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Abstract

This paper develops accurate three-dimensional trajectory tracking and anti-sway control
strategies for offshore container cranes operating in an open-sea environment. A 5-DOF non-
linear dynamic model is developed that simultaneously accounts for the crane’s structural
motion, trolley movement, spreader hoisting with variable rope length, and both lateral
and longitudinal payload sway. The model further incorporates external disturbances
induced by wave-excited ship motions. To ensure smooth, efficient, and accurate load
transportation from the initial to the target position, an effective trajectory-planning scheme
is proposed using a quintic polynomial trajectory refined by a ZVD shaper to suppress
residual oscillations. A sliding mode control method is then designed to achieve accurate
trajectory tracking and load-sway suppression under external disturbances. Numerical sim-
ulations demonstrate that the proposed trajectory planning method effectively reduces the
residual oscillations and verifies the effectiveness and robustness of the proposed sliding
mode control strategy.

Keywords: trajectory planning; anti-sway control; sliding mode control; quintic polynomial;
input shaping; offshore container crane

1. Introduction

Offshore container cranes are a crucial component of modern maritime logistics,
serving as essential equipment for the transfer of goods between vessels and ports. In
recent years, the introduction of the “mobile harbor” concept by Hong and Ngo [1] has
spurred increasing research interest in offshore container cranes. The mobile harbor is
a small ship equipped with a container crane that can transfer cargo to and from large
container vessels at sea [1,2]. Figure 1a illustrates the concept of loading and unloading
containers at sea [3]. By enabling cargo to be loaded and unloaded from large container
vessels in the open sea, the mobile harbor allows containers to be subsequently transported
to nearby ports. This approach can significantly enhance the efficiency of ocean shipping
operations and alleviate capacity pressure on shallow-water ports.

However, unlike land-based cranes, offshore cranes operate in highly complex and
dynamically changing marine environments. Mounted on floating vessels, these systems
are continuously subjected to six-degree-of-freedom (6-DOF) motions induced by ocean
waves, wind, and currents, particularly in heave, roll, and pitch. These uncertain dynamic
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disturbances significantly degrade the positioning accuracy and operational efficiency of
the crane. Moreover, they can induce severe load sway, posing serious threats to operational
safety, such as potential collisions or container drops. Consequently, developing robust
control strategies to achieve high-precision positioning and effective sway suppression
under marine disturbances is of great theoretical and practical significance.

(a) (b)

Figure 1. A mobile harbor operating in open sea. (a) Concept of the mobile harbor [3]; (b) Defined

coordinate systems.

In recent years, numerous control methods have been developed for crane systems,
including input shaping [4-6], sliding mode control (SMC) [7-10], optimal control [11],
feedback linearization [12,13], and adaptive control [14-17]. However, traditional con-
trol strategies developed for inland crane systems often exhibit significant performance
degradation in offshore operations. This degradation is mainly caused by parameter uncer-
tainties, unmodeled dynamics, and strong external disturbances. Therefore, it is essential
to develop new control models and strategies specifically for crane systems operating in
marine environments.

Establishing an accurate dynamic model and selecting appropriate DOFs are essential
for designing an effective offshore crane controller. Considering the ship’s heave, pitch,
and roll motions, Hong and Ngo [1] introduced a plant model for mobile harbor control.
For offshore boom cranes, Fang et al. [18] established a 3-DOF dynamic model consisting
of the boom and a payload. Kim and Hong [19] developed a 4-DOF model that considered
plant uncertainty and unknown disturbances for offshore container cranes. Tuan et al. [20]
modeled the vessel as a rigid body floating on viscoelastic seawater using linear springs
and dampers. However, most existing studies have focused on simplified two-dimensional
models, neglecting the three-dimensional (3D) coupling effects among trolley motion,
variable rope length, and the load’s lateral and longitudinal sway. It is only in recent years
that significant research attention has been directed toward the 3D dynamics and control of
offshore cranes [21,22]. Consequently, many existing models fail to accurately capture the
full dynamic characteristics of offshore crane systems.

