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Abstract In offshore crane systems, the floating plat-
form motion has a significant impact on the dynamics
of the cart motion. Nevertheless, previous studies have
ignored the dynamic coupling interaction between the
crane and the floating platform induced by changes in
hydrostatic, hydrodynamic, and mooring loads affect-
ing the offshore platform-crane system response. To
address this problem, this study presents, firstly, a
comprehensive model of the crane-platform dynamic
coupling under realistic surge-roll-heave motions of
the floating platform induced by ocean waves. While
the payload motion can be known, the surge-roll-
heave motions of the floating platform are considered
unknown. Therefore, secondly, we propose an output
feedback control approach that combines a state feed-
back controller and an extended high-gain observer
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to primarily achieve desired trajectories of the cart
motion under unknown payload mass, dynamic fric-
tion, dynamic coupling, and external disturbances. The
extended high-gain observer uses the measured dis-
placement of the cart to estimate the dynamic states
and external disturbances, providing the state feedback
controller with the necessary information and increas-
ing the robustness of the control system. The effec-
tiveness of the proposed model-based control approach
under unknowndynamic andwavemotiondisturbances
is verified through simulation.

Keywords Offshore crane system · Floating platform ·
High-gain observer · Backstepping controller · Motion
control

List of symbols
Real Parameters of Floating Platform and Over-
head Crane System

φ Platform roll motion (rad)
θ Cable swing angle (rad)
dAL Fixed position of the left anchor (m)
dAR Fixed position of the right anchor (m)
dfL Positions of the left fairleads relative to

G (m)
d f p Platform diameter (m)
dfR Positions of the right fairleads relative to

G (m)
dG Depth of the platform center of mass

below the water level (m)
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dsb Water depth (m)
Fcx Controlled force of the cart (N)
h The height of the overhead crane (m)
Ha Wave elevation amplitude (m)
I f p Platform moment of inertia (kgm2)
L Crane cable length (m)
l f p Platform length (m)
mc Cart mass (kg)
mp Payload mass (kg)
m f p Platform mass (kg)
X Platform surge motion (m)
x Cart horizontal motion (m)
Z Platform heave motion (m)

1 Introduction

Offshore crane systems are critical equipment for the
offshore oil and gas industry, which are used to lift
heavy equipment and supplies onto and off offshore
platforms and vessels. These systems face demanding
operational conditions, including high winds, waves,
and corrosive saltwater environments [1–3]. There-
fore, safety is essential and operators have to fol-
low stringent regulations and standards when operat-
ing offshore cranes. Manufacturers, recognizing the
paramount importance of safety, have introduced fea-
tures such as collision avoidance, load monitoring, and
remote monitoring capabilities for offshore crane sys-
tems [4,5].

Developing a realistic offshore crane systemdynamic
model is needed to better understand and analyze the
crane response under various operating conditions. In
general, a useful comprehensive dynamicmodel should
be able to describe the cartmotion, the platformmotion,
and the cart-platform interaction [2,3,6,7], and can be
used for control design, e.g., [8–13]. However, almost
all of these studies have overlooked the floating struc-
ture dynamics and its dynamic coupling with the crane
when the system is subjected to complex nonlinear
hydrostatic and hydrodynamic loads. In the literature,
the floating structure motion is simplified as a sinu-
soidal base excitation that falls short of capturing the
practical complexities and nonlinearities of real-world
scenarios, significantly impacting crane response and
performance. Consequently, a comprehensive offshore
crane system model is still needed.

In recent years, the automatic control of offshore
cranes has been investigated; however, due to the com-

plex system dynamics and involved disturbances, rela-
tively few published results are presented in the review
[13]. For example of control approaches include out-
put feedback [14], sliding mode control [15], adaptive
neural network control [10,16], Switching logic-based
nonlinear feedback control [9], and adaptive robust
control [11]. Namely, the control problem of a 5-DOF
offshore crane system operating in a 3-dimensional
(3D) space under persistent ship yaw and roll perturba-
tions was addressed in [9], where an output feedback
regulation control approach was proposed to achieve
asymptotic stability results through rigorous theoret-
ical analysis [9]. In [10], an optimal learning sliding
mode controller is proposed for a dual ship-mounted
crane system using a policy iterative algorithm to solve
the Hamilton–Jacobi–Bellman equation and a critical
neural network to approximate unknown functions. In
[11], an adaptive neural-network-based tracking con-
trol method for offshore ship-to-ship crane systems
aims to achieve accurate positioning, swing suppres-
sion, and disturbance rejection while handling uncer-
tain trajectories resulting from the target ship move-
ment. In [17], three controllers are proposed, where
particle swarmoptimization (PSO) is used to tune a pro-
portional (P), integral (I), and derivative (D), i.e., PSO-
PID, controller for maintaining a trajectory speed route
relative to the dynamic unloading point location in the
vertical direction, another PID controller is designed to
limit the horizontal lowering deviation caused by area
limitations on the target ship, and a PSO-PDD2 anti-
swing control system aimed at preventing load swing-
ing. In [12], a control approach employing artificial
intelligence is utilized to minimize the heave motion of
the payload in the crane system. Specifically, reinforce-
ment learning (RL), a method that computes actions
based on states, is employed. Additionally, given the
requirement, the deep deterministic policy gradient
(DDPG) algorithm is chosen to determine actions in
a continuous state. In [18], a control method that com-
bines an adaptive controller with an output feedback
controller is proposed for a shipboard rotary crane sys-
tem. The adaptive controller achieves precise boom
positioning and overcomes the unfavorable effects of
system parameter uncertainties, while the output feed-
back is designed to avoid using velocity signals. In [19],
a nonlinear energy-based controller is designed for dual
ship-mounted crane systems to ensure the stability of
the desired equilibrium point and enable the precise
positioning of the crane boom and suppression of pay-
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load swing. In [20], a tracking controller is presented
for boom crane and tower crane systems with multiple
inputs and multiple outputs (MIMO) that are subject to
uncertainty. The goal of the proposed controller is to
achieve precise positioning and tracking control while
minimizing control efforts, even with saturated inputs.
From a motion control standpoint, an online trajectory
planning approach is designed to address boom luff-
ing/rotating and rope hoisting motions in a 3D offshore
boom crane system with superior anti-swing capabili-
ties [8].

