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ABSTRACT Crane operations might be very dangerous in rough sea conditions due to unexpected payload
swing induced by ship excitations. In this paper, a novel Cable-Driven Inverted Tetrahedron Mechanism
(CDITM) is presented to suppress the payload swing for sake of the workers’ safety. The CDITM
retrofitting on an offshore crane is simplified as a constrained pendulum with a moving base, and its
equations of motion are obtained by Newton Euler Method. Next, three-dimensional dynamic analysis is
performed using Matlab/Simulink, and the influence law of ship excitations, tagline tension, crane pose and
CDITM configuration on the payload swing are investigated. Finally, through comparative experimental
verification, it is found that the simulation tendencies of in-plane swing follows the experiment curves quite
well, and the variations between the simulation and experiment results are acceptable. Thus the dynamic
modeling and analysis of CDITM are verified. The theoretical and experimental results are fundamental and
valuable for the engineering application of CDITM in the offshore industries.

INDEX TERMS Offshore cranes; anti-swing system; payload swing suppression; dynamics

I. INTRODUCTION

Crane operations in the offshore industries are of great
importance, widely used for cargo handling, pipe installation,
replenishment, and so forth. During the operations, wave
induced ship motions may cause a swing motion of the crane
suspended payload. The payload swing will heavily reduce
the efficiency of the operations and put the workers nearby in
danger. Thus, it is crucial to predict and suppress the payload
swing under ship excitations.

In the literature, extensive studies has been done on
payload swing control of various cranes, developing control
methods like input shaping™, sliding mode control? 2,
nonlinear control® ®° and so on. Meanwhile, many
researchers have been focus on the dynamics of cranes since
1990s and proposed different modeling methods to describe
their behaviors in the air® 7 or in the waves® °l. The crane
models can be divided into three main categories: single
pendulum, double pendulum, and constrained pendulum
cranes.

There are two classes of models for single pendulum
cranes, depending on the way the hoist cable is modeled,
namely distributed-mass and lumped-mass models. For the
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former, the hoist cable is treated as a distributed-mass cable.
Meanwhile, the payload and hook are modeled as a point
mass and enforced as a boundary condition to this
distributed-mass system. Novel™% ¥ puilt a linearized planar
model for a gantry crane. In their study, the wave equation
was used to model the hoist cable as a perfectly inextensible,
flexible body. In a lumped mass model, the hoist cable is
modeled as a massless cable while the payload and the hook
is lumped as a point mass. Several dynamic models have
been built for different cranes based on the lumped-mass
approach, including modeling of an overhead cranel*? %3,
modeling of a gantry cranet** 1, modeling of a rotary
cranel*®l and offshore container cranel*’l by the Lagrangian
method, modeling of an offshore hydraulic cranel*® and
modeling of a telescopic type rotary cranel*® 2 using the
bond graph method, and modeling of a boom knuckle
cranel?!l by the screw theory.

When large-size or slender payloads are transported, the
crane systems often exhibit more complicated second-mode
oscillations. In this situation, the single pendulum model is
insufficient to capture the complex dynamics of the crane
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systems. Therefore, double pendulum models have been
derived for various cranes, including modeling of a tower
cranel?, modeling of an overhead crane?>?%1, modeling of a
boom cranel® 21 by the Lagrangian method, and modeling of
a bridge crane®-3% ysing the Kane’s method. To obtain a
more accurate representation of the double pendulum cranes,
some researchers took consideration of other factors' effect in
their models. For the double-pendulum overhead crane,
Jaafar and Mohamed derived the nonlinear dynamic model of
it with constant hoisting cables?®l. For the transportation of a
large object, the payload is generally connected to the hook
by several rigging cables. As a result, the payload might twist
about the rigging cables which makes the transportation task
more challenging. Jie Huang built a linearized model of a
double-pendulum overhead crane, with which he analyzed
the two mode frequencies of payload swing and the variation
in the frequency of the payload twisting[? 2%, He further built
a model of a double-pendulum bridge crane with wind gusts,
taking the external wind disturbances into accountt®l,

