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Abstract

It is essential to shift to a decarbonised energy supply by producing renewable energy on
a large scale to stop climate change. Wind energy is one of the most promising renewable
energy sources, and most wind turbines use a monopile as support structure. Using a floating
vessel operating on its Dynamic Positioning (DP)-system and using a motion-compensated
pile gripper to install monopiles could be the installation method of the future. Therefore,
this thesis focuses on this method. Jumbo Maritime is currently building the Stella Synergy,
a heavy lift vessel capable of installing monopile using this new method. The company is
interested in the capability and workability of the vessel during such an installation operation.
The main objective of this thesis project is to build a model that accurately describes the
motions of the Stella Synergy, the monopile, and the motion-compensated gripper, depending
on the environmental conditions.

This model is built in aNySIM, which is a time-domain simulation software program of
MARIN based on the Runge-Kutta2 (RK2) numerical method. The model considers the
early pile driving phase because this phase is governing in terms of risk. The monopile acts as
an inverted pendulum in this phase, and the motion-compensated pile gripper must guarantee
the stability of the monopile. No soil-monopile interaction is assumed because the monopile’s
penetration depth is low, and when the soil stability force is considered, it contains significant
uncertainties. The vessel uses its DP-system for station keeping. The DP-system contains
a position reference system, a filter, a control system, and a thruster allocation algorithm.
Although the DP-gains are optimised for one specific critical sea condition, they are used
for each simulated sea condition. The vessel’s motion could be reduced by optimising the
DP-gains for each simulation, but this is a very time-consuming process that is beyond the
scope of this thesis.

The model describes the wind, current and wave forces on the monopile and vessel. The
environmental conditions are assumed to be collinear, and wave spreading is added to the
model for some simulations. The wave forces on the vessel are determined with diffraction
calculations in Ansys AQWA. The diffraction calculation for the vessel is verified with a
diffraction calculation of MARIN, and the diffraction calculation for the monopile considers
the shielding effect and is verified with a calculation with the Morison equation.
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A motion-compensated pile gripper with two Proportional Derivative (PD)-controllers is built
in Python. One PD-controller is used to determine the force to compensate the vessel’s
motion, and the other controller is used to determine the force to keep the monopile vertical.
The gripper considers static and dynamic friction forces and a maximum delta force per
numeric timestep to model the pressure build-up time of the hydraulic cylinders. The gripper
is capable of compensating the vessel’s motion for 60% to 95%, depending on the sea condition
it is operating in.

After verifying every single element of the model, multiple 3-hours simulations are run to
generate results. These simulations, which considers each a different sea condition, are tested
by the six limitations of the model. First, the preferable incoming angle of environmental
conditions is determined. The workability of the Stella Synergy is calculated operating at
the North Sea using this preferable incoming angle of attack. Then, two adaptations to the
model are tested to increase the workability. Using fast-rotating thrusters or changing the
DP-gains result in the workability of 96.4%. The governing limitation is the pitch motion of
the vessel.

It is tested if using mooring lines in combination with the DP-system results in a footprint
reduction. It is concluded that adding mooring lines could result in a footprint reduction,
but it is crucial to gain insight into the optimal axial stiffness of the mooring lines. The
monopile’s influence on the vessel’s motion is also tested. It is concluded that the vessel’s
surge, sway, roll and yaw motion increases significantly due to the environmental forces on
the monopile, which are passed through the gripper to the vessel. Finally, the workability of
the vessel during the worst-case single failure is determined. After improving the DP-gains
for particular sea conditions, the workability for the worst-case single failure was 96.0%. The
failure results thus in a minor difference in the workability.
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Chapter 1

Introduction to monopile installation

This chapter gives an introduction to monopile installation. It explains how most monopiles
are currently installed and explains why research on this object is needed and interesting. At
the end of the chapter, an overview of the following chapters is given.

