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Offshore platforms and windmills are constructed by assembling huge mechanical structures transported by
heavy lift vessels. The construction process comprises two interconnected operations, the dynamic positioning
(DP) of the vessel and the lifting of heavy loads. The DP system is commonly designed and tuned for the case that
there is no load or for the case that the heavy load is free-hanging (mode 1). During the transition from the free-
hanging to the case that the vessel is connected to a heavy load which is mounted to the platform (mode 2), the

DP system may not be able to preserve the position stability of the vessel, jeopardizing human and system safety.
The goal of this work is to design an intelligent monitoring system for the early detection of the transition
between the two construction modes by adopting a nonlinear state estimation approach. Simulation results are
used for illustrating the effectiveness of the proposed construction mode detection system.

1. Introduction

The vision of waterborne transport includes autonomous shipping
operations aiming at enhancing their sustainability, efficiency and
safety. Significant number of research and industrial activity has been
witnessed towards the autonomy of cargo vessels, which is classified in
several levels (Lloyd’s Register et al., 2017). The key factors for in-
creasing the levels of vessels’ autonomy are digitilization and auto-
matization. For offshore heavy lift operations however, the level of
autonomy is still low. The need for higher levels of autonomy in this
kind of operations has been intensified due to the increasing demand of
energy to assist the growing economy. In these operations, offshore oil
platforms are constructed and installed for exploring and exploiting
offshore energy (Sun et al., 2012). Such offshore structures are gen-
erally transferred and installed by heavy lift vessels with huge cranes
(Ye, 2016; Li et al., 2016). At the same time, the removal of these
construction installations has become of paramount importance due to
the aging of the oil platforms that can harm the environment
(Hendrapati et al., 2017), and due to the decreasing profitability.

During a complete offshore removal of an offshore structure, e.g., a
topside of a fixed platform, the load is first lifted from the jacket, and
then transferred to the shore or to the barge by a heavy lift vessel. Such
assignment mainly comprises two interconnected operations, the dy-
namic positioning (DP) of the crane vessel and the lifting of the heavy
load. The lifting of the load is time-consuming and can take up to half

an hour (Flint and Stephens, 2008). When the crane is lifting up the
load from the shore or the platform, the vessel should remain in the
desired position. The interconnection between the vessel dynamics and
the crane-load interaction stems from the fact that the lifting of the load
can affect the stability of the vessel position and vice versa. Thus, a
series of safety—critical tasks during these operations should be carried
out meticulously. Among the safety—critical tasks is the transition be-
tween two modes of construction: During construction mode 1, the load
is lifted by the wires, and is suspended in the air. During construction
mode 2, a hydraulic winch on the crane is used to lift the load up using
wires. In both modes, the vessel’s position is under DP control. In
current practice, the DP of the crane vessel is realized using a software-
based controller. Studies have shown that instability can be caused
during the switching of construction mode if the gains of the DP system
are not properly modified on time (Ye, 2016; Flint and Stephens, 2008;
Fonteyn, 2015; Bakker, 2015; Harmsen et al., 2018). Particularly, the
gains of the DP controller are tuned for the vessel without load, and
cannot guarantee stability when there is a sudden change in the vessel-
load dynamics (de Jong, 2018; Ye et al., 2017; Waals, 2010; Jenssen,
2008; Sun et al., 2015; Qian et al., 2017; Messineo and Serrani, 2009;
Skaare and Egeland, 2006; McKenna and Leithead, 2007). Thus it is
essential to switch between these two controllers fast. Note that the
switching can be from mode 1 to mode 2 or vice versa depending on the
type of construction.

The detection of the switching between the construction modes is

* This work is financially supported by the program of China Scholarship Council (CSC) with project No. 201607720003.

https://doi.org/10.1016/j.ssci.2020.104991

Received 21 December 2019; Received in revised form 17 July 2020; Accepted 31 August 2020
0925-7535/ © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY/4.0/).


http://www.sciencedirect.com/science/journal/09257535
https://www.elsevier.com/locate/safety
https://doi.org/10.1016/j.ssci.2020.104991
https://doi.org/10.1016/j.ssci.2020.104991
https://doi.org/10.1016/j.ssci.2020.104991
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ssci.2020.104991&domain=pdf

J. Ye, et al.

not trivial and nowadays is carried out by crane operators on board who
transmit this information via oral communication to DP operators who
are responsible to switch manually the DP controllers. This detection
method relies on the human observation and human decision, which
may involve human errors or may be delayed since it is made in ha-
zardous working environment. According to previous studies, human
errors play an important role in such offshore accidents (Khan et al.,
2006). During the period of 2001-2011, more than 23 collisions have
been reported between vessels and offshore facilities on the Norwegian
continental shelf, and most of these accidents happened due to wrong
decisions (Sandhéland et al., 2015). For underwater constructions,
where the load is placed in the sea, unmanned underwater vehicles are
used to support the detection of the construction mode, increasing the
construction cost. The use of a digital monitoring system to detect the
construction mode would assist the operators with decision making,
and increase reliability during construction under hazardous environ-
ment. Such system can improve safety of offshore heavy lifting, de-
crease the risk level of such operations during hazardous environment,
and paves the way for higher level of autonomy with less manned op-
eration on board.