Clearly, all the previous works do not consider the
dynamic coupling between the floating structure and
the crane system when designing the controllers. Fur-
thermore, the majority of the developed controllers
require knowledge of the dynamic model to achieve
their control objectives, which reflects the complex-
ity of the control structure or practical implementation.
Compared to the previous work, themain contributions
of this research can be outlined as follows

– Develop a coupled dynamic model for the off-
shore crane platform system, considering fluid
loads induced by water waves that influence the
system dynamics. Specifically, the dynamic model
incorporates (1) exact nonlinear hydrostatic loads
applied to the platform, (2) nonlinear mooring
line loads affecting the platform, and (3) nonlin-
ear hydrodynamic loads encompassing addedmass,
drag, and Froude–Krylov loads. The dynamics of
the floating platform is commonly oversimplified
or neglected in the literature.

– Develop an output feedback controller by integrat-
ing a state feedback control based on the backstep-
ping method to achieve precise trajectory tracking
of the cart position. Additionally, incorporate an
ExtendedHigh-GainObserver (EHGO) to estimate
the system states and the elusive nonlinear dynamic
motion of the platform. Compared to the literature,
the proposed control approach has a simple struc-
ture and uses only the measured cart displacement

The remainder of this paper is organized as fol-
lows: the dynamic model that describes the equation
of motion and coupling between the crane and the plat-
form is formulated in Sect. 2. In Sect. 3, the proposed
controller design is explained, encompassing problem
formulation, and the design of a state-feedback con-
troller, extended-high gain observer (EHGO) design,
and output feedback controller. The simulation results

are presented and discussed in Sect. 4. Summary, con-
clusions, and outlines of future work are provided in
Sect. 5.

2 Dynamic modeling of the system

Theoffshore overhead crane system in focus ismounted
on a tension leg platform (TLP), as depicted in Fig. 1.
The TLP is chosen as the floating structure for general-
ity, although various other types of floating platforms,
such as spar and semi-submersible, exist. However, the
system dynamics remain nearly similar for all these
variations. The system kinematics are described using
two reference frames: OXY Z as the inertial frame and
oxyz as a body-fixed frame attached to the platform, as
illustrated in Fig. 1a. The platform undergoes coupled
surge-heave-roll motion, characterized by the displace-
ment vector r = [X, Z ]T , where X and Z represent
the platform surge and heavemotions, respectively. The
platform rotation is described by the roll angle φ. The
mass of the floating platform is denoted asm f p, and its
corresponding mass moment of inertia is represented
by I f p.

The platform length is l f p and diameter d f p. The
center of mass (G) of the platform is located at a dis-
tance of ap f relative to the platform base, as illustrated
in Fig. 1b. The fairlead radius, which represents the dis-
tance between the platform center-line and the leg end,
is denoted by a f . The height of the overhead crane sys-
tem from the center of mass of the platform is denoted
as h. The crane consists of a mobile cart with a mass
of mc, supporting a fixed-length cable of L . The cable
swings at an angle θ and supports a payload with a
mass of mP . The horizontal motion of the cart is rep-
resented by x and is controlled by the force Fcx . The
displacements x and X are parallel when φ = 0.

Using Lagrange’s equation, the equations of motion
is given as [21,22]

d

dt

(
∂L
∂�̇

)
− ∂L

∂�
= U (1)

where L is the Lagrangian, defined as the difference
between the kinetic (T ) and potential (V ) energies of
the system i.e. L = T − V , and U denotes the gen-
eralized force vector. The system states (generalized

coordinates) vector is � = [
X Z φ x θ

]T
. The kinetic

energy of the system is expressed as

T = 1
2m f p vTG vG + 1

2 I f p φ̇2
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Fig. 1 Schematic diagram
of the dynamic model for a
floating platform supporting
an overhead crane system a
frame assignment and b at
the equilibrium point

+ 1
2mc vTc vc + 1

2mP vTP vP (2)

where vG , vc, and vP denote the velocities of the plat-
form center of mass, cart, and payload, respectively,
and are given as

vG = [
Ẋ Ż

]T
vc =vG +

[
cosφ(ẋ − hφ̇) − x φ̇ sin φ

sin φ(−ẋ + hφ̇) − x φ̇ cosφ

]

vP =vc + L(φ̇ + θ̇ )

[
(cosφ cos θ − sin φ sin θ)

−(cosφ sin θ + sin φ cos θ)

](3)

The potential energy of the system is given as

V = −g[m f pZ + mc(Z − h cosφ − x sin φ)

