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Super-twisting Sliding Mode Control of Container Cranes With Triangle-
trapezoid Rope Reeving System
Mingxu Piao, Muhammad Umer Hameed Shah, Guanghao Huang, and Keum-Shik Hong* �

Abstract: In this paper, the dynamics of a new type of container crane, in which eight ropes connect the trolley
and spreader in a triangle-trapezoid shape, is developed. The triangle-trapezoid cable configuration for connecting
the spreader with the trolley is introduced to reflect the dynamic aspects of the multi-rope reeving system. A super-
twisting sliding mode control for the developed model is designed for accurate trolley position control and vibration
suppression of the load. Due to its robustness property against external disturbance, satisfactory control performance
is achieved. Finally, experimental results to validate the developed model and simulation results to verify the control
algorithm are also provided in this study.
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1. INTRODUCTION

In the past decades, rapid growth in the volume of inter-
national trade has been observed. Consequently, the com-
petition within the logistics industry for more efficient
and cost-effective services has intensified. It is known that
more than 90% of the world’s trade is done by sea. The
success of maritime transports lies in that, compared with
the freights through air and land, more extensive and heav-
ier goods can easily be transported to far-distant places
cheaply through large container ships. Recently, a new
type of container crane equipped with a trolley-spreader
system connected by eight ropes in a triangle-trapezoid
configuration was introduced. Notably, the newly intro-
duced mechanism improves safety and stability during
container transportation. It is thus widely used in many
container cranes, such as rail-mounted quay cranes, rail-
mounted gantry cranes, and rubber-tired gantry cranes.
This paper aims to model the dynamics of the container
crane having a triangle-trapezoid rope reeving mechanism
and designs a super-twisting sliding mode control law for
the developed model.

Fig. 1 shows a typical rail-mounted gantry-type con-
tainer crane and the newly introduced trolley-spreader
mechanism focused in this paper. Fig. 2(a) depicts the
side view of the rope reeving system in Fig. 1, in which
eight ropes connect the trolley and the spreader. If the

(a) (b)

Fig. 1. (a) The rail-mounted gantry crane (RMGC) in
this research and (b) its trolley-spreader system
(Source: LIEBHERR, USA).

eight ropes are observed from the front-, back-, left-, and
right-hand sides, one upside-down triangle contained in a
trapezoid is seen. Therefore, we will call the rope reev-
ing system in Fig. 2(a) a triangle-trapezoid rope reeving
(TTRR) system. On the other hand, Fig. 2(b) shows the
traditional rope reeving system and its pendulum motion.
The trolley and spreader in the traditional case are also
connected with eight ropes, but their side view is a paral-
lelogram (i.e., two ropes per corner). However, in the new
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(a)

(b)

Fig. 2. Comparison of two rope reeving systems: (a) The
triangle-trapezoid rope reeving system in Fig. 1
and (b) the conventional rope reeving system and
its pendulum model.

configuration, a trapezoid shape made by the ropes is seen
from each direction. This newly introduced TTRR system
is more stable than the traditional reeving system. Because
of the triangle shape’s stability, the sway angle of the load
during transportation and the residual sway angle at the
end of transportation become smaller than the traditional
mechanism. It is also seen from Fig. 2(a) that one side of
the trolley has four support points (A, B, C, and D), and
the corresponding side in the spreader has three support
points (E, Os, and F). Therefore, the spreader’s orienta-
tion angles (trim, list, and skew) become much smaller
than the traditional configuration in Fig. 2(b) due to the
constraint forces that occurred along the ropes in the new

mechanism. It is noted that the conventional mechanism
has two support points on each side.

Since the TTRR system in Fig. 1 was introduced in the
port industry about twenty years ago, no one has yet ad-
dressed the modeling of this new mechanism. The TTRR’s
effectiveness has been acknowledged by drivers’ manual
operations and remote operations from a control center.
However, the same conclusion for an automated crane op-
eration has not been drawn yet: A control algorithm for
the new mechanism has not been fully developed yet.

In contrast, various control algorithms for the tradi-
tional rope reeving system (i.e., trapezoidal type) were
reported. From a practical viewpoint, an automatic con-
trol algorithm based on an unreliable mathematical model
cannot guarantee satisfactory control performance, which
also results in unwanted oscillations of the container under
slight disturbance.