1-1 Background information

To stop global climate change, the Paris agreement, which is an agreement within the United
Nations Framework Convention on Climate Change (UNFCCC), was signed by 196 parties
in 2016 [5]. The agreement’s primary goal was to keep the global temperature rise below 2
degrees Celsius, preferably 1.5 degrees Celsius, compared to the pre-industrial level. One of
the main solutions to this problem is to shift to a decarbonised energy supply by producing
large-scale renewable energy, this causes a reduction in fossil fuel use and greenhouse gas
emissions [6]. According to [7], the world needs to increase the share of renewable energy
production in total energy production from 19% in 2017 to 67% in 2050, mostly through the
growth in solar and wind power generation. In this literature review, the focus lies on wind
energy, one of the most promising renewable energy sources, and it has been growing since
the first wind turbine was installed [8]. Especially the offshore wind farms are promising since
space scarcity, visual pollution, and noise disturbance problems arise onshore. Next to that,
the wind blows stronger and more consistently at sea than at land [9], [10]. In 2009 the total
installed offshore wind capacity in Europe was 2.5 GW, this grew exponentially to 22.4 GW
in 2019 [11]. The average offshore wind farm size and number of parks keep on increasing
[11]. And yet, this is far from what is needed. If Europe wants to meet the Paris agreements’
targets, it should raise the North Sea’s installed offshore wind capacity to 150 GW in 2040.
In the last three years, the average wind deployment rate was 3.6 GW /year, this should be
raised to 7 GW /year for the next 20 years to meet the targets [11].

According to the same report, 63% of the current installed offshore wind turbines uses a
monopile as support structure. Monopiles are still the favourite support structure because
the production facilities are extensive, they are easy to transport, and frequently there is
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2 Introduction to monopile installation

no need to prepare the sea bed. Alternatives for the monopile are tripod structures, lattice
structures, gravity-based structures, and floating structures [12]. Wind turbines, and thereby
also monopiles, have been increasing in size enormously in the last years. This is mainly due
to reducing the costs per produced GW [13] and the increasing water depths at installation
sites. The average rated capacity of turbines installed in 2010 was 3.0 MW, and in 2019 it
was 7.8 MW. The average water depth of wind farms under construction in 2014 was 22 m,
this was in 2019 already 33 m [11]. Due to the simple tubular design of a monopile, it is
possible to build them in enormous sizes. The new 14 MW offshore wind turbine of General
Electrics will be 260 meters tall, and the monopile will have a diameter of 10 m [14].

Currently, the majority of the monopiles are installed by jack-up installation vessels [15]. A
jack-up vessel sails to the installation site, lowers its legs, and jacks up the entire vessel to
provide a stable working platform during the installation. Using this method, the installation
of a single monopile takes approximately 19 hours, of which approximately 18% of the instal-
lation time is spent on the jacking operation [16]. Although using a jack-up vessel for the
installation of monopiles is a proven concept, it might not be the most cost-efficient method.

1-2 Motivation

The current installation costs of offshore wind turbines are approximately 100,000 €/ MW,
which is 20% of the total construction costs [17]. Because the installation costs contribute a
significant amount to the total costs, a reduction in installation costs could lead to an increase
in the deployment rate of offshore wind turbines. Decreasing the monopile installation costs
and while the monopile size keeps increasing opens the discussion about the best installation
method. The current method, in which a jack-up vessel is used, seems not to be able to deal
with future challenges. Most existing jack-ups do not have long enough legs for the future
water depths and do not have the lifting capacity for the future monopile foundation weights.
The soil conditions also become more challenging for jack-ups at the future installation sites,
and they might not be able to do the job [15]. Above all, according to [18], many second world
war bombs are lying down at the sea bottom of the North Sea, those bombs could damage
the legs of jack-ups, and this could be very dangerous for the vessel.

This pays attention to an upcoming alternative, using a floating vessel for the installation
activities. This could reduce the installation time because no jacking operation is needed,
and the second world war bombs are not so dangerous for a floating vessel. Besides that, a
floating installation vessel is independent of soil conditions and water depths, and it has by
average more deck space than a jack-up vessel [15]. But, environmental forces that act on
a floating vessel will cause motions of the vessel. This brings great challenges in terms of
station keeping and motion reduction of the vessel during installation operations. Currently,
two methods for station keeping of a floating vessel are known, using mooring lines and using
Dynamic Positioning (DP). Even if these methods are used properly, the vessel will have
small vessel motions causing a particular footprint. A motion-compensated gripper could be
used to counter the small vessel motions, but the gripper has certain limitations in terms of
the vessel’s footprint, and it has limited excitation force to keep the monopile upright during
the installation [19]. Monopile installation using a floating vessel and a motion-compensated
gripper seems a promising installation technique. Even a first monopile installation test using
this technique is already executed successfully by Subsea7 [20].
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1-3 Overview 3

In this literature review, research is done on the challenges that arise during the installation
of a XXL-monopile using a floating vessel and a motion compensated gripper. The goal is to
search for the main challenges and a way to deal with them.

