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Abstract

A fuzzy sliding mode control strategy for offshore container cranes is investigated in this study. The
offshore operations of loading and unloading containers are performed between a mega container ship,
called the mother ship, and a smaller ship, called the mobile harbor (MH), which is equipped with a
container crane. The MH is used to transfer the containers, in the open sea, and deliver them to a
conventional stevedoring port, thereby minimizing the port congestion and also eliminating the need of
expanding outwards. The control objective during the loading and unloading process is to keep the
payload in a desired tolerance in harsh conditions of the MH motion. The proposed control strategy
combines a fuzzy sliding mode control law and a prediction algorithm based on Kalman filtering for the
MH roll angle. Here, the sliding surface is designed to incorporate the desired trolley trajectory while
suppressing the sway motion of the payload. To improve the control performance, the discontinuous
gain of the sliding control is adjusted with fuzzy logic tuning schemes with respect to the sliding
function and its rate of change. Chattering is further reduced by a saturation function. Simulation and
experimental results are provided to verify the effectiveness of the proposed control system for offshore
container cranes.

Keywords: mobile harbor, offshore container crane, anti-sway control, fuzzy sliding mode control.

* Corresponding author


mailto:nnphong@ctuet.edu.vn
mailto:quang.ha@uts.edu.au

1. Introduction

Cranes are widely used for loading and unloading containers from and to container ships in quay
terminals. In recent years, with the rapid increase of world trade as well as the need for larger container
ships, shipping companies have resorted to an increase of the vessel size (Pang and Liu, 2014; Steenken
et al., 2004). In December 2014, the biggest container ship, the MSC Oscar, with the capacity of 19,224
TEU (twenty-foot equivalent unit) began to operate. Several mega ships over 18,000 TEU are in order
and they are expected to be the main operators in various shipping companies. So as to keep up the ever-
increasing ship sizes, the stevedoring industry has applied several ways to deal with the new trend. One
possible option is to improve the efficiency and productivity in cargo handling demands (Garcia-
Morales et al., 2015; Ranga Rao and Sundaravadivelu, 1999; Yin et al., 2011). In addition, the container
cranes have to become bigger and faster thanks to suitable controllers that can improve the transfer time
as well as ensure the safety requirements (Hong and Ngo, 2012). Despite these improvements, many
terminals are still faced with two problems: (i) the difficulty in accommodating the mega container ships
due to the shallow water depth, and (ii) the port congestion due to the increase of cargo ships.
Fortunately though, a special crane-equipped ship, or mobile harbor, capable of open-sea loading and
unloading of containers from a large anchored container ship, or mother ship, is a potential solution (
(Ngo and Hong, 2012b).

During the process of loading and unloading containers, the payload oscillations and the method to
suppress them to avoid any damage or accidents caused by these oscillations is always the main concern
in a container terminal. From the crane control aspect, various control algorithms have been proposed to
deal with sway suppression. These methods include open-loop control, such as input shaping control for
gantry cranes, bridges (Ngo et al., 2012; Hong et al., 2003; Huey et al., 2008; Robertson and Singhose,
2009; Singhose et al., 2000; Sorensen et al., 2007; Sorensen and Singhose, 2008; Sung and Singhose,
2009a; Sung and Singhose, 2009b), and flexible systems in general (Hong et al., 2003; Huey et al.,
2008; Robertson and Singhose, 2009; Singhose et al., 2000; Sorensen et al., 2007; Sorensen and
Singhose, 2008; Sung and Singhose, 2009a; Sung and Singhose, 2009b) as well as closed-loop control,
such as optimal control (Al-Garni et al., 1995; Hong et al., 2000), state feedback control (Kim et al.,
2004; Klosinski, 2005; Messineo et al., 2008; Park et al., 2007; Sawodny et al., 2002), fuzzy control
(Ahmad, 2009; Benhidjeb and Gissinger, 1995; Chang and Chiang, 2008; Chen et al., 2009; Cho and
Lee, 2002; Omar et al., 2004), adaptive control (Cheng-Yuan, 2007; Liu et al., 2005; Messineo and
Serrani, 2009; Mizumoto et al., 2007; Ngo and Hong, 2012a; Tuan et al., 2013; Yang and Yang, 2007),



and robust control (Almutairi and Zribi, 2009; Bartolini et al., 2002a, b; Lee, 20044, b, 2005; Lee et al.,
2006; Ngo and Hong, 2012b; Orbisaglia et al., 2008; Xi and Hesketh, 2010).

