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Abstract. Quay cranes are used to move containers from ship to store in minimum time so that the load reaches its destination
without payload oscillation. During the operations, containers are suspended by cables and it’s free to swing by motion. This
paper investigates the two different velocity profiling techniques used for quay crane control and cargo stabilization. A labora-
tory scaled model of a crane is used to experimentally research, where the trolley acceleration is used as input, for suppressing
the container sway. The residual cargo oscillation problems using different velocity profiles are discussed.
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Introduction

A quay cranes play an important role in seaports for loading
and unloading processes. They are used to move cargo
from ship to store in a minimum time so that the load re-
aches its destination without swinging. The main control
objective is to move the trolley to a required position as
fast as possible with low payload oscillation (Elbadawy,
Shehata 2015; Majid et al. 2013). In the container trans-
portation industry, the loading velocity is an important is-
sue as it translates into seaport productivity and efficiency.
However, the external disturbances such as wind can easily
initiate an oscillation. Uncontrolled oscillations may cause
cargo stability and safety problems, especially during the
deployment and retrieval phases of the container. Usually
a skillful operator is responsible for quay crane loading
and unloading operations. In precise container positioning
by a human, who relies solely on his visual feedback, the
operation can prove to be extremely challenging and time
consuming (Wong et al. 2012). During the handling opera-
tions, the load is free to swing. If the swing exceeds a
safe limit, it must be damped or the operation must be
suspended until the oscillations decreases. It is practically
impossible to completely remove payload oscillations in
all possible situations. External disturbances such as wind,
weather or operator actions can easily initiate an oscilla-
tion (Elbadawy, Shehata 2015). This unavoidable cargo

swing frequently causes loading and unloading processes
efficiency to drop, damages the containers or even causes
accidents (Xing 2011). Nevertheless, the cargo handling
operations required to move the container to a required
position as fast as possible, however at higher transportation
velocity, cargo oscillations become larger and complicate
unloading process (Jaafar ef al. 2012; Jaafar et al. 2013).
In addition, this will cause the positioning inaccurate. To
attain better positional accuracy of quay crane spreader, a
control system that accounts for acceleration of trolley and
oscillation of the cargo is required. One of most efficient
and easiest ways in view of practical implementation is to
use motion-profiling methods; however, the fast motion
commonly conflicts to the smoothness of motion due to the
residual oscillation. To reach the compromise between the
velocity of motion and the oscillation reduction are one of
the challenging tasks in motion profiling area for automated
control systems (Rew ef al. 2009). In order to increase the
motion velocity it is necessary to control rapid increments
or decrements of acceleration, which would cause high
jerks. These jerks can be controlled. The jerk-limited pro-
file is a common trajectory pattern used by modern motion
systems and it is a time optimal solution of jerk limited
body control. The jerk limitation is used for the limitation
of deformations and vibrations induced by the reference
trajectory, which can be generated to cancel or reduce the
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oscillations (Béarée 2014). The jerk-limited integration into
the trapezoidal velocity profile gives us the symmetric or
asymmetric s-shaped velocity profile. The smoothness of
motion in these profiles depends from jerk duration. Longer
duration increases smoothness, but decreases the time effi-
ciency. For Better S-shaped velocity profile capabilities the
experimental investigation must be performed.

In this paper, we propose the jerk-limited profile in
view of the complex system of the quay crane where the
cargo is suspended by cables to the case of acceleration
caused residual oscillation. The results of experimental
research of cargo oscillation during transportations pro-
cess are compared to the trapezoidal motion profile caused
residual oscillations. The main advantages of S-shaped ve-
locity profile are discussed. In the sequel of the paper, we
represent a new real time algorithm and control system
behavior diagrams. The practical implementation of the-
se algorithms and motion profiles that are based on the
Arduino platform of the Atmel microcontroller is graphi-
cally represented.

In the next section, we present clear explanation regar-
ding the ability of the S-shaped profile to cancel the residual
oscillation and show how this motion profile can be used
as a solution for quay crane cargo oscillation reduction. In
this section, the new profile is analyzed and compared to
the trapezoidal velocity profile.