+mP (Z + L cos(φ + θ) − h cosφ − x sin φ)] (4)

where g denotes the gravitational acceleration. Substi-
tuting Eqs. (3) to (4) into Eq. (1), yields the equations
of motion given as

MRB �̈ + G = U (5)

where �̈ = [
Ẍ Z̈ φ̈ ẍ θ̈

]T
denotes the second time

derivatives of the system states, and

G = [
G1 G2 G3 G4 G5

]T
denotes the dynamic inter-

action. The mass matrix of the rigid bodies (MRB) is a
5 × 5 symmetric matrix given as

MRB =

⎡
⎢⎢⎢⎢⎣

m11 0 m13 m14 m15

∗ m22 m23 m24 m25

∗ ∗ m33 m34 m35

∗ ∗ ∗ m44 m45

∗ ∗ ∗ ∗ m55

⎤
⎥⎥⎥⎥⎦ (6)

where the corresponding elements of MRB are given
as

m11 =m22 = m f p + mc + mp,

m13 =mpL cos(φ + θ) − (mp + mc)(h cosφ + x sin φ),

m14 = (mp + mc) cosφ,

m15 = mpL cos(φ + θ),
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m23 =(mp + mc)(h sin φ − x cosφ),

m24 = −(mp + mc) sin φ,

m25 = −mpL sin(φ + θ),

m33 =I f p + (mp + mc)(x
2 + h2) + mpL

2

+ 2mpL(x sin θ − h cos θ),

m34 =mpL cos θ − (mp + mc)h,

m35 = mpL(L − h cos θ + x sin θ),

m44 =mc + mp,

m45 =mpL cos θ, m55 = mpL
2,

the elements of the G vector are given as

G1 =(mp + ms)(hφ̇2 sin φ − 2ẋ φ̇ sin φ − x φ̇2 cosφ)

+ mpL sin(φ + θ)(φ̇2 − θ̇2 + 2φ̇θ̇ ), (7)

G2 =(mp + mc)(hφ̇2 cosφ − 2ẋ φ̇ cosφ + x φ̇2 sin φ)

− mpL cos(φ + θ)(φ̇2 + θ̇

− 2φ̇θ̇ ) − (m f p + mp + mc)g, (8)

G3 =(mp + mc)
(
2x ẋ φ̇ + gx cosφ − gh sin φ

)
+ mpLx cos(θ̇

2 + 2φ̇θ̇ ) + mpgL sin(φ + θ)

+ mpL
(
hθ̇2 + 2φ̇ ẋ + 2hφ̇θ̇

)
sin φ, (9)

G4 =(mp + mc)(g sin φ − x φ̇2)

− mpL
(
φ̇2 + θ̇2 − 2φ̇θ̇

)
sin θ,

G5 =mpLφ̇
(
2ẋ sin θ − x φ̇ − cos θ − hφ̇ sin θ

)
+ mpgL sin(φ + θ), (10)

The vector that contains the external forces, moments,
and control inputs of the system is denoted by U, and
is given as

U =

⎡
⎢⎢⎢⎢⎣

Fhd,X + TR,X + TL ,X + (Fcx − f f x ) cosφ

−FB + Fhd,Z + TR,Z + TL ,Z − (Fcx − f f x ) sin φ

MB + Mwp + Mhd + MT

Fcx − f f x
− f f θ

⎤
⎥⎥⎥⎥⎦
(11)

where Fhd andMhd denote the hydrodynamic force and
moment around the center of massG, respectively. The
tensions of the left and right mooning lines are denoted
by TL and TR , respectively, and MT is the correspond-
ing moment. It is worth noting that X and Z subscripts
indicate the corresponding component of the hydro-
dynamic and tension forces. The buoyancy force and
moment are dented by FB and MB , respectively, and

Mwp represents the hydrostatic water plane restoring
moment. The cart control force is Fcx , the cart friction
force is f f x , and the damping moment around the pen-
dulum hinge is f f θ . The formulation of all these forces
and moments will be presented next.

2.1 Hydrostatic, hydrodynamic and mooring loads

Figure2 illustrates the hydrostatic and hydrodynamic
loads applied to the submerged part of the floating plat-
form. The buoyancy force (FB) is a function of the sub-
merged length Lcf that represents the distance from
platform base center (Q) and center of flotation (C)
that varies with time [23,24].

FB = ρgLcf Awp (12)

where ρ is the density of the water, and Awp =
(π/4) d2f p is the cross-sectional area of the platform.
The submerged length Lcf can be obtained as [23,24]

Lcf = Lc + Z − ap f
cosφ

+ ap f (13)

where Lc is the platform draft at the static equilib-
rium state. The moment exerted by FB about G can
be expressed as

MB =
(
ap f − 1

2
Lcf

)
sin φ FB (14)

The submergedwedge (Vsub), which has positive buoy-
ancy, and the emerging wedge (Vem), which has nega-
tive buoyancy, produce buoyancy forces that are equal
in magnitude and opposite in direction, as shown in
Fig. 2. These forces generate a couple of moment,
referred to as the water plane restoring moment (Mwp).
This moment can be described as [23–25]

Mwp = −ρgIwp

(
sin φ + 1

2 sin φ tan2φ
)

(15)

where Iwp = (π/64) d4f p is the second moment of the
cross-sectional area of the platform.