The detection of the switching between the two construction modes
is a binary decision-making problem. Similar decision-making problems
can be met in the field of sensor fault detection of nonlinear systems
(Reppa et al., 2017; Reppa et al., 2018), onshore transportation to de-
tect the stop or driving mode of automobiles (Lari and Golroo, 2015;
Ghorpade et al., 2015; Wu et al., 2016; Shafique and Hato, 2016), or in
the field of structural dynamics to detect if a structure is damaged or
not (Hou et al., 2018). The detection problem is also the first step for
diagnosing faults in a system (De Angelo et al., 2009; Li et al., 2017).
There are two main approaches for designing a detection system: (i)
using measured input and output signals in combination with a math-
ematical model, describing the behavior of the system (model-based),
(ii) using the measured output signals only (model-free or signal-based
or data-driven) (Gao et al., 2015; Blanke et al., 2016; Isermann, 2006).
While the design of model-based methods may be more complex com-
pared to the design of model-free methods, they do not necessitate a
considerable amount of data to perform detection.

Such detection systems have been developed and applied to guar-
antee the safety of operation in constructions of offshore wind farms
(Badihi et al., 2017; Echavarria et al., 2008; Cho et al., 2018), in oil and
gas production (Mishra and Saraf, 2019; Natarajan and Srinivasan,
2010), as well as in dredging, pipe laying and crane operations (Tang
and Wang, 2008; Fu et al., 2010; Shuguang et al., 2014). No monitoring
system has been developed for the automatic detection of the switching
between the offshore heavy lift construction modes yet.

The goal and the main contribution of this work is to improve safety
and to lift the autonomy level during offshore heavy lifting by designing
a model-based monitoring system for detecting the switching of the
construction mode during the removal of the facilities. This monitoring
system is an essential part of the digitilization and automatization of the
offshore heavy lift operations, where online input and sensor data is
used in combination with analytical redundancy (i.e., models) to obtain
decisions without the need of human intervention. The main compo-
nents of the detection system are: (i) an observer-based residual gen-
erator, (ii) an adaptive threshold generator, and (iii) detection decision
logic (Chen and Patton, 1999; Reppa et al., 2015; Reppa et al., 2016).
These components have been designed based on a 6 degrees-of-freedom
(DoF) dynamics model of a crane vessel and assuming that the load is in
construction mode 2 (i.e., the global position of the load is constant and
known), and that the environmental disturbances and the measurement
noise are bounded. The inputs of the detection system are the measured
position and velocity of crane vessel and the measured tension force
acting on the crane wires (as shown in Fig. 1). The output of the de-
tection system is binary, viz. 0 when construction mode 2 is active and
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1 otherwise.
The main contributions of this work are:

e The modelling of the 6 DoF dynamics of the crane vessel and the 3
DoF dynamics of the load lifted by the crane wires as two inter-
connected systems in the state space framework.

e The design of a nonlinear observer based on the dynamics of the
crane vessel taking into account only the dynamics of the load in
mode 1 that affect the crane vessel due to the interconnection.

e The rigorous and systematic design of adaptive thresholds for de-
cision making.

The added value of the proposed monitoring system is that it can be
implemented in the computer used for the DP controller and does not
depend on the characteristics of the load or the wires. The proposed
scheme is a general solution for mode detection of heavy lift operations,
and can be easily adapted to other heavy lift vessels by changing the
design parameters. Furthermore, the proposed system provides a fast
and reliable way to detect the mode change during the operation.

The impact of using the proposed monitoring system in offshore
heavy lift operations is twofold. First, it can increase the level of au-
tonomy by replacing human decision about the switching of the con-
struction mode with the automatic decision of a digital system. Thus
less human operators are exposed to hazardous offshore environment.
Second, the proposed method can assist the DP system and crane con-
troller on board, and can improve the performance of the DP system
with fast detection of mode switch, leading to a safer and more stable
vessel position during offshore heavy lift.

The paper is organized as follows: In Section 2, the modelling of the
heavy lift construction modes is described, along with the mathematical
models of the crane vessel and the lifted load by the wires. Section 3
provides the design of the monitoring system, including the state-space
modelling of the physical systems, the residual generation, the adaptive
threshold and the decision logic. Simulation results are provided in
Section 4, followed by concluding remarks and directions for future
research.

2. Offshore heavy lift construction modelling

In this section, the mode detection problem is defined. The physical
model of the interconnected system (i.e., crane vessel with the load) is
given at the end.

During an offshore removal construction work, there are commonly
two steps. During the first step, the vessel lifts the load from the plat-
form (Mode 2 in Fig. 2), which takes about 10-30 min. During the
second step (i.e., Mode 1 in Fig. 2), the load is lifted from the platform
and suspended in the air. In the first step, the load is assumed to be
fixed on the platform with limitation of movements. While during the
second step, the load is assumed to be able to move in 3 DoFs (i.e., in
the directions of north, east, and down). The dynamics of the vessel-
load system are different within first and second step.

Following notations are used throughout the paper: |-| and II-I re-
present the element-wise absolute value and the Euclidean norm re-
spectively; I denotes identity matrix with appropriate dimension; 0; and
I; denote the zero and identity matrix of dimension j respectively;
diag{-,---,-} denotes a diagonal matrix with diagonal elements {-,---,-};
bold letters represent vectors and matrices.