During the offshore crane operations, sometimes extra
passive/active mechanical system (e.g., Maryland Rigging"
%1 and Rider Block Tagline System[* %) is installed on the
crane to suppress the payload swing to a reasonable range. In
this scenario, the crane system can be defined as a
constrained pendulum. Bing Wen derived a linearized model
of shipboard crane with the Maryland Rigging by the
Lagrangian method. Based on this model, numerical resonant
frequencies of Maryland Rigging were calculated and
verified with the complete nonlinear model®l. Parker and
Graziano presented an inverse kinematics control strategy for
a crane equipped with Rider Block Tagline System (RBTS).
Simulation results showed that a fixed inertial position of the
payload can be held consuming 80% less power using RBTS
compared to using the crane’s actuations (slew, Iuff, and
hoist) alone®!. On the basis of Parker’s research, Ku and
Cha built a dynamic model of the multi-body system by the
Newton’s equation, along which they employed a
proportional-derivative controller to control the taglines’
tensionst®1, However, the focus of Parker and Ku’s work was
on the control strategy of the taglines and the dynamics of the
constrained pendulum system was largely ignored. Also, as
the payload, the hoist cable, the main jib and the taglines
always stay in a vertical plane, their dynamic model only
considers the payload in-plane swing excited by the ship’s
pitch motion, which is insufficient for capturing the complex
dynamics of the system.

In this paper, a novel Cable-Driven Inverted Tetrahedron
Mechanism (CDITM) is proposed. Comparing to existing
mechanical anti-swing methods like RBTS or Maryland
Rigging, the main differences of the proposed method are as
follows:

(1) The proposed structure forms an inverted tetrahedron
in the space by three taglines, which can restrain the payload
swing in any directions and does not reduce the crane’s
effective workspace.

(2) The taglines are connected to a redesigned hook, the
frictional problem of the rider block in existing methods like
RBTS is avoid and the service time of the hoist cable can be
greatly prolonged.

(3) The hoist cable of the crane can be kept in vertical
direction, the tensions of the taglines are mainly used to
suppress the payload swing, thus the driven power of the
tagline winches is minimized.

(4) the proposed mechanical structure has the advantages
of high controllability, strong resistance to external excitation
disturbance, simple structure and convenient installation.

The unique spatial configuration of CDITM enables it to
suppress the payload swing in arbitrary directions. The main
contribution of this paper is as follows:

(1) The three-dimensional kinematic and dynamic models
of CDITM are built under the ship’s roll and pitch excitations,
which lay the theoretical foundation for position
synchronization and payload swing suppression.

(2) To explore the complex dynamics of the constrained
pendulum system with a moving base, the effect of ship
excitations, tagline tensions, crane pose and the configuration
of CDITM on the payload swing are thoroughly studied. The
theoretical results might be wvery useful for structure
optimization of CDITM and prediction of the payload swing
during the design phase.

(3) Unlike most reported work related to dynamics of the
offshore cranes where only numerical simulations are
presented, we provide more convincing physical experiments.
It is shown that the simulation patterns follow the experiment
curves quite well, thus validating our theoretical work.

The novelty of this paper is reflected in two aspects:

(1) the novel structure of Cable-Driven Inverted
Tetrahedron Mechanism (CDITM) is first proposed, it can
restrain the payload swing in any directions and does not
reduce the crane’s effective workspace.

(2) the ship-crane-CDITM system is simplified as a
constrained pendulum with base excitations, its three
dimensional model is first built by the combined application
of Newton-Euler method and robot kinematics.

This paper is outlined as follows. “Structure of CDITM”
section briefly describes the structure of CDITM.
“Dynamic modelling of CDITM” section builds the
dynamic model of CDITM. “Dynamic analysis” section
explores the effect of ship excitations, tagline tensions,
crane pose and the configuration of CDITM on the payload
swing. “Experiment verifications” section verifies the
dynamic modeling and analysis of CDITM by physical
experiments. Finally, the last section concludes this paper.

Il. STRUCTURE OF CDITM

In a typical configuration of RBTS, two taglines are
installed symmetrically on the left and right side of the main
jib. Due to the nature of this configuration, the taglines are
able to pull the payload, but they cannot push the payload
away from the crane. In the previous physical experiments of
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RBTS, it was found that an inclined angle of the hoist cable
was maintained. In this situation, the hoist cable acquires the
capability to pull the payload away from the crane, allowing
for suppression of payload motions in arbitrary directions.
However, the trade-off is that a part of the payload weight
might be carried by the taglines, meanwhile, the effective
working space of the crane will be significantly reduced.
Therefore, a novel Cable-Driven Inverted Tetrahedron
Mechanism (CDITM) is proposed to overcome RBTS’s side

FIGURE 1. Three-dimensional diagram of the offshore crane with CDITM

effects, as shown in Figure 1. As illustrated, the crane is
composed of a hook, a hoist cable, a main jib and a crane
housing. The CDITM contains three taglines, three anti-
swing knuckle jibs and their driving system. Since the
taglines form an inverted tetrahedron structure in the space,
they are capable of suppressing the payload swing in any
directions, meanwhile, the direction of the hoist cable can be
kept as a vertical or near vertical state.