In recent years, a considerable amount of research on
the modeling and control of various cranes has been done.
Hong and Shah [1] described a wide range of control mod-
els employed for most types of industrial cranes. Wijanand
et al. [2] developed a coupled PDE-ODE system describ-
ing the motion of overhead cranes with a flexible cable.
Xing and Liu [3] developed a 3D PDE overhead crane
model with a variable-length flexible cable by preserving
high-frequency modes. Golovin et al. [4] developed hy-
brid dynamics of a 2D overhead crane and a flexible leg for
large gantry cranes. Xing et al. [5] modeled an overhead
crane bridge subject to actuator failures and output con-
straints, in which the vertical vibration of the bridge was
considered. Arena et al. [6] developed a 3D model (for dy-
namics analysis) of a container crane assuming four ropes
connecting four corner points of the trolley and spreader.
Lu et al. [7,8] modeled a 2D overhead crane system hav-
ing dual trolleys, in which two ropes were used to con-
nect each trolley and a position in the spreader. Another
2-rope model of container crane systems was developed
by considering the trim motion of the spreader by Caporali
[9]. Shi et al. [10] developed a double pendulum system
for gantry cranes. Kim et al. [11] developed a dynamic
model of the crane system transporting an underwater ob-
ject and proposed a neural network-based robust anti-sway
controller. A 3D model of tower cranes was developed by
Liu et al. [12]. Ngo et al. [13] developed a dynamic model
of container cranes for fuzzy sliding mode control. Hong
and Ngo [14] developed a 3D mathematical model of a
ship-mounted container crane (i.e., a mobile harbor) and
validated it through experiments. However, all the works
above have dealt with cranes having the rope reeving in
Fig. 2(b).

Over the past years, many anti-sway control methods
were developed for transporting cargo to target positions
rapidly and without residual vibrations. Input shaping con-
trol is the most widely used open-loop control method
among crane control techniques [15-22]. However, since
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the open loop control method does not have the ability
to overcome the modeling uncertainty and disturbance
problem, diverse feedback control methods have been de-
veloped for various applications, including adaptive con-
trol [23-29], fuzzy control [29-35], sliding mode control
(SMC) [31,32,36-41], super-twisting control [42-44] and
many other control methods [45-55]. Recently, SMC ap-
peared as an effective control method in the cargo han-
dling industry, which is a nonlinear control technique
characterized by robustness against uncertainty and dis-
turbance. SMC is designed to force the system’s state to
a specific surface in the state space called the sliding sur-
face. Once the sliding surface is reached, the system’s state
is maintained in the vicinity of the sliding surface, and the
dynamic characteristics of the closed-loop control are ro-
bust against the uncertainty, disturbance, and nonlinearity
of the model. Because of these advantages, SMC is one of
the promising control methods to overcome disturbances
like winds. Hong and Ngo [36] have developed a slid-
ing mode controller for a ship-mounted container crane.
Adaptive sliding mode control methods have been applied
to an overhead container crane system [23,24]. Nguyen et
al. [27] developed an adaptive robust control scheme for
electro-hydraulic servo systems. Yang et al. [28] devel-
oped an adaptive controller to address output and velocity
constraints for actuated and unactuated variables together.
An adaptive fuzzy control for a class of MIMO underac-
tuated tower crane and double-pendulum systems is de-
veloped by Yang et al. [29]. Fuzzy sliding mode control
has been utilized to control a container crane by Ngo et
al. [31] for a mobile harbor crane system [32]. Wang and
Chen [37] developed an observer-based sliding mode con-
troller for mismatched uncertain systems. An adaptive ter-
minal sliding mode controller for path-following control
of nonlinear systems is developed by Truong et al. [38].
An extended sliding mode observer-based backstepping
control strategy is developed by Nguyen et al. [39] for un-
certain electro-hydraulic systems. Tran et al. [40] applied
the adaptive sliding mode technique in the backstepping
controller for the position tracking of an electrohydraulic
elastic manipulator. Xu et al. [41] developed a backstep-
ping sliding mode controller based on an extended state
observer for robotic manipulators.