1-3  Overview

Chapter 2 describes the essential elements of the installation process. Here the pile gripper,
the different installation phases, the shielding effect, and two station keeping systems will
be discussed. Chapter 3 elaborates on the environmental forces that act on the vessel and
the monopile during installation. These environmental forces are caused by waves, wind, and
current. Chapter 2 and 3 together are the of the literature survey for this thesis project. In
Chapter 4 is explained step by step how the model is built and verified. Firstly the vessel, then
the monopile, and finally the motion-compensated pile gripper will be discussed. In figure 1-1
the Stella Synergy is shown, which is the vessel that is considered in this research. After build-
ing and verifying the model, simulations are run, and results are generated, which is shown
in Chapter 5. Last but not least, Chapter 6 describes the conclusions and recommendations
of this thesis project.

Figure 1-1: Stella Synergy
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Chapter 2

Installation process

During the installation of a monopile, many elements play a role. Environmental forces cause
vessel motion, a Dynamic Positioning (DP) or mooring system is used for station keeping, and
the pile gripper counters the vessel motion and guides the monopile during the pile driving.
Each installation phase is different, and all phases must be executed safely. Before starting
with the installation, an angle of attack must be chosen, which greatly influences the possible
shielding effect. This chapter elaborates on the different elements that play a significant role
during a floating monopile installation.

2-1 Installation phases

The offshore installation of monopiles consists of multiple phases. The forces that act on the
monopile and vessel differ for each phase, and each phase gives specific challenges. Generally,
the installation of a monopile with a floating vessel comprises the following phases [21], [1]:

1. Transport the monopile to the location of the new wind farm. The monopile can be
transported by the installation vessel, on top of a barge, or towed to the desired location.

2. Upend the monopile from a horizontal position to a vertical position.

3. Lower the monopile through the wave zone until it reaches the sea bed.

4. Activate the motion-compensated gripper to keep the monopile’s upright position and
remove the crane connection with the monopile. This phase is known as the early pile driving
phase. The forces in the vertical direction are fully countered by the sea bed.

5. Driving the monopile into the sea bed until it reached the desired penetration depth.

It is preferable to transport the monopile on top of a barge to the installation site in most
cases. But, the way of transporting the monopiles strongly depends on the upending method.
This is further explained in subsection 2-1-1. Sections 2-1-1 to 2-1-4 focus on phases 2-5 and
the different sub-phases that are involved during the installation.
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6 Installation process

2-1-1 Phase 2: Upending

The monopile arrives at the installation site in a horizontal position. Firstly, the monopile
is rotated to a vertical position, this process is called upending. Nowadays, four upending
methods are known; Upending using a separate upending frame, upending using multiple
hooks, upending with a gripper frame, and upending in water [22]. The methods are briefly
discussed here.

Upending with upending frame The monopile is placed in a separate upending frame,
which only supports the monopile during the rotation. Afterward, the monopile, which is
now in a vertical position, is placed in the gripper. This method is not preferable since it is
a time-consuming process, and extra deck space is needed for the upending device.

Upending with multiple hooks The monopile is lifted with multiple separately controlled
hooks. Although this is a fast upending process, it has two considerable disadvantages. The
maximum crane capacity cannot be reached because the lifting cables are under an angle
during the rotation, and the operation is less controlled.

Upending with gripper frame The main crane places the monopile directly in the rotating
gripper. The Internal Lifting Tool (ILT) of the crane is attached to the monopile’s upper end
and lift it. The gripper only guides the rotation and acts as a hinge. This is a fast process
since it only requires one lifting operation, and it is a safe process because the monopile is
guided during rotation. The downside is that the gripper frame must be strengthened to cope
with the monopile’s large weight, and it must allow rotation. This results in a more expensive

gripper.

Upending in water The monopile is towed to the installation site and is upended in the
water. During the transportation of the monopile, it needs waterproof end-caps to remain
buoyant. The ILT is connected to one end of the monopile and lifts it, and automatically
the monopile is rotated. When the monopile is in a vertical position, it is placed in the
gripper frame. A huge advantage of this method is that a monopile with a larger weight than
the max safe working load of the crane can be upended due to the buoyant force [23]. The
disadvantages are that the monopile needs end-caps, which must be removed carefully, and
that the monopile must be towed to the installation site.

Optimal method The best option for the Stella Synergy is to upend with the gripper frame.
It is a safe and fast process. It only requires an extra investment for a more advanced gripper
frame. But, it has some limitations. The Stella Synergy’s main crane has a maximum lifting
height of 87 meters and a maximum lifting capacity of 2500 tonnes [24]. If the Stella Synergy
wants to install larger or heavier monopiles than its crane limitation, it must use the upending
in water method. Clearly, the way of transporting depends on the method of upending.