1-ship motion platform; 2-crane housing; 9, 3, 5-anti-swing knuckle jib 1, 11, I11; 10, 4, 6-tagline 1, II, 11I; 7-main jib; 8-hoist cable; 11-hook; 12-payload.

IIl. DYNAMIC MODELING OF CDITM

In the previous work of Ku and Chal*¥, the capacity of the
motor was not considered in the mathematical model. Instead,
they settle on a trial-and-error method for motor selection. In
their experiments, they had to replace the 3 W DC motor by
another 10 W DC motor with a larger maximum torque
because the former could not control the payload swing to an
acceptable range. Obviously, the trial-and-error method is
less practical in engineering. Therefore, to guarantee the
effectiveness of payload swing suppression in all possible
conditions, it is quite necessary to build a three-dimensional
dynamic model of the system which can be employed to
analyze the minimum value of the taglines’ tensions needed.
Then the minimum power or torque of each motor can be
selected in a more reasonable way based on the calculated
minimum tension of the corresponding tagline.

The offshore crane with cable driven mechanism is a
multiple-degree-of-freedom system (the ship has six degrees
of freedom, the crane has three and the cable driven
mechanism has three), it is difficult to build its three
dimensional model using traditional method like Lagrangian
method. To tackle the problem of three dimensional
modeling of the ship-crane-CDITM system, it is simplified as

a constrained pendulum with base excitations, its three
dimensional model is first built by the combined application
of Newton-Euler method and robot kinematics.

A KINEMATIC MODEL

Geometrically, Figure 1 is simplified and redrawn as
Figure 2. As illustrated, Xoyozo is defined as the inertial frame,
X1y121 the ship based frame, xy-z, the crane based frame. It is
assumed that the hook is close enough to the payload, then
they together can be lumped as a mass point, expressed as P.
O2E represents the main jib, PD the hoist cable; EF, HMN
and HRS represents the anti-swing knuckle jib I, 11, and 111,
respectively; PF, PN and PS represents the tagline 1, 11, and
11, respectively. As seen in the top view, HMN and HRS are
symmetrical about O.E. Meanwhile, 62y is defined as the
main jib’s luff angle, 6., as the crane’s slew angle; 61« and as
61y as the ship’s pitch and roll angle, respectively; p1 and S.
as the luff angle of the anti-swing knuckle jib | and II,
respectively; wo and y; as the out-plane and in-plane swing
angle of the payload, respectively. Moreover, define °Pp=[xp
yp zp]" as the coordinates of P in XoyoZo, Len as the spatial
distance from N to P. Other expressions are obtained
similarly.
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FIGURE 2. Simplified diagram of the offshore crane with CDITM

As shown in Figure 2, it is easy to get the coordinates of P
in Xay22, by geometrical relations:
Ly pcos6,, + Ly, cosy, siny,
P, = —L,, siny, (1)
LOZD sin sz —L,, cosy, cosy,
Similarly, the expressions of °Pp, °Py, °Ps and °Pg can be
easily obtained.

Define Ry, Ry and R; as simple rotation matrix about x-

axis, y-axis and z-axis respectively, and they are expressed as
371

1 0 0
R =|0
0 -sing, cosHX_

cosf)  sind,
cos Hy 0 -sin 49}/ i
R=0 1 0 )

sin 6’y 0 cos Hy

[ cos 0, sind, 0]
R, =|-sing cosd 0
0 0 1

Define "R as the rotation matrix from Xnynzn t0 XmymZm.
The rotation matrixes from the inertial frame to the ship
based frame and the crane based frame are:

R=R (6,)R (6,) ®)

:R=R_ (6,)R,(6,)R.(,.) )

Then the payload position in the inertial frame is
calculated by the following equation:

°P, = P, + R"'P,+ 2R"*P, 5)
where °P, =[0 0 0]T is the coordinates Oz in XoyozZo,

T
p, = [LX L, LZ} is the coordinates O in X1y1z;.

Substitute (1), (3) and (4) into (5), the expressions of Xp, yp,
and zp are obtained:

xp =L cosf, +cosb,, (LPDcos w siny, + LOZDcos 0, )cos 6, + L, cosf, sinf, +L sing sinb, +

L, siny, (cos 0,,sin0,, —cosd, sind, sind,, ) + (LOZDsmé?Zy —L,,cosy,cosy, )(cos 0,,cos0, sind, +sind, sind,, )

(6)

Yp =cost,, ( Lypcosy siny, +cosb, L, ,, ) sind,, — L, siny, (COS 6,,cos0,, +sind, sind, sind,, ) +

(LPDcos y,cosy, —L, ,sinb, )(cos@hsmé?]x —cosb, sind, sind,, ) +L cosf, —Lsing,

@)

z, = cosb, cosf,, (—LPDcos ycosy, + L, +L; sind,, ) - (Lx + Lypcosy siny, + L, ,cost,, )Sm91y +

(Ly —L,,siny, )COS 6,,sin0,,

Similarly, the coordinates of D, N, S and F in Xoyozo can be
obtained as well.