Under the assumption that the vessel’s offset and rotation angles are
kept small with low velocity and acceleration by the DP system, the
motion of a crane vessel assuming 6 DoFs can be expressed as (Fossen,
2011):

My (1) + Dv(1) + C0))v () + G(n(1) + 8 = (1) + (1) + 7 (D),
®
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Fig. 1. Mode Detection System for Offshore Heavy Lift Operation.
mass of the load; and R; € R3*3 is the rotation matrix from Body-fixed
coordinate system (BODY) to NED in 3 DoFs.
The force induced by the load can be expressed as:
f .
X x R = DO g,
AGI ()]
Mode 1 Mode 2 where
Fig. 2. Two Modes for Offshore Assignment. - N -
. _ (Kwires o (t) + Dwires‘S (t)), if o ([) > 0;
F hoist (t) = L~
7() = R(¢, 6, P)v (1), 2 0, ifd(t) <0. (5)
where v = [u, v, w, p, g, rT is the vessel’s velocity in the body-fixed In Eq. (5),
coordinate system; 1 = [x, y, z, ¢, 6, ¥]” is the vessel position in North-
East-Down coordinate system (NED); the signal 7;, € R is the force and 8 (1) = 18,1l = 1180l 6)

moment given by the propulsion system; 7, € R denotes the environ-
mental forces and moments which are induced due to current, wind and
wave; 7 = [F, T]" is the force and moment resulting from the crane
load, with F; € R3, T = r,, X F;, where r, € R? is the vector from ves-
sel’s Center of Rotation to the crane tip; and the term R € R®%¢ is the
transfer matrix from vessel’s body-fixed to NED coordinate system;
M € R®*¢ is the mass matrix of the crane vessel; D € R®%¢ is the
damping  matrix; CeR®® is  the  Coriolis matrix;
g = [0, 0, —M,g, 0, 0, 0]” is the mass gravity of the vessel, in which M,
is the vessel mass and g is the gravity acceleration; G(n) refers to the
hydrostatic force on the vessel. The details of 7, can be found in Fossen
(2011). The crane wire is modeled as a spring-damper system, and the
winch is modeled as a hydraulic system as in Ye et al. (2019).

During the removal procedure, the dynamics of the vessel-load
system are different in the second construction mode compared to the
first mode. During the second mode, the vessel can be considered as
moored to the platform with the force controlled by a hydraulic winch
system. During the first construction mode, the vessel and the load can
be considered as two objects connected by the crane wires, which could
be modeled as a spring-damper system. Modelling of these two modes
are given below.

2.1. Construction mode 1

When the load is suspended, the vessel and the load could be seen as
connected by the hoist wire. As the load’s rotation has less impact on
vessel’s position stability compared to the impact from its position
control, the load dynamics can be simplified to 3 DoFs:

Mlijl(t) + Dlﬁl(t) + gl = env(t) - R3(¢’ e’ ¢)Fl(t)s (3)

where ), is the position of the load in NED; M; € R>*3 is the mass matrix
of the load; D € R¥3 is the damping matrix of the load;
g = [0, 0, —Mg]" is the mass gravity of the load, in which M, is the

is the elastic elongation of the crane wires;
8i(1) = () — P> )

with p, = [Xe, Yy, 2" being the constant vector that denotes the po-
sition of crane-tip and p, = [x;, y;, zi]” is the load position in vessel’s
body-fixed coordinate system, which satisfies

p = Ri(¢, 6, ¥)(m, — 1), ®

where 7, = [x, y, z]! is the vector of the first three elements of .

2.2. Construction mode 2

During mode 2, the position of the load in NED is assumed to be
constant, i.e., 7§, = 0. The lifting and dropping of the crane load is
controlled by a hydraulic winch, i.e., Fs in (4) is controlled by a
hydraulic winch (Zhang, 2008).

Remark 1. Current DP systems for crane vessels are widely designed
and tuned assuming no load. Particularly, they are designed based on
(1) and (2) assuming that 7| is zero. Thus the position stability of the
crane vessel may be jeopardized when activating the hydraulic winch to
lift up the load. To address the position stability issue by switching to
another controller for DP, we need to determine the time of the
switching between the two modes as soon as possible. Currently, the
switching is detected by a human operator or a robot, if the load is
under water by visually observing whether the structure is lifted up or
not. The fact that in this approach there should be visual contact and
communication between human operators may impose time delays that
depend on the experience of human operators (or robots in case of loads
under water) and their performance under various environmental
conditions (Ye, 2016).



