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ARTICLE INFO ABSTRACT

Keywords: High offshore installation costs are a significant factor limiting the competitiveness of offshore wind energy.

Floating offshore wind turbine One efficient installation approach for floating offshore wind turbines is to preassemble the tower, nacelle, and

Loadf’ff . rotor onshore and perform a single lifting operation to mate the superstructure with the floating foundation

g’)lllﬂ“;etar kmOdEI predictive control at the installation site. It is heavy lifting, due to the weighty payload. At the end of the mating process, a
allast tan

loadoff operation is conducted to transfer the preassembly to the floating foundation. It results in a sudden
change in total force acting on the vessel and causes substantial acceleration and potential damage to the
mechanism in the onboard nacelles. The magnitude of acceleration of the onboard nacelles can vary greatly
at different release instants. In this research, a simplified two-degrees-of-freedom (DOF) (heave and pitch)
model is also proposed to account for the heavy lifting process and variable ballast tanks. The sudden payload
transfer is approximated using a hyperbolic tangent function to guarantee continuity and differentiability.
The loadoff operation consists of the decision-making and vessel-stabilizing phases. Based on the nonlinear
model predictive control method, a payload-transfer time selector and anti-pitch ballast controller have been
developed to achieve optimal release time decisions and stabilize the vessel after payload release, respectively.
Six-DOF simulation results show that the proposed algorithms are capable to a satisfying level of robustness
of deciding the optimal payload release time instant, as well as limiting the peak and mean acceleration
magnitudes of the onboard nacelles after payload release. The decision-making and control strategies may
promote the sustainable energy transformation by extending the operation window and reduce the installation
costs.

Decision-making support

1. Introduction installation efficiency and reducing installation costs are key issues for
further commercialization of offshore wind power.
For recently developed FOWTs, the most commonly used installa-

tion method is to assemble the wind turbine superstructures onshore

Compared to onshore wind energy, offshore wind turbines feature
advantages such as a higher wind speed, more stable wind direction, no
land area being occupied, and easier electricity transmission to coastal
regions (Wu et al., 2019; Sun et al., 2012a). With offshore wind power
moving to deeper waters, floating offshore wind turbines (FOWTSs)
are a promising future application. However, the high levelized cost

or inshore, and transport the preassemblies to the installation site
by tugboats (Jiang, 2021), (i.e., wet towing). The FOWT gravity is
counteracted by the buoyancy provided by the foundation drainage

of the electricity produced remains a constraint at the commercial
level (Barlow et al., 2015; Zeng et al., 2023). A recent survey showed
that increasing the scale of wind turbines would be an effective means
of reducing the cost of the produced electricity (Castro-Santos et al.,
2016), but this would mean a higher hub height and a heavier payload
for installation. This poses a challenge for lifting and mating the
preassemblies. As offshore construction costs account for approximately
10% to 20% of offshore wind energy (Verma et al., 2019), improving

volume, and the resistance caused by the structure’s submerged volume
must be overcome in the wet towing process. Studies on wet towing
have generally focused on stability and towing resistance (Le et al.,
2021; Han et al., 2017; Yan et al., 2021; Gan et al., 2022). Although
wet towing avoids complex offshore floating lifting operations, FOWTs
can only be towed at limited speeds in low sea states, limiting their
applications in far seas.

* Corresponding author at: Institute for Ocean Engineering, Shenzhen International Graduate School, Tsinghua University, Tsinghua Campus, University Town,

Shenzhen 518055, China.
E-mail address: zhengru.ren@sz.tsinghua.edu.cn (Z. Ren).

https://doi.org/10.1016/j.horiz.2024.100096

Received 20 November 2023; Received in revised form 1 February 2024; Accepted 8 February 2024

Available online 27 February 2024

2772-7378/© 2024 The Authors. Published by Elsevier B.V. on behalf of Southern University of Science and Technology. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://www.elsevier.com/locate/horiz
https://www.elsevier.com/locate/horiz
mailto:zhengru.ren@sz.tsinghua.edu.cn
https://doi.org/10.1016/j.horiz.2024.100096
https://doi.org/10.1016/j.horiz.2024.100096
http://crossmark.crossref.org/dialog/?doi=10.1016/j.horiz.2024.100096&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Ma et al.

An alternative method is to apply a tower-nacelle-rotor preassem-
bly lifting method (Jiang et al., 2018). Preassemblies are secured to
the installation vessel by means of railings or flanges and transported
to the installation site. Then, one of the preassemblies is lifted by
a gripper and mated on a floating foundation. Compared with wet
tows, the tower-nacelle-rotor preassembly lifting installation method
is more suitable for far seas. Several loads types are important during
the preassembly mating operation, such as impact loads between the
preassembly and foundation (Verma et al., 2019; Lin et al., 2023), ten-
sion in the lifting wires (Messineo and Serrani, 2009; Ren et al., 2023b),
and wave-preassembly-foundation interactions (Hu et al., 2017). In
order to improve the method, several conceptual studies have been con-
ducted. The time-domain responses of the catamaran-spar-preassembly
multibody system are analyzed (Jiang et al., 2018), and schemes using
multiple lift wires (Ren et al.,, 2021b) and a low-height lifting sys-
tem (Ataei et al., 2023) are proposed to limit the height of the latter.
Moreover, to reduce the dynamic response during the mating phase,
numerical analysis of SWATH vessels and catamarans installation ves-
sels (Liu et al.,, 2023a) are investigated. The installation vessel can
be specially designed to minimize the probability of interference with
waves, depending on the oceanographic datas at the installation site.
An automated hydraulic heave compensator is proposed to reduce the
relative motion between the preassembly bottom and foundation top
during onsite mating operations (Ren et al., 2021a; Zhao et al., 2023).
Mechanical coupling structures between the vessel and the floating
foundation are considered by Ulstein (2021). A dynamic positioning
system equipped on the installation vessel remains close to the desired
position on the horizontal plane (Du et al., 2016).