Assume the taglines are always in tension, then the length
of tagline I is the distance from P to F:

LPF:\/(xF_xP)2+(yF_yP)2+(ZF_Zp)2 (9)

Meanwhile, the expressions of the length of tagline Il and
1l can be obtained in the same way. Note that these
expressions do not apply to the scenario when the taglines are

®)

slack. When the tagline becomes slack, the tension of it
decreases to nearly 0 and the shape of it is a catenary. In such
a state, the tagline might jump out of the winch drum or the
guiding pulley, so the pre-tensioning mechanism or control
method is always needed in practice to avoid such problem.
Also, this implies the tagline tension must always be positive
in the simulation model. 6, =0
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Assume 6, =0, 6, =0, take second derivative of the
coordinates of D, the acceleration of D in Xoyozo is:

X, =0, (Ly cos 0, sind, —(Lx +L, , cosb, cosb,, )sm 6,,+cosf, cosf, (LZ +L, , cosb, sind,, ))

cos H]yéu (Ly cos®), —sind, (LZ +L, ,cos0, sinb,, ))

+91y . cosd,, (LX +L,, , cos b, cos QZZ)
' +sin &, (Ly sind, +coséd,, (LZ +L, ,cos0, sinb,, ))
+0,, (cos 0, (Ly sin@,, +L, ,sinb, sind, ) —sinf, sing,, (LZ +L, ,cos, sinb,, )) (o)
cos Hlyély (Ly cos@ —sind, (LZ +L, pcosf, sind,, ))
+91X cosf, sind,, (LZ + LOZ pcosf, sind, )
| +sing, (L, sing, +L, ,sin0, sind, )

i, = (sinﬁh, (L. +L, ,c086, 5ind,, ) - cos,, (L, +L, ,sing, sind), sin,, ))élj

—Lop ((cos 6,,cos0,, +cosf, sing, sind,, )<9'1y2 + 91y (cos 0,,sin6, —cosf, cosf, sind,, ))sin 0, an

-0, (COS 0, (LZ +L, ,cosb, sind,, ) +sind, (Ly + L, psind, sind, sind,, ))

—2élyéleochos 0,,5in0,,sin0, sind,.
Z, = élyéusinﬁly (sin@lx (LZ +L, psing,, ) —L,cos6,, ) - élxzcosﬁly (Lysin@lx +cosd, (LZ +L, psing,, ))
+é1xcos‘91y (Lycos@lx —sind, (LZ +L, psind,, ))
-0, (cos¢91y (Lx +L,, ,cosb,, ) +sing,, (Lysin@lx +cosf,, (LZ +L,, psind,, ))) (12)
—ély ély (Lycos 6,,sin6, —(Lx +L, ,cos0,, )sin@ly +cosd, cosd,, (LZ +L, psind,, ))

+91Xsin01y (Lycos(?lx —-sind, (LZ +L, psind,, ))

As shown in Figure 2, the geometrical relations between P o S .
and D is: cosy, cosy ;" =2y v, siny, siny
Z, =%, +L,,| +cosy,cosy y’+yj, cosy, siny, | (16)

L,, cosy, siny, B .
+/, cosy, siny,

OPP = OPD + ~Lyp siny, (13)
—L,, cosy, cosy,
B DYNAMIC MODEL

Then take second derivative of (13), the acceleration of P, In the inertial frame, the payload can be isolated and the

ap, in XoyoZo Is:
¥, =X, +L,, cosy, (1//Z cosy, —2y .y sin ://0)

-L,,siny, (cos v, ((/}[.2 +y? ) +y7, siru//o) (19

p=hp+ LPD‘/}U2 siny, — L/, cosy, (15)

forces exert on it are shown as Figure 3. As illustrated, Fi, F2
and Fs represents the tension of tagline I, Il, and IlI,
respectively; Gp the payload gravity; Fr the tension of the
hoist cable.

