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Abstract

The violent swinging motion of a payload imposes significant safety problems for the operation of offshore ship-mounted 
cranes (offshore cranes). We therefore propose a stable experimental hoisting platform for an offshore crane payload 
positioning system with a parallel cable-driven method (PP-PCDM), and an adaptive cable-drive anti-swing tension 
(ACAT) control method based on the PP-PCDM is developed to resolve the problem of swinging of the payload by limiting 
its spatial position. The PP-PCDM enables synchronous tracking of the movement of the payload when the crane is 
working. When the payload deviates from a stable state due to an external disturbance, the anti-swing cables are 
immediately retracted or released based on the feedback signal. The spatial position of the payload is then limited by 
adjusting the length and tension of the parallel cables until the payload appears stationary from the perspective of the 
ship’s deck. Operational safety and efficiency is substantially improved, and the proposed PP-PCDM structure and 
ACAT control method can be applied to a variety of different types of cranes. The results of simulations and physical 
experiments show that the anti-swing effect exceeds 89.86%. The PP-PCDM enables excellent performance of synchronous 
tracking and hoisting assistance, and ensures that the rated lifting weight of the offshore crane is not affected.

Keywords: offshore cranes; payload positioning system; cable drive; dynamic analysis

introduction

With the rapid development of high-quality of ocean 
engineering equipment technology, it is well-known that the 
sizes, weights and importance of lifting payloads are becoming 
larger, and the price is also becoming higher. The safety of 
the hoisting process is particularly important when offshore 
cranes are working in heavy ocean conditions in a marine 
environment, and especially when this involves helicopters, 
wind power equipment or warship supplies. As offshore cranes 

suffer from motion excitation in six degrees of freedom from 
persistent or intermittent unexpected disturbances induced 
by ocean waves or wind, the stability of the lifting operation 
is vitally important, and can have a decisive effect on the 
progress of a project. Any type of accident can cause extensive 
property damage, and can even endanger the lives of workers 
on the deck and delay engineering processes [1]. 

Studies of the orientation of offshore cranes have mainly 
focused on two aspects: installing a variety of sensors, or using 
different mechanical structures. In the former approach, the 
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mechanical structure of the offshore crane is not changed, but 
the swinging motion of the payload is controlled by feedback 
signals. In the latter, a mechanical structure is added to the 
crane, and the swinging motion of the payload is controlled 
by limiting the spatial position of the payload. As increasing 
numbers of experts and scholars are entering the field of 
research on offshore cranes, innovative mechanical structures 
and control methods are emerging. This not only means that 
the maturity of offshore crane technology has increased, but 
that the development of advanced technology has greatly 
promoted progress in this area. A double-pendulum dynamic 
model of an offshore crane was built in which the drive forces 
were functions of Fourier series based on the bridge cranes. 
A verification of the simulation was presented in which the 
open-loop control method increased the instability of the 
system [2]. A model prediction method was proposed for 
an anti-swing control study of a jib-type Liebherr harbour 
crane. A traditional track computing method was optimised 
to achieve a good tracking effect on a knuckle boom crane. 
A nonlinear PID controller was also studied to address the issue 
of low power consumption of the crane [3]-[5]. Researchers 
have also analysed the dynamic characteristics of the rope, 
and have studied the problem of collisions in the payload 
hoisting operation, with improvements in the accuracy 
of dynamic modelling [6],[7]. An adaptive and automatic 
positioning control method based on synchronous learning 
was proposed that enabled a fast response and trajectory 
tracking for the system [8],[9]. Although existing control 
methods can restrain the swinging motion of the payload, 
the dynamic model of the ocean waves and ship is relatively 
simple, and the analysis of the swing space of payload has 
been neglected. Another obvious issue with existing research 
is the absence of experimental verification, as the device has 
not been widely used in practice engineering application.

In view of the flexible characteristics of the cable, numerous 
experts and scholars around the world have proposed 
solutions for the under-actuation problem, which arises in 
particular when an offshore crane is working under heavy 
ocean conditions. An event-triggered control approach 
and a nonlinear controller is used for the crane, and the 
convergence time and mechanical chattering can be reduced. 
The payload swing signals and the rope positioning error 
are used as feedback, and this approach achieves better 
overall control performance, which also guarantees the 
positioning accuracy of the trolley [10]-[13]. The problem of 
under-actuation and anti-swing technology for the crane has 
been studied, and some research directions have been put 
forward for reference [14],[15]. The double pendulum problem 
and the dynamic relationship between the payload and the 
offshore crane have also been analysed [16],[17]. A method 
of motion compensation has been proposed to reduce the 
influence of vibration frequency on the control effect [18], and 
an original rigid-flexible coupling anti-swing mechanical arm 
was developed, which was composed of a parallel rigid anti-
swing mechanical arm and flexible anti-swing cables. This 
mechanical structure was shown to assist with the hoisting 
operation of the offshore crane and to improve the rigidity 

of the system. In terms of payload control methods, several 
methods such as the PID control algorithm, the tension 
control algorithm [19], the trajectory tracking method [20] 
and the learning-based adaptive control method [21] have been 
proposed for anti-swing control of the payload. The stability 
and effectiveness of the control strategy is very important 
for the motion of the crane and the anti-swing control of 
the payload [22],[23]. The security of the offshore crane 
hoisting operation and structural strength have also been 
considered [24]. The flexible characteristics of the cable were 
addressed by optimising the control method, and the control 
precision over the payload swaying motion was improved. 
However, the absence of research on the mechanical limit-
position method that combined with rigid mechanical arms 
and flexible cables. An ACAT control method is therefore 
proposed for an offshore crane with PP-PCDM. The dynamic 
tension and length of cables can be adjusted according to 
the real-time feedback signals representing the payload’s 
swinging motion. The spatial position of the payload is limited 
by the PP-PCDM, and the anti-swing control precision is 
dramatically improved.