Although the SMC technique is very effective for swing
suppression, the crane control system easily suffers from
the chattering phenomena in the control input. This chat-
tering phenomenon causes inaccuracy of control and is un-
desirable regarding the system’s stability. For this issue,
super-twisting control technology was proposed to reduce
the chattering problem while guaranteeing the robustness
property. Vazquez et al. [42] developed a super-twisting
controller for the parametrically excited overhead crane
system for the crane application. Sun et al. [43] presented
a super-twisting-based nonlinear control law to make the
crane follow preset trajectories and eliminate the swing

angle of the double pendulum crane system. Moreno et al.
[44] provided a method to construct a family of strict Lya-
punov functions with a negative derivative for the super-
twisting algorithm. A model predictive control method
is developed and applied to the tower cranes and boom
cranes by Zhai et al. [45]. Most existing works are still
based on the trapezoidal type rope reeving system in Fig.
2(b) and its simple pendulum model on the right-hand
side. Therefore, the underlining mechanics of the TTRR
configuration and a more sophisticated control logic based
on the developed model need to be developed.

The contributions of this study are the following. i)
Considering the rope tension, a new mathematical model
of container cranes with the TTRR configuration is devel-
oped for the first time. Then, the developed model is vali-
dated by comparing experimental data of a rail-mounted
gantry crane and simulation data. ii) A super-twisting
sliding mode control algorithm, based on the developed
TTRR model, is designed to control the trolley position
and suppress the payload vibration. A comprehensive sim-
ulation study is also performed to verify the effectiveness
of the proposed control algorithm.

This paper is organized as follows: Section 2 discusses
the mathematical modeling of the container crane with
a triangle-trapezoid shape. In Section 3, a super-twisting
sliding mode anti-sway control method is presented. Ex-
perimental and simulation results are given in Section 4.
Finally, conclusions are made in Section 5.

2. MODELING

In this section, the trolley-spreader system with a
triangle-trapezoid rope reeving mechanism in Fig. 2(a) is
mathematically modeled: M and m are the masses of the
trolley and the payload (including a spreader and the con-
tainer), respectively; x is the trolley position in the positive
direction; Ot and Os are the center points of the trolley
and spreader (the subscripts t and s stand for trolley and
spreader), respectively; l is the distance between Ot and
Os; l1, l2, l3, and l4 are the rope lengths connecting four
positions (A, B, C, and D) in the trolley and three posi-
tions (E, F , and Os) in the spreader; a is the length of AOt ,
which is the same as DOt ; b is the length of BOt , which
is the same as COt ; c is the distance between E and Os;
θ , θ1, θ2, θ3, and θ4 are the angles between l, l1, l2, l3, l4
and the vertical direction; θ ∗2 is the angle between l and
l2; θ ∗3 is the angle between l and l3; T1, T2, T3, and T4 are
the tension forces of the corresponding ropes; ēt and ēn are
the unit vectors of the tangential and normal forces about
l; and let fx be the control force in the x direction.

The equations of motion of the crane with the triangle-
trapezoid rope reeving mechanism are derived as follows:

(M+m) ẍ+mlθ̈ −mlθ̇ 2 sinθ = fx +qx, (1)

ml2
θ̈ +mlẍ+mgl sinθ = qθ , (2)
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where

qx =−T1 sinθ1−T2 sinθ2 +T3 sinθ3 +T4 sinθ4, (3)

qθ =−T1r1−T2r2 +T3r3 +T4r4, (4)

and

sinθ1 = (a+ l sinθ)/l1, (5)

sinθ2 = (b+ l sinθ − ccosθ)/l2, (6)

sinθ3 = (l sinθ + ccosθ −b)/l3, (7)

sinθ4 = (l sinθ −a)/l4, (8)

l1 = ((AG)2 +(GOs)
2)1/2 = (l2 +2al sinθ +a2)1/2,

(9)

l1 = ((AG)2 +(GOs)
2)1/2 = (l2 +2al sinθ +a2)1/2.

(10)

The following kinematic equations are obtained from Fig.
2(a).

l3 = (l2 +b2 + c2−2bl sinθ −2bccosθ)1/2, (11)

l4 = (l2−2al sinθ +a2)1/2. (12)

Let hi (i = 1, 2, 3, 4) be the vertical heights of the ith rope
to the horizontal plane of the trolley, which are obtained
as follows:

h1 = h4 = l cosθ , (13)

h2 = h1 + csinθ = l cosθ + csinθ , (14)

h3 = h2− csinθ = l cosθ − csinθ . (15)

Let ri be the perpendicular distance between the center
of the trolley Ot and the ith rope, which are obtained as
follows:

r1 = ah1/l1 = al cosθ/l1, (16)

r2 = ah2/l2 = b(l cosθ + csinθ)/l2, (17)

r3 = ah3/l3 = b(l cosθ − csinθ)/l3, (18)

r4 = ah4/l4 = al cosθ/l4. (19)