Define Gp=[0 0 mpg]", Fr=[Frx Fry Fra]", F1=[F1x F1y F1]",
Fo=[Fox Fay F2]", Fa=[Fas Fs Fz]", where g is the
acceleration of gravity and mp is the mass of the payload and.
Define the force components of F1 along Xo, Yo and zo axis as:

(£, B, E,]=[FE ]

1x 1y

llx |F1 | lly |F1
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where |F,| is the magnitude of vector F1, in=(Xe-Xe)/Ler,

iyy=(Yr-yp)/Lpr,  i1:=(zr-zp)/Lpr.  Similarly, the force

components of F2 and F3 can be obtained.
The force components of Fr along xo, Yo and zo axis
are:

F, =- |FR | cosy, siny,
F,,=|E|siny, (18)
F. = |FR | Cosy, Cosy,

Then the equation of motion for the payload can be
obtained based on Newton's second Law:

ma, =F +F, +F, +F, -G, (19)

Finally, substitute (14)-(18) into (19), the equations of
motion for the constrained pendulum system are obtained by
proper simplification:

COS(//Z.(fX —mjéD)+
W,=| secy | siny, (fZ —m(iD +g))+ /(me) (20)
2L, my .y, siny,

siny, siny (mjéD —fx)—
W/, =| cosy, (—mj/'D +fy + LPDm,/;’? Sin‘//a) /(LPDm) (21)
+cosy, siny, ( f. —m(%,+g))
where

fx:Ex+F2x+F3x ! fy:Ey+F2y+F3y and

f.=F_+F,_+F,_ is the resultant force of the taglines
along xo, Yo and zo axis, respectively.

Z0 Yo

FIGURE 3. Free body diagram of the payload

When the inertial and delay of tagline’s driving system is
considered, the winch dynamics can be formulated as:
Jij, +ca,+r|F|=7, i=1,2,3 (22)

VOLUME XX, 2017

where J;i is the inertia of the winch, c¢; denotes the
coefficient for winch viscous friction, r is radius of the

winch, 7 is the torque generated by the winch, |F| is the
tagline tension which is given by:

IE|=k (rAq, +AL, +AL,) i=1,2,3 (23)

where k; is stiffness coefficient of the tagline, Ag,
represents the rotation angle of the winch, AL, denotes the

tagline elongation caused by payload motion, AL, is the

inertial elongation caused by pre-tensioning force of the
tagline.

IV. DYNAMIC ANALYSIS

As a common physical phenomenon, the freely swing of
the payload might finally come to rest no matter how long it
takes because of the air damping. Inspired by this
phenomenon, a setting method of tagline tension is
presented in order to ensure that the payload swing would
always be damped by the taglines’ resultant force, as
follows:

+0, (24)

where Fis, F2s and Fss are the static pre-tensioning
tensions which are satisfied with the static equilibrium
condition; 1, d» and Js are the tensions’ thresholds.

The effectiveness of the aforementioned tagline tension
setting method has been validated in physical experiments.
However, the system behaviors under ship excitations and
parametric variations of the system still remain unknown
and might be quite complex. Therefore, to explore the
complex dynamics of the constrained pendulum system, the
influence law of ship excitations, tagline tensions, crane
pose and CDITM configuration on the payload swing will
be studied thoroughly. The default system parameters are
shown in Table 1, which are consistent with the physical
experimental setup. On the basis of the dynamic models
built in Section 3, the dynamic analysis will be carried out
by numerical simulations using Matlab/Simulink.

A EFFECT OF SHIP EXCITATIONS

By varying the amplitude of ship roll motion from 4<to
8< the payload swing under different ship roll excitations
are obtained, demonstrated in Figure 4. As illustrated, the
in-plane swing tends to increase with the increasing ship
roll amplitude, while the out-plane swing remains 0 which
indicates that ship roll motion can only excite the payload
in-plane swing. Given ship roll amplitude as 0 and ship
pitch amplitude as 4<to 8< the effect of ship pitch on the
payload swing is depicted as Figure 5. Surprisingly, both
the out-plane swing and the in-plane swing are excited, and
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they have the tendency to increase as the ship pitch
amplitude increases. Referring to Figure 2, the reason why
the in-plane swing is excited by the ship pitch motion can
be explained as follows: when the out-plane is excited by
the ship pitch motion, the tagline | is not in the vertical
plane with the main jib OzE, then the tension of tagline |
has an in-plane component and an out-plane component, as
a result, the in-plane component acts as an excitation for the
in-plane swing.