The hydrodynamic loads acting on the slender struc-
ture of the floating platform can be determined using
Morison’s equation [26–28] such that the hydrody-
namic force (Fhd = [Fhd,X Fhd,Z ]T ) exerted on the
submerged section of the platform acts perpendicular to
the platform centerline (z). Accordingly, Fhd is a com-
bination of the inertial force (Fin) and the combined
drag and Froude-Krylov terms (Fd f ) [26,29]:

Fhd = Fin + Fd f , Mhd = Min + Md f (16)
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Fig. 2 Hydrostatic and hydrodynamic loads exerted on the float-
ing platform

based on Morison’s equation, the hydrodynamic iner-
tial force and moment are obtained as

Fin =
ap f∫

ap f −Lcf

−ρ Ca Awp
(
v̇p

)
⊥ dz ,

Min =
ap f∫

ap f −Lcf

−rz × (
ρ Ca Awp

(
v̇p

)
⊥
)
dz

(17)

the combined drag and Froude-Krylov terms (Fd f ) of
Morison’s equation can be also obtained as

Fd f =
ap f∫

ap f −Lcf

(
ρ (1 + Ca) Awp

(
v̇ f

)
⊥

+ 1
2ρCDd f p(vrel)⊥ ‖(vrel)⊥‖ )

dz

Md f =
ap f∫

ap f −Lcf

rz × (
ρ (1 + Ca) Awp

(
v̇ f

)
⊥

+ 1
2ρCDd f p(vrel)⊥ ‖(vrel)⊥‖) dz

(18)

The coefficients representing the added mass and drag
areCa andCD , respectively, and× represents the cross

product. The vector rz = [0 0 z]T represents the
location of a generic point (P) on the platform cen-
terline. As shown in Fig. 2, the velocity and accelera-
tion of P are vp and v̇p, respectively. At P , the fluid
velocity is denoted as v f , while the fluid acceleration
is represented as v̇ f . The kinematics of the wave field
can be utilized to determine v f and v̇ f . The relative
fluid velocity concerning the velocity of the moving
point P is vrel = v f − vp. The subscript ⊥ denotes
the component that is perpendicular to the centerline of
the platform and ‖(·)‖ indicates the magnitude of the
vector (·). It is obvious that the inertia force (Fin) in
Eq. (17) is function of the platform acceleration states
(Ẍ , Z̈ , and φ̈) which constitutes the added mass force
and moment [30]. This equation can be transformed
into the following form⎡
⎣ Fin,X

Fin,Z

Min

⎤
⎦ = [A]

⎡
⎣ Ẍ
Z̈
φ̈

⎤
⎦ (19)

where A is the added mass (symmetric) matrix of the
platform, expressed as

A =
⎡
⎣A11 A12 A13

∗ A22 A23

∗ ∗ A33

⎤
⎦ , (20)

with the corresponding elements given as

A11 =ρCaLcf Awp cos
2 φ,

A12 = − 1

2
ρCaLcf Awp sin(2φ),

A13 =1

2
ρCa AwpLcf (Lcf − 2ap f ) cosφ,

A22 =ρCaLcf Awp sin
2 φ,

A23 = − 1

2
ρCa AwpLcf (Lcf − 2ap f ) sin φ,

A33 =1

3
ρCa Awp

[
a3p f + (Lcf − 2ap f )

3
]
,

The water wave profile is expressed by [27,31]

H(X, t) = Ha cos(ωt − kX), (21)

where Ha is thewave elevation amplitude,ω is thewave
frequency, k is thewave number, and X is the horizontal
distance from the origin of the inertial frame (O). For
deep water, k ≈ ω2/g [31]. The water particle velocity
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On investigating dynamic coupling 11915

due to wave motion is v f = [u v]T , where u and v

are the horizontal and vertical component of the fluid
particle velocity, respectively, expressed as [26,27]

u = ωHae
−kZi cos(ωt − kX)

v = − ωHae
−kZi sin(ωt − kX)

(22)

Where Zi is the depth of water particles from the mean
water level (MWL). The fluid particle acceleration can
be obtained from the time derivative of Eq. (22) such
that v̇ f = ω[v − u]T .

Due to the excess buoyancy force, the mooring lines
of TLPs are extremely taut. Thus, they are commonly
modeled as linear springs while their inertia force can
be neglected [32,33]. The mooring cable is modeled
as a spring of stiffness kc = E Ac/ lo where E is the
Youngmodulus of themooring linematerial (steel) and
Ac is the line cross-sectional area. The magnitude of
the mooring line tension is T = kc(lst − lo) where the
cable stretched, and unstretched lengths are denoted
by lst and lo, respectively. The right and left line of
tensions are accordingly expressed in a vector form as

TR =
[
TR,X

TR,Z

]
= kc

(∥∥dA,R − rR
∥∥ − lo

) (
dA,R − rR

)
∥∥dA,R − rR

∥∥
TL =

[
TL ,X

TL ,Z

]
= kc

(∥∥dA,L − rL
∥∥ − lo

) (
dA,L − rL

)
∥∥dA,L − rL

∥∥
(23)

wheredA,R = [a f dsb−dG ]T anddA,L = [−a f dsb−
dG ]T represent the fixed position of the right and left
anchors, respectively, dsb is the water depth and dG
denotes the depth of the platform center of mass below
the water level at equilibrium. The displacements of
the right and left fairleads are rR and rL , respectively,
which can be obtained from the system kinematics as

rR =r + Rd f,R

rL =r + Rd f,L
(24)

where R is the rotation matrix that transforms the vec-
tors in the platform body-fixed frame into the inertial
frame, written as

R =
[
cosφ sin φ

− sin φ cosφ

]
, (25)

The positions of the right and left fairleads relative to
G are d f,R = [a f ap f ]T and d f,L = [−a f ap f ]T ,
respectively, as shown in Fig. 1b.

