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Adaptive Sliding-Mode Control of an Offshore
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Abstract—In this paper, an adaptive sliding-mode control
(ASMC) for offshore container cranes that load/unload con-
tainers from a mega container ship to a smaller vessel is
investigated. To withstand the harsh working conditions in
the open sea, such as ship motions and winds, a 4-degrees-
of-freedom control model consisting of plant uncertainties
and known/unknown disturbances is newly developed. Af-
ter decoupling the actuated (i.e., trolley displacements) and
unactuated (i.e., swing angles) joint variables, a sliding sur-
face that incorporates the decoupled dynamics is designed.
Then, a new sliding-mode control (SMC) algorithm with
two adaptation laws for switching- and equivalent-control
inputs is developed. The asymptotic stability to the “real”
sliding surface introduced in the decoupled (actuated, un-
actuated) state space is proven without a priori knowledge
on the bounds of unknown disturbances. For the exper-
iment, a three-dimensional crane mounted on a Steward
platform to generate the ship motions is utilized. To verify
the effectiveness of the proposed ASMC method, experi-
mental results of the proposed method are compared with
two representative works: the SMC presented by Ngo and
Hong and the ASMC presented by Zhu and Khayati. The
vibration suppression capability of the proposed method in
the presence of ship motions, large initial swings, param-
eter uncertainties, and sudden disturbances is superior to
the two compared methods. The developed algorithm can
be used for a mobile harbor system as a new tool in the
modern maritime industry.

Index Terms—Adaptive sliding-mode control (ASMC),
mobile harbor, offshore container crane, underactuated me-
chanical system, vibration control.

I. INTRODUCTION

O FFSHORE cranes, which are an important and indispens-
able means in modern maritime logistics, have been used

to transfer loads in an open sea and for the maintenance of
offshore installations. In recent years, there has been a sub-
stantial interest in offshore crane technologies after the “mobile
harbor” (i.e., a vessel capable of container handling, mooring,

Manuscript received March 30, 2019; revised August 10, 2019; ac-
cepted September 30, 2019. Date of publication October 7, 2019;
date of current version December 31, 2019. This work was sup-
ported by the National Research Foundation of Korea under the Min-
istry of Science, ICT and Future Planning, Korea, under Grant NRF-
2017R1A2A1A17069430. Recommended by Technical Editor Q. Xu.
(Corresponding author: Keum-Shik Hong.)

The authors are with the School of Mechanical Engineering, Pusan
National University, Busan 46241, South Korea (e-mail: hahn@pusan.
ac.kr; kshong@pusan.ac.kr).

Color versions of one or more of the figures in this article are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMECH.2019.2946083

and self-balancing) appeared as an alternative method to im-
prove the handling efficiency of containers, which is limited by
space in the conventional terminal, and avoid the unnecessary
maritime latency of large container ships at a port [1], [2]. To
achieve more efficient container handling tasks, a mobile harbor
is mainly utilized to load/unload containers from a mega-size
container ship in an open sea and move them to a nearby port or
another container ship. This technology becomes feasible and
consequently will realize high productivity in the intercontinen-
tal maritime logistics. In particular, a mobile harbor is highly
expected to maximize its benefits in shallow water ports.

However, apart from the promising prospects, the practical op-
eration of offshore container cranes remains challenging because
of the harsh working conditions in the open sea. Disturbances,
such as wave-induced ship motions (known disturbance) and
wind gusts (unknown disturbance), persistently interfere with
a fast and accurate crane operation. Thus, an advanced control
technique that assures satisfactory performance is required to
make the offshore container cranes usable for practical pur-
poses. In this study, three control issues (modeling uncertainty,
disturbance rejection, and robustness) are addressed to provide
a solution for the effective and efficient operation of offshore
container cranes under severe working conditions. An adaptive
sliding-mode control (ASMC) strategy subjected to the roll and
pitch motions of the mobile harbor and unknown disturbances
is developed.

Over the past decades, extensive efforts have been made
to control inland cranes (i.e., quay cranes, boom cranes, and
tower cranes). Specifically, various closed-loop control methods
have been employed, such as nonlinear quasi-PID control [3],
delayed feedback control [4], feedback linearization control [5],
[6], adaptive control [7], sliding mode control (SMC) [8]–[10],
and nonlinear coupling control [11] to guarantee the robustness
against the parameter uncertainties (load weight, friction, etc.)
and disturbances. As an alternative method to the closed-loop
control, open-loop control methods, including the time optimal
control [12] and input shaping (or command shaping) control
[13], [14], were often implemented to satisfy various demands
from the industry (e.g., low cost and user convenience). How-
ever, the conventional methods developed for inland cranes
cannot be applied to offshore container cranes because there
are relative motions between two vessels (mobile harbor and
mother ship, see Fig. 1), sea waves, and wind gusts. Thus,
the ocean environment necessitates the development of a new
control model and a new control technique that incorporates all
of these issues.
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Fig. 1. Schematic of an offshore container crane working in the open
sea. (a) Concept of a mobile harbor. (b) Defined coordinate frames.

Cranes (both inland and offshore) are underactuated mechan-
ical systems, where there are fewer actuators than degrees of
freedom. A main difference between inland and offshore con-
tainer cranes is in the lateral dynamics of the payload. In the case
of inland container cranes, the longitudinal sway motion of the
payload is significant, and the lateral sway motion is negligible.
However, in the case of offshore container cranes, the lateral
sway angle of the payload caused by the pitch motion of the
ship cannot be ignored. Therefore, two control inputs (traveling
and traversing motions of the trolley) in the case of offshore
container cranes are required to suppress both longitudinal and
lateral sway angles simultaneously. The control strategies for the
underactuated inland systems are diverse, which include a nor-
mal form transformation approach [15], decoupling procedure
[16], SMC [17]–[19], terminal SMC [20]–[22], robust adap-
tive control [23]–[26], state-constrained adaptive fuzzy control
[27]–[29], energy-based control [30], boundary control [31], etc.
However, the control of an offshore underactuated system is not
straightforward. In this paper, after a systematic decoupling of
actuated/unactuated dynamics for offshore systems, an ASMC
law to simultaneously suppress both longitudinal and lateral
sway angles with two trolley inputs is developed.