J. Ye, et al.

Safety Science 133 (2021) 104991

Simulation Model
Sensor
(cra;w force)
Hydraulic Sensor
Winch T measurement
(position
Environmental Vessel with Crane velocity) -
Joad Digital System
Xn Mode Detection System
|L) Residual |y, —%
——> Generator
Controller
P i e =
—>| Threshold 7
Propulsion
system
Tth
Fig. 3. Overall Detection System.
3. Construction mode detection S (D, u) = [ R(n)v ’
M '(-C()» + u® ~ g) a4
This section provides the design of a decision-support monitoring
system responsible for detecting the changes between both modes, as- W 0
suming that there are available sensors to provide measurements of the @t = [Mflfc]' (15)
position and velocity of the crane vessel, and the measurements of the
tension force of the lifting wires. The detection system can support the The interconnection term in X can be expressed as:
decision making process of the human operators. An overview of the hO G, u®, g0, y g(l)) 16)
monitoring system is shown in Fig. 3. The inputs to this system are the
sensor measurements and the controlled thrust force of the crane vessel. ) 0
The output of this system is the decision about the construction mode, _ 0 ] _ F
i.e., binary decision with 0 and 1 corresponding to mode 2” (load-on- | Mz, Mﬁl[Tl] 17
platform) and “mode 1” (load-suspended) respectively. an
For designing this system, we follow a model-based approach, r 0
where we express the equations of motion of the crane vessel and the Fhoist T
heavy load in a state-space content. The dependence of signals on time =Mt 11 RE @)~ 13) ~pey | (R () = 7:) = o) )
is dropped for simplicity, and only when new variables are introduced, T%l‘a x RE( (@, — 03) — Do)
it will be highlighted. The state space representation is derived by s @ =2 = P | (18)

considering the DP of the crane vessel and the lifting of the heavy load
by the wires as two interconnected operations; i.e., based on (1) and
(2), we obtain the following state-space system:

TO: 50 = ADZD 4 yD D, w®) 4 FD G0, wd, ¢, 4 D) + ),
9

3@ 70 = AOF® 4y (2, u®) + K (D, u?, ¢, u@) + w®,
10)
where =(V denotes the first system (i.e., the vessel dynamics), and =

denotes the second system (i.e., the load dynamics). with

xW = [2], u® = g, ¢ = [I 03 O]X(Z), u?) = Fhoists

an
i
x® = ’il , U@ = Fgig, $@ = [L 05 06]x®, u?) =0.
5 12)

The first two terms of (9) and (10) describe the local known dynamics
while the third term h represents the interconnection dynamics, and w;
is the disturbance signal which induced by the environmental dis-
turbances. For =@,

A<1>=[ 0 0 ]

-M'G —-M'D 13)

where Fjs is controlled by the winch during mode 2, or is an un-
controlled force created by the connection through the wires in mode 1
described by (5).

For @, during mode 2, the load position is fixed, thus ¥® = 0, and
n, = 1,’, where 7" is constant.

The behavior of Z® in mode 1 can be expressed by (10) with

0 I 0
A= [0 -M™D, 0
Kwires
0 0 "~ Duwires (19)
0
/O, u®) = |~ M8 |
u@
Dwires (20)
0
@? = | M{ By |-
0 21D

The interconnection term in X® can be expressed as:
0
MY (Rs(m)pe, — 1) |-
0 (22)

h(z) _ Fhoist
T | IRs(m)pee —y 1l
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In order to detect the switching of the construction mode, we select to
monitor a feature that is expected to change during the switching. This
feature is a residual vector that corresponds to the difference between
the observed behavior (measured internal state) of system Z(") denoted
by x,, € R'? and its expected behavior denoted by ¥ (t) € R'? that is the
estimation of its state by a nonlinear observer (a software-based system
that provides an estimation of the internal state of a real system using
its input and output signals). A model-based nonlinear observer is de-
signed for the vessel’s position and velocity estimation during mode 2,
i.e., », = 1°, based on (9), (11), and (13)-(18). The residual y,, — X is
then compared to the adaptive threshold denoted by j (¢) € R'2. If the
magnitude of one or more residual is larger than the adaptive boundary,
then it is inferred that the construction mode is 1, meaning that the load
is lifted up. The designed nonlinear observer, adaptive threshold, and
decision logic are described separately in this section.

3.1. Residual generation

For simplicity of the notation, we drop the superscript @ in the
following equations. The nonlinear observer is designed as:

2 =A% + 70 W+ h(g,. u. ¢ u) + Ky, — 2) (23)
{=m =2 24)

where 7 (t) € R is the estimated states, x,, (t) = [1,,, vu]" € R!? is the
measurement of the vessel position and vessel velocity, the measure-
ment

Xn =X + @2, (25)

where w,(t) = [w,, w,]" € R1> is the measurement noise, and
K € R!?X12 jg the observer gain.
By using (9), (13)-(18) and (23), the state estimation error dynamics

can be expressed as

Z=A-K7 +0xw-7ri,w)

+(h(x,u, ¢ up) — hx,, u, $, w)) + w; — Kaw,, (26)
where
X =x®-x@. 27)

For the stability of the observer, the gain K should be chosen such that
matrix A — K is Hurwitz Matrix as we analyze next.

By using (25), (27), the residual vector y,, — ¥ can be described
with respect to the state estimation error as

Xn @) =X @) =X () + @ (t) (28)

Remark 2. Considering the dynamic positioning system and the lifting
of the load as two interconnected operations enabled us to design a
state-space observer given in (23) for the crane-vessel dynamics, i.e., for
>® including only the dynamics of the system = that affect = due to
interconnection modeled by h. In this way, we have an observer of
order 12 instead of an observer of order 19, which could be designed if
we follow a centralized approach to estimate the state [y(V;y®] of the
crane-vessel-load system. This leads to smaller number of residuals and
corresponding adaptive thresholds that should be checked online
according to the decision logic presented in Section 3.3.