The conventional control methods developed for offshore container cranes may be unsuitable to
mobile harbor cranes due to the effect of sea-excited motions (Ngo and Hong, 2012b). Disturbances
such as strong sea waves and gusty winds tend to exacerbate the pendulum oscillations of the crane’s
hanging load. Therefore, its trolley has to move along a suitable trajectory to compensate for the MH
motion so that the container will be kept in a desired region to guarantee the normal operations of open-
sea loading and unloading.

For offshore crane control, many researchers have focused on addressing challenges in offshore
installations, such as underwater conveying systems for oil and gas field, see e.g., Skaare and Egeland
(2006); Messineo and Serrani (2009); and Kuchler et al. (2011). In this context, Hong and Ngo (2012)
developed the first mathematical model of the container crane equipped/mounted on a ship with sea-
excited motion, whereby a sliding mode control (SMC) strategy was introduced for mobile harbor
cranes (Ngo and Hong, 2012b). Robustness of the control system is emphasized by using for offshore
boom cranes a second-order sliding mode controller (Raja Ismail and Ha, 2012), and an optimal sliding
mode controller (Raja Ismail et al., 2015). In these papers, the system responses were verified through
simulations while the trolley trajectory did not take into account compensation for the MH motion in the
control strategy. The relationships between waves and ocean structures were also the topics of intense
research for other researcher (Cha et al., 2010; Clauss et al., 2009; Do and Pan, 2008; Kyoung et al.,
2005; Zhu et al., 2001). In this context, Ngo et al. (2011) first proposed the idea of utilizing the trolley
displacement for MH motion compensation, based on a geometric analysis, to not only suppress payload
oscillations but also keep the container position in a desired region.

In this paper, by taking advantage of MH motion compensation while enhancing system robustness
and control performance, we propose a new control strategy containing these features: (i) path
generation to create suitable trajectories for the trolley motion, (ii) prediction mechanism to estimate the
influence of the sea motion, and (iii) fuzzy sliding mode control (FSMC) based on the nonlinear model
of offshore container cranes (Ngo and Hong, 2012b). According to the prosed strategy, the sliding
surface will account for the payload swing, MH motion and also the trolley position to achieve
satisfactory system responses in face of disturbances and uncertainties. The control gain, initially having
a high value to expedite the reaching phase, can be adjusted during the sliding mode to reduce

chattering. Rather than tuning the sliding surface parameters (Ha et al., 1999), the proposed method



features tuning the discontinuous gain via fuzzy logic inference from information of the sliding function
and its rate of change. The sliding function is chosen as a combination of the desired dynamics of the
trolley trajectory error and the payload swing angle. Simulation results are provided to show the
effectiveness of the control system. Experimental results are also performed on a 6-DOF platform to
verify the control performance.

The paper is organized as follows. After the introduction, the offshore container crane dynamics are
described in Section 2. The control development is presented in Section 3, consisting of the MH motion
compensation, prediction mechanism, and FSMC components, followed by the stability analysis of the
closed-loop system. In Section 4, simulation and experimental results of the proposed control system are

discussed. Finally, a conclusion is drawn in Section 5.

2. Dynamic model of an offshore container crane

The offshore container crane system considered in this paper is mounted on a mobile harbor used to
transfer containers from a large mother ship. The arrangement is depicted in Fig. 1(a) while Fig. 1(b)

shows three coordinate systems used to derive a dynamic model for the MH crane. Therein, (X,,VY,,Z,)
is the reference coordinate frame, (X,,Y,,Zz;) is the MH coordinate frame with its origin located at its
center of gravity, and (X, y,,z,) is the trolley coordinate frame affixed to the trolley. Let m, and m, be

the masses of the trolley and payload, respectively. Let x and y represent respectively the position of
the gantry and the trolley in the MH coordinate frame. Let h and | be the crane height and the rope
length. Angles @ and o define the longitudinal and lateral sways of the load in the reference coordinate
frame, while variables z, ¢ and y are the heave, roll angle and pitch angle of the mobile harbor,

respectively. Finally, let f, denote the control force applied at the trolley for longitudinal sway control.