In order to ensure the safety and efficiency of hoisting with 
offshore cranes, an original offshore crane with PP-PCDM 
is designed and an adaptive anti-swing control strategy is 
developed, based on the feedback signals of the payload, 
to resolve this difficult problem. A  dynamic modelling 
and simulation analysis of the offshore crane system is 
carried out to verify the feasibility of the proposed method, 
and an offshore crane anti-swing experiment platform is 
independently designed and built to enable further study. 
Finally, the effectiveness, safety and practicability of the 
proposed PP-PCDM and ACAT control method is verified 
through digital simulations and physical experiments. The 
hoisting process can be accomplished safely and efficiently by 
offshore cranes with PP-PCDM, even if the ship is working 
under heavy ocean conditions.

MODELING OF AN OFFSHORE CRANE 
WITH PP-PCDM

STRUCTURAL DESIGN OF AN OFFSHORE CRANE 
WITH PP-PCDM

A three-dimensional schematic diagram of the proposed 
structure for an offshore crane with PP-PCDM is shown in 
Fig. (1). The crane is composed of a base, a body, a boom, 
anti-swing cables, anti-swing mechanical arms, a servo motor 
drive unit, and so on.

Three rigid-f lexible coupling mechanical arms are 
installed on a conventional offshore crane. Mechanical arm 
I is installed at the lifting point of crane, while mechanical 
arms II and III are installed on the body of the offshore crane, 
in a symmetric manner. Anti-swing cables I, II and III are 
connected to the crane hook via the free end of anti-swing 
mechanical arms I, II and III, respectively. An angle sensor 
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is installed at the lifting point of the offshore crane, which 
can accurately measure and feedback the real-time swing 
angle of the payload. Tension sensors are installed on the 
body of the crane, and can accurately measure and feed back 
the real-time tension of the anti-swing cables and lifting 
cable. Servo motors are installed at the base of the crane to 
control the length and speed of the cables. The lifting cable 
will deviate from the vertical position and form an included 
angle with the vertical line when the payload is swinging, 
where the included angle is defined as the swing angle of the 
payload. In this state, the tension in the lifting cable is less 
than the gravity of the payload, which reduces the effective 
lifting weight of the crane. In this way, the cables not only 
reduce the swinging motion of the payload, but also assist in 
the hoisting operation to ensure that the rated lifting weight 
of the crane is not affected.
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1. Tension sensors for the lifting cable. 2. Crane boom. 3-6-9. Anti-swing cables II, III and I. 

4. Tension sensors for the anti-swing cables. 5. Servo motor drive unit. 8. Ship motion simulation platform. 
7-10-13. Anti-swing mechanical arms II, III and II. 11. Angle sensors for the payload. 12. Lifting cable. 

14. Crane hook. 15. Payload. 
Fig. 1 Diagram of the proposed offshore crane with PP-PCDM 
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The actual motion of ocean waves is usually stochastic and irregular. To improve the 

authenticity of the mathematical model of the offshore crane, a stochastic model of ocean waves is 
built based on the ITTC one-parameter ocean wave spectrum, using the following equation: 
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where the S(ω) is the energy, ω is the circular frequency, h is the significant wave height of the 
stochastic ocean waves, and g is the gravitational acceleration.  

The spectra of ocean waves at different significant wave heights can be obtained using 
Equation (1), and the digital simulation curves are shown in Fig. 2. 
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1. Tension sensors for the lifting cable. 2. Crane boom.  
3-6-9. Anti-swing cables II, III and I. 4. Tension sensors for the anti-swing 

cables. 5. Servo motor drive unit. 8. Ship motion simulation platform.  
7-10-13. Anti-swing mechanical arms II, III and II.  11. Angle sensors for the 

payload. 12. Lifting cable. 14. Crane hook. 15. Payload.
Fig. 1. Diagram of the proposed offshore ,crane with PP-PCDM

MODELING OF SHIP SWAY UNDER STOCHASTIC 
EXCITATION FROM OCEAN WAVES 

The actual motion of ocean waves is usually stochastic and 
irregular. To improve the authenticity of the mathematical 
model of the offshore crane, a stochastic model of ocean 
waves is built based on the ITTC one-parameter ocean wave 
spectrum, using the following equation:

( )
3 2

5 2 4
1/3

8.1*10 3.11expgS
h

ω
ω ω

−  
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 
 (1)

where the S(ω) is the energy, ω is the circular frequency, h is 
the significant wave height of the stochastic ocean waves, 
and g is the gravitational acceleration. 

The spectra of ocean waves at different significant wave 
heights can be obtained using Equation (1), and the digital 
simulation curves are shown in Fig. 2.

Fig. 2. Spectra for ocean waves of differing heights

We assume that the stochastic ocean waves are created by 
the superimposition of an infinite number of stochastic sine 
waves with different amplitudes, different frequencies and 
different phases. The ocean waves therefore conform to the 
superposition principle. The ocean waves coordinate system 
T1-(o1-x1y1z1) is positioned at the surface of still water, with 
the origin at the starting point of the ocean waves, and the 
equation for the stochastic ocean waves is established under 
the Longuet-Higgins assumption as follows:

( ) ( )
0

cos
N

i i i
i

t tξ ξ ω ε
=

= +∑  (2)

where the phase angle of a single ocean wave is a stochastic 
value between 0 and 2π, N is the number of ocean waves, and 
i represents the i-th ocean wave.

The independent variable is the slope of the surface of 
an ocean wave when building the dynamic model of the 
ship’s swaying motion. We therefore need to convert the 
wave amplitude ξi into the wave angle ψω to obtain the slope 
of wave surface of the ocean waves.

2

igω
ωψ ξ=  (3)

The equation for the slope of the surface of an ocean wave 
can be obtained by substituting Equations (1) and (2) into 
Equation (3):
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The parameters for ocean waves under various conditions 
can be obtained as shown in Table 1.
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Tab 1. Parameters of waves under various ocean conditions

No.
Significant 
wave height 

(m)

Wind speed 
(m/s)

Simulation 
frequency 

(rad/s)

Frequency 
increment 

(rad/s)
1 <2.5 <8 0.3-3.0 0.10
2 2.5-5.0 8-12 0.25-2.4 0.08
3 >5.0 >12 0.1-1.7 0.06

The slope of the surface of a wave under different ocean 
conditions can be obtained from Equation (4) and Table (1).