For offshore crane systems, SMC is widely used due to its high robustness. Ngo
and Hong [2] developed an SMC method for a mobile harbor. A fuzzy SMC algorithm
was proposed by Ngo et al. [23]. Kim and Hong [19] proposed an adaptive SMC (ASMC)
method for offshore container cranes. Tuan et al. [20] proposed an ASMC algorithm that
utilizes a radial basis function network. In addition, several advanced controllers have been
proposed, including output feedback control [24], active disturbance rejection control [25],
model-free control [26], nonlinear optimal control [27], and self-tuning control [28,29].

More recently, trajectory planning and tracking control have attracted increasing
attention. For offshore container cranes, Ismail et al. [30] proposed a robust SMC to track
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an optimal trajectory obtained by a linear quadratic regulator. Lu et al. [31] developed a
novel online 3D trajectory planning method for offshore boom cranes. Landsverk et al. [32]
presented a physics-based trajectory tracking technique, rooted in iterative learning control,
that is explicitly tailored for swing suppression. Zhang and Chen [33] developed an
adaptive tracking control method for offshore cranes to address the challenge of unknown
gravity parameters. Qian et al. [34] proposed an adaptive neural network-based tracking
control strategy for underactuated offshore ship-to-ship crane systems. In this paper, a
comprehensive approach integrating accurate modeling, trajectory planning, and robust
control is proposed.

The contributions of this study are as follows.

(i) A new 5-DOF coupled model is developed for offshore container cranes, which
fully integrates the 3D motion coupling among gantry translation, trolley translation,
variable rope length, and both lateral and longitudinal payload sway, while simultaneously
incorporating wave-induced ship motions (heave, roll, and pitch).

(ii) Based on this model, a quintic polynomial trajectory combined with a Zero Vibra-
tion Derivative (ZVD) shaper is proposed specifically for offshore disturbances, enabling
smooth 3D motion while suppressing residual oscillations.

(iii) A robust sliding mode controller is designed to achieve effective and strong
robustness trajectory tracking and anti-sway control.

(iv) The proposed control strategy is compared with PD control with trajectory tracking
and ASMC without trajectory tracking under various conditions, verifying the effectiveness
and robustness of the proposed control strategy in simulation.

This paper is organized as follows: Section 2 describes a 5-DOF model of offshore
container cranes. In Section 3, a trajectory planning method and an SMC strategy are devel-
oped for trajectory tracking and anti-sway control, and the proposed method’s stability is
proven using Lyapunov theory. Section 4 provides numerical simulations to demonstrate
the control performance. Lastly, the conclusions are provided in Section 5.

2. Dynamic Model of Offshore Container Cranes

To provide a clear foundation for the controller design, a new 5-DOF coupled model
is developed for offshore container cranes in this section, which fully integrates the 3D
motion coupling among gantry translation, trolley translation, variable rope length, and
both lateral and longitudinal payload sway. The ship motions (roll, pitch, and heave)
caused by waves are introduced into the system as external disturbances.

2.1. Coordinate Frames

Figure 1b defines three coordinate frames to describe the motions involved in
the offshore container crane system: Let {xq, yo, zo} be the inertial coordinate system;
{xs, Ys, zs} denote the ship coordinate system, with Os denoting the vessel’s center of gravity;
and {xi, ¥, z¢} represent the trolley coordinate system. Table A1 lists the notations in the
model. Let x represent the gantry’s displacement and y denote the trolley’s displacement in
the ship-attached frame, respectively, while [ represents the hoisting rope length. Let § and
f denote the payload’s lateral and longitudinal sway angles in the inertial coordinate sys-
tem. In fact, these sway angles are measured in the trolley-attached coordinate frame, and
therefore J and 6 should be calculated using the coordinate transformation matrix between
the inertial and the trolley coordinate systems. Let z be the vessel’s heave displacement
in the inertial frame, and ¢ and ¢ represent the vessel’s roll and pitch angles, respectively,
in the inertial coordinate frame. Also, let m and mp be the trolley’s and the load’s masses,
respectively, and & represent the crane height. Finally, let fx and fy be the input forces to the
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gantry and the trolley to suppress sway motions, and let f; be the control force for hoisting
the rope.

2.2. Equations of Motion

To simplify the modeling complexities, the following practical assumptions are made:
(i) The rope is assumed to be massless. (ii) Friction in the gantry and trolley mechanisms is
ignored. (iii) Air resistance affecting sway motions is neglected.