If the payload is at the equilibrium position, the following
relations hold.

l1e = l4e, l2e = l3e, T1e = T4e, T2e = T3e, (20)

T1e cosθ1e = T2e cosθ2e = T3e cosθ3e = T4e cosθ4e

= mg/4, (21)

where lie and Tie are the rope length and tension of the ith
rope at the equilibrium position, respectively, and θie is
the angle from the vertical direction to the ith rope at the
equivalent position. Hooke’s law is considered as follows:

∆Ti = AEεi =
AE
li0

∆li, i = 1, 2, 3, 4, (22)

where A is the cross-sectional area, E is the modulus of
elasticity, εi is the strain of the ith rope, ∆li is the length
change of the ith rope, ∆Ti is the tension force change of
the ith rope, li0 is the original length of the ith rope when
it is not extended. The following relations are obtained.

∆li = li− li0, (23)

T1e = AE(l1e− l10)/l10 = mg/4cosθ1e = mgl1e/4l,
(24)

l10 = 4AEll1e/(mgl1e +4AEl) = l40, (25)

l20 = 4AEll2e/(mgl2e +4AEl) = l30, (26)

where Tie is the tension force of the ith rope at the equilib-
rium position. Then, the tension forces of individual ropes
are obtained as follows:

Ti = Ti0 +∆Ti, (27)

T1 (θ) = AE(l1− l10)/l1e, (28)

T2 (θ) = T20 +∆T2 = T20 +AE(−l20

+
√

l2+b2+c2+2bl sinθ−2bccosθ)/l20,
(29)

T3 (θ) = T30 +∆T3 = T20 +AE(−l20

+
√

l2+b2+c2−2bl sinθ−2bccosθ)/l20,
(30)

T4(θ) = T40 +∆T4 = T40 +AE(−l40

+
√

l2−2al sinθ +a2)/l40. (31)

Finally, qx and qθ in (3) and (4) are represented as follows:

qx =−T1 (a+ l sinθ)/l1−T2 (b+ l sinθ − c)/l2
+T3 (c+ l sinθ −b)/l3 +T4 (a− l sinθ)/l4,

(32)

qθ =−T1al cosθ/l1−T2b(l cosθ + csinθ)/l2
+T3b(l cosθ − csinθ)/l3 +T4al cosθ/l4.

(33)

Equations (32) and (33) are the main differences between
the triangle-trapezoid rope reeving mechanism and the
conventional single rope crane system. It is noted that
these nonlinear terms make the swing motions more com-
plex.

3. CONTROL DESIGN

In this section, a super-twisting sliding mode controller
(STSMC) is developed to minimize the sway angle of
the payload at the end of a trolley movement, improving
safety and efficiency. This technique combines the advan-
tages of sliding mode control and super-twisting control
methods. Therefore, the developed control method is ro-
bust and achieves more smooth movement.
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In this paper, the error vector for the controller is de-
signed as follows:

e = [ex eθ ]
T = [x− xd θ −θd ]

T , (34)

where ex is the trolley position error, eθ is the sway angular
displacement error, xd is the desired position of the trolley,
θd is the desired payload sway angle. Since θd is designed
to be zero, the sliding surface s is defined as follows:

s = k0ėx + k1ex− k2θ , (35)

where k0, k1, and k2 are positive control gains. By differ-
entiating (35), the following equation is obtained.

ṡ = k0ëx + k1ėx− k2θ̇ . (36)

Now, from (2), mlθ̈ =−mẍ−mgsinθ +qθ/l, which is
substituted for the second term in (1). Then, (1) becomes

ẍ = ( fx +qx +mgsinθ +mlθ̇ 2 sinθ −qθ/l)/M.
(37)

Assume that the sway angle is small, i.e., sinθ ' θ . Let
ẍd = ẋd = 0. Then, (36) can be rewritten as follows:

ṡ = k0( fx +qx +mgθ +mlθ̇ 2
θ −qθ/l)/M+ k1ẋ

− k2θ̇

= F
(
x, ẋ,θ , θ̇

)
+u, (38)

where F and u are defined as follows:

F = k0
(
qx +mgθ +mlθ̇ 2

θ −qθ/l
)
/M+ k1ẋ

− k2θ̇ , (39)

u =
k0

M
fx. (40)