To simplify the complex model, let us make the following assumptions: (a) The mass of the rope for
suspending the container from the trolley is negligible; (b) The rope length during the operation is
slowly time-varying, i.e. | =0; (c) Friction in the trolley motion is ignored; and (d) The load is a point
mass. By using the Langrangian formulation, the offshore crane system dynamics can be derived as
follows (Hong and Ngo, 2012; Ngo and Hong, 2012b):
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(a) Mother ship and mobile harbor
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(b) Coordinate frames: reference (mother ship), mobile harbor and trolley

Fig. 1. Offshore crane arrangement and coordinate systems (Hong and Ngo, 2012)
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where specifications are shown in Fig. 1(b) and g is the gravitational acceleration.

3. Fuzzy sliding mode control for anti-sway offshore stevedoring

This section presents the control development for trajectory tracking and anti-sway control of the MH
crane. The system block diagram is shown in Fig. 2, featuring an anti-sway controller with path
generation and prediction mechanism blocks. In this paper, only the MH roll motion is considered, given
the sufficiently large size of the mobile harbor (Hong and Ngo, 2012). The MH motion is subject to

measurement noise d(t) to be taken into account during the control design and verification.
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Fig. 2. Block diagram of the proposed control system.
3.1 Trajectory generation

During loading and unloading process, it is required to keep the container in the desired position
under the influence of the roll motion of MH. To satisfy this requirement, the trolley has to follow a

specified trajectory so that the payload position in the reference coordinate remains constant, i.e. Y.
This trajectory, y,(t), can be obtained as follows (Ngo et al., 2011):

Y, +hsin ¢(t)

cosg(t) )

Y (t) =

3.2 Prediction algorithm

The desired trajectory of the trolley is generated from information of the MH’s roll angle, ¢(t). To

predict this motion, a Kalman filter is used and described by the following equations:

D,y = AD, +a,

X (5)
Y =4 =HD, +v,,

where @, =(4,,4..4,)", A and H are respectively the state transition and observation output matrices,

@, = (W, W, W, )" represents the process noise, and v, is the measurement noise of the system. Let the



filter output be the estimate of the MH roll angle and given a sampling time Ts of the system, matrices
A and H can be written in the following form based on first-order differences (Janabi-Sharifi et al.,
2000):

e
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Then, the discrete-time Kalman algorithm comprising the prediction and update steps is described by the
following equations:

- Prediction:

(Dk,k—l = A(Dk—l,k—l’

: )
Poka=AP A +Q,

- Update:

A

1
k = Pk,k—lHII [rk + HkPk,k—lHkT]

K.k :q’\)k,k—l+Kk[yk _Hké)k,k—l] (8)
k= Pk,k—l - Kk HkPk,k—li

U o

k

where P, Q and r are respectively the estimation error covariance, process noise covariance and

measurement error covariance. From the roll angle estimate in the first step, the next impact of the sea

wave motion to the MH can be obtained.
3.3 Control algorithm

In this section, an anti-sway control scheme is proposed based on the fuzzy sliding mode control. As
mentioned previously, the lateral sway is not considered thanks to mother ship’s mega size, thus only the

trolley position y and longitudinal sway € are to be controlled. Therefore, in order to decouple the

under-actuated and actuated dynamics, equations (1) and (2) are combined by eliminating ¢ . Thus, the

crane dynamics can be rewritten in the state space form as follows:

M (a)d+W(a,d) =u, (9)



where

q=[yl, M(a) =[m], W(a,q) =[w,], u=[f,],

m,, =(m, +m_)—m_(sin gsin & cos(é —y) +C0S ¢ cos 0)?,

and wy, =¢, —C, (sin ¢sin cos(d —y) +cos ¢ cosb) .

To control both the trolley motion and the swing angle, the error vector is defined as follow:
e®=[e,® &Of =[yO-v® o, (10)

where y, (t) is the desired trolley position and 8(t) = @" +¢(t), in which 6" is the payload swing value

obtained through an encoder. The desired sway angle is obviously set at zero. Moreover, without loss of
generality, let us assume that the first and second time derivatives of the trolley reference are bounded

and | is different from zero.