Under allowable sea states, the mating operation is assisted by
crews on the floating foundation. The preassembly awaiting release
can be considered to be a heavy payload. When the upper gripper is
loosened, a large reaction load is generated on the vessel, resulting in
a substantial and sudden acceleration at the onboard turbine nacelles,
due to the production of the vessel’s angular acceleration and long lever
arms needed for the hub heights. There is a high risk of damaging the
mechanism in the nacelles (Zhang et al., 2015; Verma et al., 2019)
(i.e., gearbox Bhardwaj et al., 2019). Therefore, it is necessary to
limit the acceleration of the installation vessel, especially the angular
acceleration. The stability of the vessel can be improved by increasing
the draft and waterline surface areas. However, this causes a higher
initial capital cost. Vessel roll reduction equipment such as a bilge
keel, fin stabilizer, and ballast tanks can also be used to decrease the
angular acceleration magnitude of the vessel. Compared with ballast
tanks that are suitable for reducing the roll at all speeds, a fin stabilizer
is less effective at low speeds (Fang et al., 2010). Ballast tanks are more
suitable for offshore operations when the vessel is relatively stationary.
The design of pump systems is constrained by practical limitations such
as the size of vessel compartments and ease of maintenance (Lu, 2013).
Additionally, for specialized vessels like dredgers, the proportion of
pumps in relation to the overall machinery structure of the vessel is
relatively higher. The use of active ballast tanks requires consideration
of actual physical constraints such as pump flow rates and ballast tank
volumes (Wang et al., 2022). A control system based on flow sensors
for pumps is also being researched (Rakibuzzaman et al., 2022), which
holds technological significance for the real-time control of pumps.

The model predictive control (MPC) is a model-based control al-
gorithm capable of handling complex systems with constraints and
dealing with multiple input and output problems (Mayne, 2014). This
property makes the MPC method competent for multiple degrees-of-
freedom (DOF) systems under certain constraints. The nonlinear model
predictive control (NMPC) approach can give feedback to nonlinear
systems in real time. Moreover, it can update the observed information
and make decisions based on the inputs, which overcomes the short
observation signals for waves. Application of MPC has allowed for great
progress in the field of ocean engineering, such as with unmanned
surface vessels (Gao et al., 2022; Zhang et al., 2022; Feng et al., 2022;
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Liu et al., 2022), autonomous underwater vehicles (Dai et al., 2022;
Shen et al., 2017, 2019; Li et al., 2023), and offshore wind power (Shah
et al., 2021; Ma et al., 2022; Ren et al., 2019; Sun et al., 2022).

Instead of focusing on the relative motion between preassembly
and foundation in a mating operation, a release operation has several
critical factors, such as the second-impact issues, resulting impact
loads, and drift-off. In this paper, the sudden acceleration and resulting
inertial loads caused by the payload transfer is of major concern. Algo-
rithms for payload-transfer time selector (PTTS) and anti-pitch ballast
controller (APBC) are proposed. By applying the proposed algorithms,
the inertial loads acting on the vessel and onboard nacelles can be
reduced. The major contributions of this work can be summarized as
follows.

» To the best of the authors’ knowledge, this work is the first to
propose a system for decision-making and active control of heavy
payload loadoff operations. By selecting the release time, the
wave load and load caused by load transfer are mutually offset.
An algorithm is proposed for the heavy payload loadoff issue in
long-crested waves to determine the optimal release time instant.
Heavy payload loadoff is a stepwise process. By introducing a
hyperbolic tangent function, the discrete and discontinuous step-
wise function is approximated by a continuous function, enabling
calculation of its higher-order derivatives.

A control algorithm for the ballast tanks was developed to cause
a rapid reduction in acceleration at the onboard nacelles after
triggering the sudden payload transfer. It can be reasonably as-
sumed that the variation of ballast tank water has little effect on
the motions’ natural periods.

This study is organized as follows. In Section 2, the heavy payload
loadoff issue is described for floating installation vessels. A two DOF
simplified control design model is then formulated by considering the
loads caused by the release of the preassembly and ballast tanks. In
Section 3, an inertial load reduction algorithm (i.e., a combination
of the PTTS and APBC algorithms) is proposed to limit the peak and
mean acceleration of the onboard nacelles after load off. For this,
the direct multiple shooting method is used. In Section 4, simulations
are described to verify the algorithms’ effectiveness and robustness. In
Section 5, the results are summarized.

2. Problem formulation
2.1. System description

This research focuses on a scenario in which a tower, nacelle,
and rotor have been preassembled onshore or inshore. A floating in-
stallation vessel carries multiple tower—nacelle-rotor preassemblies for
offshore installation, as shown in Fig. 1(a). The foundation of the FOWT
has been moored. When the installation vessel reaches the installation
site, specially designed equipments (such as lower grippers Ulstein,
2021) are used to temporarily couple the installation vessel and floating
foundation, aiming to maintain their relative positions in the horizontal
plane as consistently. The foundation can slide in the vertical direc-
tion surrounded by the gripper. One of the preassemblies is gripped
and moved to the stern of the installation vessel. Once the sea state
meets the allowable limits, a mating operation is conducted to lift the
preassembly onto the floating foundation. With the assistance of the
crews on the floating foundation, connect the male connector to the
female connector and insert the guide pins of the preassembly into the
guide holes of the foundation (see Fig. 1(b)), and the newly-designed
connection system can improve the efficiency of inserting and bolting.
Once the alignment is complete, the upper gripper is loosened and
the mating operation is regarded as being finished. Finally, the crews
tighten the nuts to strengthen the connection between the preassembly
and the foundation.
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(a) Wind turbine installation vessel and coordinate systems.
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Fig. 1. System setup of an OWT installation vessel with a distributed ballast system.

Releasing the preassembly at different instants results in a variation
of the floating installation vessel’s responses, further influencing the
unreleased preassemblies onboard. Therefore, the operating crews need
to be assisted to decide when to loosen the upper gripper based on
monitoring systems (Liu et al., 2023b). After the upper gripper is
loosened, nuts are slowly tightened by the crews, and the mechanical
couplings between the vessel and the FOWT foundation are separated.