It is obvious from Eq. (19) that the inertial hydrody-
namic force and moment are functions of the platform

acceleration as demonstrated earlier. In order to inte-
grate the equations of motion, the added mass force
and moment of the platform should be shifted to the
left-hand side of the equations of motion which is a
common practise in the dynamics of offshore structures
[27]. Thus, Eq. (5) can be reformulated as

(MRB + MA)�̈ + G = Ū, (26)

where

MA =
[
A3×3 03×2
02×3 02×2

]
,

Ū =

⎡
⎢⎢⎢⎢⎣

Fd f,X + TR,X + TL ,X + (Fcx − f f x ) cosφ

−FB + Fd f,Z + TR,Z + TL ,Z − (Fcx − f f x ) sin φ

MB + Mwp + Md f + MT
Fcx − f f x

− f f θ

⎤
⎥⎥⎥⎥⎦

(27)

3 Control design

This section discusses the design process for control-
ling the cart position considering the coupling, friction,
and nonlinear dynamics as an unknown in the system.
The backstepping approach will be used initially while
considering the system’s nonlinearities and the avail-
able states. Being impractical for the crane system, an
extended high-gain observer (EHGO) will be used to
estimate all the system states, including the unknown
platform dynamic.

3.1 Problem formulation

Based on the model in Eq. (26), the equation of motion
for the cart position is given as

m44 ẍ = Fcx − f f x + �x (28)

where ψx is a nonlinear function that presents the cou-
pling and nonlinear dynamics from the platform as

�x � − m41 Ẍ − m42 Z̈ − m43φ̈ − G4, (29)

and according to [11,34], the friction force f f x is given
as

f f x =ax tanh(ẋ/bx ) − cx |ẋ |ẋ + dx ẋ, (30)
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11916 M. K. Al-Solihat et al.

For the control design objective, the dynamic model
of the cart system is obtained by defining the states of
the system as x1 = x , x2 = ẋ . Based on the equation
of motion in Eq. (28), the dynamic model of the cart
motion can be expressed as

[
ẋ1
ẋ2

]
=

[
0 1
0 0

] [
x1
x2

]
+

[
0
1

m44

] (
Fcx − f f x + �x

)
(31)

Remark 1 The model in Eq. (31) has been transformed
to represent the offshore crane system dynamics as a
second-order system with unknown dynamic coupling
and nonlinearities. This transformation offers the bene-
fit of designing a control law to achieve tracking perfor-
mance to desired trajectories and to design an extended
high-gain observer that can be used to estimate the
dynamic coupling and nonlinearities �x , and increase
the controller robustness.

3.2 Full-state feedback control

The main objective of the controller is to guarantee
that the output position x1 follows the prescribed ref-
erence trajectory profile xd shown in Fig. 3, even in the
presence of unknown nonlinearities �x and unknown
friction forces f f x . For all t ≥ 0, all derivatives of xd ,
including the velocity vd and acceleration ad , exhibit
piecewise continuity and boundedness. In state feed-
back tracking controllers, variables transform the orig-
inal system into an error coordinate system with an
equilibrium at the origin. Subsequently, a state feed-
back control is devised to render the origin of the trans-
formed system exponentially stable, thereby achieving
the desired tracking objective.

To achieve the control objective, consider the change
of variables given as

e1 =x1 − xd , e2 = x2 − wx , (32)

where the desired signal wx is selected as

wx = −a1e1 + ẋd , (33)

where a1 is a positive constant to be designed.

This choice of change of variables will transform the
system in Eq. (31) into the following error dynamics,

ė1 = − a1e1 + e2,

ė2 = 1

m44
Fcx + σx , (34)

where

σx � 1

m44

(−�x − f f x
)

The control objective, now, is to design a state feed-
back control to stabilize the system in Eq. (34). To that
end, let the control input Fcx be designed to stabilize
the origin such that (e1 = 0, e2 = 0). For this purpose,
consider a smooth and positive definite Lyapunov func-
tion candidate as,

Vx = 1

2
e21 + 1

2
e22 (35)

where the derivative of Vx along the systems in Eq. (34)
can be expressed by

V̇x = e1 (−a1e1 + e2) + e2

(
1

m44
Fxc + σx − ẇx

)
.

(36)

Thus, the control signal Fcx � ϒ(e1, e2, σx , wx )

can be designed to make V̇ strictly negative as

ϒ(e1, e2, σx , wx ) = m44 (−a2e2 − σx + ẇx ) , (37)

where a2 is the positive constant to be designed, σx is
available by the EHGO, as will be shown later. With
the proposed control signal ϒ , Eq. (34) can be written
as

[
ė1
ė2

]
=

[−a1 1
0 −a2

] [
e1
e2

]
, (38)

ėx � fx (e1, e2, σx , ϒ), (39)

where e = [
e1 e2

]T
. Then the derivative of the Lya-

punov function Vx along the system in Eq. (38) satis-
fies,

V̇x = − a1e
2
1 + e1e2 − a2e

2
2 = −eTQxe, (40)
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Fig. 3 The desired
trajectories for cart motion
(top) the cart position xd (t),
(middle) the cart velocity
vd (t), and (bottom) the cart
acceleration ad (t)

whereQx =
[

a1 −0.5
−0.5 a2

]
is a positive definite matrix

with a1, a2 > 0. Thus, it can be shown that

V̇x ≤ −λmin(Qx)‖e‖2,
which implies that the origin of the system in Eq. (38)
is exponentially stable.