The monopile touches the seawater for the first time during the monopile rotation with the
gripper frame. This means that hydrodynamic forces will act on the monopile. These forces
could result in instabilities in certain sea conditions. In the study of [22], the focus lies on
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2-1 Installation phases 7

the workability of an installation vessel during six different sub-phases of the upending of the
monopile with a gripper frame. The first phase is when the monopile is located in the gripper
in a horizontal position. The last sub-phase, which is considered, is when the monopile is
in a vertical position, and it is ready to be lowered. In sub-phase 1-2, the monopile is not
submerged at all, and in sub-phase 3-6, the monopile is partly submerged. In the study of
[22] is concluded that sub-phase 3, where the monopile is rotated 30 degrees from a horizontal
position, is the most critical sub-phase during the upending process. During this sub-phase,
the distance between the submerged part of the monopile and the vessel’s center of rotation
is large. This results in big moments due to hydrodynamic forces. Also, the horizontal forces
acting on the gripper are the largest during this sub-phase.

2-1-2 Phase 3: Lowering

After the upending, the monopile is lowered to the sea bed. During the lowering of the
monopile, it gains a larger buoyancy force. The vertical gravitational minus the buoyancy
force acts entirely on the ILT until it touches the sea bed. During the lowering process,
wind and hydrodynamic forces act on the monopile. These forces could lead to instabilities
in certain sea states, although this phase is not expected to be the most critical one [22].
At the moment of touchdown, the monopile self penetrates the seafloor roughly half the pile
diameter due to its weight [25]. Of course, this depends on the soil characteristics in place and
the monopile characteristics. The exact location where the monopile will be installed is now
determined. The study of [26] focused on lowering the monopile in the water without getting
in contact with the seafloor. He simulated a continuous lowering process of the monopile. It
this study is concluded that for the lowering phase the shielding effect could be crucial for
the stability. Some explanation about the shielding effect can be found in section 2-4.

2-1-3 Phase 4: Early pile driving phase

After the penetration of the seafloor due to the weight of the monopile, some actions need to be
taken before the pile driving phase can start. Firstly, the motion-compensated gripper frame
is activated. This means that there is no rigid connection between the gripper and monopile
anymore. The gripper frame compensates small vessel motion, and the gripper maintains
the upright position of the monopile [19]. If the vessel loses position, it may damage the
gripper and the monopile. After activating the motion-compensated gripper frame, the ILT
is detached for the monopile, which results in a risky situation because the monopile can not
be lifted anymore. According to [16], the maximum inclination angle during the installation
of the monopile depends on the penetration depth of the monopile. A too large inclination
angle could result in plastic deformation of the soil. Therefore, it is crucial to control the
monopile’s inclination angle during the early pile driving and the pile-driving phases.

The soil has only limited interaction with the monopile due to the low penetration depth.
This means that the monopile acts like an inverted pendulum supported by the gripper frame.
If a dangerous situation occurs now, for example, a storm is coming, it is not easy to lift the
monopile back on deck and abort the installation. The next step is to connect the vibro drill to
the main crane and lift it on top of the monopile. The study of [1] focuses on the workability of
the installation vessel Stella Synergy during the early pile driving phase. For station keeping,
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mooring lines were used in this study, and he assumed no soil-monopile interaction. The
study of [21] also focuses on the early pile driving phase, but here soil-monopile interaction is
assumed. This interaction is modeled with the lateral soil resistance-deflection relationship, or
better known as the PY-curve. In this study is concluded, it is better to assume no interaction,
because the stability force gained by the monopile-soil interaction has large uncertainties and
it is better to take the worst-case scenario.

