.
Index Terms— Nonlinear dynamical systems, vibration control, predictive control, command shaping.

305

Following the trend of the past years in using predictive
approaches to develop model−based controllers (a good
explaination of model predictive control is given in [3]),
the current work aims at introducing a predictive approach
also in designing input shapers. The idea is to train a
neural network to compute the expressions for the amplitudes
and the time locations of the impulses in systems with
time−varying parameters. We refer to this class of shaper as
input predictive shapers (IPS). The current work develops a
zero−vibration input shaper using a predictive approach: this
shaper will be referred to as zero vibration − input predictive
shaper (ZV-IPS). Simulations and experiments to validate
the method have been performed on a single−pendulum
overhead crane.
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The rest of the paper is organized as follows. In the next
Section we review related work in the field. In Section III
we present the theoretical backrgound beyond the IPS. In
Section IV we report the simulations and the experiments
performed to validate this methodology for controlling the
vibrations in a trajectory tracking task. Section V introduces
a robustness analysis. Section VI concludes the paper and
discusses future developments.

Overhead crane with suspended payload.

Several works use hybrid control schemes given by the
combination of input shaping with: model reference control [11], linear quadratic regulators [12], PID [13], feedback
linearization [14]. Input shaping validation as a control
scheme for vibration suppression has been proved for industrial robots [15]; robots with flexible arms [16], [12]; wearable robotic arms [17]; overhead cranes [18], [19]; fueling
transporting systems in nuclear plants [20]; nanopositioning
tasks [21].
This paper introduces a predictive approach in the context of
command−shaping methods. The importance of the theme
is illustrated by the recent comparisons between model
predictive control and input shaping [22], [23], [24]. The
contribution of this work lies in providing the foundation for
the development of input predictive shaping. The results of
the ZV-IPS make the use of IPS attractive in real industrial
scenarios for controlling the vibrations in uncertain flexible
systems with a minimal modeling effort.

II. L ITERATURE REVIEW
The earliest work on systematic command shaping can be
found in the posicast control introduced by OJM Smith [4].
After many years, Singer and Seering [5] introduced the idea
of robust shapers by adding in the design process a new constraint, which forces the derivative of the residual vibration
with respect to the frequency to equal zero. They also set to
zero higher−order derivatives. The result is the achievement
of more robust shapers, which limited the residual vibrations
over a wider set of frequencies. But, this increases the
length of the command. After the idea of zero−derivative
(ZD) shapers, Singhose et. al [6] introduced the concept
of extra−insensitive (EI) shapers, where the constraint of
zero vibration at the modeling frequency was replaced with
a constraint which limits the vibration to a small value.
Another robust technique, called specified−insensitive (SI)
shaping, suppresses the vibration in a specified range of
frequencies [7]. A comprehensive review on robust command
shaper can be found in the work of Vaughan et. al [2]. A
different approach is to follow an adaptive strategy in lieu of
robust methods. The adaptation of the impulse amplitudes
and time locations to the changing dynamic properties of
the system has been studied by many researchers. Currently,
there are mainly two ways to design adaptive input shapers.
The first one is to use a frequency−domain identification
scheme to estimate the vibration frequencies of single−mode
or multi−mode systems [8]. Another approach adapts the
input shaper directly from the system output [9]. In [10], an
adaptive feedforward control, consisting of a finite impulse
response filter and a command input, is used for motion
control with zero residual vibrations in robots with flexible
arms.
More recent works are related to applications and the combined use of input shaping and other control techniques.

III. I NPUT P REDICTIVE S HAPING
This section provides the theoretical background which
leads to the development of the input predictive shaping method. We develop a closed−form ZV-IPS for a
single−pendulum overhead crane.
A. System dynamics
An overhead crane with a suspended payload is a nonlinear
dynamic system. The model used in this work is shown in
Fig. 2. The system is a planar gantry crane with a variable
cable−length l(t) that simulates hoisting the payload. The
cable is modeled as an inflexible and massless rod pinned
to the trolley. The configuration of the system is specified
by the horizontal position of the trolley, x, the length of the
cable, l, and the swing angle of the cable with respect to the
vertical axis z, θ . Using a Lagrangian approach, the equation
of motion of the system takes the form of a second−order
nonlinear ordinary differential equation with time−varying
coefficients:
l θ̈ + 2l˙θ̇ + g sin θ + cos θ ẍ = 0

(5)

where g is the acceleration due to gravity. In the following,
we assume a linear variation of l, thus l˙ is constant.
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TABLE I

A NALYTICAL EXPRESSIONS FOR THE ZV- IPS OF AN OVERHEAD CRANE WITH SUSPENDED PAYLOAD .