Vessel motion is measured by inertial measurement units and a
global navigation satellite system. By processing the captured images,
a wave radar (i.e., WAMOS 2) can measure and predict wave elevation.
Wave loads are estimated by the waves measured by wave radar and
the response amplitude operators (RAOs) of the installation vessel.
Ballast tanks are used to reduce the vessel’s angular acceleration. The
ballast tanks are distributed along the longitudinal direction of the
vessel and independently connected to the open sea water. The slowly
varying current, winds, and second-order wave loads are offset by a
dynamic positioning system.

2.2. Heavy payload loadoff issue

The effects of selecting different payload release instants in wave
conditions are illustrated in Fig. 2. The total loads acting on the vessel
are a superposition of the wave loads, payload gravity, buoyancy,
and loads caused by interaction between the gripper and floating
foundation. Since the wave loads acting on the vessel are time-varying,
different release instants cause different vessel accelerations. The total
bending moment at the release instant influences the magnitude and
direction of the vessel’s angular acceleration. The payload gravity
points downwards, and equilibrium is reached if there is a generalized
total reacting force pointing upwards after the payload release. If the
direction of the reacting payload bending moment is the same as the
vessel’s angular acceleration direction at the release instant, the angular
acceleration of the vessel is amplified. The angular acceleration of
the vessel reduces if their directions are different. To limit the huge
accelerations generated at the release instant and guarantee structural
safety during loadoff, the instant for the step load must be carefully
selected.

2.3. System modeling

From the system description, the main components involved in a
tower—-nacelle-rotor release operation are an installation vessel, tower—
nacelle-rotor preassembly, ballast tanks, and the floating foundation
that has been moored. The sensing system includes wave radar, inertial
measurement units, and a global navigation satellite system. The vessel
and preassembly are rigid connected and are treated as rigid bodies
together with the floating foundation.

The motions of the floating foundation are not focused on. Two
inertial reference frames are defined, both following the right-hand
rule.

» The north-east-down (NED) coordinate system {n}: The origin
point is placed at the free water surface. The x-, y-, and z-axes
point to the north, east, and downward normal to the Earth’s
surface, respectively.

» The body-fixed reference frame {b}: The origin point is fixed at
the vessel mass center. The x’-, y’-, and z’-axes point to the bow,
starboard, and downward to the vessel, respectively. The kinetics
of the vessel are usually described in {b}.

The orientation of the vessel with respect to NED is represented
by the Euler angle 0,, € S3, including roll(¢), pitch(d), and yaw(y).
n=1[x,y.2¢,0,y]T € R?x S is the position and rotation vector in {n},
and v = [u,v,w, p,q,r]T € RO is the velocity vector in {b}. The general
kinetic model for a heavy-lifting installation vessel (Fossen, 2011) is
given by

(M gp+M )V+Crp(WIv+C (VV+D(WVv+8(N) = T+ 7+ 7+ T+ Tying + Tingers
@

where Myzp, M,, Cgrp(v), C4(v), and D(v) € R are the matrix
forms of the rigid-body mass, added mass, rigid-body Coriolis, added
mass-induced Coriolis, and damping, respectively. The Coriolis loads
are generated due to the rotation of {b} about the inertial frame {n}.
Under the small angle assumption, g(n) & Gn represents the restoring
force where G is the restoring matrix. In addition, the external loads
Tips T1s Tps Tes Ting> A0 Ty, € RO denote the loads caused by the waves,
heavy payload at the stern of the vessel, ballast tanks, thrusters from
the dynamic positioning system, wind, and the interaction between the
vessel and floating foundation, respectively.

The wave load 7,, is the sum of the first-order wave frequency loads
7,,; and the second-order wave drift loads 7,,. The dynamic positioning
system thrusters load r, is used to compensate for the slow-varying
loads, including the wind, current, and the second-order wave drift
loads. Since the main research objective was the motion in the vertical
plane of the vessel, the dynamic positioning system is not described
here in detail.

A load 7; is employed to describe the load transfer of the tower—
nacelle-rotor preassembly. The waiting-to-release preassembly can be
regarded as a rigid body with a lumped mass. The load 7, depends on
the setup. Hereafter, the payload gravity is adopted. Expressed in {n},
the payload gravity is

0 1
F'=¢t) 0 |, €={ ,
1 r

g 0 Vi1,

vi<t,
(2)
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Fig. 2. (a) and (b): The influence of different payload release instants on the vessel in the waves; (c): Free-body diagrams.
where ¢(z,) is a step factor, m; is the mass of the preassembly at the n {n} is given by
stern, g is the gravitational constant, and ¢, is the payload release 0
instant. Based on transformations between reference frames, the loads o= 0 i=1.2.n )
caused by the payload can be expressed as ”' Y d ’ B
08 Jo uridt

nT pn
Rb F, ]’ 3)

F
T = =
! [ Py X F} ] [ S(pf)RerFln

where R} € R is the rotation matrix from {b} to {n}, S(-) represents
the vector cross-product calculation (i.e., p; x RZT = S(p,)RZT), and

=[x}, 3P, 2!] is the position of the payload in {b}. The preassembly
is lifted at the mid-longitudinal line of the vessel (i.e., yf =0).

Each tank is equipped with a pump for mobilizing the volume of
water inside. The flow rate of the ith pump is expressed as u,;. By
increasing or decreasing water in the tanks, a generalized force acts
on the installation vessel. The ballast tank force caused by the ith tank

where F/" is the force vector caused by the ith tank, n, represents the
amount of the tanks, and u,; denotes the ith pump flow rate. The overall
loads generated by the tanks z, in {b} is

Fb ny RnT Fn
= i = 5
T [ pf_j X Ftb ] Z |: S(pb RnJan B 5)
where pf[ [xf,, yf[, z” 17 is the center of the water in the ith tank. To

simplify the calculatlon the value of pt is assumed to be constant.

The amplitude of the acceleration at the turbine nacelle is related
to the vessel’s acceleration and hub height. Relationships between the
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turbine nacelle and vessel motions are given by

p, =P+ R (6a)
By =0+ Ry S@), . (6b)
B =B+ Ry S )}  + RyS()l) (60)

where pz’j = [x:’j, y:.j, z:,j]T represents the position of the jth turbine
nacelle in {n}, p! = [}, yg,z;']T means the position of the installation
vessel in {n}, 12,- is the relative distance from the vessel’s gravity center
to the jth turbine hub, and w and « are the angular velocity and angular
acceleration of the installation vessel, respectively.