Since the crane system without control is a passive system,
x, ẋ, θ and θ̇ are bounded. We further assume that F is
bounded for some positive constant δ as follows:∣∣F (x, ẋ,θ , θ̇)∣∣≤ δ |s|1/2, δ > 0. (41)

Now, the super-twisting sliding mode control law for
(38) is designed as follows:

u =−k3|s|1/2sgn(s)+u1, (42)

u̇1 =−k4sgn(s), (43)

where k3 and k4 are positive control gains, u1 is a designed
intermediate variable. Equation (38) can be reformed by
considering (42) and (43) as follows:

ṡ = F(x, ẋ,θ , θ̇)− k3|s|1/2sgn(s)+u1 . (44)

A Lyapunov function candidate is designed as follows:

V = 2k4|s|+
1
2

u2
1 +

1
2
(k3|s|1/2sgn(s)−u1)

2

=
1
2
(4k4 + k2

3)(|s|1/2sgn(s))2− 1
2

2k3|s|1/2sgn(s)u1

+
1
2

2u2
1

=
1
2
[
|s|1/2sgn(s) u1

][4k4+k2
3 −k3

−k3 2

][
|s|1/2sgn(s)

u1

]
= ξ

T Pξ , (45)

where

P =
1
2

[
4k4 + k3

2 −k3

−k3 2

]
, (46)

ξ
T =

[
|s|1/2sgn(s) u1

]
. (47)

Here, since u1 can be obtained as u+ k3|s|1/2sgn(s) from
(42), (45) can be rewritten as V = 2k4|s|+ u2

1/2+ u2/2,
which is continuous and differentiable. Now, we differen-
tiate V in time (i.e., differentiate the terms after the second
equality in (45)). Then, the following equation is obtained.

V̇ =−ξ
T Qξ |s|−1/2 +FqT

ξ |s|−1/2, (48)

where

Q =
k3

2

[
2k4 + k3

2 −k3

−k3 1

]
, (49)

qT =
[
2k4 +

1
2 k3

2 − 1
2 k3
]
. (50)

The following inequalities hold

|F | ≤ δ |s|1/2 ≤ δ
∥∥[|s|1/2sgn(s) u1

]∥∥ , (51)∥∥qT
∥∥= ∥∥[2k4 +

1
2 k2

3 − 1
2 k3
]∥∥

<
k3

2

∥∥∥∥[ 4k4
k3

+ k3 −2
−2 0

]∥∥∥∥ . (52)

Therefore, the second term FqT ξ |s|−1/2 in (48) can be ex-
pressed as follows:

FqT
ξ |s|−1/2

≤ δk3

2
[
|s|1/2sgn(s) u1

][ 4k4
k3
+k3 −2
−2 0

][
|s|1/2sgn(s)

u1

]
.

(53)

Substitute (53) into (48), then the following equation is
obtained

V̇ ≤−|s|−1/2 k3

2
[
|s|1/2sgn(s) u1

]
×
[
2k4+k2

3−( 4k4
k3
+k3)δ −k3+2δ

−k3+2δ 1

][
|s|1/2sgn(s)

u1

]
=−|s|−1/2

ξ
T Q̄ξ , (54)

where

Q =
k3

2

[
2k4 + k3

2− (4k4/k3 + k3)δ −k3 +2δ

−k3 +2δ 1

]
.

(55)
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Let the following conditions be satisfied

k3 > 2δ , k4 > k3(4δ
2−3δk3)/(2k3−4δ ) . (56)

Then |Q|> 0. Finally (54) can be represented as follows:

V̇ ≤−|s|−1/2
ξ

T Qξ ≤ 0. (57)

This implies that the derivative of the Lyapunov function
candidate is negative semi-definite, assuring the uniform
stability of the closed-loop system.

4. VALIDATION AND SIMULATION

4.1. Model validation
Fig. 3(a) depicts actual data obtained from a rail-

mounted gantry crane (RMGC), showing the trolley po-
sition (the yellow thin line), the trolley velocity (the blue
solid line), the sway angle (the yellow solid line), the sway
angular velocity (the orange line). The payload height is
known in this system, but the rope length information is
unavailable. The time appears at the bottom of Fig. 3(a)
(from 0 to 5,200), where each tick represents 0.01 sec-
onds. In this experiment, M = 40,000 kg, m = 2,000 kg.