2-1-4 Phase 5: Pile driving

After finishing the early pile driving phase, the vibro drill is connected and the motion-
compensated gripper frame is activated, thus the pile driving can start. The vibro drill drives
the pile to a certain depth, and the gripper ensures the pile’s vertical position. At a certain
depth, the soil-monopile interaction is large enough to ensure the stability of the monopile
[16]. Now, the motion-compensated gripper frame is detached to avoid large mooring forces
of the monopile. After the inclination angle is measured and corrected, the pile driving can
continue to the final penetration depth. The driving of monopiles is conventionally done using
a hydraulic hammer, this process is known as piling [27]. This conventional way of pile driving
causes high noise levels, which damages marine life. Therefore, a vibro drill, which is less
noisy, is used for driving the pile. The study of [16] focused on the installation of monopiles
considering multiple penetration depths. In this paper, it is concluded that if the gripper is
modelled to be rigid, the gripper should release the pile at a certain penetration depth. This
is to avoid a resonance situation of the combined ship-monopile interaction. Notice that the
inclination angle of the monopile must be controlled during the pile driving phase to avoid
plastic deformation of the soil. According to [16], the maximum inclination angle at delivery is
0.25 deg to 0.5 deg, depending on the connection of the transition piece. A bolted connection
requires a maximum inclination angle of 0.25 deg and a grouted connection of 0.5 deg.

2-1-5 Ciritical installation phase

In the study of [1], research is done on which installation phase is governing in terms of risk.
Here is concluded that this is the early pile driving phase. During this phase, the monopile
has limited soil stability due to the low penetration depth. Thus the gripper must be capable
of keeping the vertical position of the monopile. If the gripper fails or the vessel is not capable
of station-keeping, it could damage material and people. Also, in this phase, it is impossible
to lift the monopile and abort the installation because the ILT is not attached anymore.
Therefore, the early pile driving phase is the critical installation phase.

2-2 Pile gripper

When monopile’s are installed by a floating vessel, a motion-compensated pile gripper is
needed. In this section is explained why a motion-compensated gripper is needed and what
it main tasks are. Afterwards is explained what the main characteristics are and how the
gripper could be modelled.
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2-2 Pile gripper 9

2-2-1 Main tasks

During the pile driving phase, the monopile must be assisted by the gripper frame. Otherwise,
it will be unstable. An analogy with a man that is hammering a nail into the wood can be
made. If the man does not support the nail with his finger, it will fall. If the nail penetrates
the wood far enough, he can continue hammering without using his fingers. The same holds for
the installation of a monopile. After a certain penetration depth, the gripper can be detached,
and the pile-driving can continue [16]. Multiple fixed pile gripper frames are produced, such
as the two arm gripper, the four-arm gripper, and the subsea frame [22]. With those grippers,
jack-up rigs have successfully installed lots of monopiles. But, in the future, floating vessels
will be used more frequently [15]. Doing the installation operation using a floating vessel
could be less time-consuming, and it is better capable of installing in deeper waters. A big
downside of installing with a floating vessel is that the vessel will have a certain footprint
during the installation [15]. If a floating vessel uses a fixed pile gripper, it is restricted by
a limited sea state, and the workability is low. Therefore, the motion-compensated gripper
frame is developed. The early pile driving phase is the phase where the motion-compensated
pile gripper is activated. It has two essential tasks; Compensate for the vessel’s surge and
sway motion and keeping the monopile in a vertical position [19]. The gripper compensates
the vessel’s horizontal translation motions, by creating a countering motion with the centre
of the gripper relative to the vessel’s location. The gripper keeps the monopile in a vertical
position by acting a restoring force at the monopile when it is inclined.

2-2-2 Characteristics

A motion-compensated pile gripper has a frame that can move in surge and sway direction,
the frame has a limited motion envelope depending on the gripper dimensions. Most frames
consist of two rotational arms and a ring which can be translated relative to the vessel’s
hull. The vessel’s motion and the monopile’s inclination angle are measured continuously,
these signals are sent to the control system [19]. The gripper in figure 2-1 has four hydraulic
cylinders which are controlled by the gripper’s control system. Two hydraulic cylinders are
used to rotate the gripper’s arms, these rotation mainly cause a motion in surge direction.
The two other hydraulic cylinders are used to translate the ring in sway direction. The ring
acts a force at the monopile via its four contact points, to keep the monopile in a vertical
position.

In the study of [21] research is done on minimum gripper dimensions and minimum force
applied by the gripper. Here a significant wave height of 2.5 meters, 2.5 knots current speed,
and 19 knots winds speed are assumed. These environmental conditions are approximately the
maximum sea conditions during an offshore installation [21]. The gripper frame’s limitations
in this study are as follows: Envelope in surge direction of +/- 1.8 meters, envelope in sway
direction of 4 /- 2.6 meters, and a gripper force of 3.6 MN. There are multiple ways how to
model a motion-compensated gripper, which is explained in the next part.