5.306
9.254
1.355
2.065
−
−
+
+ 5.709
˙
˙
˙
˙
e−0.6987l+0.9542l+1.300
+ 1 e−0.3422l−0.7200l−3.123
+ 1 e−0.4359l+0.8196l+2.543
+ 1 e0.2482l+0.0055l+2.524
+1
A2 = 1 − A1
t1 = 0
2.438
20.62
5.566
32.78
t2 =
+
−
+
− 49.55
˙
˙
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e0.0979l−0.3130l−0.1394
+ 1 e0.0992l−5.124l−4.502
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+ 1 e0.0290l−0.9456l−4.046
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B. ZV−IPS Design
In this section we derive the mathematical expression for
the ZV-IPS. It has a ZV−like structure, which provides a low
rise time. A ZV input shaper is implemented by convolving
two impulses with the desired reference command. When
a first impulse is applied to a system, some vibrations are
excited. If a second impulse is applied at the correct time,
when the system crosses the zero deflections, i.e. at the time
corresponding to the half of the system natural period, then
the combined response of the two impulses results in zero
residual vibrations; see Fig. 3 for its graphical interpretation.
In the case of zero damping, the amplitudes and times of the
shaper are given by
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one impulse. Velocity of the cable is 0.5 m s−1 .
Fig. 4.

In order to calculate the appropriate impulse amplitudes
and times, the input−output relationship which relates the
starting cable length and velocity with the zero crossing time
for the payload deflection and velocity should be estabilished.
During an offline phase, we compute in simulation the
zero crossing time for payload deflection and velocity for
starting conditions ranging from 0.1 m to 25 m for the initial
suspension length, and from −2 ms−1 to 2 ms−1 for the initial
hoist velocity. These conditions make this method valid for
most industrial cranes. We observed the motion of the system
for 10 s for each simulation, with a sampling rate of 0.01 s.
We use these data to train an artificial neural network by
using the Levenberg-Marquardt algorithm [25]. Thus, we fit
the appropriate curve which provides the espressions for Ai
and ti , with i = 1, 2, as reported in Table I, where l and l˙
indicate the measured cable length and velocity. This Table
provides the amplitudes and the times of the impulses used
to convolve the reference command using the ZV-IPS in an
overhead crane with a suspended payload.

where T is the natural period of the first mode of the system.
This means that amplitudes and times of the pulses are easily
calculated if the system has a fixed or time−invariant natural
frequency.
When the natural frequencies are time−varying, as in the
case of a single−pedulum overhead crane with varying
suspension length, the amplitudes and the times of a ZV
shaper may no longer be trivially calculated using (6). In
fact, as we can see in Fig. 4, the zero crossing times for
payload deflection and velocity change as suspension length
varies during movement. In general, when the hoist cable
is shortened, the deflection and the velocity of the payload
increase, thus the natural frequency increases, reducing the
zero crossing time. The opposite happens when the hoist
cable is lengthened.
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Experimental setup, the Georgia Tech bridge crane with the payload in its initial and final configurations.

Trolley Velocity [mm s−1 ]

IV. S IMULATIONS AND E XPERIMENTS
In this section we describe the simulations and the experiments performed.
A. Experimental setup
The zero vibration input predictive shaper was implemented on a three−axis system available in the Advanced
Crane Control Laboratory at the Georgia Institute of Technology. Figure 5 shows the experimental setup with a suspended payload in the initial and final configurations. An
overhead vision sensor, the SIEMENS SIMATIC VS 72321 , consisting of a 1024 by 768 pixel grayscale CCD and
a high speed processor, is used to track the motion of
the suspended payload. The system is programmed using
SIMOTION motion control system1 .

Ref. (ideal)

Ref. (real)
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B. ZV−IPS performances
Results of the ZV-IPS are shown in terms of transient and
residual vibrations of a payload when the overhead crane
is subjected, in x and z−directions, to a certain movement,
which makes the system change its frequencies. The ideal
reference velocity command in x− direction is a step function
of duration 3.315 s and value 2 × 10−1 ms−1 , which makes
the trolley moving of 1.3 m. As shown in Fig. 6, the real
reference velocity command acting on the experimental crane
results having a trapezoidal profile, of total duration 3.723 s,
since we deal with actual commands. The real command
shaped using the developed ZV-IPS is shown in the same
figure: the result is a total duration of 4.59 s. All these data
refer to the performed experiments. In the ZV-IPS command,
we can note that the durations of the two commands acting
at the velocity 1 × 10−1 ms−1 are different: the first one of
0.36 s, while the second one of 1.02 s. This happens because
the z−coordinate corresponding to the initial crane hoist
is smaller than the z−coordinate corresponding to the final
crane hoist. In fact, as the frequency decreases, the rise time
of the command increases. The movement in z−direction is
of 0.8 m, with constant velocity. Figure 7 displays, in the
experimental setup, the payload deflection corresponding to
the shaped velocity command. The amplitude of the residual

Velocity commands.
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Zero Vibrations Input Predictive Shaper (ZV-IPS). Experimental data for payload deflections and trolley velocity.
Fig. 7.

vibrations, as they are detected by the camera, is below
2.5 × 10−3 m.
In order to validate the effectiveness of the method, before
showing the comparison with existing shapers, Figure 8
compares the payload deflections of the ZV-IPS command
with the unshaped response. Moreover, the same figure
displays the expected data from simulation: both simulated
and experimental data are in agreement, hence the developed
simulation environment is able to capture the response of the
actual crane, but with a small phase shift, due to the fact
that the crane operates in the digital domain which produces
measurement and timing issues. The ZV-IPS significantly
improves performance over the unshaped case, exhibiting a
50% of vibration suppression in the transient case and 98%
in the residual case.