In contrast to numerous studies on inland cranes, the results on
ship-mounted cranes are rare. For a floating crane, the equations
of motion and the associated nonlinear dynamical behavior
analysis including bifurcation were investigated in [32], [33].
For ship-mounted boom cranes, several methods were proposed:
a delayed-position feedback control to suppress the sway of
the payload by manipulating the slew and luff angles of the
boom [34], LQG and generalized predictive control using a
linear model [35], a rate-based control strategy (i.e., using the
velocities of the ship) to stabilize the payload [36], a PID control
with an auxiliary system for a simplified offshore jib crane model
[37], various energy-based control laws based on Lyapunov
functions [38]–[41], and an adaptive repetitive learning control
for a boom crane [42].

However, related to the offshore container cranes between
two ships, only a few studies were reported. Since the relative
motions of the ships/cranes are involved and the external distur-
bances are large, Hong and Ngo [1] investigated for the first time
a mathematical model for a mobile harbor in the presence of the
sea-excited ship motions, and they proposed an SMC method
in [2]. Tuan et al. discussed a feedback linearization control
[43] and a backstepping SMC [44] assuming an “ideal” model
that the roll and pitch motions of the ship could be generated
by a mass–spring–damper system. Ismail et al. [45] designed
an optimal SMC for a linear offshore container crane model.
Kim and Park [46] presented a preview tracking control using
a linearized model and a parameter identification technique
based on the experimental results from a scaled-down offshore
container crane. Recently, Ngo et al. [47] presented a fuzzy SMC
with the Kalman filter to solve a control problem of the system
with measurement noise.

Despite the continuous efforts in the past, many problems,
such as safety and efficiency, remain unsolved. For example,
most existing closed-loop control methods were developed us-
ing a 3-degrees-of-freedom (3-DOF) model (i.e., longitudinal
trolley motion and the longitudinal and lateral sway angles of the
payload) to position the payload to a stationary target location.
However, in practice, the control performance of such methods
will be degraded in the ocean: The roll and pitch motions of a
container ship make the target position of the payload vary in
time, which requires both longitudinal and lateral movements
of the trolley. In addition, by assuming small sway angles of the
payload and small roll and pitch motions of the ships, a linear
model and subsequently linear control laws were developed
[45], [46]. The robustness of the developed control algorithm
was not answered in [1], [2], [43]–[47], which degraded the
performance in the presence of unknown disturbances or even
instability under a severe working condition.

In this paper, an ASMC is proposed based on a nonlinear
4-DOF model for offshore container cranes with unknown dis-
turbances. The contributions of the paper are summarized as
follows.

1) A 4-DOF nonlinear model for offshore container
cranes is established for the first time by considering
the longitudinal/lateral trolley dynamics and unknown
matched/unmatched disturbances.
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2) A systematic decoupling scheme between trolley dy-
namics and sway dynamics is presented in designing a
sliding surface between the unactuated state variables
(sway angles) and the actuated state variables (trolley
displacements).

3) Based on the obtained model and proposed decoupling
scheme, a new ASMC algorithm is developed by propos-
ing two adaptation laws, which can overcome the per-
formance degradation resulting from the chattering and
inaccurate equivalent control.

4) The proposed control law ensures the asymptotic stability
of the sliding surface even in the presence of parametric
uncertainties (cargo weight, rope length) and matched
and unmatched unknown disturbances. Furthermore, the
stability proof does not require a priori known bounds on
the disturbances.

5) With a three-dimensional (3-D) crane mounted on a 6-
DOF motion simulator (a Stewart platform), the effective-
ness of the proposed method in comparison with the two
existing methods is validated. The tracking performance
of the proposed method in the presence of the ship roll
and pitch motions and the wind-induced sudden impact
is demonstrated in experiments while transporting a load
to its time-varying target locations.

The paper is organized as follows. In Section II, the dynamics
of an offshore container crane is described, and a model decou-
pling method is developed to separate the dynamics into two
subsystems: actuated and unactuated dynamics. In Section III,
a novel ASMC is developed for the 4-DOF offshore container
crane, and its stability is proven using the Lyapunov theory. In
Section IV, experimental results are provided to illustrate the
performance of the proposed control scheme. The main findings
are summarized in Section V.

II. PROBLEM STATEMENT

The offshore container crane considered in this paper is a
type of cranes that operate on top of a mobile harbor [1], where
a dual-stage trolley (i.e., the main longitudinal traveling mech-
anism and an auxiliary lateral traversing mechanism) is utilized
to load and unload containers to and from their time-varying
target positions on the container ship. Fig. 1(a) illustrates a
schematic of the container transportation with the offshore con-
tainer crane. Fig. 1(b) shows the introduced coordinate systems
to derive the equations of motion of the payload (i.e., container).
Let {Xo, Yo, Zo} denote the reference coordinate frame, and
{xs, ys, zs} indicates the ship coordinate frame with the origin
os at the center of gravity of the ship. Assuming that under a
balancing mechanism of the ship, the crane coordinate frame
coincides with the ship coordinate frame. Let {xt, yt, zt} be
the trolley coordinate frame affixed to the trolley; mp, mt, l,
and h are the payload mass, trolley mass, rope length, and
crane height, respectively. Let δ and θ describe the rotational
angles of the payload along theXo- and Yo-axis in the reference
coordinate frame. Now, in the crane coordinate frame, x and y
indicate the lateral and longitudinal displacements of the trolley,
respectively, and fx and fy are the control forces applied at

the trolley in the x and y directions, respectively, in the crane
coordinate frame. As shown in Fig. 1(b), φ,ψ, and z describe the
roll, pitch, and heave motions of the mobile harbor, respectively.
Since the mobile harbor and mother ship are moored together
by a special docking mechanism, the yaw, surge, and sway
motions of the mobile harbor are assumed to be small in the
ship coordinate frame. The following assumptions are made.