TABLE 1
The default system parameters.
Parameters value Parameters value
Lrp 1.20m O1x 0
Loo 1.20m by 6sin(mt/3)
LOE 1.20 m sz 45<
Ler 0.50m 62, 0°
Lon 0.32m mp 25 kg
Lym 0.256m g 9.8 m/s2
Lvn 0.75m Fis 40 N
Lx om Fas 10.92 N
L, om Fas 10.92 N
L, 0.42m o1 11N
A 0° 2 3N
B2 10° 03 3N
6
------- Roll 4 —— Roll 6 =-=+- Roll 8
-] !
m 2 Al
3] . A 8 3
R (2’ ; 1
S‘ -4 LY o A} v < \ v
-6 r r r
0 10 20 30 40
0.2 s © .
~
o 0.1 i
(]
S o
SO—O 1F i
-0.2 : ;
0 10 20 30 40
t(s)
FIGURE 4. Effect of ship roll on the payload swing
03 T T T
~ 02  [we- Pitch 4 —— Pitch 6 =+=" Pitch 8
o
o 0lf Saafn AR Afs Ko 1
o 0 T
\/._ -0.1+F v ¢
=3 -0.2r b
_0.3 r r r
0 10 20 30 40

v, (deg)

FIGURE 5. Effect of ship pitch on the payload swing
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B EFFECT OF TAGLINE TENSIONS

As mentioned above, equation (22) is used for tagline
tension setting which can ensure that the payload swing
would always be damped by the taglines’ resultant force. In
this subsection, effect of the static tagline tensions (Fis, Fos
and Fss) and the tension thresholds (d1, 2 and d3) on the
payload swing suppression will be investigated. Given
01=11 N, d.=05=3 N, the payload swing can be obtained for
F1s=25 to 54 N (F and F3s can be gotten by solving static
equilibrium equation), shown as Figure 6. However, it is
observed that the payload in-plane swing increases with the
increasing of Fi, in another word, the payload swing
suppression becomes worse with the increasing of Fis. Next,
given F1s=40 N, F2=F35=10.92 N, the payload swing can be
obtained for 61=8 to 24 N (4. and J3 can be obtained by
solving static equilibrium equation), shown as Figure 7. It is
observed that the payload swing suppression gets better
with bigger value of J1. Therefore, it can be concluded that
the payload swing suppression gets better with smaller Fis
and larger o1.

T T T

v, (deg)

20
t(s)

FIGURE 6. Effect of Fis on the payload swing

v, (deg)

FIGURE 7. Effect of o1 on the payload swing

C EFFECT OF CRANE POSE
From Figure 1, it can be seen that the anti-swing knuckle
jibs are mounted on the main jib of the crane. Due to this
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architecture, the length of the hoist cable Lpp and the luff
angle of the main jib 6., have great influence on the
directions of the taglines, which causes further impact on
the effect of payload swing suppression. Given @,,=45<
01=24 N, 0,=03=6.57 N, and Lpp=0.6 to 1.8 m, the effect of
Lep 0N the payload in-plane swing can be analyzed, shown
as Figure 8. It is observed that the payload in-plane swing
tends to increase when the hoist cable gets longer. Next,
given LPD:]..Z, 01=24 N, 02=03=6.57 N, and 92y230°t0 60‘:,’
the effect of 6,y on the payload in-plane swing can be
obtained, shown as Figure 9. The payload in-plane swing
increases with the increasing of luff angle. As a result, it
can be concluded that the payload swing suppression
deteriorates with the increment in Lpp and 6zy.

....... Lpp=0.6 —— Lyp=1.2 =omue LPD:1.8[

v, (deg)

0 10 20 30 40
t(s)

FIGURE 8. Effect of Lrp on the payload swing

v, (deg)
g A W N P O FLP N W B> O

FIGURE 9. Effect of 62 on the payload swing

D EFFECT OF CDITM CONFIGURATION

Except the crane pose, the directions of the taglines can
be influenced by the configuration of CDITM as well. To
get better effectiveness of payload swing suppression, the
configuration of CDITM is a crucial factor and need to be
optimized in a reasonable manner. In this subsection, the
effect of some key parameters of CDITM configuration on
the payload swing suppression will be studied.
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Given 01=24 N, 6,=03=6.57 N, simulations are carried out
for =0 to 120< for each case, the maximum value and
variation range of the in-plane swing are analyzed and
recorded, shown as Figure 10. The variation range is
defined as the difference between the maximum and
minimum value of payload swing. It can be noticed that
they tend to decrease first and then increase. The minimum
value of them are obtained when $:=60< Similarly, given
01=24 N, 0,=03=6.57 N, the maximum value and variation
range of the in-plane swing are analyzed and recorded for
Ler=0.25 to 2 m. It is observed that they keep the overall
tendency to decrease with the increasing Ler. To conclude,
the effect of payload swing suppression gets better with the
increasing Ler, while it gets better first and then gets worth
with the increasing fs.