3.2. Adaptive threshold

Due to the presence of disturbances and measurement noise (i.e., w;
and w,), the observed behavior always deviates from the expected one,
which means that the residual will never be zero. To detect the change
of the construction mode through the residual vector y,, (t) — ¥ (¢), we
compare at every time instant the residual vector to an adaptive
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threshold vector y (t). This adaptive threshold vector is obtained as-
suming:

e the crane vessel and the heavy load are operating in mode 2;

e the disturbances and the measurement noise are unknown but
bounded, i.e., lw,(t)| < @, and lw, ()| < @, for all t > 0 with @; and
@, being positive constants;

o the position of the crane load during the mode 2 and the tension in
the crane wires are exactly known.

The adaptive threshold is computed such that:
Dew (0 = X (O < 2 (0, (29)

where ¥ (t) € R'? is the adaptive threshold of the detection system.
Using (26) and applying the triangular inequality results in:

W (1) = 2 (DI < IF (O] + @,(8),
where

d)z(t) = [d)n(t)9 d’v(t)] = [Cax; Cay3 CDZ, CD;;S; e, Cazp, Wy, Dy, Dy, Cap) CZ)q, CZ)r]
is the measurement noise bound. Define the adaptive threshold as

XM+ @)= x (@) (30)

where ¥ (t) € R'? is the adaptive bound on the state estimation error,
ie.,

Wi<x, (BD

The bound ¥ can be calculated by solving the differential equation and
applying the triangular inequality as described in Appendix A. The
adaptive bound ¥

2 () =eM7 (0) + [~ (A = e*) (@, + IKI@,)] + H($)(F (1) + h (1),
(32)

where ¥ (0) is the upper bound for the initial estimation error, @, € R
is bound for the environmental load, 4 = diag{A;, 4, -+, 415} is the di-
agonal matrix with the real negative eigen values of A — K, H(s) is a
stable first-order filter defined by elements in 4 (see Isermann, 2006),
ie.,

H(s) = diag{H(s), -, Hi2(8)}, (33)
where
1
Hi(S) =, /1,' <0
s— A (34)

and 7 (t) € R™ is the adaptive bound only (x, u) — y (x,,, W), A (¢) € R12
is the adaptive bound on |h(x, u, {, u¢) — h(x,, u, ¢, uy)l defined as:

[ (11821, Bons BosllIL, 1, 11, 1By, Brs, Brl 1, 1, 117 +
7(@220) = | R(@p)¥ (1) ;
| MIC
(35)
_ [0
"2 2n) = _M-lfl]’ (36)
where
C = Ci(@,) + IC,(@,)vn (D)1, 37)
= _ Fhoislﬁ_
T = _ .
T X Fhoislﬁ (38)

In (35),
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R(@,)

[ @0 + @y @0 + 20y + 20y Do + 2004 + 20y 0 0
0 0
0 0

@ +2dg  dg + 2dg

@g + Dy Do + 20y + 20y Qo + 20y + 20y
@ @g + 204 + 20y Qo + 20y + 2y

=l o 0 0

0 0 0

0 0 0

1-2ag
2 @y

1-2ap

o O o o o o

Wg + dg wg + dg

1 - 2dg 1-—2dg

(39)
In (37),

M (By @y + By@r + Zg@g@y)
M (@ @y + Du@y + ZgDp@y)
_ m(@,@p + @B + 22,0pDg)
(I + L), @g + Mze (@, @ + Dwdp) |’

(I + L)@y @y + Mzy@r @,

(I + 1) dopcdg (40)

0 maw, may, 0
mao, 0 ma, m(@dy + zg@,)
~ ma,  map 0 m(@, + z2g@,)

MZg @,y

@ + L,

@ + 1) 41)

MZg @y 0 Mmzg@p
0  mzew, O

0 0 0

m(@y +zg@0,)  m(@, + 2g@)
0 m(@, + z4@p)

m(@y, + z4@p) 0
(Iy + Iz)car
0 (I + L)@, + mzyd,

I, + Iy)CDp 0 (42)

Iy + L)y + mzedy |

In (38),

IRY (5,,) (01 — 03) — Pt | + | Ry | + 1 @3y 11 [1, 1,17+ | RTp |
11 () = B3) — R3(1)Pet 11 — 1l @35 11 — 1l Rapeg Il

B =
R () () — 13) — Pet
11 RE () 01 — 13m) — Pt 11 (43)

where @3, = [@y, @y@,]", and
e + C(_)¢ we + ZCD¢ + 26(_)¢ @e + ZCD¢ + ZCD¢
R3(d)n) = | dg + ch we + 2@¢ + anw We + ZCD¢ + anw .
@o We + 20y + 20y @g + 20 + 20y (44)

Details of (30), (33)-(44) can be found in Appendix A, Appendix B, and
Appendix C.

Remark 3. The implemented adaptive threshold is described by (30),
(32)-(44). Note that in the upper half of (35) the first term is constant
and R in the second term is constant, both are functions of the noise
bound. Similar for (37), the first term and C, in the second term are also
constant. If the noise is zero, then the adaptive threshold becomes:

2O =g 0) + [-27'T - e)ay].