2-2-3 Model of the gripper

A simple way to model the gripper frame is shown in figure 2-2. This simple representation
of the gripper is used in the study of [25]. If the monopile has a displacement or velocity, it
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10 Installation process

is pushed back toward the middle of the gripper. A realistic spring constant and damping
coefficient must be chosen. In this model is assumed that the motion of the vessel is perfectly
compensated.

In the study of [1], the motion-compensated gripper is modeled as a single Proportional Inte-
gral Derivative (PID) controller to control monopile’s inclination angle. He used two bound-
ary conditions. The monopile inclination angle is maximum 0.5 degrees, and the maximum
force must not exceed a certain limit to maintain monopile’s integrity. Just as the previ-
ously described model, in this model is assumed that the motion of the vessel is perfectly
compensated.

A similar method to model the motion-compensated gripper is used by [21]. Instead of one,
in this study, two PID controllers are used. The first controller controls the inclination angle,
and the second one compensates for the vessel’s motion. Although one of the gripper’s main
tasks is to compensate for the motion of the vessel, it does not succeed fully on it. According to
Temporarily Work Design (TWD) [19], one of the developers of motion-compensated grippers,
the gripper compensates for 95% of the surge and sway motion of a vessel. Thus, the motion
of the vessel will still have a small effect on the monopile. Therefore, to model the gripper
correctly, it is important to use a second control system to control the motion compensation
of the vessel. In this case, a second PID controller is used.

to use a second PID controller for the vessel’s motion.

Figure 2-1: Example of a motion Figure 2-2: Gripper, modelled as 4
compensated pile gripper dampers and 4 springs

2-3 Station-keeping systems

As explained in section 2-2, the acceptable footprint of a vessel is limited by the motion-
compensated gripper. To keep the vessel’s footprint as small as possible a station-keeping
system is needed. Two station keeping systems are frequently currently used, a DP-system
and a mooring system. This section elaborates on these two station keeping systems.

2-3-1 DP-system
In the 1960s, the first DP system was introduced which compensated in 3 Degrees of Freedom
(DoF). The horizontal surge, sway, and yaw motions were controlled by a single-input single-

output PID control algorithm [28]. In 1977, the first DP-system that applies modern control
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2-3 Station-keeping systems 11

theory using a Kalman filter was produced [29]. A small group of engineers and scientists
produced this DP-system with the Kalman filter. They are now known as the Kongsberg DP.
Nowadays, Kongsberg DP still contains the majority of the grown DP market [29]. Every DP-
system contains multiple position reference systems, a (Kalman) filter, a control system, and
a thruster allocation algorithm. These different components are elaborated in this section.

Reference systems The goal of a DP-system during the installation of a monopile is to have
zero velocity at a prescribed position and heading. The DP-system needs input about the
vessel’s current position and heading to achieve this goal. This input is delivered by multiple
reference systems. A DP system relies on more than one reference system to get an accurate
and reliable input [29], [30]. In this paragraph, some of the frequently used reference systems
are explained.

The Differential Global Positioning System (DGPS) is the most used reference system [31].
DGPS is an enhancement of the well known Global Positioning System (GPS) system. Similar
to GPS, it uses multiple satellites to estimate the vessel’s position. A difference to the GPS
system is that DGPS uses ground-based fixed reference stations to broadcast the difference
between positions indicated by the satellites and the known ground-locations . This results
in an accuracy that is in the order of a few decimeters [31].

The Hydro acoustic Position Reference (HPR) system uses a transponder present on the
seabed in combination with a transducer located on the vessel [31]. The transponder sends
acoustic pulses to the transponder. Because the velocity of sound through the water is known,
it is possible to calculate the distance between the transponder and the transducer. There are
three HPR-systems developed, all used for other water depths. The long-baseline uses at least
three transponders and one transducer. It operates at water depths of more than 100 meters.
The short baseline uses one transponder and multiple transducers, and it operates at depths
of 20 to 100 meters. The third system, with an ultra-short baseline, uses only one transponder
and one transducer. Besides the distance between the transponder and transducer, the angle
to the transponder is determined as well. This is only used in shallow water depths.

The taut wire is a mechanical position reference system [31]. A wire with a depressor weight
is lowered until it reaches the seabed, now the sea depth is known. During the vessel’s
movement, constant pressure of the wire is maintained, and the angle of the wire where it
is leaving the vessel is measured. With the measured angle and the known water depth, the
vessel’s distance to the lower part of the taut wire is calculated. Simultaneously, the vessel’s
roll and pitch angles are measured to correct the measured wire angle. The taut wire is only
used in shallow water depths. If it is used at larger depths, the wire will deform due to its
weight, and the incoming angle cannot lead to an accurate position estimation.