The displacements of the trolley p; and the payload p; in the inertial frame can be
obtained as follows.

xcosp +ysingsiny + hcos$siny
ycos ¢ — hsin¢ , 1)
z —xsiny + ysin¢ cos ¢ + hcos ¢ cos P

Pt

xcosp +ysingsiny + hcos¢psiny — I cosfsiné
pr= ycos¢ —hsing + Isind . (2)
z—xsiny +ysin¢cos P + hcos ¢ cosyp — [ cos 0 cos &

Their velocities, by differentiating (1) and (2) in time, are provided as follows.

T T
Oy = [Utx Oty Z7tz] and v = [le Oly Z)lz} ’ 3)

where

Vg = XCOS P — Xpsin P + ysin ¢ sin ¢ + yip cos P sin ¢ + y¢p cos ¢ sin P -+ hip cos P cos ¢
—h¢sin P sin ¢,

Uy = Yy cosP — yPsind — hepcos ¢,

Uz =2 — Xsing — x(pcos P + 1 cos P sin g — yi sin P sin ¢ + y¢ cos P cos ¢ — hp sin P cos ¢
—h¢ cos P sin ¢,

Dy = XCOS P — X{psin P + ysin ¢ sin ¢ + yip cos Y sin ¢ + y¢ sin P cos ¢ -+ hip cos P cos ¢

—h¢sin1/)sin¢—isinécose—i—lésinésine—lScoszScosG,

y = Jcos — ypsing — hcos ¢ + [ sin 6 + 10 cos 6,

v, =z—xsiny — xPpcosyP + ycos Psin¢$ — yip sin i sin P + y¢ cos P cos ¢
*hl./JSinlpCOS(l)*thCOSIPSin(P*iCOSQCOS&Jrlésin9C055+15COSGSin5.

0

oy

Letg=[x y I ¢ G]T € R be the state vector (i.e., the gantry displacement, trolley
displacement, hoisting rope length, lateral sway angle, and longitudinal sway angle). Note
that the ship motions, (z, ¢, ¢), are regarded as external disturbances in this work. Therefore,
the vessel’s kinetic and potential energies are not included in the model. The kinetic and
potential energies of the system are given as follows.

1 2 1 2
T = Emtvt + Empvl, (4)

V = (m; +mp)g(z — xsiny +ysingcosy + hcospcosp) — mpglcosdcost,  (5)

where g indicates the gravitational acceleration. Finally, using the Lagrange equation, the
equations of motion are obtained as

M(g9)q+C(q,9)9 +G(q) = u, (6)