Assumption 1: The payload is supposed to be a point mass
(i.e., the rotational motion of the payload is not considered in
this paper), and the rope is a massless rigid rod (i.e., not a flexible
link).

Assumption 2: Wave-induced ship motions are bounded:
The roll, pitch, and heave motions of the mobile harbor and their
first and second derivatives satisfy the following inequalities:

|φ| ≤ μ1,
∣
∣
∣φ̇
∣
∣
∣ ≤ μ2,

∣
∣
∣φ̈
∣
∣
∣ ≤ μ3,

|ψ| ≤ μ4,
∣
∣
∣ψ̇

∣
∣
∣ ≤ μ5,

∣
∣
∣ψ̈

∣
∣
∣ ≤ μ6,

|z| ≤ μ7, |ż| ≤ μ8, |z̈| ≤ μ9 (1)

where μi (i = 1, … 9) are positive constants.

A. Dynamics With the Matched and Unmatched
Disturbances

Based on the coordinate systems in Fig. 1(b), trolley position
pt and payload position pl in the reference coordinate frame are
obtained as follows:

pt =

⎡

⎢
⎣

x cosψ + y sinψ sinφ+ h sinψ cosφ

y cosφ− h sinφ

z − x sinψ + y cosψ sinφ+ h cosψ cosφ

⎤

⎥
⎦ , (2)

pl =

⎡

⎢
⎣

x cosψ + y sinψ sinφ+ h sinψ cosφ− l cos θ sin δ

y cosφ− h sinφ+ l sin θ

z − x sinψ + y cosψ sinφ+ h cosψ cosφ− l cos θ cos δ

⎤

⎥
⎦.

(3)

Then, using Lagrange’s method, the equations of motion of the
trolley and payload are obtained as follows:

M(q)q̈ + C(q, q̇)q̇ +G(q) = u+ fd +Δ (4)

where

M(q) =

⎡

⎢
⎢
⎢
⎣

m11 0 m13 m14

0 m22 m23 m24

m31 m32 m33 0

m41 m42 0 m44

⎤

⎥
⎥
⎥
⎦
, C(q, q̇) =

⎡

⎢
⎢
⎢
⎣

0 c12 c13 c14

c21 0 c23 c24

c31 c32 c33 c34

c41 c42 c43 0

⎤

⎥
⎥
⎥
⎦
,

G(q) = [ g1 g2 g3 g4 ]
T , u = [ux uy 0 0 ]T ,

fd = [ fd1 fd2 fd3 fd4 ]
T ,Δ = [Δx Δy Δδ Δθ ]

T

and the components of the matrices are

m11 = mt +mp,m13 = m31 = −mpl cos θ cos (δ − θ),

m14 = m41 = mpl sin θ sin (δ − ψ),
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m22 = mt +mp,m23 = m32 = mpl sinφ cos θ sin (δ − ψ),

m24 = mpl sinφ sin θ cos (δ − ψ) +mpl cosφ cos θ,

m33 = mpl
2cos2 θ,m42 = m24,m44 = mpl

2,

c12 = (mt +mp)ψ̇ sinφ, c21 = −(mt +mp)ψ̇ sinφ,

c13 = mplδ̇ cos θ sin (δ − ψ) +mplθ̇ sin θ cos (δ − ψ),

c14 = mplθ̇ cos θ sin (δ − ψ) +mplδ̇ sin θ cos (δ − ψ),

c23 = mplδ̇ sinφ cos θ cos (δ − ψ)

− mplθ̇ sinφ sin θ sin (δ − ψ),

c24 = mplθ̇ sinφ cos θ cos (δ − ψ)−mplθ̇ cosφ sin θ

−mplδ̇ sinφ sin θ sin (δ − ψ),

c31 = −mplψ̇ cos θ sin (δ − ψ),

c32 = −mplψ̇ cos θ sin (δ − ψ),

c32 = −mplψ̇ cos θ sin (δ − ψ),

c32 = −mplψ̇ cos θ sin (δ − ψ),

c32 = −mplψ̇ cos θ sin (δ − ψ),

c32 = −mplψ̇ sinφ cos θ cos (δ − ψ)

+ mplφ̇ cos θ cosφ sin (δ − ψ),

c33 = −mplψ̇ cos θ sin (δ − ψ),

c32 = −mpl
2θ̇ sin θ cos θ, c34 = −mpl

2δ̇ sin θ cos θ,

c41 = −mplψ̇ sin θ cos (δ − ψ),

c42 = mplψ̇ sinφ sin θ sin (δ − ψ)−mplφ̇ sinφ cos θ

+ mplφ̇ cosφ sin θ cos (δ − ψ),

c43 = mpl
2δ̇ sin θ cos θ,

g1 = − (mt +mp)ψ̇
2x+(mt+mp)(ψ̈ sinφ+2ψ̇φ̇ cosφ)y

− (mt +mp)(g + z̈) sinψ,

g2 = − (mt +mp)ψ̈x sinφ− (mt +mp)(ψ̇
2sin2φ+ φ̇2)y

− (mt +mp)(g − z̈) cosψ sinφ,

g3 = −mplhψ̈ cos θ cosφ cos (δ − ψ)