1 https://www.siemens.com/
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of 20% still results in less than 10% of residual vibrations).
This shift is either due to timing errors and measurement
offset. The same figure shows that the payload is more
sensitive to underestimates of the length as compared to
overestimates, in the experimental data. Fig. 10(b) shows that
large deviations of velocity measurements do not influence
significantly on the residual vibrations, at least for simulated
data. In case of experimental data, we still observe this
behavior, even if the amplitude of the residual vibrations is
higher (due to timing and measurement issues). From both
figures it is evident that the payload residual vibration is
much more affected by length errors rather than velocity
errors.

C. Comparison with existing shapers
We compared the performance of the ZV-IPS in terms of
both shaper duration and residual vibration amplitude with
respect to the classical ZV shaper and the robust two−hump
extra insensitive (EI) shaper [26]. Experiments were recorded
for the same trajectory. The comparison is illustrated in
Fig. 9. ZV-IPS shows the same residual vibrations of the
two−hump EI shaper, but with a shaper duration similar
to the ZV, the fastest non−negative shaper. Input Predictive
Shaper, using only two informations from the cranes states
(hoist cable length and velocity), measured on the fly, is a
good compromise in obtaining almost zero residual vibrations having at the same time a fast response.

B. Robustness w.r.t. motion profile

V. ROBUSTNESS ANALYSIS

We determine the robustness of the payload response for
different moving profiles, by first varying the hoist cable
length between 2 × 10−1 m and 8 × 10−1 m and setting the
velocity at the maximum value (100 % = 2 × 10−1 ms−1 ),
after varying the velocity and setting the hoist cable length
at 5 × 10−1 m. Results are shown in Fig. 11. Figure 11(a)
shows that the hoist distance does not have a significative
effect on the residual vibration of the payload. The effects
of the hoist velocity is remarkable, as we can see in Fig.
11(b): lowering the hoist velocity results in less residual
vibrations. This is caused by natural dampening when the
hoist is lowered and the addition of energy into the system
when the hoist is raised. In general, for all the movements
tested in these experiments, the residual vibration remained
below 10%.

The robustness analysis of the ZV-IPS shows the sensitivity of the method with respect to the measurement errors of
hoist length and velocity, motion distance and speed.
A. Robustness w.r.t. measurement errors
In order to examine the robustness of the system in
terms of the measurement errors, Fig. 10 shows the residual
vibrations for normalized hoist length and velocity (modeled
over actual), for simulations and experiments. Fig. 10(a)
resembles the shape of the sensitivity curve of a classical
ZV shaper. The experimental data matches the data from
simulation, with a slight shift that results in an overestimation
of the length. A slight overestimation of the length will still
provide good performance of the shaper (an overestimation
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[25] J. J. Moré, “The levenberg-marquardt algorithm: implementation and
theory,” in Numerical analysis. Springer, 1978, pp. 105–116.
[26] W. Singhose, S. Derezinski, and N. Singer, “Extra-insensitive input
shapers for controlling flexible spacecraft,” Journal of Guidance,
Control, and Dynamics, vol. 19, no. 2, pp. 385–391, 1996.
[27] S. Grazioso, V. Sonneville, G. Di Gironimo, O. Bauchau, and B. Siciliano, “A nonlinear finite element formalism for modelling flexible and
soft manipulators,” in IEEE International Conference on Simulation,
Modeling, and Programming for Autonomous Robots. IEEE, 2016,
pp. 185–190.

A novel input shaper was designed to suppress the transient and residual vibrations in a flexible nonlinear system
with time−varying parameters. This shaper was developed
using a predictive−adaptive approach. It is predictive in
the sense that the time and amplitude of impulses of the
shaper have been computed using a data−driven approach,
by training an artificial neural network. It is adaptive in the
sense that it can adapt in real−time the parameters on which
it depends, based on the actual system response. In this paper
we obtained the zero vibration input predictive shaper (ZVIPS) for an overhead crane with a suspended payload. The
method allows for a residual vibration suppression of 98%
under certain testing conditions, and as much as 90% for
most of the experiments performed. The ZV-IPS has been
validated both in simulations and experiments. It turns out
to be robust in terms of measurement errors in hoist length
and velocity, motion distance and velocity. A comparison of
the ZV-IPS with classical and robust input shapers shows that
IPS allows (i) the same residual vibration suppression of the
robust shapers; (ii) a shaper duration comparable to the faster
shapers. This work might leverage the development of a new
class of shapers, the input predictive shapers (IPS). Future
works of the authors will extend the predictive approach to
multi−mode shapers, for controlling the vibrations in flexible
distributed nonlinear systems, for which physical simulators
exist [27] to generate realistic dataset for the offline training
procedure.
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