where
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my 0 myz mig mis 0 ci2 a3 cuu c15
0 myy mp3 Moy M5 1 0 c3 Cu C5
M(q) = |mg1 mzp msz 0 0|, C(q9)=|cz cx 0 ca o35,
my g 0 my 0 C41 C42 C43 Cag C45
ms; msy 0 OT 155 | C51 ?52 C53 C54 C55
Glg) = [gl 82 g & gs} cu=\fx fy fi O 0} :
The components of these matrices are
My = Mgy = My + My, Mz = mzy = —mpcosOsin(d — ), myy = my = —mpylcosfcos(d — ),
mis = ms) = mplsin@sin(d —p), my3 = may = my(—sin¢ cos(d — ) cos§ 4 sinf cos ¢),
Myy = Mgy = mplsingcosOsin(d — ), mys = msy = mpl(sinfsin¢ cos(d — P) 4 cosf cos ¢),
maz =My, My = mpl2 cos? 0, mss = m,,lZ, c1p = 2(my + mp)z,b sin¢g,
3 = mp(é sinfsin(6 — ) — & cos B cos(6 — ),
Cla = mp(—i cos 0 cos(8 — 1) + 10sinf cos(8 — ) + 15 cos O sin(6 — ),
c15 = mpB(Isin@sin(é — ) + 16 cos O sin(d — ) + 16sin B cos(d — ¢)),
1 = —2(m; +mp)Psing,
3 = mp(é sin ¢ sin B cos(8 — 1) + 6 cos ¢ cos 6 + 5 sin ¢ cos Hsin(6 — 1)),
Cy = mp(i sin ¢ cos sin(6 — ) — [0 sin ¢ sin O sin(6 — 1) + 15 sin ¢ cos B cos(8 — 1)),
5 = mp(l sin¢ sinf cos(d — ¢) + I cos ¢ cos 0 + 16 sin ¢ cos 6 cos (8 — 1)
—1f cos ¢ sinf — 15 sin ¢ sin O sin(6 — 1)),
31 = 2mpipcosfcos(d — ),
3 = —2mp(¢cospcosfcos(d — ) + Psingsind + Psingcosfsin(d — ),
34 = —m,,lfS cos?0, ¢35 = —mplé, 4 = —2mpl¢c0595in((5 — ),
cp = 2mplcosO(¢pcosPsin(d — ) — psindcos(d — ), ca3 = m,,lé cos? 0,
c4s = myplcos 6(Icosf —10sinf), css = —mp125 sinfcosf, c5 = —Zmpl¢sin9cos(§ — ),
csp = 2mpl(¢cospsindcos(d — ) — Ppsingcosd + PsinsinOsin(d — ), cs3 = mplé,
C5q4 = mpIZSSinGCOS 0, c55 = mpli,
g = (m+ mp)(fxip2 + yPsin ¢ + 2yPp cos ¢ + hip cos ¢ — 2hppsing — (2 + g) sin ),
g = (m+my)(—xpsing —hp — ygbz sin® ¢ — hl,'b2 sin ¢ cos ¢ — yd)z + (z+g)singcosy),
g3 = mp(xypcosfcos(s — ) + x¢2 cos 0sin(d — 1) + (2hpip — yip) sin ¢ cos B sin (5 — 1)
— 2y + hp) cos ¢ cos O sin(d — 1) + (y(t,bz + q>2) + hep) sin ¢ cos 0 cos (5 — 1)
+(h(¢2 + l[)z) — y¢) cos ¢ cos B cos (8 — 1) + (h¢2 — y¢)sin¢sinf — (y¢2 + hep) cos ¢ sin 0
—(z+4 g) cosfcosd),
g1 = mpl(—xipcosOsin(é — ) + xl,bz cos 0 cos(8 — 1) + (2hpp — yip) sin ¢ cos B cos(8 — )
— (i + 2y¢1p) cos ¢ cos 6 cos(d — 1) — (_1/((]52 + zpz) + hep) sin ¢ cos Osin (5 — 1)
+(yop — h(qS2 + zp2)) cos¢pcosBsin(d — ¢) + (z+ g) cosfsind),
g5 = mpl(—xipsinfdcos(é — ) — xl,bz sin@sin(d — ¢) + (yip — 2hyp) sin p sin O sin(5 — )

2.3. Model Decoupling

In this work, the offshore container crane has five states (x, y, [, J, 8) and three inputs

+(2ydw + hip) cos ¢ sin O sin (8 — 1) — (y(d)z + lpz) + hep) sin ¢ sin 6 cos (5 — 1)
+(yp — h((ﬁ2 + zpz)) cos ¢psinf cos(d — ¢) + (h([)2 — y¢) singcos § — (y¢2 + hep) cos ¢ cos 0
+(z+ g)sinfcosd).

(fx, fy, fi)- Thus, the system is underactuated. The states can be divided into actuated

T T
states q, = [x Yy l] and underactuated states g, = {(5 9} . Now, (6) can be rewritten

as follows.
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Mu1(q)4, + Mi2(9)q, + C11(q,9)q, + C12(q,9)q, + G1(q) = u, @)
Ma1(9)q, + M22(9)q, + C21(9,9)q, + C22(q,9)9, + G2(9) =0, (8)
where
mp 0 my3 myg  Mis
Mii(g) = | 0 mp mys|, Mia(q) = |mas mos|,
M3 M3y M33 0 0
my mg 0 _m44 0
M - 7 M = 7
21(9) [m51 sy O] 2(9) 0 m55]
0 cp2 C13_ _C14 C15
Cii(q) = |ecn 0 co|, Ci2(q) = |coa 251,
31 e 0] [C34 €35
C41 C42 C43 C44 C45
C - 7 C - 7
2 (q) [051 C52 053_ 22(17) _C54 0551