− mplhφ̈ cos θ sinφ sin (δ − ψ) +mpl(g + z̈)

sin δ cos θ

− mplh(φ̇
2 + ψ̇2) cosφ cos θ sin (δ − ψ)

+ 2mplhφ̇ψ̇ sinφ cos θ cos (δ − ψ)

− mplx cos θ(ψ̈ sin (δ − ψ)− ψ̇2 cos(δ − ψ))

+ mply cos θ(φ̈ cosφ sin (δ − ψ)− ψ̈ sinφ

cos (δ − ψ))

− mply cos θ(φ̇
2 + ψ̇2) sinφ sin (δ − ψ))

− 2mplψ̇φ̇y cos θ cosφ cos (δ − ψ),

g4 = − 2mplhφ̇ψ̇ sinφ sin θ sin (δ − ψ)

− mplhφ̈(sin θ sinφ cos (δ − ψ) + cosφ cos θ)

+ mpl(g + z̈) sin θ cos δ +mplhφ̇
2 sinφ cos θ

− mplh(φ̇
2 + ψ̇2) cosφ cos θ sin (δ − ψ)

+ mplhψ̈ cosφ sin θ sin (δ − ψ)

− mplx sin θ(ψ̇
2 sin (δ − ψ) + ψ̈ cos (δ − ψ))

+ mply sin θ(ψ̈ sinφ sin (δ − ψ) + φ̈ cosφ

cos (δ − ψ))

− mply cos θ(φ̇
2 cosφ+ φ̈ sinφ)

+ 2mplψ̇φ̇y sin θ cosφ sin (δ − ψ)

− mply sinφ sin θ cos (δ − ψ)(φ̇2 + ψ̇2),

fd1 = − h(mt +mp)(ψ̈ cosφ− 2ψ̇φ̇ sinφ)

− (mt +mp)ẏψ̇ sinφ,

fd2 = h(mt+mp)(ψ̇
2 sinφ cosφ+φ̈) + (mt +mp)ẋψ̇ sinφ,

fd3 = mplẏ cos θ(ψ̇ sinφ cos (δ − ψ)− φ̇ cosφ sin (δ − ψ))

+ mplẋψ̇ cos θ sin (δ − ψ),

fd4 = −mplψ̇ẏ sinφ sin θ sin (δ − ψ) +mplẋψ̇ sin θ

cos (δ − ψ)

+ mplφ̇ẏ(sinφ cos θ − cosφ sin θ cos (δ − ψ)).

In (4), q = [x y δ θ ]T is the state vector; M(q) ∈ R4×4 and
C(q, q̇) ∈ R4×4 represent the inertia and Coriolis–centripetal
matrices, respectively; G(q) ∈ R4 denotes the gravity vector;
u ∈ R4 is the control input vector. For disturbances, fd ∈ R4

are the known disturbances related to the ship motions induced
by waves and winds, whereas Δ ∈ R4 are the unknown dis-
turbances (either matched or unmatched) comprising modeling
uncertainties and other negative effects, such as sea winds. Addi-
tionally, the dynamics in (4) satisfies the following properties on
the inertia and Coriolis–centripetal matrices and the disturbance
vectors.

Property 1 [38]: M(q) is a positive-definite symmetrical
bounded matrix, i.e., there are positive constants mL and mU

such that mL‖ξ‖2 ≤ ξTM(q)ξ ≤ mU‖ξ‖2, where ξ ∈ R4.
Property 2 [38]: Matrix Ṁ − 2C is a skew-symmetric ma-

trix, i.e., ξT [Ṁ(q)/2 − C(q, q̇)]ξ = 0, where ξ ∈ R4.
Property 3 [42]: The known disturbance vector fd satisfies

‖fd‖ < f̄d, where f̄d ∈ R+ is an a priori known positive con-
stant. The unknown disturbance vector Δ satisfies ‖Δ‖ < Δ̄∗,
where Δ̄∗ ∈ R+ is an unknown positive constant.

Remark 1: Properties 1 and 2 hold for other dynamical sys-
tems derived by Lagrange’s equation, including the inland cranes
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[3]–[11]. Property 3 is a reasonable assumption from the sense
that the structure of known disturbances is available, and the
parameters in the structure are practically accessible, whereas
the parameters of unknown disturbances are neither given nor
measurable.

Remark 2: The persistent ship movements (φ, ψ) enter as
time-varying terms in the inertia matrix M(q), Coriolis- cen-
tripetal matrix C(q, q̇), and gravity vector G(q); they also become
structured disturbances in the explicit form (i.e., fd). In addition,
other pure disturbances (i.e., Δ) are introduced in an unstruc-
tured form to represent the unknown disturbances. In particular,
the unknown disturbances that act on the unactuated part in the
crane dynamics (i.e., the unmatched disturbances in the δ and
θ dynamics) are extremely difficult to handle theoretically. All
previous works [1], [2], [43]–[47] were based on a problem
formulation that only considered the structured disturbance fd
induced by the ship motions.