3.3 Extended high-gain observer

The previous section discussed the controller design for
the cart position, assuming the controller has access
to all dynamic states and knowledge of the system
nonlinearities. However, this assumption is unrealis-
tic since only the outputs are measurable. This section
delves into developing an extended high-gain observer
(EHGO) that leverages themeasured output to estimate
not only all dynamic states but also the unknown non-
linearities in the system [35]. The EHGO utilizes the
output y = x1 to estimate the state x2 and the nonlinear
function σx in the offshore crane system. The EHGO
for the cart position dynamic is formulated as

˙̂x1 =x̂2 + γ1

εx
(y − x̂1), (41)

˙̂x2 = 1

m44
Fcx + σ̂x + γ2

ε2x
(y − x̂1), (42)

˙̂σx =γ3

ε3x
(y − x̂1), (43)

where εx > 0 is a small parameter to be designed,
and γ1, γ2, and γ3, are chosen such that the polynomial
s3+γ1s2+γ2s+γ3 = 0 is Hurwitz. The error dynamic

using the estimation states is given by

ê1 =x̂1 − xd ,

ê2 =x̂2 − ŵx ,

ŵx = − a1ê1 + ẋd . (44)

3.4 Output feedback control

In this section, the controller in Eq. (37) is integrated
with the extended high-gain observer in Eqs. (41) to
(43) to address the trajectory tracking control of the
offshore crane system through output feedback control.
Consequently, the output-feedback control utilizing the
estimated states is expressed as

Fcx = ± κ.sat

⎛
⎝m44

(
−a2ê2 − σ̂x + ˙̂wx

)
κ

⎞
⎠ , (45)

where sat(·) is the saturation function, which is used to
protect the system from peaking in the observer tran-
sient response [36]. Practically, the saturation limit κ is
chosen based on the physical constraints of the maxi-
mum force achieved by the system. The structure of the
closed-loop system with the proposed output-feedback
controller is illustrated in Fig. 4.

To analyze the performance of the closed-loop sys-
tem, Consider the following scaled estimation errors

χ1 = x1 − x̂1
ε2

, χ2 = x2 − x̂2
ε

, χ3 = σx − σ̂x ,
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Fig. 4 Block diagram
representation of the
closed-loop system with the
output-feedback controller

such that the closed-loop system under the output feed-
back can be expressed as

ė = fx
(
e, Fcx − ϒ(ê1, ê2, σ̂x , ˙̂wx )

)
, (46)

εχ̇ =�xχ + ε

⎡
⎣0
0
1

⎤
⎦ σ̇x , (47)

The closed-loop system described by Eqs. (46) and
(47) conforms to the standard singularly perturbed
structure, featuring a dual-time scale layout. The slow
variable is e(t), while the fast variable is χ(t). Upon
substituting ε = 0 into Eq.47 leading to χ = 0,
the resultant reduced system corresponds to Eq. (39),
thereby yielding the following theorem:

Theorem 2 Consider the closed-loop system formed
of the system in Eq. (31), the observer in Eqs. (41) to
(43), and the controller in Eq.45. Let (e1, e2) ∈ M
and

(
x̂1(0), x̂2(0) , σ̂x (0)

) ∈ N , where M and N are
any given compact subsets of R2 and R3, respectively,
then we have:

– Boundedness: there exists εa > 0 such that for
every 0 < ε < εa, the trajectories of the closed-
loop system are bounded for all t > 0,

– Ultimate boundedness: given any μ > 0, there
exists εb > 0 and T2 > 0 both dependent onμ, such

that for every 0 < ε ≤ εb, the origin of the closed-
loop system in Eqs. (46) and (47) satisfy ‖e‖ ≤ μ

and ‖ê‖ ≤ μ for all t ≥ T2.

Proof The proof follows the singular perturbation
approach and uses similar arguments and proof of The-
orem 3.1 in [37]. Consider a new timescale as τ = t/ε
such that the system in Eqs. (46) and (47) can be rewrit-
ten as the following boundary layer subsystem

de

dτ
=ε fx

(
e, Fcx − ϒ(ê1, ê2, σ̂x , ˙̂wx )

)
, (48)

dχ

dτ
=�xχ + ε

⎡
⎣0
0
1

⎤
⎦ σ̇x , (49)

setting ε = 0 in this time scale yields to
dχ

dτ
= �xχ.