The inertial reference system determines the positions relative to a starting point. Due to
small inaccuracies of measuring the vessel’s velocity and heading, inaccuracies of position
arise over time [31]. The deviations will grow rapidly over time. Thus, the inertial reference
system is only accurate over a short period and will never be used as an autonomous system.

The Stella Synergy will be equipped with multiple systems described above. The following
systems will be used: A DGPS system, two HPR systems, a taut wire system, and an inertial
reference system [32]. The HPR system can be used as a long baseline, short baseline, and
ultra-short baseline to cope with varying water depths. The taut wire can be used up to a
water depth of 500 meters.
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Kalman Filter For a vessel operating on DP, it is essential to identify the vessel’s velocity
and position. The Kalman filter plays a crucial role here. The Kalman filter is an estimator
of vessel state based on noisy measurements from the reference system and sensors [30]. The
amount of noise in the measurements depends on the sort reference system and sensor which
are used. The Kalman filter determines for every reference system in place the accuracy of
the measurements. Depending on the accuracy of the measurements, it gives different gains
to them. Higher gains are given to measurements with higher accuracy. Based on the vessel’s
model, the forces acting on the vessel, the previous vessel state estimation, and the Kalman
filter, the DP-system determines the new vessel state. If only the vessel model would be
present and no reference system would be active, only a tiny error in the model will result in
a large error over time. That is why it is crucial for a vessel that is operating on a DP-system
always to have at least one reference system active [31]. Another important role of the filter
is to remove the wave frequency of the vessel’s motion signal [33]. Only the low frequency
motion is sent to the DP-control system. A Kalman filter is a recursive data processing
algorithm, which means that it does not need to store all the previous data [30]. All the
previous data is already stored in the most recent state estimation of the vessel.

DP-control system The DP-control system is, in most cases, a PID-controller, which uses
the estimated vessel state as input [31]. This input is compared with the goal of the vessel.
In the case of installing a monopile, the goal is to have zero velocity at a given position
and heading of the vessel. The PID-controller determines the control action by summing the
calculated proportional, integral, and derivative parts. This control action is the demanded
thrust in a specific direction. This thrust demand is sent to the thruster allocation algorithm.

Thruster allocation algorithm The thruster allocation algorithm has as input a thrust de-
mand in a particular direction, and it contains information about the thruster configuration
and maximum power of each thruster. The output of the algorithm will be the individual
thrust for each thruster and the azimuth direction. Here an optimisation problem arises,
in which multiple options will give the demanded thrust in that particular direction. A
quadratic cost function is used to minimize the consumed power, resulting in the lowest fuel
consumption [34]. Of course, the maximum thrust of each thruster must be implemented as
a limitation in the thruster algorithm. Otherwise, it could be that a thruster is not able to
deliver the thrust which is demanded.

For the DP system, it is also essential to determine the forbidden zones of the azimuth
thrusters [35]. Those are the angles where an azimuth thruster is not allowed to deliver
thrust. The forbidden zones could be determined to avoid thruster-thruster interaction. The
forbidden zones could be implemented as limitations for the thruster algorithm.

Instability problems with external loads DP-systems are designed to operate in certain
modes. The most common modes are auto heading mode, auto-positioning mode, joystick
mode, and green DP mode [31]. Although the Stella Synergy’s DP-system has a heavy lift
mode [32], which is optimised for lifting heavy structures, it is still possible that instabilities
occur due to the fast-changing forces of a heavy lift operation [35]. For example, lifting an
enormous structure such as an XXL-monopile could lead to fast-changing external forces. If
this leads to instabilities, it could cause damage to monopile, gripper, or even human people.
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In the study of [36] five solutions to this problem are proposed, in which the external forces
are countered. According to this study, the best option is to feed the estimated external forces
into the Kalman filter. This results in a more reliable state estimation, and the damping of
the DP-system is increased. In the study of [21], research is done on the footprint of a vessel
operating on DP during lifting of a monopile compared to the same vessel without a lifting
operation. In this study, the focus lies on two monopile sizes: the FB16 and the FB24. The
FB16 weighs 870 tonnes and a length of 67 meters. The FB24 has a weight of 1653 tonnes and
a length of 97 meters. The FB16 resulted in an enlargement footprint of 16%, and the FB24
resulted in an enlargement of 87%. Thus, the monopile’s size and weight are quite important
for the footprint of a vessel during installation. Also, in this study, it is concluded that the
external forces should be fed forward into the Kalman filter for better results.