2.4. Simplified control design model

The vessel model of Eq. (1) is difficult to use in a control design, due
to its high complexity. Since the payload is released at the stern and the
inertia loads in the vertical plane are of larger magnitudes, the pitch
motion of the vessel is the DOF of highest importance. The release of
the payload and changes in the tanks’ water volumes directly influence
the heave motion of the installation vessel. Therefore, two simplified
models are proposed for the control design, wherein the dominant DOFs
are heave and pitch and less important DOFs are ignored. The 6DOF
model will be used in numerical simulations to verify the controller
designed according to the simplified 2DOF model. To establish the
control algorithm, the following necessary assumptions are proposed.

» For the sake of simplification, only long-crested waves are con-
sidered in this study.

Wave loads can be accurately predicted within 5 to 10 s. This
can be achieved through several wave-prediction methods, such
as machine learning (Ma et al., 2021), sparse regression (Ren
et al., 2023a), and image processing (Borge et al., 2004). To avoid
repetition, the algorithms are not presented here.

The free surface effects of the water in the tanks are negligible.
Variations in vessel buoyancy and gravity center caused by the
changes in water volume in the ballast tanks and payload release
are neglected. Also, the impact on the vessel hydrostatics is also
disregarded.

The second-order wave drift loads r,, and wind loads r,,,, are offset
by the dynamic positioning system .. The interaction loads between
the vessel and the foundation act only in the horizontal plane, which
also can be offset by the dynamic positioning system. Therefore, they
are removed from the simplified model. The wave elevation is the
superposition of several harmonic wave components.

To avoid repetition, the position and velocity vectors are defined
by n, = [2,0]" and v, = [w,q]", respectively. The ballast tanks are
turned off during the decision-making phase to make full use of the
wave-induced loads, in order to compensate for the inertial loads. To
achieve payload release decision-making, and ballast tank control, the
resulting simplified state-space equation for the installation vessel is
divided into the following forms:

(1) Simplified control design model for release decision-making:
cos(@) O

fny = 0 1 ] Vss (7a)

-1 ny
. m+ asz 0
= 28 A
12 0 I+ ass ] (; P8V 2S(wp)Aw
cos(9)

RAO; , cos(wyt + &, + @3 )
—z;sin(f) — x; cos(9)

RAOs ; cos(wy? + &4 + @5 4)

Gy Gss 0 — Dy 0
Gs3 Gss | ° 0 Dss |°

+¢()F [

0 a—m-u
[ ay+m-u 0 ]VS)’ (7b)

ap = X,w+ X,q, (7¢)

Sustainable Horizons 10 (2024) 100096

where n, is the number of wave components, w, and ¢, are the
frequency and initial phase of the kth frequency of waves, respectively,
4w is the frequency sampling interval, RAO,,  is the kth force transfer
RAO at a specific DOF, ¢,/ , is the kth phase transfer RAO at a specific
DOF, S(w,) is the wave power spectrum, F; is the force acting on the
gripper in z® which can be measured by attached force sensor. a;; and
ass are added mass caused by the heave and pitch motions, respectively,
G133, Gss, Gs3, and Gss are restoring factors, Ds;; and Dss are damping
factors, and for instance X is the hydrodynamic added mass force X
along the z-axis due to an acceleration w in the z direction.
(2) Simplified control design model for ballast control:

| cos(9) 0
Ny = [ 0 1 ] Vs (8a)
m+a 0 s
v, = 3 ] Y pg\/2S(w)Aw
[ 0 I, + ass k; k

n,
RAO; , cos(wit + €, + @3 4) . !
3,k k k E 0 z pg | ugdt
RAOs , cos(wyt + €4 + @s 1) P 0

cos(0) _| Gz G35 | D33 0 y
—z,,sin(0) — x,, cos(6) Gs; Gss | ™ 0 Dy |

0 a—m-u
B [ a+m-u 0 ] Vi), (8b)
V=t i=1...n, (80)
a; = X,w+ Xyq. (8d)

After finishing the payload release operation, the load acting on the
vessel by the payload is always zero, so the stepwise load is no longer
considered in the Eq. (8). Although the vessel’s RAOs change with the
volumes of ballast water, the displacement variation is not significant,
resulting in an insignificant difference in RAOs. Additionally, changing
RAOs during simulations is very difficult to implement in the currently
available numerical codes. Hence, constant RAOs are applied.

2.5. Continuous differential approximation of the step release process

The loads of the lifted payload r; during the release process are
stepwise and discontinuous at the release instant. The sudden jump
causes singularity problems in control designs. To ensure that loads
of the lifted payload z; are sufficiently continuously differentiable, a
hyperbolic tangent function is employed to approximate the step factor
)
=t 1

K )+ 2’
where « is a positive small number. Fig. 3 shows the effects of different
values of k. The difference between ¢ and its approximation is reduced
by decreasing the value of «.

ct,) ~ % tanh( (C)]

2.6. Problem statement

The elements in the state variable ¢ and control variable u are con-
strained in practice. Therefore, the following constraints are considered
in the control design.

Cl: The initial value at the 7, moment is obtained by real-time
monitoring (i.e., r(ty) is known).

C2: The pump flow rate is limited by its rated power (i.e., u,; <
u (1) < u;), where u,, and u;; denote the lower and upper flow rates
of the ith pump, respectively.

C3: The volume of the ballast tank is limited (i.e., 0 <V, ;(1) < 7”-),
where V,; denotes the maximum volume of the ith ballast tank.

To achieve a safe and efficient release operation, the following two
issues need to be resolved.

1. Limit the max peak acceleration of the onboard nacelles.
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The sudden heavy-lifting release operation generates a generalized
step reaction load 7; that risks damaging the mechanism in the on-
board nacelles. The amplitudes of the wave-induced loads are much
smaller than that of 7;. Since the direction of the wave loads changes
periodically, different release time instants cause the wave loads to be
superimposed on or cancel out the step loads of the lifted payload. As
much as possible, the payload release instant ¢, should be selected to
compensate for the wave loads with the step loads of the lifted payload
7, to protect the mechanism in the nacelles. Hence, the control objective
is to find the optimal release instant 77, such that

max(|B, () <@ j = Loen, 10)

where a is the nacelle acceleration safety threshold given by the wind
turbine manufacturers. Moreover, the ﬁZ'j (t¥) is calculated via Egs. (6)
and (7).