Gi(q) = [81 82 83} Tr Ga(q) = [84 85]T-

Since My, is symmetric and positive definite, the underactuated dynamics (8) can be
expressed as follows

4, = My (9) (—=Mar(9)d, — C21(4,9)4, — C22(q,0)q, — G2(4))- €)
Substituting (9) into (7) yields

G, =M ' (q)(u—Ci(4,4)d, — C2(q,9)d, — C(q)), (10)

where M(q) is positive definite, and

M(q) = Mu(q) - Mlz(ﬁ)M_l(Q)le (q),
C1(9,9) = C11(q,9) — Mi2(9) My, (9)Ca1 (9, 9),
C2(9,9) = Ci2(q,9) — Mia(q )ME( )C22(q,9),
G(q9) = Gi(q) — M12(q) My, (9)Ga(q).

3. Control Design
3.1. Trajectory Planning

To ensure smooth cargo transport and suppress vibrations in offshore container crane
systems, trajectory planning plays a crucial role in achieving anti-sway control. The
trajectory can be mathematically described by a function of time-dependent state variables.
For each actuated state, the reference trajectory is described by a quintic polynomial
function as follows.

Grefo(t) = ag + art + axt® + ast® + ayt* + ast, (11)

where

T T
qrefO(t) = [xref(t) yref(t) lref(t)] ;s Ai = [aix Aiy ail} =125
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represent the state vector and the coefficient vector of the polynomial, respectively. Then,
the corresponding velocity and acceleration trajectories are obtained by successive differen-
tiation as follows.

Grepo(t) = a1+ 2axt + 3ast? + 4agt® + 5ast?, (12)

Greo(£) = 202 + 6ast + 12a4#> + 20ast°. (13)

Each motion component is constrained by the position, velocity, and acceleration boundary
conditions at the initial and final times as follows.

q(0) = 4o, 4(0) =0, §(0) = 0, 4(T) = g4, 4(T) = 0, and 4(T) = 0. (14)

T T
Let g0 = {xo Yo lo} and q; = [xd Yd ld} denote the initial and final positions of the
load, and let T be the transfer time.
Substituting (14) into (11), (12), and (13), the coefficients are obtained as follows.

ap = 4o,

a1 =a; =0,

_ 10(q4—40)
T3

3 = ‘ (15)
—15(g,—

4y = (;i 70),
6 —

s = (%szqo)'

Although the smooth quintic trajectory reduces dynamic excitation, the inherent pen-
dulum motion characteristics of the load still cause residual oscillations. To address this
issue, the Zero Vibration Derivative (ZVD) shaper is introduced to refine the reference
trajectory to suppress payload sway. Despite the nonlinear and strongly coupled crane
dynamics, the dominant sway motion can still be approximated as a lightly damped oscilla-
tory mode, which the ZVD shaper can effectively suppress by smoothing the command and
preventing abrupt excitation. Furthermore, although the natural frequency varies during
hoisting due to changes in rope length, the ZVD shaper remains effective because its zero-
sensitivity property provides robustness to moderate frequency variations. The smooth
quintic trajectory also limits the rate of change in the natural frequency, ensuring that it
does not vary abruptly within the shaping interval. As a result, the ZVD input shaper offers
reliable vibration suppression even under nonlinear and time-varying crane dynamics.

The suspended load of offshore container cranes can be considered a pendulum system
with a natural frequency, which is given as

wn(t) = ]S (16)

_ 1
Ap = 1+2K+K2
_ 2K
A2 = ok (17)
- _K
A3 = T
T 27T
Tl =0, Tz = aT'T3 = ;, (18)
n n
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where K = ¢=¢7/V1-8 and { is the damping ratio. Then, the shaped trajectories can be
expressed as

3
qref(t) = Z Aiqrefo(t - Ty). (19)
i=1

3.2. Sliding Mode Control

The control objectives of this paper are to ensure that the payload is accurately trans-
ported to the target location and to suppress load sway under external disturbances. The
block diagram of the SMC with trajectory planning (TP-SMC) is shown in Figure 2. The
tracking error vector is defined as

(1) = 4u(t) ~ () = [ex(t) () er(t)], 0)