We consider rolling of the ship as an example, and establish 
a dynamic model in the T2-(o2-x2y2z2) coordinate system under 
the influence of stochastic ocean waves. The angle φ is the 
swaying angle of the ship, and clockwise swaying of the ship 
is taken as positive.

Fig. 3. Diagram showing the ship’s swaying motion

The ship is mainly subject to swaying and disturbance 
moments, including the righting moment, damping moment 
and inertia moment, but the forces for these moments are 
different.

The equation used to calculate the ship’s swaying moment 
is as follows:

( ) ( ), , 2 x xM Dh N I Iµϕ ϕ ϕ ϕ ϕ ϕ= + + + ∆     (5)

where the ϕ  represents the swaying acceleration of the ship, 
ϕ  represents the swaying acceleration of the ship.

To calculate the ocean wave disturbance moment, we use 
the following equation:

( ), , 2m m m m m x mM Dh N Iµψ ψ ψ ψ ψ ψ= + + ∆   
 (6)

Equation (6) can be simplified based on the dynamic 
characteristics of the ocean wave as

( ), ,m m m mM Dhψ ψ ψ ψ=   (7)

According to the dynamic balance principle, there is 
a balancing relationship between the ship swaying moment 
and the ocean wave disturbance moment. This mathematical 
relationship can be expressed as follows:

( ) ( ), , , , 0m m mM Mφ φ φ α α α+ = 

   (8)

The dynamic differential equation for the ship’s swaying 
motion can be obtained as follows:
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KINEMATIC MODELING OF AN OFFSHORE CRANE 
WITH PP-PCDM

The diagram of the structure of an offshore crane with 
PP-PCDM in Fig. (1) can be simplified to the schematic 
diagram in Fig. (4).

Fig. 4. Schematic diagram of an offshore crane with PP-PCDM

In the figure above, T0 (o0-x0 y0 z0) is defined as the global 
coordinate system; T3 (o3-x3 y3 z3) is the inertial coordinate 
system of the offshore crane; T4 (o4-x4 y4 z4) is the ship-based 
coordinate system; T5 (o5-x5 y5 z5) is the coordinate system 
for operation of the crane; T6 (o6-x6 y6 z6) is the coordinate 
system for the cables; T7 (o7-x7 y7 z7) is the coordinate system 
for the lifting point; and T8 (o8-x8 y8 z8) is the stable coordinate 
system. Point R represents the centre of sway of the ship; point 
G is the location of the installation of the offshore crane on 
the ship; point F is the central point for slewing and luffing 
of the offshore crane operation; point E is the lifting point 
of the offshore crane; and point M is the mass point of hook 
and payload. The line FE is the crane boom, with length 
labelled as LFE; H is the length of the lifting cable; LI, LII and 
LIII are the lengths of the anti-swing mechanical arms I, II 
and III, respectively; and L1, L2 and L3 are the lengths of the 
anti-swing cables I, II and III, respectively. δ1, δ2 and δ3 are 
the included angles of the anti-swing mechanical arms I, II 
and III, respectively; and φx and φy are the pitch-swaying 
angle and roll-swaying angle of the ship, respectively. α is 
the slewing angle, and β is the luffing angle of the offshore 
crane. θx and θy are the swing angles of the payload in the 
y7o7z7-and x7o7z7-planes. The matrix 3PM = [3xM 3yM 3zM] is 
defined the spatial position coordinates of point M in the 
T3 coordinate system, where 3xM 3yM and 3zM represent the 
x-, y- and z-axis coordinates of point M in the T3 coordinate 
system, respectively. A similar method can be used to define 
the spatial position coordinates of the other points in different 
coordinate systems.
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The swing space of the payload is defined as the area 
of the real-time trajectory curve formed by the projection 
of the swinging payload onto the swinging plane in the stable 
hoisting experiments. The swinging plane of the payload is 
defined as the centre plane of mass of the payload, and is 
parallel to the ship-based plane. The drive tension in the 
anti-swing cables and lifting cable is defined as the tension 
that drives the swinging motion of the payload, whereas the 
anti-swing tension is defined as the tension that restrains 
the swinging motion of the payload. The actual tension in 
the cables is the sum of the drive and anti-swing tensions. T3 
is invariant, and T3, T4, T5, T6, T7 and T8 are mutative during 
the coordinate transformation. The relative positions are 
related to the external excitation of the ship, the mechanical 
parameters and motion state of the offshore crane. As the 
coordinate systems are Cartesian, the theory of spatial pose 
transformation of coordinates is suitable for solving for the 
position transformation relationship between the different 
coordinate systems.

The transformation equation for the coordinate points 
is as follows:

3 7 7 7
3 3M MP R P S= +  (10)

where 73R is the rotation transformation matrix from T3 to T7, 
and 73S is the translation transformation matrix T3 to T7. The 
matrices 7

3R and 7
3S are calculated as follows:

7 3 3 4 6
3 x y z xR R R R R=  (11)

7 4 5 6 7
3 3 4 5 6S S S S S= + + +  (12)

3Rx is the rotation transformation matrix about the x3-axis, 
and the meanings of the other symbols can be obtained by 
the same method. The equations used to calculate 7

3R and 7
3S 

were given by Crain [25].
The position coordinates of the points E and M in T7 can 

be calculated according to the spatial geometry relations in 
Fig. 4 as

[ ]7 0 0 0
E

P =  (13)

[ ]7 sin cos sin cos cos
M E x E x y E x y

P x H y H z Hθ θ θ θ θ= + + −  (14)

The position coordinates of the points N1, N2 and N3 in T7 
can be calculated with the same method as
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By combining Equations (10) and (13), the position 
coordinates of point E in T3 can be obtained as follows:
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We assume that the slewing, luffing and lifting speeds are 
zero for the offshore crane. The acceleration equations at point 
E can be obtained by calculating the second derivatives of 
Equations (18) to (20).
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By calculating the second derivative of Equation (14), the 
acceleration equation for point M can be obtained as follows:
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We assume that the slewing, luffing and lifting speeds are zero for the offshore crane. The 
acceleration equations at point E can be obtained by calculating the second derivatives of Equations 
(18) to (20). 
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By calculating the second derivative of Equation (14), the acceleration equation for point M 
can be obtained as follows: 
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When the anti-swing cables are in operation, the length values can be obtained from the geometric relationships shown 
in Fig. 4, as follows:
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By calculating the second derivatives of Equations (27) to (29), the retraction and release speeds of the anti-swing cables 
can be calculated as follows:
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The anti-swing cables are released when the motion speed 
is positive, and are retracting when the motion speed is 
negative in Equations (30) to (32).