2. Minimize the mean acceleration at the onboard nacelles.

Besides the release time instant, there is a significant need to reduce
the nacelle acceleration over a relatively long term. A smaller mean
nacelle acceleration means a smaller amplitude of motion and higher
degree of vessel stability. The ballast tanks are actively controlled after
execution of the release operation. By controlling the pump flow rate
u*, the ballast tank load 7z, compensates for the 7, to the maximum
degree after the payload release. Hence, the control objective is to
minimize the mean nacelle acceleration amplitude in a period [¢}, ¢} +T7]
by calculating the ballast tank pump flow rate u*, such that

oo fr B @lPde
* . T "Fhn,j
u _argml}njzl’—T , a1

where ﬁZ,,-(f> is calculated via Egs. (6) and (8). The decision-support
algorithm is helpful for the operating crews to plan a safe payload
release operation by deciding the optimal time instant in advance or
providing signals to the automatic system. Additionally, the oscillation
of the vessel after release can quickly be reduced by controlling the
ballast pumps. It is important to note that the primary design of
the ballast tanks requires practical considerations based on the vessel
design, pump capacity, and other dominant factors.

3. Decision making and control design
3.1. Discretization of state-space equations

The proposed system is a multiple-input multiple-output problem
with several constraints that is suitable for solving with an NMPC
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approach. The control inputs are calculated by solving a finite time-
domain optimal control problem. The continuous optimal control prob-
lem must first be discretized into a nonlinear programming problem to
perform numerical calculations.

The direct multiple shooting method is applied to achieve the
discretization requirement. The principle of the direct multiple shooting
method is shown in Fig. 4. A time horizon [t,,#, + T] is divided into
N intervals with the constant sample time 61 = T /N, where ¢, is the
starting time, T represents the length of the predicted time horizon, and
N is the number of intervals. The state-space equations in each interval
can be independently integrated. The initial predicted state and control
variables at each interval are the variables to be calculated. For ease of
expression, the initial predicted state and control variables are defined
as s(k) and r(k), respectively. To retain the continuity of the predicted
state variables, the equation constraints are given by

ke + 1) = f(s(k), r(k)),
S (s(k), r(k)) = s(k + 1),

(12a)
(12b)

where k is the discrete time-step of the subinterval, f(s(k), r(k)) refers
to the discrete time integrator of Eq. (7) or (8), and r(k + 1) denotes the
final predicted state variables at the k+ 1 moment. The above equation
can be interpreted as that the initial state variable s(k+1) at the moment
k + 1 is equal to the state variable f(s(k),r(k)), calculated by Eq. (7)
or (8). Moreover, the state variables are smooth, due to the equation
constraints in Eq. (12).

3.2. Cost function of the model predictive control

The running cost is given to reflect the importance of each state
variable, control variable, and other parameters at every spacial time
grid. Due to the use of the multiple shooting method, the solution
becomes an optimization of the running cost function with respect
to s(k) and r(k). The most important items can be controlled first by
setting high weights for the corresponding parts in the running cost
Z(s(k), r(k)).

3.2.1. Cost function in the PTTS algorithm
To derive the PTTS algorithm and make payload release decisions,
the running cost is defined as

nn
£1(s1(0) = Y I (0llY,  k=0,1,..., Ny, 13)
i=1
where ||1‘j:’i(k)||f) = p ("Qp; (k), Q is a diagonal positive weight
matrix, s; = [z,0,w,q]" is the initial predicted state variable for
the simplified control design model without ballast tanks, N, is the
prediction step, 6, is the interval sampling time, and n,, is the number
of onboard nacelles. Moreover, the values of jj:,i(k) in Eq. (13) are
calculated by Egs. (6) and (7).

The cost function is the summation of the running cost #,(s;(k))
across the entire prediction horizon, given by

to+N |6t
?}itn Li(s.1,) = Z £1(s1() + BIt,1* + En(s{(N)), (14a)
o k=t
s.t. 1(0)—5(0)=0, (14b)
Sfi1(s(k) = s;(k+ 1), (14c)
0<1t, < Nyéoty, (14d)

where L(s,t,) is the cost function of the decision-making operation,
the value of g influences selection of the release instant, E(s;(N;))
is the end time contribution, which is calculated by Ey(s;(N;)) =
ls;(NDI12,, and B is a positive-definite weighting matrix. The payload
release instant ¢, is limited within the forecast time period.
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3.2.2. Cost function in the APBC algorithm
The running cost £,(s,(k), r,(k)) of APBC is given by

"
£r(5,(k). (k) = DB NS + I3, k=0.1,.... Ny,

i=1

(15)

where R and Q are the diagonal positive weighting matrices, the
weight matrix R allows for the distribution of the pump energy, al-
lowing for larger /R matrix factors for ballast tanks further away from
the middle of the vessel, s, = [z,6,w,q, V,,I,V,’z...,V,,,,!]T is the initial
predicted state variable for the simplified control design model without
a payload, V;; is the water volume of the ith ballast tank, and r, =
[y 1,455 .. ’ut,n,]T is the initial predicted control variable. The state
variable s, and control variable r, are limited by the physical limits
of the equipment. The vector j, (k) in Eq. (15) is calculated by the
Egs. (6) and (8).

Also, the cost function is the summation of the running cost #(s,(k),
ro(k)) across the entire prediction horizon, given by

Np—1
gnir21 Ly(sy,1) = Z C5(55(k), ry(k)) + En(55(N»)), (16a)

2T k=0
st 15(0) — 5,(0) = 0, (16b)
Sa(sp(k), ra(k)) = sp(k + 1), (16¢)
u<rk) < k=0,1,......Ny—1, (16d)
x<sk) <X k=12....N,. (16€)

where L,(s,,r,) is the cost function of the ballast tank control opera-
tion, u = [Et,l’zrl“"zr,nrj’ u= [E,’l,ﬁ,,z...,ﬁ,,ntj, x=[-00, =00, —00, —0,0,0,
...,0], and X = [+co, +00,+00, 400,V .V 5.....¥,, ]. By minimizing
the cost function, the state and control variables of the final iteration
can be obtained.