T
where q,(t) = [x(t) y(t) l(t)} denotes the actual motion of the crane system. Then, a
sliding surface s is designed as follows.

s =¢e, + Aey + key, (21)

T
where e, = q,(t) —0 = [5(1&) B(t)} , A = diag(Aq, A2, A3) is the control gain matrix, and
k € R3*2 denotes the coupling coefficients between the corresponding motion direction
and sway motions.

kr O
k=10 ko
0 0
The derivative of the sliding surface s is
s =e;+ Aey + key,. (22)
Disturbances
ki Quintic | *® | Input | e | Sliding |s_ | Sliding mode Mobile
—— > ] B — —
polynomial shaping surface control harbor
q=[x,y,16,6]"

Figure 2. Block diagram of the SMC with trajectory planning.

Note that the 5-DOF crane dynamics contain significant coupling effects, which arise
primarily from (i) the Coriolis and centrifugal interactions between the trolley/gantry
motion and the payload swing, and (ii) the time-varying inertia introduced by the hoisting
motion. These coupling terms are explicitly retained in the model and are incorporated into
the proposed sliding mode control framework. In particular, the modified inertia matrix
M(q) in (10) and the sliding surface defined in (21) enable the equivalent control term to
compensate for these coupling forces.

Substituting (10) into (22) and letting s = 0, the equivalent control law is obtained
as follows.

Ueqg = M(éref - A(‘?a - qref) - kqu) +El‘7a +62‘7u +G. (23)
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To eliminate chattering caused by the switching term in traditional SMC laws, -Ksgn(s), the
switching term is replaced with a continuous saturation function:

uspy = —K - sat(s, p), (24)

where K = diag(Ky, K3, K3) > 0 is the switching gain, and u > 0 defines the boundary layer
thickness around the sliding surface. The saturation function is defined as

sat(s, p) = S/ sl < w (25)
sgn(s), |s| > .

Therefore, the control law can be expressed as follows
U= teg + tisw = M(Gyor — A, = def) — k) + C14, + Cog, + G — K-sat(s, p).  (26)

To ensure the stability of the system, consider a Lyapunov candidate function as follows
V=-s's. (27)

Differentiating (27) in time
V= —sTs, (28)

Substituting (22) into (28) yields

V =T (6 + Aég + k) 29)
= ST(éa - i?ref + /\(qa - Qref) + kl7u)/

Substituting (10) into (29) yields

. -——1 - .y - - .\ - - . . . .
V=s"(M (q)(u—Ci(q,9)4, ~ Co(q, )4, — C(@) = fpep + Ay = dyef) +Kq,),  (30)
Substituting the control law (26) into (30) and simplifying, the following is obtained:
V= —sTﬂil(q)(K -sat(s,u)) < 0. (31)

That is, the derivative of the Lyapunov function is negative semi-definite, which guarantees
that the sliding surface s(t) converges to a small neighborhood of the origin in finite time.
Due to the definition of the sliding surface, this implies that the tracking error dynamics are
exponentially stable. Therefore, the tracking error e(t) and its derivative remain bounded
and converge asymptotically to a neighborhood of zero, whose size is determined by the
boundary layer thickness. As a result, the proposed controller achieves practical asymptotic
trajectory tracking and effective anti-sway control under the full nonlinear dynamics and
external disturbances.

4. Simulation Results

To verify the performance and robustness of the proposed method, numerical sim-
ulations were conducted using MATLAB/Simulink R2024a. In this study, ship motion
induced by irregular waves is considered an external disturbance, and the irregular waves
are generated using the Marine Systems Simulator Toolbox [36]. Table 1 illustrates the
parameter values used in simulations. Note that a shorter transport time can generate
excessive acceleration, potentially causing significant payload oscillations; therefore, to
balance operational efficiency and safety, T = 15 s was selected as the transportation time.
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m

Table 1. Parameter values used in simulation.