For this boundary layer subsystem, we consider the
following Lyapunov function

W (χ) = χT Paχ, (50)

where Pa is the positive definite solution of the Lya-
punov equation Pa�x + �T

x Pa = −I . This Lyapunov
function satisfies

λmin(Pa)‖χ‖2 ≤W (χ) ≤ λmax(Pa)‖χ‖2, (51)
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∂W

∂χ
�xχ ≤ − ‖χ‖2 (52)

Boundedness: Let S = {Vx (e) ≤ ρ} × {W (χ) ≤
ρaε

2}, where Vx is defined in Eq. (35), and ρa are pos-
itive constants to be specified. We will show that S is
positively invariant set for every 0 < ε ≤ εa . Thus,
the derivative ofW along the system in Eq. (47) can be
expressed as

εẆ ≤ −‖χ‖2 + 2ε‖Pa‖‖χ‖‖σ̇x‖,

For any value of εa1 > 0 and ρa = 16c21‖Pa‖2
λmin(Pa), where c1 is a positive constant independent
of ε such that ‖σ̇x‖ ≤ c1 due to the global boundedness
of σ̇x , it can be shown that

εẆ ≤ −1

2
‖χ‖2 ∀ ‖χ‖ ≥ (4c1‖Pa‖)ε (53)

for 0 ≤ ε ≤ εa1 and S = {Vx (e) ≤ ρ} × {W (χ) =
ρaε

2}. For the system in Eq. (46), the derivative of Vx

can be presented as

V̇k ≤ − λmin(Qx)‖e‖2 + c2L1‖χ‖, (54)

where c2 is the upper bound of ‖dVx/de‖, L1 is Lips-
chitz constant, and ‖χ‖ ≤ √

ρa/λmin(Pa)ε.
Taking εa2 = ρb/(c2L1

√
ρa/λmin(Pa))whereρb =

mine∈∂�

(
λmin(Qx)‖e‖2

)
, we can show that V̇x ≤ 0 for

0 ≤ ε ≤ εa2 and S = {Vx (e) = ρ} × {W (χ) ≤ ρaε
2}.

Choose εa = min {εa1, εa2}; then it can be seen that,
for all 0 < εk ≤ εa , S is positively invariant. Using
a similar analysis to [37], then the trajectories of the
closed-loop system in Eqs. (46) and (47) starting in the
set M and N enter a positively invariant set S depen-
dent on εk in a finite time.

Consider now the initial state (e(0), x̂(0), σ̂x (0)) ∈
M×N . It can be checked that the corresponding initial
errors χ(0) and ‖χ(0)‖ ≤ a1/ε, for some nonnegative
constants a1 dependent on M and N . Since e(0) is in
the interior of � = Vx (e) ∈ ρ and as long as e(t, ε) ∈
�, it can be shown that

‖e(t, ε) − e(0)‖ ≤ c3t. (55)

as long as e(t) ∈ �. Therefore, there exists a finite
time T0, independent of ε, such that e(t, ε) ∈ � for all

t ∈ [0, T0]. During this time interval,

Ẇ ≤ − 1

2ε
‖χ‖2 ∀ W (χ) ≥ ρaε

2 (56)

because

W (χ) ≥ ρaε
2 ⇒ λmax(Pa)‖χ‖2

≥ 16c21‖Pa‖2λmax(Pa)ε
2

⇔ ‖χ‖4c1‖Pa‖ε (57)

Therefore,

Ẇ ≤ − 1

2λmax(Pa)ε
W, for W (χ) ≥ ρaε

2 (58)

By the comparison [Lemma 3.4, [38]],

W (χ(t)) ≤ W (χ(0))e(−b1t/ε) ≤ b2
ε2

e(−b1t/ε) (59)

where b1 = 1/(2λmax(Pa)) and b2 = a21λmax(Pa).
Following the same analysis of Theorem 3.1 in [37], it
can be shown that the trajectory (e(t), χ(t)) enters S
during the interval [0, T (ε)] and remains there for all
t ≥ T (ε). Consequently, the trajectory is bounded for
all t ≥ T (ε). The second bullet can be shown using
similar arguments to the proof of Theorem 3.1 of [37].

�
Remark 3 The proof of Theorem 2 present the stabil-
ity analysis of the proposed output feedback controller
for the system described by Eqs. (46) and (47), which
ensures that the cart position x tracks a desired motion
system xd .

The following section will present a simulation veri-
fication of the proposed controller under different oper-
ation conditions of wave motion. Also, the simulation
will be used to show the effects of the controller on the
stability of the system model Eq. (26) by obtaining the
response of the platform motions (X, Z , φ) and the
pendulum angle θ .

4 Results and discussion

To assess the efficacy of the proposed control approach,
numerical simulations were conducted using assumed
dynamic parameters for the crane system given in [39]
as mc = 6 × 103 kg, mp = 20 × 103 kg, L = 15
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Fig. 5 The tracking
performances with no wave
Motion Ha = 0 under the
desired trajectories a the
cart position x(t); b the cart
velocity v(t); c the cart
acceleration; and d the
response of the pendulum
angle θ(t)

Fig. 6 a The tracking
position error e1(t); and b
the estimation of the
unknown nonlinear
dynamics σx

m, and g = 9.81m/s2. According to [40], the friction
force coefficients are chosen as ax = 4.4, bx = 0.01,
cx = −0.5, dx = 0.1. The dimensions of the platform
at equilibriumaccording toFig. 1b are given as platform
draft Lc = 47.89 m, platform center of mass depth
underwater dG = 40.61 m, the distance between the

platform bottom base and center of mass ap f = 7.28
m, fairlead radius a f = 27 m, water depth dsb = 200
m, platform diameter d f p = 18 m, drag coefficient
CD = 0.6, added mass coefficient Ca = 1, andm f p =
8.6 × 106 kg.
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Fig. 7 The tracking
performances under the
desired trajectories a the
cart position x(t); b the cart
velocity v(t); c the cart
acceleration; and d the
response of the pendulum
angle θ(t)

The desired trajectories for the cart motion are
depicted in Fig. 3. These trajectories are strategically
chosen to fulfill key stages of container transfer, encom-
passing the tasks of picking up the container, mov-
ing it at a constant speed, and placing it. Simulation
results are obtained under varying amplitudes of the
wave height Ha , with a fixed wave period of T = 15 s
(ω = 2π/T ). For simulation purposes, optimal param-
eters for the controller and the EHGO are selected as
a1 = 50, a2 = 20, εx = 0.01, γ1 = 7.5, γ2 = 5, and
γ3 = 0.01. Two scenarios are considered to evaluate
the efficacy and robustness of the proposed output feed-
back control. The first scenario represents a condition
with no wave motion (Ha = 0), resulting in a static
platform. The second scenario incorporates the wave
profile in Eq. (21) with varying values of Ha .