Motion profiles and control system

Trapezoidal velocity profile (Fig. 1) is based on three-p-
hase acceleration trajectory (Sun ef al. 2012). This type of
velocity profile is mostly used for overhead cranes (Xuebo
et al. 2013; Sun et al. 2011; Sun et al. 2012). However,
the infinite jerk problem, restricting the application of this
profile. Three-phase acceleration control reduces system
control capabilities comparing with S-shaped velocity
profile (Fig. 2). S-shaped velocity profile mostly used for
improving the smoothness of the motion by reducing the
jerks in acceleration and deceleration phases (Rew et al.
2009; Wu, Xia 2014). This type of motion profile is based
on seven-phase acceleration trajectory and jerk control.
The jerk limited control profile is effective to reduce the
excitation of the flexible modes. This profile ability to can-
cel undamped vibrations is first addressed (Béarée 2014).

In order to compare the experimental results based on
S-shaped velocity profile and trapezoidal velocity profile,
the mathematical calculations were performed, to establish
similar conditions for the experiment. As depicted in Fig. 3,
both profiles are calculated and compared. By the initial
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selectable input of the acceleration and deceleration dura-
tion for Y-axis t = 4 s. For the trapezoidal speed profile
the accelerations value was calculated:

v
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Then the S-profile max acceleration was calculated:
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Fig. 3. Compared trapezoidal and S-shaped velocity profiles
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Fig. 4. State machines diagrams used for implementation of trapezoidal and
S-shaped velocity profiles for experimental research

The jerk value depends on S-shaped profile phase and
it can be 0, j, —.

The quay crane control system recalculates the acce-
leration, velocity and position each sample period.

a=ay+j-At, @)
i A 2
V=1 +a0-At+u, 5)
A2 AP
x=x0+v0-At+aOT+] c (6)

here a, — previous acceleration value, Af — sample period,
v, — previous acceleration value, x, — previous position
value.

As depicted in Fig. 4 state machine diagram based
on trapezoidal motion profile (Fig. 1) of control system,
has four main states, where the stop state is initial. After
the start command has been received, system executes the
acceleration state, where the acceleration is positive. The
system jumps to move state when the max speed is re-
ached, where the acceleration is zero. After the target point
has been reached, the system jumps to deceleration state,
where acceleration is negative. Finally, when the velocity
reaches zero value, the system goes to stop state. Different
from trapezoidal based state machine diagram, S-shaped
profile, has eight main states, where the stop and move
states are same as in later case. Other phases are based on
jerk control. Depending on the current phase, jerk can be
positive, negative or zero. Because of these extra phases
we have variable acceleration and as the result S-shaped
velocity profile (Fig. 2) is generated.

The block diagram of control algorithm are presented
in Fig. 5. For better conditions of both experiments the
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same control algorithm was implemented, where the motion
is initiated by required distances. Here the processes begins
from Z-axis motion. At the target position (TP) Z1, Y-axis
motor turned on while reached TP-Y2. Z-motor is stopped
at TP-Z2 (container reached the highest point). When the
container position reaches TP-Y'1, Z-axis motor is activated
in reverse direction. After the given point of container is
reached, the algorithm is finished.
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Z-Axis Motor [¢—Zx # TP-Z2

TP-Z1
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Z-axis Motor
Stop

Y-Axis Motor
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Fig. 5. The quay crane control system algorithm for
trapezoidal and S-shaped velocity profiles used for experiment



While this algorithm is executed, data of container
oscillation is collected as well as trolley acceleration, velo-
city, jerk and position using Arduino Mega controller. Also
the container trajectory is calculated and shown in Fig. 6.
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Fig. 6. Container motion trajectory during experiment

Here are presented motion trajectory of trapezoidal
and S-shaped velocity profiles. In both cases trajectories
match, it means that transportation process was the same,
and we are able to compare the results of container oscil-
lation for both profiles.