Symbols Parameters Values

h Crane height 10 m

g Acceleration of gravity 9.81 m/s?
my Trolley mass 6000 kg
My Cargo mass 20,000 kg
Xo Initial gantry position Om

Yo Initial trolley position Om

lo Initial rope length 10 m
4o Initial lateral sway angle 0 rad
8o Initial longitudinal sway angle Orad
x4 Target gantry position 5m
Yd Target trolley position 10m

I Target rope length 8 m

T Transportation time 15s

4 Damping ratio 0.02

When there are no ocean disturbances, the system can be regarded as a traditional

inland crane. In this case, an open-loop simulation without feedback control is conducted
in which both the unshaped quintic and shaped trajectories are applied as inputs for com-
parison. Figure 3 shows the simulation results. Compared with the unshaped trajectory, the

shaped trajectory slightly delays motion completion but significantly reduces oscillations,
even in the absence of feedback control.

I

Position [m]

]

[=]

0 5 10

Angle [rad]
1
5 oo & ¢

|
=

12 10—
~
T = o =
Eos / E 9
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Figure 3. Comparison without disturbances: (a) Gantry movement; (b) trolley movement; (c) rope
length; (d) lateral sway angle; (e) longitudinal sway angle.

Next, to evaluate the performance of the proposed scheme, its results are compared
with a PD controller incorporating trajectory planning (TP-PD) and an ASMC without
trajectory planning. The control law of the TP-PD control is as follows

Upg = —kpea — kgeqa + kyey, (32)

where kp, = diag(kp1, kp2, kp3) and kg = diag(kq1, kg2, kq3) are the proportional and derivative
gains, respectively, and

ki1 0
ky=10 kyo
0 0
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Without trajectory planning, the sliding surface becomes
s =y +Aqa — qa) +kqu- (33)
Therefore, the control law of the ASMC is as follows
u=M(-Aq, —kq,) + C1q, + Cag, + G — K(t) - sat(s, ), (34)
where K(t) is defined as follows [37]
e If[s| > ¢ K(t)is tuned as
R(t) = 7lsl, (35)
where 7 = [11, 72, 73] > 0, and K(0) > 0
o If|s| <¢ K(t)is given by
K(t) = a|y|, (36)

where « > 0 and 1 is the average of sgn(s) obtained through a low-pass filter as follows [38]

o +1 =sgn(s), o > 0. (37)

First, a simulation comparison was conducted under Sea State III conditions. Figure 4
shows the ship motions in Sea State III. The control gains for both the ASMC and PD
controllers are listed in Table 2, and the corresponding comparison results are presented in
Figure 5. For a more intuitive comparison, Table 3 lists the root mean square error (RMSE)
values of gantry and trolley positions, the maximum lateral and longitudinal sway angles,
and the maximum control forces. The results indicated that when trajectory planning is
incorporated, both SMC and PD control effectively suppress load sway. In contrast, the
ASMC exhibits larger position errors and sway angles. Moreover, the proposed control
method achieves the smallest load sway among the three approaches, demonstrating its
superior performance.
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Figure 4. Ship motions in Sea State III: (a) Roll angle; (b) pitch angle; (c) heave displacement.

Table 2. Control gains.

Method Gains
SMC M=Ay=18,A3=0.8, ki =24, k, = —24, K1 = 5000, K = 9000,
K3 = 3000, = 0.01
ASMC Y1 =72 =100, 73 =500, £ = 0.01, a = 0.5
PD kp1 = kpa = ka1 = kap =8-10%, kpz =2:107, kgz = 10%, ky1 = kyp =5-10°
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Figure 5. Comparison in Sea State III: (a) Gantry movement; (b) trolley movement; (c) rope length;
(d) lateral sway angle; (e) longitudinal sway angle.

Table 3. Performance comparison of three control methods under Sea State III.

Metric TP-SMC ASMC TP-PD
RMSE (x) 0.1004 0.2846 0.1605
RMSE (y) 0.2116 0.6627 0.3400

Max angle (9) 0.0288 0.0371 0.0307
Max angle (6) 0.0469 0.0790 0.0498

Max control force () 1.1980 x 10* 1.2084 x 10* 6.5280 x 103

Max control force (fy) 1.4472 x 10* 2.3058 x 10* 1.3689 x 10*

Max control force (f;) 2.0040 x 10° 2.0050 x 103 2.0514 x 10°

Then, to evaluate the robustness of the proposed strategy, simulations are performed
under the following three conditions.

(i) Condition 1 (unknown disturbances): An impact force (e.g., gust or collision) is
applied to the payload at 20 s.