3.3. Detection decision logic

The transition from mode 2 to mode 1 is detected at the first time
instant that,
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FAOEF MO 40) (45)

that is if one or more elements of the vector [y (t) — x,, (¢)], and we infer
that the construction mode has changed to free-hanging. By the design
of the residual and the adaptive threshold, if

X ) = xn(OI < (0 (46)

is satisfied for all elements in [ (t) — x,, (¢)|, the interconnected system
is inferred to operate in mode 2. The detected switching time is defined
as:

tp = min{tDj:j €1,2,3,..,12}, 47)

tpy = min{t: 1 (t) = x,, (D1 > ¥ (D}

The detection time delay is defined as:

T=tp—t, (48)
where t; is the actual mode switching time. Note that the validity of (47)
and (48) is checked at every time instant.

Remark 4. The proposed mode detection scheme does not depend on
the characteristics of the load or the wires. The mode detection scheme
shown in Fig. 3 can be embedded as a software-based module
implemented in the digital computer used for the DP of the vessel,
and there is no need to change its parameters every time that the crane
vessel should lift a new load. If we have followed a centralized
approach treating XV and =® as one system and design an observer
for the augmented system, then it would be necessary to change the
design parameters of the detection system with respect to the
characteristics of the load.

Remark 5. The use of adaptive threshold instead of a fixed threshold
reduces the conservativeness in the decision-making process. A fixed
threshold could be simpler in its real implementation but its
determination would require a large amount of historical data during
mode 2 before using the threshold in the detection scheme.

4. Simulation results

In this section, we present simulation results that are performed
with a payload of 2400 tonnes under sea state 2. Sea state is an ocea-
nographic way to describe the condition of the water surface on a large
scale with respect to wind and waves at certain location and time. Sea
state 2 describes a slight sea condition, with wavelets on the ocean
water surface. The simulations in this section are made with a sig-
nificant wave height of 0.5 m, current speed of 0.6 m/s, and wind ve-
locity of 2.5 m/s. Details of the controller and the simulated vessel (e.g.,
mass matrix, damping matrix, data and modelling details for hydraulic
winch and the crane wires etc.) can be found in Ye et al. (2019),Ye et al.
(2020). The environmental disturbances come from 30° east of south. As
described in the beginning of Section 3.2, the simulated bounds on the
system disturbance and measurement noise are:

@ =0.01[0 0 00 00 2 6 01 01 001 0.1], (49)

— s m m m T m T
wz:o,l[l 11111 %2 ~ =~ = % =« ] ) 50)

The observer gain K in (23) has been selected such that the eigenvalues
of the matrix are:

A=—-01xdiag{1 11111054 10 10 5 3}. (51)
The simulation consists of three steps with switching time at ¢, = 600 s,

and a total simulation time of 800 s:

® During the first 50 s, there’s no crane load on the vessel;
® Mode 2: From 50 s up to 600 s, the vessel is lifting the load, and
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could be seen as moored to the platform via crane wires with in-
creasing crane load;

e Mode 1: From 600 s to 800 s, the load is fully lifted and is free-
hanging.

The tension in the crane wires during the simulation is shown in Fig. 4.
From 50 s to 600 s (i.e., during Mode 2), Fys is controlled by a hy-
draulic winch with a linearly increasing input. The position of the vessel
is controlled by a DP system with a maximum position error less than
0.2 m, limiting significantly the oscillations in the tension force.

The mode detection scheme is designed as shown in Section 3,
where the nonlinear observer in (23)-(24) is structured using (51) and
7, = [-115, 0, —9.19]7. The adaptive thresholds are designed using (49)
and (50) as the bounds on the disturbances and measurement noise
respectively. The bound on the initial condition is set to
¥©@©=01111111111111] (52)

Figs. 5-8 show the magnitude of the residual ly,,; (t) — ¥, (t)| and the
adaptive threshold ¥, (t) during the simulation. Fig. 9 shows the actual

0000000000000000600
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Fig. 7. Residual (f; — x,,; ) and adaptive threshold () fori =7, 8, and 9.

switching time and the detected switching time. A detection time delay
T = 9s is observed in this case.

Based on Fig. 5 and Fig. 6, we observe that the first six residuals are
insensitive to the construction mode switching. These residuals could
be used for detecting sensor faults.

The behavior of the residual and the adaptive threshold highly de-
pend on the disturbances w;, and the measurement noise w, (related to
the accuracy of the sensor) and the selection of the eigenvalues 1. The
proposed decision logic guarantees that there will be no false alarms,
i.e., there will be no case that the detection system infers the transition
to mode 1 although mode 2 is active. However, the delay between the
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time of detection and the time of the actual transition may be large, or
we may miss the detection if the bounds on the disturbances are
overestimated or the design parameters of the observer are not opti-
mized.

The adaptive threshold mainly depends on the measurement noise
bound (see (33)-(44)). The sensitivity of the proposed detection system
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with respect to the bound of the measurement noise can be evaluated
through the detection delay time. For the sensitivity analysis, we have
simulated the adaptive thresholds given in (30), (32)-(45), using an
overestimated bound @,. The detection delay with respect to the ratio
@i
for the measurement noise, and @, denotes the actual bound in (50).
With a more conservative setting for the measurement noise, the de-
tection time increases.

As observed from Fig. 10, the detection speed of the designed
system decreases as the upper bound of the measurement noise used in
the adaptive threshold calculation increases. The selection of the ei-
genvalues A can be realized by applying optimization techniques, which
are out of the scope of this work.