B. Model Decoupling

State vector q is now split into two parts: actuated joint
variables qa ∈ R2 (i.e., x and y) and unactuated joint variables
qu ∈ R2 (i.e., δ and θ), where the subscripts a and u denote the
actuated and unactuated variables, respectively. The equations
of motion (4) are rewritten as follows:

M11(q)q̈a +M12(q)q̈u +Na(q, q̇) = ua +Δa, (5a)

M21(q)q̈a +M22(q)q̈u +Nu(q, q̇) = Δu (5b)

where

M11(q) =

[
m11 0

0 m22

]

, M12(q) =

[
m13 m14

m23 m24

]

,

M21(q) =

[
m31 m32

m41 m42

]

, M22(q) =

[
m33 0

0 m44

]

,

Na(q, q̇) = C11(q, q̇)q̇a + C12(q, q̇)q̇u +Ga(q)− fda,

Nu(q, q̇) = C21(q, q̇)q̇a + C22(q, q̇)q̇u +Gu(q)− fdu,

Δa = [Δx Δy]
T ,Δu = [Δδ Δθ]

T , ua = [ux uy]
T

and

C11(q, q̇) =

[
0 c12

c21 0

]

, C12(q, q̇) =

[
c13 c14

c23 c24

]

,

C21(q, q̇) =

[
c31 c32

c41 c42

]

, C22(q, q̇) =

[
c33 c34

c43 0

]

,

Ga(q) = [g1 g2]
T , Gu(q) = [g3 g4]

T ,

fda = [fd1 fd2]
T , fdu = [fd3 fd4]

T .

Considering that M22 is a symmetric positive definite matrix
for every q ∈ R4, (5b) becomes

q̈u = −M−1
22 (M21q̈a +Nu −Δu). (6)

Substituting (6) into (5a), (5a) becomes

M11q̈a −M12M
−1
22 (M21q̈a +Nu −Δu) +Na = ua +Δa.

(7)

Rearranging terms in (7), it becomes

q̈a = M̄11(ua +Δa −Na) + M̄12(Δu −Nu) (8)

where

M̄11 = (M11 −M12M
−1
22 M21)

−1,

M̄12 = − (M11 −M12M
−1
22 M21)

−1M12M
−1
22 .

Next, the substitution of (8) into (6) yields

q̈u = M̄21(ua +Δa −Na) + M̄22(Δu −Nu) (9)

where

M̄21 = M̄T
12 = −(M22 −M21M

−1
11 M12)

−1M21M
−1
11 ,

M̄22 = (M22 −M21M
−1
11 M12)

−1.

Then, (5a) and (5b) can be expressed in the decoupled form as
follows:

q̈a = ηa(q, q̇) + ba(q)[dma + ua] + dua, (10a)

q̈u = ηu(q, q̇) + bu(q)[dmu + ua] + duu (10b)

where

ηa(q, q̇) = −M̄11Na − M̄12Nu, ba(q) = M̄11,

ηu(q, q̇) = −M̄21Na − M̄22Nu, bu(q) = M̄21,

dma = dmu = Δa, dua = M̄12Δu, duu = M̄22Δu.

III. CONTROLLER DESIGN

A. Control Objective

The control objective in this paper is to achieve the tracking
performance of the dual-stage trolley for a desired target posi-
tion (xd (t), yd (t)) while making the cargo swing angles zero
(δd = 0, θd = 0) at the goal position. Let e = [ex, ey, eδ, eθ]

T =
[x− xd, y − yd, δ, θ]

T be the error vector. Then, the error dy-
namics are obtained as follows:

ëa = ηa(e, ė) + ba(e)[dma + ua] + dua,

ëu = ηu(e, ė) + bu(e)[dmu + ua] + duu. (11)

Now, the convergence of error vector e to zero must be ensured.

B. Trajectory Planning

In contrast to inland cranes where the target position is sta-
tionary, the offshore container cranes must transfer containers
in the presence of relative motions between the mother ship
and a smaller vessel. Therefore, the desired reference signal
varies in time. In practice, the target position (Xd (t), Yd (t))
is given with respect to the reference coordinate frame. Thus,
their corresponding values in the crane coordinate frame must
be computed by coordinate transformations. In this paper, using
(2), the desired trajectories (xd (t), yd (t)) in the crane coordinate
frame are given as follows:

xd(t) = [Xd(t)− Yd(t) sinψ sinφ− h sinψ cosφ]/ cosψ,

yd(t) = [Yd(t) + h sinφ]/ cosφ (12)
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Fig. 2. Block diagram of the proposed ASMC.

where the time-varying target position (Xd (t), Yd (t)) caused
by the roll and pitch motions of the container ship is assumed
to exhibit an X–Y planar trajectory. In this paper, the rotational
motions of the load are not considered, which require additional
skew, list, and trim controls by adjusting the lengths of individual
hoisting ropes.

C. Adaptive Sliding-Mode Control

Fig. 2 shows a block diagram of the proposed ASMC method.
To find a feedback control input u such that output q tracks
the desired trajectory qd and tracking error e asymptotically
converges to zero, a sliding surface σ = [σ1, σ2]

T is designed
as follows:

σ = ėa + λ1ea + λ2ėu + λ3eu (13)

where λ1 =
[λ11 0

0 λ12

]

, λ2 =
[λ21 0

0 λ22

]

, and λ3 =
[λ31 0

0 λ32

]

are

diagonal matrices, whose design parameters satisfy the follow-
ing sufficient conditions:

λ11, λ12 > 0, λ31/λ21, λ32/λ22 > 0. (14)

In particular, λ21 and λ22 are nonzero but very small constants,
that is

|λ21| , |λ22| ∼= 0. (15)

Next, by taking the time derivative of (13), the σ-dynamics
becomes the following:

σ̇ = Ψ+ Ψ̃ + Γua = Ψ̄ + Γua (16)

where Ψ = ηa + λ1ėa + λ2ηu + λ3ėu, Ψ̃ = badma + dua +
λ2budmu + λ2duu, and Γ = ba + λ2bu. Then, based on the
sliding surface (13) and sliding dynamics (16), the proposed
ASMC law is obtained as follows:

ua =

{

ueq −K(t) σ
‖σ‖ if σ �= 0

ueq if σ = 0
(17)

where the first term ueq ∈ R2 is the equivalent control to be
later designed, and the second term is the adaptive switching
control (or discontinuous scaled unit-vector control), where the

adaptation law for the disturbance compensation and minimum
chattering is defined as follows:

{

K̇∗ = α ‖σ‖ · sgn(‖σ‖ − ε)

K = K∗ + β(e‖σ‖ − 1).
(18)

Here α > 0 and β > 0 are the design parameters in association
with the convergence speed, and ε> 0 is a tunable positive small
constant with respect to the real sliding mode defined as follows.