In this paper, the sliding function s, combining the desired trolley motion and swing dynamics taking

into account the MH motion, is adopted from Ngo & Hong (2012a) as follows:

s=¢, +ke, —k,0, (11)
where k; and k, are positive constants. The following FSMC law is proposed:
u=M(a)[7(t) - x(t)sgn(s)]+ W (a,9), (12)

where 7(t) = ¥, — k€, + k,6 and the discontinuous gain «(t) is defined as follows:

{K if |s|>&>0
K(t) = (13)

kt) if —e<s<e,

in which K> 0 is a sufficiently large gain to induce a sliding mode, & is a small positive constant for a

boundary layer, and K(t) isan adjustable gain to be tuned by fuzzy logic schemes.
3.4 Fuzzy rule for control gain tuning

In this proposed controller, the ranges for s(t), $(t) and R(t) are respectively [-0.3 03] [-2 2]
and [10 40]. Five fuzzy sets, namely NB (negative big), NM (negative medium), ZE (zero), PM



(positive medium), and PB (positive big) are chosen for s(t) and s(t) while five other fuzzy sets, PVS
(positive very small), PS (positive small), PM (positive medium), PB (positive big), and PVB (positive
very big) are selected for IZ(t), all with triangle membership functions, as shown in Fig. 3. The fuzzy

rule for tuning the control gain is expressed generally as:
R¥: If (s(t) is AY) and (§(t) is BY) then (K(t) is C¥), (14)
where AX BX and C* are fuzzy sets of s(t),s(t) and K(t), respectively; k = 1, ..., n represents the rule

index. Since we have five fuzzy sets for two inputs s(t) and s(t), the total rule number is k=25 fuzzy

rules, as given im Table 1.
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Table 1. Fuzzy rules for gain tuning.

Sliding function
NB NM ZE PM PB
NB PVB PB PB PS PVS

NM PB PM PM  PVS PS
ZE PB PM PVS PM PB
PM PS PVS PM PM PB
PB  PVS PS PB PB  PVB

Derivative of
Sliding function

3.5 Stability analysis

In our development, s and s are controlled in such a way that s,s — 0 asymptotically as t — oo. Then,
the control law (12) guarantees that e,é — 0 asymptotically for all time t > t, with some finite time t,.

This implies that asymptotic stability of the offshore container crane system can be achieved by proving
the asymptotic stability of the sliding surface s. Indeed, to prove the stability of the system by means of

control algorithm (12), a positive Lyapunov function is considered as follows.
1.
V(t) = 5 s°. (15)

Differentiation of the Lyapunov function yields:



V(t) = ss. (16)
Substitution of (10) and (11) into (16) yields:

V() =s(y -y, +ke, —k,0) . (17)
By using (9), (17) can be rewritten as:

V() = s(M H(a)(-W (g, d) +u) - §, +k&, —k,6) . (18)
Hence, from the proposed control law (12), the derivative of the Lyapunov function becomes:

VO san(s) —Kls| <0 if [s|>¢ (19
t) =—s«x(t)sgn(s) =4 . 1
—k(t)[s| <0 otherwise,
which implies that the surface s =0 is reached globally in finite time. From the definition (11), we have

on the sliding surface:

e, =—ke, +k,0, (20)
6, =—ke, +k,0. (21)

By substituting (21) into (9) and using linear approximations coséd~ 1, sind~ @ around the equilibrium,

we can obtain:
16 +k,0+(g —kk, )0 +kle, =0. (22)
Equations (20) and (22) form a new dynamical system

Z -k, K, 0 ||z

z,|=| O 0 1 |z, (23)

K _gkk K
I I I

where z1 = ey, 22 = 6, and z; =8, of which the characteristic equation can be obtained as follows.

2

where p is a complex variable. It can be easily verified that the equilibrium of the system is stable, i.e.

the polynomial in the left side of (24) is Hurwitz, if k,>0 and k,>0. Therefore, with the choice of the



control law (12) where k,>0 and k,>0, the trolley error ey, sway angle 6, and 6 tend to zero as t goes to

infinity.

Remark: To avoid the chattering phenomenon induced by the term sgn(s) in control law (12), a

saturation function sat(s, 1) can be used instead:

s/A, if |sg<4

sgn(s, 2), if [s|>4 (25)

sat(s, 1) :{

where 4 is a small positive constant.