Vje{1,---,12}, where @, denotes the overestimated upper bound

5. Concluding remarks

In this paper, a novel monitoring system to detect the construction
modes during offshore heavy lift constructions is designed to enhance
autonomy level and safety during such operations. The proposed de-
tection method is designed following a model based approach, where
the magnitude of observer-based residuals are compared to adaptive
thresholds. When at least one residual exceeds the corresponding
adaptive threshold, the switching of the construction mode is inferred.
The adaptive threshold is calculated at every time step based on the
observer gains using the measurements of the vessel position, vessel
velocity, the tension in the crane wires, and the bounds on the en-
vironmental disturbances and measurement noise.

Taking into account the interconnection dynamics, the proposed
mode detection system is designed independent of the characteristics of
the load and wires, and provides a limited number of residuals and
adaptive thresholds to be calculated online. The adaptive thresholds
guarantee a more accurate decision making comparing to a fixed
threshold. One can easily adapt the proposed monitoring system on
vessels with one setting, and needs not to tune the parameters for each
offshore heavy lift assignment with a different heavy load.

The proposed monitoring system can be used for the heavy lift
vessels to assist the decision making of the human operators, or to
obtain decisions without the need of human operators. The fast and
reliable decision making plays a key role during the switching of con-
struction mode, where the DP system has to be reconfigured on time to
ensure the position stability of the vessel in order to avoid the collision
with the platform.

Future work will involve the integration of the construction mode

o o

25 3 3.5

Wh; /@

Fig. 10. Detection time delay under different measurement setting of @,.
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Appendix A. Calculation of adaptive threshold

Let’s consider the following denationalization of the matrix A — K, we can assume
A-K=4, AD

where 1 € R12%!2 is the diagonal matrix 4 = dia {4y, --,4,} with elements of eigenvalues of the Hurwitz matrix AK.
Based on (A.1), (26) can then be expressed as:

X=+7+h +w —(A -V, (A.2)
Solution of the equation above is:

7 = eMF (0) + fo‘ AT £ R 4wy — (A — A)w,]de

(A.3)
— itz b A= _ (A _ b oAG=D) (7 o 7
=e ;f(o)+j0' e [w; — (A A)wz]dwfo A= (7 + H)dr (A4)
where ¥ (t) = y(x, w) — y(x,,» w), and () = h(x,u, ¢ u)) — hix,, w, $, w).
Based on (A.4), ¥ satisfies
t t _
71 < eMF (0)] + e jo' e*dr(@, + IKl@,)dr + j; e (y + h)dr (A5)

The last term of (A.5) is the output of a stable first order filter H(s) with input 7 + k, with
H(s) = diag{H,(s) Hy(s) --- Hp(s)}, (A.6)

where Hj(s) = ﬁ, forj=1,2, ..,12.
-
Appendix B. Calculation of 7

From (14), we can get

R(m)v — R®),)Vn

70w =y O W) = M [-C@)v — (=C)v)] | (B.1)
In(B.1),

R(m)v — R(®,,)Vm
= R(’?)V - R(U)Vm + R(’?)”m - R(nm)ym
=R(@®w, + (R®) — R®,,))Vn, (B.2)

where
R w,! < [ll@}731[1, 1, 1], llef=C1[1, 1, 1]]7, (B.3)

where @, is the upper bound of the measurement noise w,,.
Assume (R(1) — R(1,,))Vn = [an1, Qnz, @3, Gnas @ns, Gne]”, then we have,

ap = (cpCo — Cg, Con)lim + (CySeSp — SyCp — Cy, 36,,5¢,. + Sy,,C4,)Vm

+ (SySg + CyCySo = Sy, 8¢, — €y, Cy,S0,) Wins (B.4)

@ny = (SyCo — Sy, Cop)Um + (CyCy + 54505y — Cy, Cp — Sg, S6,,5y, )Vm

+ (S6SyCs — CySg = S6,,59,,C4, T CypSd) Wins (B.5)
an3 = (S, — Se)Um + (oS¢ — C6,,54,)Vm + (CaCp — C6,,Cp, ) Wins (B.6)
Ang = (Sple — Sp,te,)dm + (Cplo — Cg, Lo, ) s (B.7)
ans = (€p — €4,)qy + (S, — Sp)Tm, (B.8)
Qs = (54/Co — S4,/C0,)m + (CalCo — Cg, /Con)Tims (B.9)

where s., c. denote sin(+) and respectively.
An example for calculation procedure of the boundary of czco — ¢4, Co,, is given below:

C¢C@ - C¢m09m (BlO)

1 1
= E(Ccpfe + cpre) — E(Cqsm—em + Cgyt0m) (B.11)
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1 1
= E(C@m—ww—(em—ws) — Cgp—6n) E(C@m—wwﬂsm—ws) — CgtOm)

= T8 et —20m+w0) ) (wo-ag) T SL@pn—wpt20m—00)S] (~ag-we)

<@g + Wg.
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(B.12)

(B.13)
(B.14)

