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Abstract: A heave motion of the offshore crane system with load is affected by unpredictable external

factors. Therefore the offshore crane must satisfy rigorous requirements in terms of safety and efficiency.

This paper intends to reduce the heave displacement of load position which is produced by rope

extension and sea wave disturbance in vertical motion. In this system, the load position is compensated

by the winch actuator control. The rope is modeled as a mass-damper-spring system, and a controller is

designed by the input-output linearization method. The model system and the proposed control method

are evaluated on the simulation results.
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1. Introduction

In actual operation, the harsh sea conditions are
included such as sea wave, rope extension, wind
and tidal, etc. Under the harsh sea conditions, the
offshore vessel operations have a possibility of
keeping the position or heading by using vessel
thrusts. But the heave compensation is unachievable
by control in similar method. Dealing with these
challenges and difficulties, the heave compensation
system is applied and illustrated with remarkable
ability. In recent years, there have been many
researches on the heave compensation system [1~4].
Messineo [2] presented an adaptive observer and
two models used for offshore

external crane
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operating under the effects of heave motion.
Hatleskog and Dunnigan [4] introduced a dynamic
model of compensator and drill string to simulate
the vessel heaving motion, the displacement of the
compensator, drill string and drill bit. However, their
systems were too complex to apply to the real
system. As already known, the input/output
linearization and input/output decoupling method are
branch of control theories approaching for nonlinear
models, such that these have been widely used to
enhance transient control performance [5, 6, 7, 12].
Zheng [8]

disturbance

presented a practical approach to

decoupling  control ~ where  the
cross-couplings between control loops as well as the
external disturbances are treated as disturbance
which is estimated in real time and rejected.

A relevant study was produced by Kaldmide [9],
Semsar [10], and Isidori [11]. Anyway, all these
papers evaluated and demonstrated the good control
performance of the proposed controller. When the

rope is emphasized, its high flexibility and low
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internal damping characteristics are considered [13,
14, 15]. The research of Moon et al. [16] presented
the vertical motion control of the building facade
maintenance robot with built-in guide rail. The
dynamic model was required to update the spring
stiffness and damping constant. However, the
offshore crane is affected by many external and
sea wave

internal facts, such as rope extension,

disturbance and etc. Even though the updating
parameters is possible, it is not easy to satisfy the
system stability and control performance.
Considering these facts, this paper deals with the
load position control of offshore crane operated by
a winch system. Because the rope parameters in
mathematical model are strongly depended on
changing in rope length, the spring stiffness and
damping coefficient have to be calculated with time-
varying process for keeping control performance and
system stability. This is the key issue of this study.
Also, the input/output linearization and decoupling
method are applied to this study for coping with

hard system nonlinearity.

2. Mathematical modeling

In this part, we consider various elements in

order to build a

relatively
better

accurate modeling

framework to enable control  system

development and validation.

Marine Structure
t

Fig. 1 Heave compensation system
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A heave compensation system is established and
shown in Fig. 1.

In this study, the offshore crane structure is
modeled as a rigid body system. The main object of
crane operation is moving the load in vertical
direction as illustrated in Fig. 1. And, the authors
assume that the crane tip angle is fixed. The winch
is located at the crane tip and works as the main
actuator to control the load position. The vertical
rope extension due to the load moving can be
approximated by the spring-mass-damper system.

The purpose of control system design is keeping
the load position and tracking a desired trajectory
under the disturbances such as sea wave attack and
rope extension.

2.1 The equivalent in vertical
motion

The rope mass is accumulated partly to the load

mass

and halfway to the winch when the rope is wound

or released by winch system. Then an equivalent

mass m,, in vertical motion is obtained as follows:
=, +~m, (L,(0) + Rp) (1

Mg =10, + 5my, (L, (0] )
Where m,, denotes mass of load hung on to the

end of rope, m, denotes the mass per meter unit
rope length, L,,(O) denotes the nominal value of
rope length, R and ¢(t) denote the radius and
angular displacement of the winch with (0) =0,

respectively.

2.2 Rope extension

To calculate and estimate rope extension property,
the Newton/Euler method is introduced. Hence, it
holds that:

mfquI)+ Fdampm' + F;prmg =0 (2)
In Eq. (2), Z, denotes load acceleration, .

spring



Nhat—Binh Le, Byung—Gak Kim and Young—Bok Kim

and %y, are rope’s dynamic spring and damping

force, respectively. These dynamic forces are given

as follows:
Fdamper = drAird (3)
F;prmg = CrAlrd (4)

Where ¢, and d, denote spring stiffness and
damping constant of the rope, respectively.

The load acceleration Z, is more precisely given
in Eq. (5) and exited by winch acceleration
parameter <p It is consisted of the second-order

derivative of rope extension Al,, and second-order

derivative of sea wave disturbance .
Z,=Rp+Al,,+H(5) 5

From Egs. (2)~(5), the second-order expandable

equation of Al ; can be expressed as follows:

According to Moon al at [16], the spring stiffness

and c¢. damping constant d, of the rope can be

determined by changing length of rope.