The swing period from this data is estimated to be 3.8
s. Therefore, the rope length is 3.588 m, using the period
of a single pendulum, T = 2π(l/g)1/2, where l is the rope

(a)

(b)

Fig. 3. Validation of the triangle-trapezoid model: (a) Ex-
periment data and (b) simulation results.

length, and g is gravity acceleration. We now set l = 3.588
m in (1) and(2). The same trolley velocity (the blue line
in Fig. 3(a)) is now applied to both the single pendulum
and the triangle-trapezoid models. Fig. 3(b) compares the
sway angles of the triangle-trapezoid model (the red solid
line) and the pendulum model (the black dashed line). The
yellow solid line in Fig. 3(a) is almost the same as the
red solid line in Fig. 3(b), which reveals that the proposed
model can reflect the RMGC’s dynamics better than the
single pendulum model. This is because the new model
was developed by considering the position differences of
individual pin joints and the reactive forces within the
multi-rope system, which more accurately characterizes
the new rope reeving system’s dynamics.

4.2. STSMC simulation
In this section, the positive constant δ in (41) is set to

10 (by experience and was checked through simulation in
advance). In this section, the control parameters are set as
k0 = 800, k1 = 500, k2 = 11,000, k3 = 200, and k4 = 20,
which satisfy the relationship in (50). The angular accel-
eration disturbance was applied to the payload at 28 s,
shown in Fig. 4. The payload mass varied from 2,000 kg
(without a container) in Figs. 5 and 6, and 10,000 kg (with
a container) in Figs. 7 and 8. The rope length is selected
as 3.588 m, which corresponds to the payload’s height at
20 m.

The trolley distance and the sway angle responses of the
input shaping control [19] for the pendulum model and the
triangle-trapezoid model are shown together with the sway
angle response of the STSMC for the triangle-trapezoid
model in Figs. 5 and 7. Figs. 6 and 8 show the trolley dis-
tances and the payload sway angle responses considering
the angular acceleration disturbance shown in Fig. 4.

The simulation results in this section demonstrate that
the newly developed mathematical model is proper for the
triangle-trapezoidal rope reeving system. From Figs. 5-8,
we can conclude that the proposed STSMC based on the

Fig. 4. Angular acceleration disturbance to the payload.
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(a)

(b)

Fig. 5. Without disturbance (L = 3.588 m, m = 2,000 kg):
(a) Sway angles of the payload and (b) traveling
distances of the trolley.

new model has a better residual sway control effect and
is more robust than the input shaping controller based on
the single rope model without losing the trolley’s traveling
time. This is because the STSMC is developed based on
the new mathematical model in Section 3, while the input
shaping control method is designed based on the natural
frequency of the single pendulum model, which is unsuit-
able for the triangle-trapezoid system.

By comparing Figs. 5(a) and 6(a) as well as Figs. 7(a)
and 8(a), it is evident that, for the open-loop control, the
residual vibration responses are much different with and
without disturbance. However, the effects of disturbances
will be forced to 0 quickly by utilizing STSMC, which
means the developed control method can solve the angular
disturbance problem effectively.

Fig. 9 compares the sway angle and the trolley distance
of the STSMC and a PD control with the following control
law.

fPD = k5(yd− y)− k6(ẏ− ẏd)+ k7θ + k8θ̇ , (58)

where fPD is the control input to the trolley in the x di-
rection, and k5, k6, k7, and k8 are positive constants. It can

(a)

(b)

Fig. 6. With disturbance (L = 3.588 m, m = 2,000 kg): (a)
Sway angles and (b) traveling distances.

be seen from Fig. 9 that the sway angle of the payload
with the STSMC is much smaller than the one with the
PD control. Overall, the STSMC is more effective for the
researched TTRR system.

5. CONCLUSION

In this paper, a mathematical model of the triangle-
trapezoidal rope reeving system was developed to con-
trol the modern crane systems effectively. The correct-
ness of the model was verified by comparing the practi-
cal crane operation data with the simulation results based
on the proposed model. For effective anti-sway control,
a super-twisting sliding mode control method was devel-
oped. The simulation results validated the effectiveness of
the developed control algorithm. The future work will fo-
cus on developing the 3D mathematical model based on
the spreader rope reeving system and its control design.
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(a)

(b)

Fig. 7. Without disturbance (L = 3.588 m, m = 10,000
kg): (a) Sway angles and (b) traveling distances.
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