Experiments and results

During the experiments, container was lifted up to 1.52 m
height (by Z-axis), transported by Y-axis 1.61 m distance
and finally lowered down to 0.58 m height (by Z-axis). This
case was used with both profiles. The results of trapezoidal
velocity profile are depicted in Fig. 7, where the oscillation
dependency from Y-axis velocity is presented. Green (squ-
are doted) line indicates container oscillation of Trapezoidal
velocity (TR) profile by Y-axis, red (long dashed) line —
velocity of Z-axis, blue (solid) line — velocity of Y-axis.
The results of S-shaped velocity profile are depicted in
Fig. 8, where black (square doted) line indicates container
oscillation of S-shaped velocity (S) profile by Y-axis.

During the handling, first Z-axis motor was switched
on. The acceleration lasts 2 s. As presented in both figures
(Fig. 7 and Fig. 8), the oscillation by Y-axis, slightly incre-
ases, but it has not affected the appearance of the residual
oscillation. When the Y-axis motor was turned on, at about
15 s the acceleration (Phase I) was started. At this moment,
the container oscillation suddenly increases. In Trapezoidal
profile case, Y-axis activation influences residual oscillation
which lasts for a long time period even after the transpo-
rtation process has ended, contrary to S-shaped profile,
where at the Phase 111 the oscillation was slightly damped,
but during the Phase VII, induced again.
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Fig. 8. Experimental results of S-shaped velocity profile
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Fig. 9. Oscillation comparison

Comparing the oscillation dependency from Y-axis
velocity in both cases (Fig. 9), the residual oscillation af-
ter transportation process are similar. A complicated crane
system where the cargo is suspended by cables, may cause
the results. The scientific Keun-Ho Rew (Rew ef al. 2009)
S-shaped velocity profile applied to the robot manipulator
to control a rigid beam which is made of stainless steel. In
our case, S-shaped velocity profile applied to quay crane
spreader to control the oscillation of cargo which is flexible
connected by cables. The smoothness of trolley was impro-
ved as well as Keun-Ho Rew (Rew et al. 2009), however
the residual oscillation still remains.

Conclusions

This paper investigated two different velocity profiling
techniques used for quay crane control. The trapezoidal
and S-curve velocity profiles were derived for improving
the smoothness of the cargo motion. The trapezoidal ve-
locity profile (Y-axis) influences residual oscillation that
lasts for the long time period even after the transportation
process has ended. Using S-shaped velocity profile at
the Phase III the oscillation was slightly damped. In the
results of cargo oscillation comparison we can assume
that S-shaped velocity profile improves the smoothness
of trolley motion, however has no evident effect for resi-
dual oscillation reduction. Through the experiments, the
effectiveness of the proposed S-shaped profile has to be
extensively researched in the future works, by changing
transportation speed, adding symmetricities or decreasing
the acceleration and deceleration phase durations.
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KRANTINES KRANO VEZIMELIO JUDEJIMO
VALDYMAS TAIKANT S FORMOS GREICIO PROFIL]
SIEKIANT PALYGINTI KRANTINES KRANO
KROVINIO SVYRAVIMUS

T. Eglynas, M. Bogdevicius, A. Andziulis, M. Jusis

Santrauka

Krantinés kranai yra naudojami konteineriams transportuoti i§
laivo i kranta siekiant uztikrinti minimaly krovos laika taip, kad
krovinys pasiekty savo tiksla esant minimaliems svyravimas.
Atliekant tokius krovos darbus krantinés kranu konteineris kabo
ant lyny, todél dél transportavimo judesiy gali atsirasti svyravimy.
Siame darbe analizuojami du skirtingi greitio profiliai, naudojami
krantinés krano vezimélio judesiui valdyti ir kroviniui stabili-
zuoti. Eksperimentiniams tyrimams buvo panaudotas mazesnio
mastelio laboratorinis krantinés krano modelis, kuriame valdo-
mas vezimélio pagreitis naudojamas konteinerio svyravimams
slopinti. Darbe analizuojama isliekamyjy svyravimy problema
ir skirtingy greicio valdymo profiliy itaka Siems svyravimams.

Reik$miniai Zodziai: konteinerinis kranas, krovimo procesas,
konteinerio svyravimai, eksperimentiné analizé, valdymo sis-
temos, greicio profiliavimas, trapecinis profilis, S formos profilis.
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