(M

d, =—— ®)

Where 3, £ denote A, the constant of damping,

Young's modulus and the intersectional area of rope,

respectively. And, [, denotes the overall normal

rope length, is given as bellows:

1,(t)=L,(0)+ Rp(t) ©)

2.3 The winch dynamics
As mentioned already, the heave motion of crane
system is controlled by a winch. In general, the

dynamics of winch is obtained as follows:
Jo +cyp = T—RF, (10)

Where J, ¢

> 1 and F, are inertia moment,
damping coefficient, torque of the winch and tension
of the rope, respectively.

The tension of rope is simply given by the spring

force and damping force as follows:

i +Fda,mp(3r (11)

2.4 Sea wave disturbance
Following Fossen’s results [12], the sea wave is
described as the sum of n modes and unknown

term v,.

T

2

= ZAisin(Qit+9i)+vi(t) (12)
i=0 i

Where A;, 7, and 6, are the amplitude, period

and phrase of mode i, respectively.

Assume that the sea wave disturbance,
second-order of sea wave disturbance are predicted.
And, it is assumed that the vertical motion of vessel

is calculated also.

3. Controller design

The load position is calculated based on the Eq.
(13).

Z(t)=1,(0)+Ro(t)+Al,(t)+H 13)

‘p ”

Based on Egs. (1)~(13), the state space equation
for load position can be derived. Before forming the
state space equation of this nonlinear system, it is

essential to define state variables. Let us define the
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states as follows:

T (p

Ty 2

_ T3 _ Alrd
z(t) = v A, (14)

Ty H

Tg H

Where x; is the angular displacement, x, is
angular velocity of the winch. And x4 denotes rope
extension. x, is derivative of x5 z, is the sea
wave disturbance. Lastly, x; is derivative of x.
Where the damping coefficient of the winch ¢, and
damping constant d, of the rope extension are
created with

neglected. The state equation is

previous kinetics equations and the state definitions
of Eq. (14).

T=f0) T 9o THde)H (15)
Where
Ty
M,
L,(0) + Rz, 3
T
for = ! 16
(@) M, (16)
L,(0)+ Rz, ®
Lg
0 ]
2 ,
dy=[0 00 —1 0 1]7

with
A REA,
L=
(32_ L)E'Ar (17)
M, = Mey
2 J
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The angular displacement of the winch (z,), the
rope extension (z;) and the sea wave disturbance
(x5) are used for feedback control. The control
input of the system is the torque function of the
winch.

For the vertical motion of load, the overall
normal rope length [, which is the distance from
the top of crane tip to the load position, is
time-varying, and it makes the rope parameter
variation.

Also the equivalent mass m,,, the spring stiffness

eq>
of the rope ¢, and the damping constant d. of the
rope are varied with load position. The parameters
of rope and winch system are used for simulation
given by Moon al at [16].

From parameters
stiffness,

given in Tab.l, the spring

damping constant of rope and the
equivalent mass of system are illustrated in Figs.
2~4.

Clearly, in Fig. 2 and 3, the spring stiffness and
damping constant are decreased rapidly with increase

of rope length.

Table 1 The parameters used in this paper

Rope
Elasticity modulus | £, 193x10° | Pa
Cross section area A, 47x107°| m?
Cons. of damping Ié] 52x10°| Pas
Mass per meter m, 0.24 kg
::;?i?i g:/;lue of Z,(0) 30 m
Load
Mass ‘ m, ‘ 300 ‘ kg
Winch
Radius R 0.2 m
Inertia moment J 12.54 kg'm?
coetcen G | 0 | P
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x 10

Spring Stiffness [N/m]
N

% 10 20 30 40 50
Rope Length [m]

Fig. 2 Spring stiffness variation with rope length
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Fig. 3 Damping constant variation with rope length
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Fig. 4 Mass variation with rope length

With the small changes of equivalent mass when
the rope length changes as shown in Fig. 4, the

approximate coefficient A4, can be rewritten as

bellows:
J
R*—
m,+ §mqu (0) E4,
M, = 7 (18)

In the input/output linearization theory [11, 12],

the output relative degree 7, and disturbance's

9

relative degree r; are defined by following
conditions:
LgL?ﬁ(m) =0 Vi=01,.,r,—2 19)
LQL;’/’lh(I> = () V& R™
LdL;h(z) =0 Vi=0,1,.,r,—2 (20)
LdL;dilh(m) =0 Vo & R4

Following the conditions in Eq. (19) and Eq.
(20), the derivative y is given by:

- 0h -
Y=g Vo)t 90 T+ o) H] @n
with

oh

oz @ = Lihe 2
oh

2z 90 = Lol 23)
oh

oz Yy = Lahia) 24

The Egs. (22)~(24) are called the Lie Derivative
of h, g and d with respect to f, respectively.