Given 61:=24 N, 8,=03=6.57 N, 61x=0, and 61,=6sin(nt/3),
simulations are carried out for =0 to 80< the maximum
value and variation range of the in-plane swing are obtained,
shown as Figure 12. It is obvious that both of them increase
with the increasing of f.. Similar results can be obtained
when the system is excited by the ship pitch motion, i.e.
On=6sin(nt/3), and 61y=0, shown as Figure 13. Therefore, it
can be concluded that the payload swing suppression gets
worse with the increasing of .. The effect of Lun on the
payload swing suppression is studied in the same way as [z,
simulations are carried out in two groups: (1) ship roll
excitation case, i.e. 61,=0, and 61, ~=6sin(nt/3); (2) ship pitch
excitation case, 61,=6sin(nt/3), and 61y=0. The results of these
cases are illustrated as Figure 14 and Figure 15. The
maximum value and variation range of the in-plane swing
tend to increase when Lmn is less than 1.5, opposite
tendencies are obtained for the out-plane swing; however,
when Lun is greater than 1.5, the in-plane swing tends to
decrease at first and then increase, while the out-plane swing
has the overall tendency to increase. Therefore, it can be
concluded that when L is less than 1.5, the in-plane swing

suppression gets worse while the out-plane swing
suppression gets better with the increasing Lun.
8 T T T T T
; {—9— Maximum swing angle --&-- Variation range[
é:;. ......... B,. ..ﬂ» """""" o
S 5 B,
> (' FOTTTIN a
T 4
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0

0 20 40 80 100 120
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FIGURE 10. Effect of g1 on the payload swing
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FIGURE 15. Effect of Lmn on the out-plane swing

V. EXPERIMENT VERIFICATIONS

A physical experiment platform of an offshore crane with
CDITM is built in the Marine Hydraulic Crane Lab in
Dalian Maritime University, shown as Figure 16.

It is mainly composed of mechanical structure, hydraulic
drive system and control system. A novel Cable-Driven
Inverted Tetrahedron Mechanism (CDITM) is located on
the mechanical structure, and the cable is used to restrain
the irregular swing of the payload; the hydraulic drive
system receives the signal from the control system and
provides driving force for the cable in the mechanical
structure; the control system receives the cable tension
feedback signal from the mechanical structure and the
pressure feedback signal from the hydraulic drive system,
and it sends control command to drive the tagline winch
according to these signals.

In the physical experiment, since reversing valve and
proportional valve are combined to control the rotation
direction and speed of the tagline winch, it is difficult to
avoid the hydraulic shock induced by the frequently action
of the reversing valve. To avoid the hydraulic shock
induced by the frequently action of the reversing valve, a
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damping based tagline tension setting method is proposed
as equation (24) in the manuscript, the action frequency of
the reversing valve can be significantly reduced by tuning
the parameters of the tensions’ thresholds.

Mechanical structure
- .

Control command

Pressure feedback

LU L

7 .
Control system

Hydraulic drive system

FIGURE 16. The physical experiment platform of an offshore crane with CDITM.

The parameters of the experiment platform are consistent
with the simulation listed in Table 1.

To verify the theoretical work in Section 3 and 4,
experiment verifications are carried out for different ship roll
excitations, i.e. 6y=8sin(nt/3) and 6Ow=4sin(nt/3). The
experiment and simulation results are shown from Figure 17
to 20. It is shown that the simulation tendencies of in-plane
swing follows the experiment curves quite well. It can be
calculated that the average deviation between the experiment
and simulation results is 1.72°and 0.32<for G1=8sin(nt/3)
and 6iy=4sin(nt/3), respectively. For these cases, the ratio of
the average deviation with respect to the experimental
deviation range is 24.2% and 10.9%, respectively.
Meanwhile, it is noted that the simulation results of the
tension of tagline 1l can be maintained in the setting range
7.94-13.94 N according to equation (22), but there is
overshoot for the tension of tagline 11 in the experiment. This
makes sense considering the following factors in physical
experiment setup: (1) the delay and inertia of the driving
system are difficult to calculate accurately; (2) the frequency
of command signal is much lower in the experiment than that
in the simulation; (3) the measuring error of payload swing
might be induced by the high frequency vibration of the
system; (4) the fit clearance of the anti-swing knuckle jib
might affect the tension control precision of the tagline; (5)
the compressibility of hydraulic pipeline is difficult to be
modeled and is ignored in the simulation; (6) the influence of
structure vibration on the payload swing is difficult to be
modeled and is ignored in the simulation. In general, the
simulation pattern of in-plane swing follows the experiment
curves quite well, and the variations between the experiment
and simulation results are acceptable. It can be concluded
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that the dynamic model built in Section 3 are verified, and
the dynamic analysis in Section 4 are reasonable.
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FIGURE 18. In-plane swing (ship roll 8 deg)
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FIGURE 19. Tension of tagline Il (ship roll 4 deg)
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FIGURE 20. Tension of tagline 11 (ship roll 8 deg)