DYNAMIC MODELING OF AN OFFSHORE CRANE 
WITH PP-PCDM

A mechanical analysis diagram of the payload is shown in 
Fig. 3, where Fb1, Fb2 and Fb3 are the drive tensions of the anti-
swing cables I, II, and III, respectively. Fb4 is the drive tension 
of the lifting cable, and F5 is the gravitational force on the 
payload. The flexible nature of the cables is a very important 
problem that is easy to overlook when analysing the tension 
in the parallel cables. The cables can only withstand tension, 
and cannot output thrust; hence, the tension setting of the 
cables must satisfy unidirectional force conditions, or in 
other words, the tension in the cables must be positive. The 
resultant force values in the y7-axis direction of Fb1, Fb2, Fb3 
and Fb4 must be less than F5 when the direction is opposite 
to the action of gravity.

Fig. 5. Mechanical analysis of the payload

The physical relationship satisfies Newton’s second law 
for Fb1, Fb2, Fb3, Fb4 and F5, and the tension relationship can 
therefore be expressed as follows: 

1 2 3 4 5b b b b m+ − =F F + F + F F a  (33)

where m is the mass of the payload, and a is the acceleration 
of the payload.

From a decomposition of Fb1, Fb2, Fb3 and Fb4 in the T7-axis 
direction, we obtain:

1 1 2 2 3 3 4 4b x b x xb x b xi mi i i+ + + =F F F F a  (34)

1 1 2 2 3 3 4 4b y b y yb y b yi mi i i+ + + =F F F F a  (35)

1 1 2 2 3 3 4 4 5b zb z b z b z zi i i mi+ + + − =F F F F F a  (36)

where i1x, i1y and i1z are the unit vectors in the x7-, y7- and 
z7-axis directions for anti-swing cable I. The meanings of the 
other symbols can be obtained via the same method. ax, ay 

and az are the components of the acceleration a in the axis 
direction of T7.

The unit vectors of the drive tension of the cables in 
the T7 direction are calculated as follows:
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Equations (34) to (36) can be simplified as follows:
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Equations (34) to (36) can be simplified as follows: 

4 4 xbx b xi m+ =F F a                                     (37) 
4 4 yby b yi m+ =F F a                                    (38) 

4 4 5 zbz b zi m+ − =F F F a                                  (39) 
where Fbx is the combined force of Fb1, Fb2 and Fb3 in the x7-axis direction, and Fby and Fbz have 
similar meanings. 

By substituting Equations (24) to (29) into Equations (37) to (39), the dynamic differential 
equations for the payload in the x7- and y7-axis directions can be obtained with appropriate 
mathematical operations as follows: 
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According to the mathematical relationship in Equations (37) and (38), if the tension in the 

anti-swing cables I, II and III satisfies the static equilibrium condition in the x7- and y7-directions, 
only the tension in the lifting cable acts on the payload in the x7-and y7-directions. The swinging 
state of the payload is similar to a pendulum motion subject to air resistance, meaning that the 
payload is difficult to stabilise quickly. It can be seen from Equations (37) to (39) that the anti-swing 
cables assist in the hoisting operation of the offshore crane. It is therefore necessary to design an 
optimisation tension control method that can stabilise the payload from the swinging state quickly. 

We therefore propose the ACAT control method, based on the air damping principle, for the 
self-designed offshore crane with PP-PCDM, in order to restrain the swinging motion of the payload 
quickly and effectively. First, the swing angle of the payload and the tension in the cables are 
obtained by high-precision sensors. The spatial position of the payload and the resultant force of the 
cables are then calculated, and the values of the tension, the swing angle and the spatial position are 
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where Fbx is the combined force of Fb1, Fb2 and Fb3 in the x7-axis 
direction, and Fby and Fbz have similar meanings.

By substituting Equations (24) to (29) into Equations (37) 
to (39), the dynamic differential equations for the payload in 
the x7- and y7-axis directions can be obtained with appropriate 
mathematical operations as follows:

( ) ( )

( )2

sin sin cos

cos sin

x y E by y bz E

x bx E y x

x

my f f mg mz

f mx mH

mH

θ θ θ

θ θ θ
θ

  − + − −  
 − − + =

 





  (40)

( ) ( )( )2 sin cos sin

cos
x y x y by E y bz E

y
x

H f my f mg mz

mH

θ θ θ θ θ
θ

θ

+ − + − −
=

 

 

  (41)

ADAPTIVE TENSION MODELING OF The PARALLEL 
CABLES

According to the mathematical relationship in Equations 
(37) and (38), if the tension in the anti-swing cables I, II and 
III satisfies the static equilibrium condition in the x7- and 
y7-directions, only the tension in the lifting cable acts on 
the payload in the x7-and y7-directions. The swinging state 
of the payload is similar to a pendulum motion subject 
to air resistance, meaning that the payload is difficult to 
stabilise quickly. It can be seen from Equations (37) to (39) 
that the anti-swing cables assist in the hoisting operation 
of the offshore crane. It is therefore necessary to design an 
optimisation tension control method that can stabilise the 
payload from the swinging state quickly.