4. Simulation and experimental results

The crane set-up includes of two subsystems: a six degree-of-freedom (6DOFs) platform to generate the
MH motion induced by random sea waves and a three-dimensional (3D) crane. Various sensors and
actuators are installed for data acquisition and efficient positioning of the payload. The trolley system is
driven, via a belt mechanism, by a DC motor equipped with encoders for measuring the trolley position.
In addition, readings of the payload rotational movement are also obtained by encoders. To measure the
motion of platform (MH motion), an inertial measurement unit (IMU) of type MPU 6050 is used.

4.1 Simulation results

The parameter values of the crane system are listed as: the trolley mass m: = 4.5 kg, the payload mass mp
= 1 kg, the rope length | = 0.7 m, and the crane height h = 1 m, while the gravitational gravity is g =
9.81m/s?. The covariance for the Kalman filter design are selected as Q= [0.1 0 0; 0 20 0; 0 0 10000]
and r = 1, chosen from the tolerance of the IMU sensor, and from trial and error. The sampling period is
Ts = 0.01 s. The sliding function parameters are chosen as ki1 = 1.83, k. = 2.5, depending on how fast the
trolley error ey and the sway angle @ are driven to zero. The control gain K and boundary layer width ¢
are selected respectively as 45 and 0.3 for a good compromise between robustness and control
chattering. The roll motion of mobile harbor is taken as sinusoidal with ¢ =0.02sin1.25t, adopting the

ocean wave’s movement (Ngo and Hong, 2012b).

Several control situations are considered to illustrate performance of the proposed control strategy in

different scenarios. The first one is by considering that the mobile harbor is free from roll motion



(¢ =0). In this case, the trolley reached the goal position set at 0.5 m in 2.5 s without any residual sway,

as shown in Fig. 4.
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Fig. 4. Trolley movement and sway angle of the payload load without roll motion.

The second scenario considers the MH’s roll motion, assumed to be sinusoidal with ¢ =0.02sin1.25t as

depicted in Fig. 5(a) for the case without measurement noise. As shown in Fig. 5(b) and (c), the payload
motion under the proposed FSMC is restricted within a small region of (-0.02 m; 0.02 m) while the
swing motion is also kept in a band of 0.01 rad (0.6 degree), which is much smaller than an allowable

range for the crane residual sway.

The control performance also remains very good when the crane model is subject to a white noise of up
to 15% in the measurement of the MH’s roll motion, as shown in Fig. 6, with the payload motion
remaining in the region (-0.04 m; 0.04 m) and the sway oscillations magnitude being less than 0.05 rad
(2.9 degrees).

In order to test robustness of the proposed controller, the rope length is set to fluctuate around +28% its

the nominal value. Cases when the crane’s rope length is reduced to 0.5 m and increased to 0.85 m are



considered as shown in Figs. 7 and 8. As can be observed therein, the responses of the payload position

and the sway angle appear to be insensitive to the rope length variations in both cases.
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Fig. 8. Control performance- rope length increased to 0.85m.



4.2 Experiment verification

The test rig is shown in Fig. 9(a), where the 3D crane is placed on top of a programmable 6-DOF
platform used to emulate the MH motion. Here, the crane model’s rope length can be adjusted by using
another DC motor through the hoist system with the container being hung via a single wire for
simplicity. The 6-DOF platform provides the emulated MH motion, which is generated from the roll
angle record, obtained by applying the Marine Systems Simulator (MSS) toolbox (Perez & Fossen,
2009) to the crane model. This waveform for the roll motion of the platform as measured from IMU is
shown in Fig. 9(b).

(a) The setup: 6 DOF platform and 3D crane.
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Fig. 9. Test rig and wave-induced motion of the mobile harbor

Experiments were performed for suppressing the sway angle and keeping the payload in the desired
position. The container will be controlled to move laterally 0.5 m from its initial position under the
proposed FSMC with the same set of control parameters as given in Section 4.1 above. To verify the



control performance, in particular, to illustrate the idea of generating the trolley’ desired trajectory for
compensation of the wave-induced MH vibrations, several scenarios were studied in the experiments,
whereby the proposed control strategy is compared to the case of using only a sliding mode controller
(SMC), with and without Kalman filter-based prediction of the MH roll motion.