Definition 1 [48]: Let Σ = {x ∈ χ = [eTa , ė
T
a , e

T
u , ė

T
u ]

T ⊂
R8|‖σ(x, t)‖ ≤ ε} be locally an integral set in the Filippov
sense. The corresponding behavior of system (11) on Σ is called
the “real sliding mode” with respect to the sliding vector σ.

This concept concerning the real sliding mode is related to
the practical implementation of the ASMC and stability proof.
To complete the derivation of control law (17), the equivalent
control ueq is determined without uncertainties (Ψ̃ = 0) using

σ̇ = 0. (19)

In other words, the equivalent control is obtained by solving
(19) for variable ueq given by

ueq = −Γ−1Ψ. (20)

Remark 3: Basically, the equivalent control input (20) is
used to directly eliminate the nonlinear dynamics, so that all
state trajectories depart from the sliding manifold when the real
sliding mode occurs. However, in practical applications, such
equivalent control input based on an inaccurate mathematical
model can limit the control performance due to adverse effects,
such as the chattering phenomena despite the adaptive algorithm
in (18). Specifically, the ASMC method presented in [49]–[51]
reported that such unexpected performance degradation was
observed in experiments.

In this paper, to avoid the aforementioned performance degra-
dation, a new adaptive algorithm is introduced in the equivalent
control law. Let Ψ̂ = [Ψ̂1, Ψ̂2]

T be the estimated vector ofΨ and
[eΨ1 , eΨ2 ]

T = [Ψ1 − Ψ̂1,Ψ2 − Ψ̂2]
T be the estimation errors.

Now, the adaptive laws for Ψ are proposed as follows:

ėΨ1 = − 2κ1(ėx + λ11ex + λ21ėδ + λ31eδ),

ėΨ2 = − 2κ2(ėy + λ12ey + λ22ėθ + λ32eθ) (21)
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where parameters κ1 and κ2 are positive constants, which in-
dicate the adaptive gains. Then, instead of (20), a new adaptive
equivalent control law using the estimated Ψ is proposed as
follows:

ueq = −Γ−1Ψ̂. (22)

Now, the following lemma is introduced to analyze the sta-
bility of the proposed feedback control system.

Lemma 1 [49]: Matrix Γ ∈ R2×2 is positive definite in a
wider sense, i.e., its symmetric part Γs, which is defined by

Γs = (Γ + ΓT )/2 (23)

is positive definite in the regular meaning. Particularly, if
m = 1, the scalar term Γ has a lower bound as follows:

0 ≤ Γ ≤ Γ. (24)

Proof: To prove Lemma 1,Γ and its transposeΓT are inserted
into (23), and (Γ + ΓT )/2 is evaluated. Since the computation
is straightforward, the remainder is omitted for brevity by noting
that Γs (1, 1) > 0 (i.e., the first element of Γs is positive) and
det (Γs) > 0.

Theorem 1: Consider an offshore container crane system in
(11) with the sliding dynamics of (16). Then, the control law (17)
with the adaptive switching gain (18) and the adaptive equivalent
control ueq defined in (22) assures that for any initial condition
‖σ‖ > ε, the sliding variableσ converges to the domain ‖σ‖ ≤ ε
within a finite time tf > 0 and remains in the domain for all
t ≥ tf .

Proof: Let us choose a nonnegative Lyapunov function in the
following form:

V = σTσ +
1

2κ1
e2
Ψ1

+
1

2κ2
e2
Ψ2
. (25)

Differentiating both sides of V with respect to time yields

V̇ = σ̇Tσ + σT σ̇ +
1
κ1
eΨ1 ėΨ1 +

1
κ2
eΨ2 ėΨ2

= 2σT Ψ̃− K

‖σ‖
(

σTΓTσ + σTΓσ
)

. (26)

Using Lemma 1, the following equation is obtained:

V̇ =2

[

σT Ψ̃− K

‖σ‖
(

σTΓsσ
)
]

=2 ‖σ‖
[

σT Ψ̃

‖σ‖ −KσTΓsσ

σTσ

]

= 2 ‖σ‖
[

σT Ψ̃

‖σ‖ − β
(

e‖σ‖ − 1
) σTΓsσ

σTσ
−K∗σ

TΓsσ

σTσ

]

= 2 ‖σ‖
[

Ω(t)−K∗σ
TΓsσ

σTσ

]

. (27)

Here, scalar Ω(t) has an upper bound for any value of σ because
Γs is positive definite and Ψ̃,which represents the uncertainties,
has an upper bound (refer to Property 3). Then, the following
equation is obtained:

V̇

2
√
V

= Ω(t)−K∗σ
TΓsσ

σTσ
. (28)

According to (18), for ‖σ‖ > ε, K∗ continues increasing until
the positive scalar K∗(σTΓsσ)/(σ

Tσ) can compensate for the
unknown value of Ω(t) with an upper bound, i.e.,

K∗σ
TΓsσ

σTσ
> Ω(t). (29)

Thus, there exist a time instant t∗ and a positive scalar γ such
that

K∗σ
TΓsσ

σTσ
> Ω(t) + γ. (30)

In addition, for all t ≥ t∗, (28) can be rewritten as follows:

V̇ ≤ −2γ ‖σ‖ . (31)

Therefore, the finite time convergence to a domain ‖σ‖ ≤ ε is
guaranteed from any initial condition ‖σ(0)‖ > ε. Next, from
(31), the following inequality is obtained:

d
√
V

dt
=

d

dt
‖σ‖ ≤ −γ. (32)