We therefore propose the ACAT control method, based on 
the air damping principle, for the self-designed offshore crane 
with PP-PCDM, in order to restrain the swinging motion of 
the payload quickly and effectively. First, the swing angle 
of the payload and the tension in the cables are obtained by 
high-precision sensors. The spatial position of the payload 
and the resultant force of the cables are then calculated, and 
the values of the tension, the swing angle and the spatial 
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position are used as feedback signals to optimise the tension 
of the cables. Finally, the length and tension of the anti-swing 
cables are adjusted in real time, based on the feedback signal, 
by retracting and releasing operations. The optimised tension 
of cables consists of the drive tension and the anti-swing 
tension, where the former is defined in Section 1.4 and the 
latter is the optimal value for the cable tension. The proposed 
ACAT control method can rapidly reduce the swing angle 
and swing space of the payload.

Fig. 6. Mechanical analysis of the payload

A diagram enabling a mechanical analysis of the anti-
swing tension is shown in Fig. 6, where Fs1, Fs2 and Fs3 are the 
values of the anti-swing tension in anti-swing cables I, II and 
III, and Fs4 is the anti-swing tension of the lifting cable. The 
positive direction of the z8-axis is defined as the direction 
of the centripetal force of the payload, and the force on the 
x8o8y8-plane is defined as the centrifugal force of the payload.

The resultant force of Fs1, Fs2 and Fs3 in the x7-axis direction 
is defined as Fsx, and Fsy has a similar meaning. Fsx and Fsy 
are equivalent to the damping force needed to restrain the 
swinging motion of the payload in the y7o7z7-plane and x7o7z7-
plane, respectively. Since the ACAT control method is based 
on the air damping principle, the formulae used to calculate 
Fsx and Fsy are as follows:

5sx x xk θ=F F   (42)

5sy y yk θ=F F   (43)

where kx and ky are the anti-swing coefficients in the x8-axis 
and y8-axis directions, respectively.

The mathematical relationship between Fs1, Fs2, Fs3, Fs4 and 
F5 is defined as follows:

1 2 3 4 5s s s s s= + + + +F F F F F F  (44)

Decomposing the anti-swing tension in the axis direction 
of T8, we obtain:

1 1 2 2 3 3 4 4s x s x s x s x s xs i i i i= + + +F F F F F  (45)

1 1 2 2 3 3 4 4s y s y s y s y s ys i i i i= + + +F F F F F  (46)

1 1 2 2 3 3 4 4 5s z s z s z s z s zs i i i i= + + + −F F F F F F  (47)

Based on the spatial geometry relations in Fig. 4 and 
Equation (1), the coefficients sx, sy and sz can be calculated 
as follows:
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The controlled parameters are the lengths and tensions 
of the cables, and the judgment condition is based on the 
direction of the swing angle and the swing speed of the 
payload. The detailed rules for the proposed ACAT control 
method are as follows.

(1) The retracting and releasing operations of the cables 
are controlled as follows:
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(2) The real values of the tension in the cables are as follows:
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where F1, F2 and Fs3 are the real tensions in anti-swing cables I, 
II and III. The drive tension can be obtained using Equations 
(33)–(39), the dynamic differential equation for the payload 
can be obtained from Equations (40) and (41), and the anti-
swing tension can be obtained from Equations (42)–(50).

DYNAMIC ANALYSIS OF AN OFFSHORE 
CRANE WITH PP-PCDM

The design parameters of the experimental ship and the 
types of signal used for excitation of the ship are two very 
important parameters for the dynamic model. In order 
to improve the realism and accuracy of the dynamic ship 
swaying model, the instructional ship at Dalian Maritime 
University was used as an experimental platform, and the 
excitation signal for the ship was stochastic ocean waves. 
The parameters of the stochastic ocean waves were obtained 
from Table 1, and the design parameters for the experimental 
ship are shown in Table 2. A real-time curve for the ship’s 
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swinging motion was obtained by substituting the design 
parameters of the ship and the parameters of the stochastic 
ocean waves into Equation (9).

Tab. 2. Design parameters for the instructional ship at Dalian Maritime 
University

 
Ship length: 109 m Ship beam: 19 m Tonnage: 6500 t Draft: 6 m Bilge keel length: 21.8 m Metacentre: 1.5 

Bilge keel beam: 0.49 m Equivalent ship height: 9 m Eigen period: 12.5 s Block coefficient: 0.56 Damping coefficient: 0.1202 

Midship section coefficient: 0.98 Distance of the swaying axis from the still water surface: 8.28 m 

 
 
 
In order to verify the correctness of the dynamic model and 

further improve the authenticity of the simulation experiment, 
a set of three control simulation experiments were carried 
out, with conditions as follows: (i) the experimental group, 
in which the the excitation signal of the ship was stochastic 
ocean waves; (2) control group 1, in which the excitation 
signal of the ship was regular ocean waves, and the maximum 
swaying amplitude and swaying period were the same as 
for the experimental group; (3) control group 2, where the 
swinging motion of the ship was regular, and the maximum 
swaying amplitude and swaying period were the same for 
the experimental group and control group 1. Graphs of the 
ship’s swaying angle under the three conditions used in the 
simulation experiments are presented below for comparison.

Fig. 7. Sway curves for the ship

As can be seen from Fig. 7, although the real-time curves 
for the ship’s swaying motion are quite different under 
different ocean conditions, the maximum amplitude and 
the overall period are the same. The graph for control group 
1 is a typical sinusoidal curve, with a regular amplitude and 
period, whereas the curves for the experimental group show 
typical irregular characteristics, without a fixed amplitude or 
period, and the characteristics of control group 2 lie between 
those of control group 1 and the experimental group, with 
a  relatively stable amplitude and a  regular period. Two 
methods are used to describe and calculate the stabilisation 
control effect of the offshore crane with PP-PCDM: in the 
first, we calculate the swing angle based on the swing angle 
curve of the payload, and in the second, we calculate the swing 
space based on the trajectory of movement of the payload. 
The formulae used to compute these are as follows:

xb xa
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=  (53)
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where ηax is the stabilisation control effect of the swing 
angle, θxb is the maximum value of θx for the offshore crane 
without PP-PCDM, and θxa is the maximum value of θx for 
the offshore crane with PP-PCDM, as given in Equation (53). 
The definition in Equation (54) is similar to Equation (53). ηs 
is the stabilisation control effect of the swing space, Sb is the 
maximum swing space of the payload for the offshore crane 
without PP-PCDM, and Sa is the maximum swing space of the 
payload for the offshore crane with PP-PCDM, as shown in 
Equation (55). The dynamic simulation analysis of the payload 
was based on the ship sway model. The parameters of the 
offshore crane with PP-PCDM were set as follows: Lbase=0.42, 
LFE2=LFE3=0.16, LI =0.4, LII =0.5, LIII=0.5, LFE=1.2 m, α=0°, 
β=π/3, δ1=δ2=δ3=π/3, and m=20 kg. The dynamic differential 
equation for the ship can be obtained from Equation (9), 
and the dynamic differential equations for the payload from 
Equation (40) and (41). Figs. 8 to 17 show the results of the 
digital simulation.