In Eq. (21), Lh)=0 and L) =0. Then,
y=Lyh,, it is independent of 7, H. Repeating,
the second derivative y and third derivative y are
also independent of and H.

T and H appear in the equation of the forth

(4)

derivative y** with a nonzero coefficient.

yW =L+ L L0 T+ LyLih H (25)

Where
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R, (MR, + M) ”
e ———
JL,+Rx)? P (26)
R, (MR, +M,)
JL,+R,x,)

L,Lih(z) = —

MR+ M,
—
(Zy+R,x,)

w

LyLih(z) = — 27)

Clearly, following the model is given in Eq. (15),
the order of the system is 6, and the output relative
degree and disturbance's relative degree are both 4
(r,=r;=4). So, an exact linearization is
impossible. Therefore, an input/output linearization is
used to formulate the control law. The schematics of

control system is illustrated in Fig. 5.

Input/Ouptut Linearization

Input Sea wave disturbance

The state
feedback control

Non-Linear Output
+ —
system
The sea wave ¥
disturbance
decoupling
State feedback

Fig. 5 Schematic Diagram

The control input is presented based on the
input/output linearization theory [11, 12], hence the

control input 7" is derived as following:
T="Ty+ Ty 28)

In the following, the control input 7" is divided
into two parts.
As the first part, the state feedback control is
given as follows:
_L];l h(m"’l}
Tn=—"773 (29)
L!J‘Lf )

with

32 3RFHI|ASEX] H21@ H2=, 20174 48

Lih,) = Ray+x,+xg (30)

MR

(Ly+R,z,) " Gh
LM
(Zy+ Ryay)

2
Lihy

z)

R, (MR, +M,)
i (Ly+ R,
MR, + M,
(LO—I—Rwacl)aC4

L}k T4Ty (32)

Ly =Lk, (33)

RX(MR,+M,)

- +x3x2

(Ly+R,x,)?

R, (MR, +M,)
(Lo +Ru:ﬂﬂl)2

R, (MR, + M,)M,

(Ly+R,x,)?

(MR, + M,) M,
(LU +wa1)2

Ty

2
T3

T3

v=ylt kge + ke + ke + kye® (34)

€= Yper — Y (3%5)

Where  y,., denotes trajectory

ky» Kk, ky and k; are feedback gains. The ideal

input  and

desired forth order dynamics is obtained as follows:
eW + kye® + kye + kye + ke =0 (36)

As the second part, the sea wave disturbance

decoupling is given as follows:

_ —LLih(x) .
A
LyLih)
1 .
- R, 7,
HLy+Rywy) 3 T
with
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L,L2h(z) = M, M 38
i R (‘LO+Ru:xl) ( )
From Eqgs. (28)~(38),the control input 7" is
derived as bellows:
4 3 7
—Lch, +o—L,L3h(x)H
7= [ ) ats (39)

LyLihy,)
4. Simulation results

The schematics of control system in Fig. 5 is
utilized in Matlab/Simulink. The parameters given in
table 1 are used for simulation. The non-linear
motion of vessel related sea wave disturbance is
added into the simulation. Following the Eq. (12),
the sea wave is described as the sum of modes
and unknown term v,. In the simulation, the sea
is divided
evaluating the control law as shown in table. 2. In
the Fig. 7,

wave disturbance into two cases for

the dotted line presents the target
trajectory of the load, and the solid line is the load

position when the proposed control works.

Table 2 The sea wave disturbance

Case Amplitude (m) Period (s)
1 0~5 < 10
2 0~5 > 10
4
— —Sea Wave Disturbance
£
g 2 ]
2
E‘
< O |
o
8
< of ’
3
(7]
-4 L . . .
0 20 40 Time [s] 60 80 100

Fig. 6 Sea wave disturbance : case 1
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Fig. 7 Load position with disturbance : case 1
In this case, the sea wave disturbance and the
rope extension are considered. Where the period of
the sea wave disturbance is lower than 10 seconds.
In this simulation, the peak value of the output

response is around 0.2 meter less.

3 . -
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Fig. 8 Sea wave disturbance : case 2
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Fig. 9 Load position with disturbance : case 2
As the another case, when the period of the sea
wave disturbance increases to more than 10 seconds,
the controlled output shows relatively better
performance than previous result in Fig. 7.
Anyway, it is clear that the proposed control
system works well such that we can obtain good
control performance by effectively suppressing wave

disturbance etc.
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5. Conclusions

This study focuses on a control system design
problem with non-linear system properties such as
time varying spring stiffness. After that a nonlinear
control law is applied for offshore crane model with
load hoisting using the input-output linearization
method and decoupling strategy. Simulation results
revealed that the proposed control method can
greatly decrease the heave displacement as well as

can accurately keep the position of load.
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