Then, the maximum convergence time, tf , can be easily
estimated as follows:

tf ≤ ‖σ(t∗)− ε‖
γ

+ t∗ (33)

where ε > 0, t∗ > 0, and γ > 0. After σ enters the vicinity of
the sliding surface (i.e., ‖σ‖ < ε), the switching gain K∗ begins
to decrease until K∗(σTΓsσ)/(σ

Tσ) ≤ Ω(t), which results in
V̇ ≥ 0.However, as soon as σ escapes the boundary (i.e., ‖σ‖ >
ε), in accordance with (18), K∗ immediately begins to increase
again to keep σ in the domain. Thus, K∗ continues changing its
value near Ω(t), and σ remains around the boundary layer limit
‖σ‖ = ε. In conclusion, σ initially converges to the bounded
domain in finite time and subsequently remains there. Thus,
there is a real sliding mode, and Theorem 1 is proven.

Theorem 2: Once the real sliding mode is established within
a finite time t = tf > 0, the error dynamics are asymptotically
stable on the real sliding surface. Consequently, the state error
vectors ea, ėa, eu, ėu converge to zero, which yields x→ xd,
y → yd, δ → 0, and θ → 0.

Proof: To prove Theorem 2, let us first consider the sliding
surface of (13) as a linear combination of two independent
subsliding surfaces as

σ = ρσ1 + σ2 (34)

where ρ is an arbitrary constant, and the subsliding surfaces
σ1 and σ2 are ėa + λ1ea and λ2ėu + λ3eu, respectively. From
Theorem 1, the finite time convergence to a domain ‖σ‖ ≤ ε
(i.e., the real sliding surface) is guaranteed, which also corre-
sponds to the asymptotic convergence to the equilibrium point
‖σ‖ = 0 [50]. Thus, the phase trajectory that moves along the
sliding surface σ enters the neighborhood of the coordinate
origin, which is constructed by axes σ1 and σ2 as t→ ∞. Then,
the system states that move along the subsliding surfaces σ1

and σ2 also move toward, respectively, its coordinate origin
constructed by the error state vectors ėa, ea and ėu, eu similar to
the movement on the sliding surface σ. This eventually implies
x→ xd, y → yd, δ → 0, and θ → 0. Theorem 2 is proven.
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Fig. 3. Experimental setup.

IV. EXPERIMENTS

A. Experimental Setup

Fig. 3 shows the experimental setup consisting of a 6-DOF
Stewart platform and a 3-D crane (INTECO) mounted on the
platform. In this experimental testbed, the Stewart platform was
utilized to emulate ship motions under the conditions of Sea State
3 (see [1] for more details). The generated ship motions of the
platform (i.e., roll motion and pitch motion) were detected online
by a high-quality inertial measurement unit (IMU) sensor (MTi
sensor, XSENS). Therefore, the 3-D crane placed on the platform
can appropriately imitate a ship-mounted container crane. In
addition, various actuators and sensors, such as the dc motors
and encoders, were installed in the 3-D crane system to control
and measure the positions of the trolley and the sway angles of
the payload.

The overall control system consist of a hosting PC, which
was equipped with an eight-axis multimotion control board
(Samsung Electronics Co., Ltd.), an RT-DAC/USB multi-
purpose digital I/O board, a power interface unit, and the
MATLAB/Simulink 2009a real-time Windows target software.
Accordingly, control experiments were performed in real time
by sending and collecting the control commands and sensor
feedback signals with a sampling period (Ts) of 1 ms between
the host computer and the sensors/actuators.

B. Experimental Results

Experiments were performed to validate the effectiveness of
the proposed control method. Then, the obtained results were
compared with other experimental results of the existing works

Fig. 4. Generated roll and pitch motions of the ship under Sea State 3
conditions [1].

(i.e., the SMC presented in [2] and the ASMC presented in [49])
to demonstrate the superior performance of the proposed control
law. The physical parameters in the experiment weremt = 3 kg,
mp = 0.73 kg, l = 0.32 m, and h = 0.9 m. For simplicity, the
slowly varying target positions in the reference coordinate frame
were assumed as follows:

Xd(t) = 0.12 sin(0.07t) + 0.3,

Yd(t) = 0.12 cos(0.07t) + 0.3 (35)

which corresponds to a circular motion in the X–Y plane. Then,
the desired trajectories xd (t) and yd (t) in the crane coordinate
frame are computed using (12). The initial conditions were set
to

x(0) = 0.3 m, y(0) = 0 m,

δ(0) ∼= 0 rad, θ(0) ∼= 0 rad. (36)

Fig. 4 shows the roll and pitch motions of the ship generated
by the Stewart platform assuming the Sea State 3 condition,
which were measured with the IMU sensor. Based on repeated
experiments under the ideal working condition (i.e., no unknown
disturbances except ship motions), the design parameters in (13),
(18), and (21) were obtained as follows:

K∗(0) = 0.1, α = 3, β = 5, κ1 = 4, κ2 = 1.5,

ε = 4TsK, λ11 = 220, λ12 = 150,

λ21 = 10−4, λ22 = −10−4, λ31 = 21, λ32 = −16. (37)

Remark 4: In the ASMC of real sliding mode, a proper choice
of ε needs to be made because the overall control performance
is directly related to the value. In this paper, parameter ε was
determined by following the ε-tuning method, which is known
to provide both stability and accuracy for the closed-loop system
[51]. Regarding the adaptation parametersκ1 andκ2 in (22), they
were determined by trial and error upon several experiments:
When κ1 and κ2 values were too small or too large, an improved
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Fig. 5. Comparison of experimental results: trolley movements (x, y)
and payload swings (δ, θ).

control performance was not obtained in comparison with the
existing methods.