The digital simulation results for the payload swing angle 
and swing space under the ocean conditions defined for the 
experimental group are presented below.

Fig. 8. Swing angle of the payload

As shown in Fig. 8, the values of θx and θy are not only 
positive but also negative, indicating the direction of swing 
of the payload on the x7-axis and y7-axis. The payload is in 
a stable state when θx=θy=0. The values for other angles have 
the same meaning, and the following part is not repeated.
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It can be seen that the angle curve has strong nonlinear and 
irregular characteristics, and the digital simulation results 
further prove the practicability of the proposed PP-PCDM. 
The swing range of θx is reduced to [21.37°, 24.00°] for 
the offshore crane without PP-PCDM. It is clear that θx is 
substantially reduced when PP-PCDM is added, as the swing 
range becomes [−0.88°, 0.91°]. The value of θx is reduced from 
45.37° (21.37+24.00) to 1.79° (0.88+0.91), and the reduction 
in swing can be calculated by Equation (53) as

45.37 1.79 %96.05
45.37axη −

= =

The swing ranges of θy are [−23.79°, 23.16°] and 
[−0.27°, 0.41°], and the value of θy is reduced from 46.95° 
to 0.68° with the same method. The swing reduction can be 
calculated with Equation (54) as

46.95 0.68 %.
46. 5

8 5
9

9 5ayη −
= =

Fig. 9. Swing space of the payload

The motion trajectory of the payload is shown in Fig. 9. The 
farthest points are 36.61 cm and 40.68 cm in the negative and 
positive directions of the x7-axis, respectively, and 40.37 cm 
and 39.32 cm in the negative and positive directions of 
the y7-axis, respectively. The swing space of the payload is 
calculated as 4836cm2 in the mathematical simulation for 
the offshore crane without PP-PCDM. The farthest points are 
[1.54 cm, 1.58 cm, 0.48 cm, 0.71 cm] in the four directions, 
and the swing space is calculated as 1.86cm2 with the same 
method. It is obvious that the swing space is significantly 
reduced when the offshore crane is used with PP-PCDM. The 
reduction in swing can be calculated using Equation (55) as

4836 1.86 %9
4836

99. 6sη −
= =

The digital simulation results for the payload swing angle 
and swing space under the ocean conditions defined for 
control group 1 are presented below.

 Fig. 10 Swing angle of the payload 

Fig. 11 Swing space of the payload 

Fig. 12 Swing angle of the payload
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Fig. 13 Swing space of the payload

The simulation results in Figs. 10 and 11 show reduced 
nonlinear and irregular characteristics relative to Figs. 8 
and 9. The variation in the payload’s maximum swing angle 
for different swinging periods is relatively small when the 
excitation from the ocean waves is regular. The shape of the 
motion trajectory of payload becomes more regular, i.e. more 
circular. The swing reduction exceeds 94.65% and 95.37%, 
as shown in Fig. 10, and the swing space of the payload is 
reduced by 99.89%, as shown in Fig. 11.

The digital simulation results for the swing angle and swing 
space of the payload under the ocean conditions of control 
group 2 are as shown in Figs. 12 and 13. The motion state and 
trajectory of the payload is similar to that shown in Figs. 8–11.

The simulation results show demonstrate the excellent 
stabilisation control effect of the swing angle and swing space 
of the payload under the ocean conditions represented by the 
experimental group, control group 1 and control group 2. The 
simulation results are summarised in Table 3.
Tab. 3. Summary of experimental and analytical results

No. Experimental 
results

Swinging 
angle 

(without)

Swinging 
angle (with)

Swing 
reduction

1 Fig. 19 13.94° 4.67° 66.50% - 100%
2 Fig. 20 15.24° 6.28° 58.79% - 100%
3 Fig. 21 506.5 44.6 91.19% - 100%
4 Fig. 22 23.62° 7.93° 66.43% - 100%
5 Fig. 23 28.34° 11.77° 58.47% - 100%
6 Fig. 24 1583.7 141.9 91.04% - 100%

The motion of the anti-swing cables is synchronous with the 
payload, meaning that a simulation analysis of the lengths and 
speeds of the anti-swing cables is important. The lengths and 
speeds of the cables are calculated by Equations (27)–(29) and 
(30)–(32), respectively. A simulation analysis was conducted 
based on the ocean conditions of the experimental group, 
and the results are presented below.

In Fig. 14, the length ranges of anti-swing cables I, II and 
III are [1.05 m, 1.29 m], [0.37 m, 0.99 m] and [0.38 m, 0.98 m], 
respectively.

In Fig. 15, V1 is the retracting and releasing speed of anti-
swing cable I, V2 is the retracting and releasing speed of anti-
swing cable II, and V3 is the retracting and releasing speed of 
anti-swing cable III. The speed ranges of the three anti-swing 
cables are [−0.33 m/s, 0.31 m/s], [−0.88 m/s, 0.86 m/s] and 
[−0.79 m/s, 0.78 m/s], respectively. A negative value for the 
speed indicates that the anti-swing cables are being retracted, 
and a positive value means that they are being released. The 
results of the digital simulation demonstrate the excellent 
dynamic following performance of the anti-swing cables.