4.1 No wave motion Ha = 0

In this scenario, we consider the absence of wave
motion by setting Ha = 0 in the wave profile
in Eq. (21). This implies that the platform is in static
equilibrium, rendering the surge motion X (t), heave
motion Z(t), and roll motion φ(t) negligible. The pri-
mary factor influencing the function σx is the unknown
friction in the cart dynamics. Figure5a–c showcase the
tracking performance concerning the desired motion
trajectories, while Fig. 5d illustrates the pendulum
swing angle. Notably, the proposed control approach
demonstrates the ability to achieve the desired motion
trajectories with a position tracking error of less than
0.5 mm, as depicted in Fig. 6a. Furthermore, this fig-
ure provides insights into the controller performance
by comparing position tracking errors with and with-
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Fig. 8 a The tracking
position error e1(t); b the
estimation of the unknown
nonlinear dynamics σx
under Ha = 2m; and c the
estimation of the unknown
nonlinear dynamics σx
under Ha = 4m

out estimating the nonlinear function σx . Lastly, Fig. 6b
offers a comparison between the nonlinear function σx
and its estimation σ̂x obtained using the EHGO.

4.2 Wave motion with Ha = 2m and Ha = 4m

Toevaluate the robustness of our proposed control strat-
egy, we subjected it to varying wave profiles, specifi-
cally employing the wave profile in Eq. (21) with two
distinct wave heights. The platform is subjected to a
regular water wave with a height denoted as Ha . Wave
heights of Ha = 2 and Ha = 4 m correspond to mod-
erate and rough sea states, respectively. It’s important
to note that crane operation is prohibited in rough sea
states due to safety regulations. Consequently, we aim
to illustrate the control system performance in both
moderate and extreme conditions.

The results, illustrated in Fig. 7a–c, offer a com-
prehensive assessment of the controller performance
concerning cart position, velocity, and acceleration.
Notably, the proposed controller consistently attains
the desired trajectories under different wave heights,
underscoring its robustness. Additionally, the swing
angle, depicted in the same figure, consistently remains
within the acceptable range of ±10 degrees, aligning
with the parameters utilized in the simulation [39].

Figure8a provides a comparative analysis of posi-
tion tracking errors with and without the EHGO for
both wave profiles, highlighting the EHGO’s capabil-
ity to enhance the control system’s robustness across
diverse operating conditions. Furthermore, Fig. 8b and
c underscore the EHGO proficiency in estimating the
unknown nonlinear function σx under the influence of
wave profiles with Ha = 2m and Ha = 4m, respec-
tively. Finally, Fig. 9 details the dynamics of the plat-
form motion, encompassing surge motion X (t), heave
motion Z(t), and roll motion φ(t). An increase in these
motions is observable with the elevation of the wave
height Ha , leading to more pronounced effects on the
cart motion. Finally, the simulation results under differ-
ent operation condition investigate a stable operation of
the dynamicmodel of the offshore crane system includ-
ing the platformdynamics (X, Z , φ) and the pendulum
angle θ

5 Conclusion

In offshore crane systems, the movement of the float-
ing platform significantly influences the dynamics of
the cart. However, past studies have overlooked the
dynamic coupling interaction between the crane and
the floating platform, which arises from variations in
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Fig. 9 The platform
motions a the surge motion
X (t); b the heave motion
Z(t); and c the roll angle
φ(t)

hydrostatic, hydrodynamic, and mooring loads affect-
ing the floating platform. This study presents a com-
prehensive coupled dynamic model for the offshore
crane system to describe the motion of the floating
platform and the interaction dynamics with the cart,
considering hydrostatic, hydrodynamic, and mooring
loads. Moreover, this model is utilized to develop a
model-based control approach for attaining the desired
motion profile of the cart, acknowledging the unknown
nature of the dynamic interaction and the floating plat-
form. The proposed control structure integrates a state-

feedback controller employing the backstepping tech-
nique and an extended high-gain observer. Specifi-
cally designed for achieving the desired motion pro-
file, the state-feedback controller works in tandemwith
the extended high-gain observer, which is proficient in
estimating the unknown coupling between the crane
and the floating platform during the induced surge-
roll-heave motions resulting from the wave loads. The
proposed controller includes a few parameters, repre-
senting the advantage of a simple design structure and
easy implementation. The proposed model-based con-
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troller has demonstrated enhanced cart tracking perfor-
mance under variouswave heights and operational con-
ditions. The proposed control approach aimed to estab-
lish an autonomous system for offshore crane systems,
thereby improving safety, ensuring long-term sustain-
ability, and minimizing human operator errors. Future
work will extend to incorporating rope dynamics and
designing an anti-swing controller.Also, an experimen-
tal setup will be established to test and verify the pro-
posed control approach.
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