Case 1: No roll motion of the mobile harbor (¢=0)

First we verify the merit of FSMC when the platform is stationary, i.e., no roll motion, ¢ = 0. Responses
of the trolley and the sway angle are shown in Fig. 10, where it can be seen that both controllers are
adequate to restrain the swing motion with the proposed strategy outperforming the SMC in taking about

only 2 seconds to reach the reference destination.
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Fig. 10. Experimental results — No roll motion.

Case 2: With MH motion but no compensation

The second scenario in the investigation is considered to test the case when the platform is subject to the
wave-induced MH roll motion shown in Fig. 9(b). Under SMC, i.e. without compensation for the MH



motion from Kalman filter-based prediction of the roll angle, one can find that the trolley tends to follow
the sway trend, leading to large oscillations of the payload position in the range of (-0.05 m; 0.05 m)
around the set-point, as shown in Fig. 11. This situation can be improved by tuning the discontinuous
gain in the FSMC alone, i.e., without compensation of the MH motion. Control performance of the
implemented FSMC is shown in Fig. 12, where one can find that the payload position is now restrained
in the settling band (-0.023 m; 0.023 m) while the sway angle displays an oscillatory but acceptable. The
control performance can be further improved with the trolley following a desired trajectory generated
from the MH roll motion estimation via Kalman filtering, as described in Case 3.
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Fig. 11. Experimental results with MH roll motion under SMC.

Case 3: With MH motion and compensation from roll angle prediction

The merit of the proposed control strategy is shown in Fig. 13, whereby the prediction algorithm in (7)
and (8) is applied to generate the trolley’s desired reference for compensation of the MH roll motion due
to the ocean waves. One can find that the payload position is kept in a small band of (-0.02 m; 0.02 m)

after reaching its desired position while the swing motion of container is further restrained, as shown in



Fig. 13(a) and (b). Notably, chattering commonly-associated with SMC has been almost avoided in the

proposed controller, as can be observed from the sliding function and control gain in Fig. 13(c) and (d).
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Fig. 12. Experimental results with MH roll motion under FSMC without MH motion compensation.
Case 4: Robustness illustration- rope change

To illustrate the robust performance of proposed control strategy, the offshore crane model is now
subject to a rope length variation of around +28% from its nominal value. In both decreasing and
increasing cases of the rope length, the payload (container) still maintains within the desired region
while the sway angle remains within a small range, unperturbed by the rope length variations, as shown

respectively in Figs. 14 and 15.
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Fig. 13. Experimental results with MH roll motion under the proposed control strategy.
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Fig. 14. Robustness illustration — rope length decrease to 0.5 m.

Payload Position [m]

Sway Angle [rad]

Fig

02 T T T T T T T T T
oL f ]

0 mf\mﬂv \Unfww e VA Y N A T A A S e A B A A S
-0.1 -
02 Payload Position
03 Reference Position
e Upper Bound (0.02m)

0.4 Lower Bound (-0.02m) |
_05 r r r r r r r r r
0 10 20 30 40 50 60 70 80 90 100
Time [s]
(a) Payload position
02 T T T T T T T T T
0.1 .
0
0.1 Sway Angle
Reference Angle
_02 r r r r r r r r r
10 20 30 40 50 60 70 80 90 100

Time [s]

(b) Sway angle

. 15. Robustness illustration — rope length increase to 0.85 m.



5. Conclusion

This paper has presented a new control strategy for offshore stevedoring with the use of a container
crane mounted a mobile harbor. The proposed scheme involves fuzzy sliding mode control for trajectory
tracking and sway angle suppression, path generation for wave-induced vibration compensation and
Kalman filtering for estimation of the mobile harbor’s roll angle. In the FSMC law, a high value is
applied first to the discontinuous gain to reach the sliding surface. Then, chattering is avoided by fuzzy
tuning of the control gain in accordance with the sliding function of the trolley trajectory error and the
sway angle as well as its rate of change. The mobile harbor motion is estimated by prediction of the next
impact of sea waves to the mobile harbor. This is, in turn, used to generate a desired trajectory for trolley
motion in keeping the sway angle in an allowable range. High performance is obtained in tracking the
desired trajectory, and hence, keeping the payload position in a small band around its settling value
while maintaining an acceptable sway angle, for both the cases of stationary and moving mobile harbor.
Robustness of the proposed control strategy is also observed when the system is subject to rope length
variations. Simulation and experimental results are provided to illustrate the effectiveness and feasibility

of the proposed control strategy for offshore container cranes.
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