Fig. 14. Length curves for the cables 

Fig. 15. Speed curves for the cables

A simulation analysis of the relationship between the 
tension in the lifting cable and the mass of the payload was 
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carried out based on the mechanical equations in Section 1.4 
and the ocean conditions for the experimental group. The 
results are presented below.

Fig. 16. Tension in the lifting cables 

Fig. 17. Tension in the lifting cables

In Fig. 16, negative values indicate that the tension is in 
the opposite direction to gravity. The tension range of the 
lifting cable is [−221.3 N, −196.0 N] when F1=F2=F3=0, and it 
is obvious that the absolute value of the tension in the lifting 
cable is larger than the gravitational force on the payload. 
This means that the actual lifting weight will be less than the 
rated lifting capacity of the offshore crane. Hence, in order 
to ensure that the rated lifting capacity of the offshore crane 
is not affected, it is necessary to increase the tension of the 
anti-swing cables to provide an additional pull on the payload.

As shown in Fig. 17, the tension range of the lifting 
cable is reduced to [−174.6 N, −67.7 N] when the tension in 
the anti-swing cables is increased. The absolute value of the 
tension in the lifting cable is less than the gravitational force 
on the payload, meaning that the rated lifting capacity of the 
offshore crane will not be affected by the swinging motion of 
the payload. This further demonstrates that the offshore crane 
with PP-PCDM can not only restrain the swinging amplitude 
of the payload, but also assist with the hoisting operation.

The following conclusions can be drawn from the results 
of the digital simulations.

(1) The proposed PP-PCDM has a strong anti-swing control 
effect in both the x-and y-directions.

(2) The swinging state of the payload varies greatly under 
different excitations from ocean waves. The irregularity in 
the payload swinging motion becomes more obvious as the 
payload swing space increases under the strong stochasticity 
of ocean waves excitation.

(3) The swing angle only reflects the position of the payload 
relative to the lifting point, and the swing space is a better 

parameter to reflect the position of the payload relative to 
the deck. The operational safety and efficiency can only be 
substantially improved when the payload is stationary relative 
to the deck. The swing space is therefore more beneficial in 
terms of reflecting the danger from the swinging motion of 
the payload to the workers on the deck, whereas the swing 
angle is more useful for building a kinematic and dynamic 
model of the offshore crane.

EXPERIMENTAL PLATFORM 
AND EXPERIMENTAL RESEARCH

In order to further verify the effectiveness of the proposed 
PP-PCDM, an original experimental platform based on a scale 
model machine was designed and built. The principles and 
structure were described in Section 1.1, and will not be 
detailed here. An experiment to explore the swing of the 
payload was carried out using the experimental platform 
shown in Fig. 18, in which the cables were controlled with the 
rules in Equation (51) and the tension was controlled with the 
rules in Equation (52). The size of the mechanical structure 
and the system parameters were the same as in the dynamic 
modelling section. The swaying excitation of the ship was as 
follows: a swaying angle of 5° with a swaying period of 5 s; 
and a swaying angle of 10° and a swaying period of 5 s. As the 
excitation of the ship from ocean waves is not unidirectional 
in a real marine environment, a compound swaying excitation 
involving rolling and pitching was used with the platform, 
in order to improve the authenticity of the experiments. The 
same method as for the simulation experiments was used to 
analyse the results.

Fig. 18. Photograph of the scale model experimental platform

A summary of the different experimental conditions is 
shown in Table 4.
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Tab. 4 Experimental conditions for the contrast experiments

No. Compound swaying excitation Offshore crane

1 y=5sin(2π/5) With PP-PCDM

2 y=5sin(2π/5) Without PP-PCDM

3 y=10sin(2π/5) With PP-PCDM

4 y=10sin(2π/5) Without PP-PCDM

(1)	The experimental conditions for the contrast experiment 
were set to conditions 1 and 2, and the results for the 
payload swinging amplitude are given below.

Fig. 19. Swing angle θx of the payload 

Fig. 20. Swing angle θy of the payload

As shown in Fig. 19, the swing range of θx is [−6.67°, 7.27°] 
for the offshore crane without PP-PCDM. However, with 
the addition of PP-PCDM, θx is substantially reduced, and 
the swing range of θx is [−2.73°, 1.94°]. The average anti-
swing effect is 66.50%, calculated using Equation (53). The 
minimum and maximum anti-swing effects are 62.45% and 
100%, respectively, when calculated with this method. The 
average anti-swing results indicate the overall effectiveness 
of the proposed PP-PCDM. The minimum anti-swing effect 
indicates that θx is affected by the resonance between the 
swinging motion of the payload and the swaying motion 
of the ship, while the maximum anti-swing effect indicates 
that the payload can be stabilised to the equilibrium state. 

As shown in Fig. 20, the swing range of y is [−7.56°, 7.68°] 
for the offshore crane without PP-PCDM, whereas the range 
for θy is significantly reduced to [−3.36°, 2.92°] after installing 
PP-PCDM. The average reduction in swing is 58.47%, and 
the minimum and maximum reductions in the swing of the 
payload are found be 54.18% and 100%, respectively, with 
this method.

Fig. 21. Swing space of the payload

The swing space method was used to describe the motion 
state of the payload, and the experimental results for the 
payload motion trajectory are shown in Fig. 21. The swing 
space of the payload is in the range [−13.16 cm, 13.36 cm, 
−11.62 cm, 12.65 cm], and the swing space of the payload 
is 506.5cm2 for the offshore crane without the PP-PCDM. 
However, with the addition of the PP-PCDM, the swing space 
is markedly reduced to the range [−5.86 cm, 5.10 cm, −3.38 cm, 
4.76 cm] and the swing space of the payload is 44.6cm2. The 
reduction in swing is 91.19% when calculated with the same 
method. The swing space of the payload is limited to only 
8.81% of the original swing space without PP-PCDM. 
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(2)	The experimental conditions for the contrast experiment 
were set to conditions 3 and 4, and the results for the 
payload swinging amplitude comparison are given below.