3.3. Overview of the inertial load reduction algorithm

The logic of the inertial load reduction algorithms is shown in
Fig. 5. The plant can be an actual vessel, scaled model, or high-fidelity
simulation model. Motion sensors and wave radar are used to obtain
the real-time state variables of the vessel and sense waves, respectively.
To select the optimal release time instant for the preassembly at the
stern, a PTTS can be used to identify the optimal release instant based
on the wave forecasts. A payload release decision flag ¢ is set to an
initial value of 1, meant to execute the PTTS algorithm first. The flag
is used to receive a signal regarding whether the payload is released
and decide which algorithm to execute. An APBC is set up to stabilize
the installation vessel after releasing the payload by controlling the
flow rate of each water tank distributed along the length direction.
The APBC algorithm can minimize the peak acceleration of the onboard
wind turbine nacelles after the payload release.

The entire process is divided into decision-making and vessel-
stabilizing phases. The inertial load reduction algorithm is a combi-
nation of the PTTS and APBC algorithms, established to guarantee
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direct multiple shooting method.

the loadoff operation within the operational time window [7,.;ion start>
toperationend] (5€€ Fig. 6 and Algorithm 1). If the current time  reaches
the beginning of the decision-making time 7,,.;son s1qs @nd the value
of the release decision flag remains ¢ = 1, the PTTS algorithm is
executed. The control algorithms can be integrated into the vessel’s
operation center to assist the crews or to conduct automatic scheduling
in executing payload release operations. The PTTS algorithm calculates
the locally optimal release instant ¢* in the next time grid and decides
whether to accept the release instant ¢: based on the preset release
conditions. If the release condition is satisfied, the calculated ¢ is
accepted and the value of the release decision flag becomes ¢ = 0.
Otherwise, the release decision flag remains ¢ = 1 and the PTTS
algorithm continues at the next sample time instant. The iteration lasts
until the end of the decision-making time 7,,.;;on end-

After finishing the preassembly loadoff, acceleration of the vessel
and turbine nacelle increases steeply. To achieve rapid recovery after
release, the APBC algorithm (based on the principle of the NMPC) is
proposed. After the payload transfer is executed (i.e., ¢ = 0), the APBC
algorithm starts at each sample time to control the ballast tank flow rate
u*. The pump flow rates and ballast tank volumes are the constraints
on the APBC. By roll-optimizing the pump flow rate of each ballast
tank, the mean acceleration of the wind turbine nacelles is limited until

operation termination #,,,.qion,end-

Algorithm 1 Inertial load reduction algorithm
Input: z(1), 6(1), w(®), ¢, V; 1D, Vo (©), ..V, ()

Parameters: tdecision,startvIdecis[on,end’toperation.end’a; ¢ < 1;

1: while ¢ < loperatian,end do

2 switch 7 do

3 case tdeci.virm,xrart < t < tdecixion,end

4: if ¢ = 1 then

5: (7, B, ;)< arg min L, (z(2),00:), w(1), q(t))

6 if max(1g;,(;)) < @.

7 Execute the 1%, ¢ < 0

8 end if

9: else
10: w*(f)«-arg min Ly (2(1), 0(1), (1), q(1). V; 1 (O, e V. (1))
11: end if
12: case tdecision,end <tr< tapermian,end
13: if ¢ =0 then
14: w(t)e-arg min L, (2(0), 0(1), (1), (1), Vy (1), s Vy (1)
15: end if

16: end switch
17: t=1t+ At
18: end while

The acceleration magnitudes for the onboard turbine nacelles vary
with the selection of release time. The PTTS algorithm is executed for
each sample time during the decision-making period. The local optimal
release time in the prediction steps N, can be calculated by solving the
optimal question at the current sample time point. The sample time
6t, can be set higher to achieve a longer decision horizon. However, a
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Fig. 6. Control strategy for the PTTS and APBC algorithms.

too large value of 6, results in low resolution and missing some of the
proper payload release instants during the wind turbine construction
process. Moreover, a higher number of prediction steps N, results in
a longer computation time. Due to the transient nature of the release
operation, invoking the APBC algorithm using ballast tanks are unable
to reduce the accelerations at the moment of release. The parameter 67,
represents the sampling time step of the APBC algorithm, and a small
6t, is required to counteract the wave loads associated with shorter
waves. However, utilizing a smaller sampling time step, on the other
hand, results in a larger computational workload.

4. Simulation
4.1. Simulation overview

The simulations were conducted in 6DOF using Matlab/Simulink,
MSS, MARIN (Ren et al., 2018), and the Casadi toolboxes (Andersson
et al., 2019). Based on the simplified control design model, the PTTS
and APBC algorithms were used to select the payload release instant
t* and control the ballast tank pump flow rate u*(z), respectively. To
improve simulation accuracy, the simulation verification model consid-
ered the fluid memory effects, cross-flow drag, and surge resistance, in
order to characterize the system.

Wamit calculated the hydrodynamic parameters for the installation
vessel without considering the interferences of the spar foundation.

The vessel’s hull shape was simplified to a regular barge shape. The
principle parameters of the vessel and the main parameters of the total
system are listed in Table 1. In the simulations, there were six ballast
tanks distributed along the length of the vessel (i.e., n, = 6). The max
pump rate magnitude u,; was set as 10 m3/s, and the ballast tanks’
maximum volume VU. is 180 m>. By adding or reducing the volume
of ballast water in each tank, additional forces and bending moments
could be generated for the vessel. Long-crested waves were considered
in the simulations, and the waves propagated against the bow. Each
simulation lasted for 800 s. To ensure computational efficiency, the
value of the prediction steps N, in the PTTS algorithm and N, in the
APBC algorithm were set to 10. The sampling intervals ¢, and 6, were
both set to 0.5 s.