By assuming that the roll, pitch, and yaw angle of the vessel is small under DP controller, the boundary of an1, ana, @u3, Qna, Gys, and a,e could be

calculated. Fori € {1,---,6}, denote d,; to be the upper bound of a,;, and assume I(R() — R(9,,))¥x| < IRy, |, then,

am = (@o + D) + (Do + 20 + 20y)Vy, + (Do + 20y + 20y) Wy,
(ny = (Do + Dy)um + (Do + 20 + 20y) vy, + (Do + 20y + 20y) Wy,
(p3 = Dol + (Do + 20 + 20y)Vy + (Dg + 20y + 20y) Wy,

Qg + 20 @y + 20

Apg = Fns
T 2a T 1= 2w

Aps = ®¢qm + CD¢}’m,

Thus,
[ + dp o + 20y + 20y Do + 20y + 20y 0 O 0
we + c% we + ZCZ)¢ + anw we + ZCZ)¢ + anw 0 0 0
@eo e + 20y + 20y Wg + 20y + 20y 0 0 0
R(a_)ﬂ) — 0 0 0 0 D +20g  Dp+ 229 |
1 —2dg 1 —2dg
0 0 0 0 @ @y
0 0 0 0 g + dg g + do
| 1-2ag 1-2dg |

The Coriolis term for the vessel which is symmetric around x-z plane is expressed as:

0 0 0 mzgr mw — mv
0 0 0 - mw mzgr mu
0 0 —m(zgp—v) —m(zgq+u) O
Co=1_ mzgr  mw  m(zgp —v) 0 Lr —-Lq|
—mw —mzgr m(Z,q + u) —Lr 0 Lp
my — mu 0 Lgq —Ip 0

(B.15)
(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)

Assume that C = C(»)v — C(¥)Vp = [C1, €2, €, Cay Cs, C6]7, and ICl < € = [&y, &, s, G4, Cs, G, an example of the calculation of ¢, is given below:

¢1 = mZg(Tnpy, — 1P) + MW, — Wq) = MWpln — VF)

= - mZg((rm - wr)(pm - wp) - Vum)
= m((Wn — w)(qy, — @g) — Wingy,)
+ m((vm - c‘-’v)(rm - wr) - erm)~
Thus
leyl € mzg(&0,@p + @ lp, | + @pliyl) + m(@, &g + @ylq,| + &glwy,1)
+ m(@,@, + @ylhy! + @ lv,l)
= El.
For the full Coriolis force term,
ICl = IC(W)Y — C(¥,) V]
< C(@y, v (1))
= cl(a_)v) + CZ(CDV)Vm(I)
M (@@ + @y@y + Zg@g@y)
Mm(@y@p + By@; + Zg@p®dy)
M (@@ + @@y + 22,Bp@y)
(I + 1)@, @ + mzg (@, @, + @y @p)
(I + L)@y @y + MZy@r @y
(I + L) @pdy

10

(B.23)

(B.24)

(B.25)
(B.26)

(B.27)
(B.28)

(B.29)

(B.30)
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0 ma, may, 0
mao, 0 ma, m(@dy + zg@,)
ma, ma, 0 m(@, + z,@,)
MZg @y 0 mzg@p MZg Wy
0 mzg @, 0 L + L))o,
0 0 0 (I + L)@,
m(a_)w + Zga_)r) m(a_)v + Zga_)q) |um
0 m(@y, + Zg@p) [V
m(@y, + Zg@p) 0 Iwm
I + Lo, Iy + L)@ + mzgddy
0 (I + L)@, + mzyd,
(I + L)@, 0 'rm

Thus the threshold for the nonlinear term can be expressed as:

@, + IRva]

7(@2, X)) = [ M

Appendix C. Calculation of &

For the interconnected term,

TSR AN e H ]

e | < @z

To calculate the threshold £, the threshold of 7 is analyzed.
=u-1
Fhoist T _ _
TR0~ 79— e 108 D= 73) = o)

Fhoist T _ _
mrﬁ X (R3(m)(m; — 13) — py)

W%(Rg(’?m)(m - 773m) - Pm)
W%rm X (Rg(nm)(m = M3p) — P .
We have
RIm™ — 1) =Py _ Rsm)m =15 —py
IR ()(my — 13) — P!l 10y = 13) = Rs(@pg Il

The denominator in (C.4) satisfies
1, — 13) — Rs(m)p,,l

=10 — 13,,) — Rs@,) Py + @3, — 1) + R3(m,) — Ra(n))p,ll,
> (@ = 13,0 — Re(@,) P!l — @3, 1l — 1IR3p,, 1],

where @3, = [@y, @y, @ ]".
The numerator in (C.4) satisfies

IRI(m)(n, — n;) — Py
=RI(M,)® — 13,) — Py + RIM,)1,,, — REM)7)
+ ®RI(m) — RI(m,))n,l,

< R, )@, — 13,0 — Pl + IRImy1 + llwsyl1[1, 1, 117 + 1IR3, .

Thus, assume
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(B.31)

(B.32)

(B.33)

(cn

(C.2)

(C.3)

(C.4

(C.5)

(C.6)

()]
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0
I’_l = M-! Fhoistﬁ_ BB
Ty X F hoistﬁ
with

IRY () (01 — 03) — Pt | + | Ry | + 1 @3y 11 [1,1,1]7+ | RT |
Il () = 933) — Ra3(@,)Peq 1| = 11 @3 11 — 1l Rape 111

B=
_RE@m)Cn = 73m) ~Pex_
N RE () 1 — 03) — Pt I
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