Fig. 22. Swing angle θx of the payload 

Fig. 23. Swing angle θy of the payload

Fig. 24. Swing space of the payload

From Figs. 22–24, we see that the motion state and 
trajectory of the payload and the reduction in swing are 
similar to those shown in Figs. 19–21; however, the swing 
angle and swing space of the payload rise significantly when 
the amplitude of the ship’s swaying excitation is increased. 
The experimental results are summarised in Table 5.
Tab. 5 Summary of experimental and analytical results

No. Experimental 
results

Swinging 
angle 

(without)

Swinging 
angle (with) Swing reduction

1 Fig. 19 13.94° 4.67° 66.50% - 100%

2 Fig. 20 15.24° 6.28° 58.79% - 100%

3 Fig. 21 506.5 44.6 91.19% - 100%

4 Fig. 22 23.62° 7.93° 66.43% - 100%

5 Fig. 23 28.34° 11.77° 58.47% - 100%

6 Fig. 24 1583.7 141.9 91.04% - 100%

The results of the physical experiments are similar to those 
of the digital simulations. The feasibility and correctness of 
the dynamic model is demonstrated, and the effectiveness 
and practicability of the designed PP-PCDM is proved. The 
robustness of the proposed ACTC control method is also 
verified for an offshore crane working under different ocean 
conditions.

A comparison of the results in Tables 3 and 5 shows 
that the swing angle and swing space of the payload in the 
three-dimensional space is drastically reduced following 
addition of the PP-PCDM. The safety of the workers on deck 
is significantly improved, and the efficiency of the hoisting 
operation of the offshore crane is also markedly improved.

By comparing the maximum values of θx and θy in the 
same digital simulation or physical experiment, we see that 
θy is slightly larger θx. The reason for this difference can 
be obtained by analysing the experimental results and the 
dynamic model of the offshore crane. The central axis of the 
ship’s transverse swaying motion is located in the y7o7z7-
plane, whereas the central axis of the ship’s longitudinal 
swaying motion is not located in this plane. This is equivalent 
to adding an eccentric motion to the payload in the y7o7z7-
plane, and means that the maximum value of θy is slightly 
larger than for θx.

A comparison of the swinging amplitude of payload for 
offshore cranes working under different ocean conditions 
indicates that the swinging amplitude of the payload will 
gradually increase when the swaying excitation amplitude 
of the ship is increased. In other words, the more complex 
the ocean conditions, the larger the swinging amplitude of 
the payload.

In order to further test the stability and robustness of the 
PP-PCDM under external disturbance such as ocean winds 
or vibration, a physical experiment was set up to reflect real 
ocean conditions. An external interference experiment was 
carried out, and the experimental results are given below.
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Fig. 25. Swing angle of the payload under external disturbance

As shown in Fig. (25), the payload is in a stable state for 
the first 6 s, and the swing range of θy is [−0.57°, 0.88°] for 
an offshore crane without PP-PCDM. However, with the 
addition of the PP-PCDM, the swing-range of θy is [−0.50°, 
0.51°]. It can be seen that the synchronous motion of the cables 
following the payload can also limit the spatial position of 
the payload, even if the ACAT control method is not applied 
to the cables. A disturbing force is applied to the payload in 
the y7-axis direction after 6 s. First, θy increases rapidly to 
12.61°, and then increases to 12.49° in the opposite direction. 
Finally, the payload reaches a stable state again until 28 s, 
after repeatedly swinging for multiple periods. Even if the 
payload reaches the stable state again at 28 s, the swing angle 
is still larger than the angle of the payload with PP-PCDM 
in the subsequent time.

The maximum swinging amplitude of the payload is 25°, 
and this amplitude is reduced after multiple periods for the 
offshore crane without PP-PCDM. However, it is obvious 
that the curve for θy is completely different when PP-PCDM 
is applied. The value of θy increases and then decreases 
gradually, and the swing range of θy is [−5.45°, 1.00°]. The 
maximum value of θy is reduced by 74.2%. The payload returns 
to a stable state after only half of one swinging period after 
15 s, and the swinging speed of the payload is significantly 
reduced compared to the offshore crane without PP-PCDM. 
The lower swinging speed of the payload can not only reduce 
the power requirements of the drive unit, but can also greatly 
improve the safety of the offshore crane operation. These 
results indicate that the ATAC control method begins to 
work immediately when the disturbance force is applied. 
Hence, the stability and robustness of our PP-PCDM with 
ACAT control method is demonstrated when the payload is 
disturbed by external forces.

The results of these dynamic simulations and physical 
experiments show that the offshore crane with PP-PCDM can 
accomplish the hoisting operations safely and efficiently in 
an actual ocean environment, and even under heavy ocean 
conditions. The proposed PP-PCDM with ACTC control 
method can not only reduce the swing space of the payload, 

but also assist the hoisting operation of the offshore crane. 
The rated lifting capacity of the offshore crane is not affected 
by the swinging motion of the payload.

CONCLUSION

An offshore crane with PP-PCDM and ACAT control 
method has been proposed to solve the problem of swinging 
of the payload when an offshore crane is working under 
stochastic ocean wave excitation. A precise dynamic model 
of the payload and cables was established, and the dynamic 
characteristics were analysed. The main findings are as 
follows:

(1) The swinging state of the payload varies greatly under 
different types of ocean wave excitation. The simulation 
results indicate that the reduction in the swing angle exceeds 
89.86%, the corresponding swing space of the payload is 
limited, and the swing reduction exceeds 99.56% when the 
movement and dynamic tension of the parallel cables are 
controlled.

(2) Physical experiments further proved the correctness of 
our dynamic model and the results of the simulation analysis 
under compound swinging excitation of the ship. The swing 
space and swing angle of the payload gradually increase when 
the amplitude of swaying excitation of the ship is increased. 
The experimental results show that the reduction in the swing 
space exceeds 91.04% and 91.19%.

(3) The proposed control method based on PP-PCDM with 
ACAT shows excellent stability and robustness under different 
ocean conditions, and ensures that the rated lifting capacity 
of the offshore crane is not affected. The operational safety 
of an offshore crane is improved considerably, meaning that 
it can work efficiently under complicated ocean conditions.
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