4.2. Influence of different payload release instants

Firstly, a simulation, considering the release of the payload process
in the absence of waves, was conducted to understand the system
dynamic behavior and assess the reliability of the simulation method.
The simulation results are shown in Fig. 7, and the initial 500 s were
removed. The maximum acceleration of the nacelles onboard sharply
increased after the release of the payload, and it took about 50 s to
dampen out. The vessel draft was reduced by approximately 0.4 m
after the payload release from the stern, and the vessel no longer had a
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Table 1
Main parameters for the simulations.
Part Parameter Value Unit
Vessel length 150 m
Vessel width 33 m
Vessel Vessel draft 9 m
Vessel mass m 4.236 x 10* ton
Moment of inertia pm the y*-axis I, 6.948 x 100 kg m?
Gravity center position of the vessel (0,0,-1) m
Number of ballast tanks 6 -
Position of ballast tank centers on the x-axis x,, 60,40, 20, —20, —40, —60 m
Ballast system Position of ballast tank centers on the z-axis z,; -8.25 m
Ballast tank maximum volume 7,',,, 180 m’
Minimum and maximum pump rates (4, > ) (-10,10) m3/s
Mated preassembly Payl(?ad mass m L . 2000 ton
(payload) Gravity center position of the payload on the x-axis x; -100 m
pay Gravity center position of the payload on the z-axis z, -80 m
Number of preassemblies n, 3 -
Onboard preassemblies Position of the j-th preassembly on the x-axis X, 70,0,-70 m
Position of the preassemblies on the z-axis z) ; -160 m
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longitudinal tilt angle of 1.5 deg. This is consistent with reality, which
demonstrates the rationality of this simulation and system modeling.

To more intuitively illustrate the importance of decision-making
regarding the release instants in the FOWT preassembly loadoff sce-
nario, the corresponding pre-simulations were conducted to illustrate
the effects of different payload release instants on the acceleration of
the FOWT nacelles.

The simulation results using different release instants and specific
regular waves (wave height H = 1 m, wave period T = 10 s, and
wave direction ¢ = 0 rad) are shown in Fig. 8. To avoid the effects
of initialization, the results in the initial 500 s were removed. The
acceleration magnitude of the nacelle placed in the middle of the
vessel dock ﬁ:’z is presented in Fig. 8(a). The selected payload release
instants in the simulations were 600 s, 654 s, and 708 s, covering

10

different time instants within a 10-second time interval, across different
wave periods. Selection of the release time instants led to a noticeable
difference in the acceleration of the onboard nacelles. Hence, intelligent
decision-making support for the payload release is necessary.

The practical offshore environment is more complex. In addition to
regular waves, irregular long-crested waves generated by the Jonswap
spectrum were used to provide a more complex scenario. Different
payload transfer instants ranging from 600 s to 610 s, at intervals of 1 s,
were compared for regular waves and an irregular sea state (significant
wave height H = 1.5 m, peak period 7, = 10 s, and wave direction ¢
= 0 rad).

The peak nacelle accelerations at different payload release instants
are shown in Fig. 9. The results demonstrated that the acceleration



C. Ma et al.

Table 2

Sustainable Horizons 10 (2024) 100096

Environmental parameters for regular waves and the corresponding simulation results.

EC H(m) T(s) Max acceleration Acceleration Acceleration
magnitude without magnitude with magnitude
PTTS (m/s%) PTTS (m/s%) reduction ratio (%)

1 1.12 11.4 2.84 1.60 43.7

2 0.98 9.80 2.32 1.54 33.6

3 1.19 8.99 3.12 1.44 53.8

4 0.80 10.9 2.71 1.75 35.4

5 0.83 8.97 2.83 1.60 43.5

6 1.19 9.93 3.11 1.48 52.4

7 0.69 10.5 2.69 1.69 37.2

8 0.58 9.48 2.65 1.79 32.5

9 0.55 10.3 2.61 1.77 32.2

10 0.75 11.5 2.62 1.57 40.1

magnitude of the nacelles varied considerably at different release in-
stants. The peak acceleration magnitudes of the nacelles were close to
1 m/s? when the payload was not released, and reached 1.5 to 3 m/s?
after payload transfer. Moreover, the choice of different payload release
instants resulted in up to a 1.5 m/s? difference in acceleration magni-
tude. The difference was mainly due to the wave loads generated at the
payload transfer instant. Hence, decision-making support regarding the
payload release instant is necessary to fully use wave-induced loads in
the opposite direction and compensate for the inertial loads caused by
a sudden payload release.

In Fig. 9, it is noted that the effects of inertia load reduction in
irregular waves are less effective than those in regular waves, although
the energy of the irregular waves is higher. The main reason is that
irregular waves consist of multiple harmonic wave components with
different initial phases, which are determined by the selection of ran-
dom seeds. Since the total wave loads are considered the superposition
of the loads arising from these components, the magnitudes of the total
wave loads may be amplified or reduced due to the phase difference
among wave components. Compared to the case in regular waves, the
load magnitudes were reduced in the irregular waves. Hence, there was
a performance inferiority in the proposed case studies.

The acceleration magnitude at the second nacelle was the least
among the three. This was mainly due to the nacelle in the middle of
the vessel having a slightly lower lever arm than the vessel’s center of
gravity.

4.3. Decision-making for payload release instant

For the sea states (1) regular waves: wave height H = 1 m, wave
period T = 10 s, and wave direction ¢ = 0 rad and (2) irregular waves:
significant wave height H,= 1.5 m, peak period 7, = 10 s, and wave
direction ¢ = 0 rad, the decision-making phase started at 600 s. The
nacelle acceleration threshold a was set to 1.6 m/s” to validate the
control algorithm. If a high nacelle acceleration threshold a was set, the
release conditions can be easily satisfied. On the contrary, if the value
was low, the payload was not released even under certain relatively safe
conditions. In practice, extensive experimental verification is required
to determine the threshold value.