To illustrate the effectiveness of the proposed control law, the
obtained results were compared with two existing methods: the
SMC method presented in [2] and the ASMC method presented
in [49]. Summarizing the SMC in [2] briefly, the law is given as
follows:

usmc = ueq − Γ−1Ksmcsgn(σ) (38)

where the equivalent control law and parameter values of the
sliding surface to implement (38) are identical to (20) and
(37), respectively, and the gain Ksmc in (38) was determined
by assuming the ideal case (i.e., no disturbance, no parametric
uncertainty, only the ship motions exist)

Ksmc =

[
80 0
0 150

]

. (39)

The switching term in implementing (38) was replaced by a
saturation function to reduce the chattering phenomena of the
SMC. Second, in relation to the ASMC method presented in
[49], the form of the control law was identical to (17) except the
adaptation algorithm (21). For comparison purpose, the design

Fig. 6. Comparison of switching control inputs (upper two plots), K∗
(third), and K (fourth) in (18) of the proposed ASMC.

parameter values to implement it were adopted from (37) except
κ1 and κ2.

To verify the effectiveness of the proposed algorithm, experi-
ments were performed in a harsh operating condition including
the following four cases simultaneously.

1) Condition 1 (wave-induced ship motion): The ship is
oscillating (in Fig. 4, the roll and pitch motions of the
ship under Sea State 3 are shown).

2) Condition 2 (parameter uncertainty): The parameters that
appear in the system model are uncertain (for example,
the cargo mass changes frommp = 0.73 kg to 1.4 kg, and
the rope length varies from 0.32 to 0.2 m).

3) Condition 3 (large initial swing): There is a large initial
swing of the payload (in Fig. 5, δ(0) ∼= 0.25 rad and
θ(0) ∼= −0.45rad were set).

4) Condition 4 (wind-induced sudden impact): Unknown
disturbances, such as wind gusts and collision, can occur
(for example, in Fig. 5, at t = 50 s, an impact force has
been applied to the payload).

Figs. 5–7 compare the obtained experimental results of three
methods: the proposed ASMC in this paper, the SMC presented
in [2], and the ASMC presented in [49]. The upper two plots in
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Fig. 7. Comparison of equivalent control inputs (upper two plots) and
estimated Ψ̂ (bottom two plots) in (22) of the proposed ASMC.

Fig. 5 show that all three methods have a good tracking perfor-
mance of the reference trajectories in the actuated variables (i.e.,
the desired trolley displacements xd (t) and yd (t)) even under
the harsh condition. Although the SMC presented in [2] showed
a slightly more chattering in the system response when a large
initial swing angle was given, the overall control performance
was acceptable. However, the bottom two plots in Fig. 5 show
that the payload swing angles δ and θ (i.e., the unactuated joint
variables) were quite different (in contrast to the actuated vari-
ables, x and y) because of the different internal mechanisms in
computing the control forces in three methods using the coupling
forces between actuated and unactuated variables. In addition,
the payload oscillation period (for both a large initial swing
angle and a sudden disturbance) lasted longer in the case of the
SMC method presented in [2], see the dotted boxes in Fig. 5.
The swing reduction time of the proposed ASMC method was
achieved within 6 s, whereas that of the SMC method presented
in [2] took 16 s. In Fig. 6, the control input of the proposed
method reacted faster than the SMC method presented in [2] to
compensate the unknown perturbations and achieved the control
performance with less chattering in the control input, which is
consistent with the theoretical analysis.

Compared with the ASMC of [49], the proposed method also
showed better results (blue and red curves in the dotted box
in Fig. 5): The sway suppression time was shorter, and the
control input had less chattering. Fig. 7 compares the equivalent
control inputs of all three cases (see upper two plots). Fig. 7
clearly shows that the equivalent control input of the proposed
method actively interacted with the modeling uncertainty and
disturbances through the adaptation mechanism of (21), whereas
the results of the ASMC in [49] and SMC in [2] had no inter-
action and showed simple patterns. Thus, the newly proposed
adaptation algorithm enables the equivalent control input to
effectively eliminate the uncertain system dynamics. Therefore,
the overall control performance regarding the chattering and
unknown disturbance rejection has been better achieved than
the ASMC method presented in [49]. Conclusively, the pro-
posed method is more robust and effective in controlling the
offshore container crane suffering from the wave-induced ship
motions, parameter uncertainties, and external disturbances with
unknown bounds.

Remark 5: For a comprehensive verification of the proposed
method, experiments were thoroughly conducted assuming di-
verse experimental conditions in the combination of ship mo-
tions, uncertainties, initial swing, and unknown disturbances.
In all of these experiments, the proposed ASMC method with
adaptive equivalent control inputs demonstrated a satisfactory
performance.

V. CONCLUSION

This paper investigated a new modeling and ASMC for off-
shore container cranes in the presence of wave-induced ship mo-
tions (i.e., roll and pitch motions), parametric uncertainties, and
unknown disturbances. A systematic decoupling method was
developed to utilize the internal coupling dynamics (between
actuated and unactuated variables) for the sway suppression.
Then, a new ASMC method with two adaptation algorithms
for switching and equivalent controls was developed based on
the composite sliding surfaces constructed by a combination of
actuated and unactuated dynamics. The asymptotic stability of
the sliding surface was proven by the Lyapunov method without
using a priori known bounds on the unknown disturbances. The
experimental results reveal that our proposed method outper-
forms the SMC method presented in [2] and the ASMC method
presented in [49] under harsh working conditions, including ship
roll and pitch motions, weight and length uncertainties, nonzero
initial swings, and wind disturbances. In our future studies, the
control problem of the offshore container crane subjected to the
state constraints and actuator saturation will be investigated.
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