In order to verify the anti-swing performance of CDITM,
the experimental platform in Figure 16 is used to carry out
the comparative study under regular excitation. In the
comparative experiments, the ship excitation is chosen as
sinusoidal with amplitude 4 <and 8 < and the results are
shown in Figure 21 and 22. From these figures, it can be seen
that under the regular excitation, the period of the payload
swing increases after the CDITM is installed, and the
maximum positive and negative swing angles of the payload
can be reduced by more than 76%. In other words, after using
CDITM, it is found that the swing angle of the payload is
relatively stable and the fluctuation range is small, which
achieves the expected purpose.

10 v v T
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v, (deg)
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FIGURE 21. In-plane swing (With VS without CDTM, ship roll 4 deg)
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FIGURE 22. In-plane swing (With VS without CDTM, ship roll 8 deg)

Since the ship motion is not completely excited by regular
environment excitation (sine function or cosine function of
wave disturbance) in reality, it is necessary to consider the
influence of irregular ship motion wunder nonlinear
environment excitation. Then the universal effectiveness of
anti-swing of the proposed method can be verified. Therefore,
the comparative experiments under irregular ship motion are
carried out to test the effective range of CDITM.

The irregular ship motions under sea state 4 and 6 are
generated using ship motion equation and nonlinear wave
model. The experimental platform in Figure 16 is used to
carry out the comparative study under nonlinear excitation,
and the results are shown as Figure 23 and Figure 24
respectively. Without CDITM, the in-plane angle of the
payload changes rapidly under the nonlinear ship excitation.
After the CDITM is installed in sea state 4, the swing of the
payload becomes smooth, and the instantaneous peak
phenomenon of the in-plane angle of the payload is avoided.
In sea state 6, it is noted that the swing period of payload
increases after the CDITM is installed. From Figure 23 and
24, it is obvious the payload swing is relatively more stable
with less fluctuation after the CDITM s installed, which
verifies the effectiveness of the proposed method under
nonlinear environment excitation.

Moreover, it is found that the effect of swing suppression
of the CDITM in high sea state conditions is not as good as
that in low sea state conditions. This is mainly due to the
increased vibration of the offshore crane platform caused by
high sea state conditions, which increases the uncertainty of
the payload space motion and the difficulty of swing
suppression of the payload.
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VI. CONCLUSION

In this paper, the novel structure of CDITM for payload
swing suppression in any directions is proposed. Further,
the three-dimensional dynamic modelling of the system is
carried out, with the equations of motion of the constrained
pendulum with a moving base obtained. Next, to explore
the complex dynamics of the constrained pendulum system,
the effect of ship excitations, tagline tensions, crane pose
and CDITM configuration on the payload swing are
analyzed thoroughly. Finally, experiment verifications are
conducted in a comparative manner. Through theoretical
study and physical experiments, the following results are
obtained:

(1) The payload swing suppression gets worse with the
increasing of the ship excitations, the static tensions of the
taglines, the hoist cable length, the luff angle of the main jib
or the luff angle of the anti-swing knuckle jib 1. On the
contrary, it gets better with the increasing of the thresholds
of the tensions or the length of anti-swing knuckle jib I.

(2) With the increasing luff angle of the anti-swing
knuckle jib I, the payload swing suppression gets better first
and worsens later. Meanwhile, when the length of anti-
swing knuckle jib Il is less than 1.5, the in-plane swing
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suppression gets worse while the out-plane swing
suppression gets better with its increasing.

(3) The simulation tendencies follows the experiment
curves quite well, and the variations between the
experiment and simulation results are acceptable. Therefore,
the dynamic modelling and analysis of CDITM are verified.

The three-dimensional dynamic model derived in this
paper can be applied to predict the complex dynamic
behavior of CDITM as well as be employed to optimize the
engineering configuration of CDITM. The theoritical and
experimental results are fundamental and valuable for the
engineering application of CDITM in the offshore
industries. Meanwhile, the research method of CDITM is a
useful reference for other anti-swing mechanisms like
RBTS.
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