(ii) Condition 2 (parametric uncertainty): The cargo mass is reduced to 5000 kg, the
target rope length is reduced to 5 m, and the initial lateral sway angle is increased from
zero to 0.07 rad.

(iii) Condition 3 (Sea State IV): The wave disturbance is increased. The system is
operating under Sea State IV.

Figures 6—8 show the comparison results. In Figure 6, under the action of sudden
force, both the lateral and longitudinal sway of the load showed significant changes, but
the angle of change for TP-SMC was significantly smaller than that for ASMC and TP-PD.
Furthermore, compared to other methods, TP-SMC can suppress the induced oscillations
more quickly. In Figure 7, the proposed TP-SMC still ensured stable and accurate trajectory
tracking. And the load sway angle suppression effect was still superior to TP-PD and ASMC.
In Figure 8, despite a decrease in control performance under greater wave disturbances,
the tracking error and sway angles of the TP-SMC were still smaller than those of the
ASMC and TP-PD. Thus, the proposed control strategy preserves stability and effectively
suppresses load sway under unknown disturbances, parameter variations, and stronger
wave disturbances, confirming its strong robustness.
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Figure 7. Comparison in Condition 2: (a) Gantry movement; (b) trolley movement; (c) rope length;
(d) lateral sway angle; (e) longitudinal sway angle.
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Figure 8. Comparison in Condition 3: (a) Gantry movement; (b) trolley movement; (c) rope length;
(d) lateral sway angle; (e) longitudinal sway angle.
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In summary, the simulations demonstrate that the proposed method achieves accurate
trajectory tracking and effectively suppresses load sway under various conditions. The
input-shaped trajectory reduces residual oscillations compared with the conventional
quintic trajectory, and the proposed sliding mode controller outperforms both PD control
with trajectory planning and ASMC without trajectory planning. Moreover, robustness
tests confirm that the proposed method maintains stable performance under unknown
disturbances, parameter variations, and stronger wave disturbances.

5. Conclusions

This paper presented a comprehensive modeling, trajectory-planning, and robust
control framework for offshore container cranes operating under complex marine distur-
bances. A new 5-DOF coupled dynamic model was developed to capture the essential
interactions among gantry motion, trolley translation, variable rope length, and both lateral
and longitudinal payload sway, while explicitly incorporating wave-induced ship motions
as external disturbances. To ensure smooth and efficient load transportation, a quintic-
polynomial trajectory was refined using a ZVD input shaper, which significantly reduced
the residual oscillations associated with the crane’s pendulum-like dynamics. A sliding
mode controller was designed to guarantee accurate tracking of the reference trajectory and
anti-sway control. Numerical simulations under various marine conditions, including Sea
State IIl and IV waves, impact disturbances, and parameter uncertainties, verified the effec-
tiveness and robustness of the proposed control strategy. Compared with conventional PD
control and ASMC without trajectory planning, the integrated TP-SMC scheme achieved
superior performance and strong robustness. Overall, the results demonstrate that the
proposed approach can maintain stable and high-precision performance under marine
disturbances, providing a practical and reliable control solution for offshore container crane
operations. Future work will incorporate actuator dynamics, friction, and time delays to
improve model fidelity, explore adaptive or learning-based methods to handle time-varying
uncertainties and marine disturbances, and extend validation using measured ship-motion
disturbance data.
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Abbreviations

The following abbreviations are used in this manuscript:

3D Three dimensional

DOF Degree of freedom

SMC Sliding mode control

ASMC Adaptive sliding mode control

PD Proportional derivative

TP-SMC  Sliding mode control with trajectory planning

TP-PD Proportional derivative control with trajectory planning
RMSE Root mean square error

https://doi.org/10.3390 /machines14010013


https://doi.org/10.3390/machines14010013

Machines 2026, 14, 13 15 of 16

Appendix A

Table A1l. List of notations in the model.

Symbol Description
0 Lateral angle
0 Longitudinal angle
¢ Roll angle
P Pitch angle
fi Control force for rope
fx Control force for gantry
fy Control force for trolley
l Rope length
my Trolley mass
my, Payload mass
x Gantry displacement
y Trolley displacement
z Heave displacement
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