The decision results for the payload release instants were 604.5 s
and 616.5 s for the regular and irregular waves, respectively. The
acceleration magnitudes for the onboard nacelles reached 1.52 and
1.74 m/s?, respectively. The time-domain results from 550 to 650 s
are presented in Fig. 10. Results of uncontrolled releases at 600-610 s
(sampling interval of 1 s) were marked as purple scatters. Each point
denoted the peak wind turbine nacelle acceleration magnitude after
release at the specific release time instant. The maximum peak accel-
eration magnitude for the onboard nacelles after release time instant
decided by the PTTS algorithm was smaller than those without control.
It was summarized that the proposed PTTS algorithm was effective in
limiting the max nacelle acceleration after the payload release.

The acceleration magnitudes at the nacelle were greater than at
the threshold. Only two DOF motions (i.e., heave and pitch) were
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considered in the threshold, but actually there were six DOF motions
in the simulations. To further ensure the safety of the release process,
a safety factor is recommended to increase the basis of the release
threshold (i.e., max; (| ﬁz’j(tj)l) < ya, where y € (0, 1)). Other decision-
making strategies (i.e., the Bayesian method) can be a great paradigm
to improve performance and accuracy.

4.4. Ballast tank control after release

The inertial load reduction algorithm is carried out in the regular
and irregular waves, respectively. The simulation results from 500 s to
800 s are presented in Fig. 11.

The APBC algorithm effectively received the signal regarding
whether the payload was released and began controlling the individual
pumps’ inlet and outlet flow rates. Compared to the results for only
executing a preassembly loadoff, the proposed active ballast control
algorithm effectively reduced the acceleration magnitude at the na-
celles. Moreover, the acceleration magnitude could be maintained at
a relatively low level during execution of the APBC algorithm. In
addition, the mean pitch motion was decreased by using the ballast
tanks (see Figs. 11(e) and 11(f)).

Noteworthy, the system design is still under conceptual research,
and the max flow rates of the pumps are set to be somewhat larger
than normal. In applications, a higher flow rate of the pumps can
provide better anti-pitch effects. Furthermore, once the ballast tank is
filled, the anti-pitch performance deteriorate significantly. Therefore,
the vessel and mechanical designs are coupled, which should be further
investigated in future research.

4.5. Algorithm validation

Monte Carlo simulations were conducted to evaluate the effective-
ness of the proposed algorithms, a total of 10 simulations for regular
wave random environmental conditions (ECs) and 10 simulations for
irregular wave random ECs. The wave parameters included the wave
height H and wave period T for the regular waves, and significant
wave height H; and peak period T, for the irregular waves. The wave
direction € was set at 0, and the allowable release threshold a for both
wave environments was set at 1.6 m/s>. A 800-second time-domain
simulation was conducted under each EC.

To avoid redundancy, the time domain simulation results were not
presented. The wave parameters and corresponding simulation results
are listed in Tables 2 and 3. The results verify the robustness of the
proposed algorithms. The acceleration magnitudes in the nacelles were
reduced by a minimum of 30%. In specific sea states, the acceleration
magnitude reduction was significant: 53.8% in EC 3 (regular waves)
and 47.2% in EC 7 (irregular waves).

The selection of a was critical. Excessively liberal release conditions
created the risk of damage to the internal mechanisms of the onboard
nacelles. Overly strict release conditions, in turn, made it difficult to
meet the release conditions for the preassembly and extend the time of
offshore operations for FOWT installation. Therefore, a certain amount
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Table 3
Environmental parameters for irregular waves and the corresponding simulation results.
EC H (m) T,(s) Max acceleration Acceleration Acceleration
magnitude without magnitude with magnitude
PTTS (m/s?) PTTS (m/s?) reduction ratio (%)
1 1.33 11.3 2.68 1.71 36.2
2 1.21 11.5 2.54 1.73 31.9
3 1.46 10.6 2.75 1.54 44.0
4 1.29 8.89 2.73 1.68 38.5
5 1.59 9.68 2.83 1.52 46.3
6 1.19 11.0 2.55 1.58 38.0
7 1.57 10.7 2.82 1.49 47.2
8 1.15 10.3 2.61 1.57 39.8
9 1.45 9.02 2.80 1.77 36.8
10 1.62 10.3 2.82 1.68 40.4

of simulation and scaled model experiments are necessary for setting
up nacelle acceleration safety threshold a.

It is worth noting that the use of different types of vessels as the
installation vessel had different effects. Using a smaller displacement
vessel made the inertial load reduction algorithm more effective at
reducing the maximum acceleration magnitude of the nacelle. More-
over, vessels with a greater waterline area (e.g., catamarans, trimarans)
made the release process more stable. The payload released on the side
of the vessel caused a more substantial roll motion after the payload
was released. Thus, this installation method required support from the
inertial load reduction algorithm.

12

5. Conclusion

Substantial inertial loads after payload release are a challenge for
the tower-nacelle-rotor preassembly installation. This work proposed
a method for reducing inertial loads after the payload transfer. The
scheme consisted of two parts: a release time decision-making algo-
rithm and anti-pitch ballast controller. The numerical simulation results
using a 6DOF model showed that the algorithms designed according
to the proposed 2DOF simplified model were able to calculate the
optimal payload release time instant for long-crested waves. Moreover,
the controller effectively scheduled ballast water to reduce the mean
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Fig. 11. Combination of PTTS and APBC algorithms for regular and irregular waves.

acceleration of the onboard nacelles after release. The peak acceleration
magnitudes of onboard nacelles after the loadoff instant were limited,
effectively protecting the mechanism in the nacelles.

To further enhance the applicability of the proposed algorithms,
more complex marine environments will be considered for the control,
such as short-crested waves and swell. In addition, gust wind may also
play an important role in the inertial load, which makes the control
tougher. Instead of a two DOF control object, anti-roll and anti-pitch
control should be further integrated using a catamaran installation
vessel. Future research on complex system dynamics and the interaction
among mechanical components is necessary to improve the under-
standing of its operational criteria. The strength of the connectors also

1

needs to be analyzed and verified. Furthermore, more accurate wave
elevation estimation and wave-load prediction techniques should be
further investigated. State-of-the-art decision-making methods can be
further studied to improve the performance.
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Appendix

The force RAO of the installation used in the simulation is calculated

by Wamit, shown in Fig. 12.
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