2-3-2 Passive mooring line system

Besides using a DP-system for station-keeping, there is the more classical way, using a passive
mooring line system. Using mooring lines in combination with an anchoring system has been
used for ages. Mooring passive systems are the most reliable and common devices to obtain
the required position and control [37]. Today, there are three mooring line types. A mooring
line consists of chained lines, wired lines, or synthetic fiber ropes. The chain mooring line
is the most common type. It has low elasticity, a high breaking load, and a large weight.
Due to the large weight, the chain mooring lines are only used for relatively small depth.
The wire mooring line is made from multiple steel wires, which are entangled as a spiral. It
has a larger elasticity and is lighter than the chain mooring line. The synthetic fibre rope is
very elastic and very light, it can even be buoyant. Synthetic fibre ropes are made from lots
of different materials. Nowadays, multi-components mooring lines are made to make use of
the different advantages of multiple mooring line types. The cost of a mooring line can also
be decreased through the appropriate combination between multi-components [38]. Together
with the vessel’s shape, the mooring lines determine the motion’s stiffness.

2-3-3 Best station-keeping system for installing monopiles

Using a mooring-system compared to a DP-system during the installation of a monopile, gives
some advantages and disadvantages. A disadvantage of using mooring lines is that it is a very
time-consuming process due to the need for tug boats to put the mooring lines in place. The
heavy-lift vessels which will be used in the monopile installation business are enormous and
they have a very high day-rate [39]. Therefore, the installation time must be reduced as much
a possible. Another disadvantage: weather vaning is not an option when a vessel is using its
mooring lines, and this is possible if a vessel is operating on DP. When the angle of attack
of the environmental conditions is changing direction during the installation, it could be that
the installation must be aborted when mooring lines are used. Using a mooring system also
brings some advantages. A mooring line system is a passive system, which means that it does
not require thrusters for station keeping. This saves fuel during the installation activities.
The thruster configuration does not need to be as sophisticated as when a DP system is used.
It is not yet known if the vessel’s workability is higher when a mooring system or when a
DP-system is used. It would be very interesting to find out which system would optimise the
workability because the time period that the vessel is not workable is very expensive.
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Cost reduction is the main driver to choose between a DP-system and a mooring system.
The day rate of heavy lift vessels is enormous. Reducing the installation time and increasing
the workability of the vessel is crucial. The installation time is minimal when the vessel is
operating on DP, but it is not yet known if the workability is also higher when the vessel
is operating on DP. Therefore, it is not yet known what the best station keeping system
is. The study of [1] focuses on the workability of the Stella Synergy during the installation
of monopiles using a mooring system. Thus, it would be very interesting to research the
workability of the Stella Synergy while it is operating on DP.

2-4 Shielding effect

For installing a monopile with a floating vessel, it could be interesting to make use of the
shielding effect. The shielding effect occurs when the incoming waves are diffracted by the
vessel, before they can reach the monopile. The vessel literally protects the monopiles for
the waves. In this section is explained how the wave length and the angle of attack of the
environmental conditions influences the shielding effect and monopile’s response.

2-4-1 RAO reduction

The study of [26] focuses on lowering the monopile through the water without getting in
contact with the seafloor. In this study the shielding effect is investigated. A significant
reduction in extreme responses of the monopile due to environmental conditions is found
due to the shielding effect. This can be measured in terms of response Response Amplitude
Operator (RAO) reduction. A response RAO describes the vessel’s or the monopile’s response
depending on the wave amplitude. The shielding effect only occurs when the operations are
performed on the leeward side of the vessel, assuming that the waves are coming from the
windward direction. According to the study of [26], the shielding effect is larger in short
waves (+50% RAO reduction) than in long waves (+30% RAO reduction). This is because
the response RAQ’s in short waves are dominated by waves on the monopile, and the shielding
effect is essential. While in long waves, the RAO ’s are dominated by the vessel and crane
motion, and shielding is less important. In the study of [26] is concluded that it is better to
use a floating vessel in short waves, and in long waves, it is better to use a jack-up vessel.
Although, if a floating vessel in long waves is operating in head waves, it could still be
favourable over a jack-up vessel.

2-4-2 Angle of attack

Unfortunately, the angle of incoming waves are not represented the same in each study which
is considered. Therefore, an overview of how the incoming waves are represented in this
literature review is shown in figure 2-3. The ideal angle of incoming waves to optimise the
shielding effect is investigated in short and long waves by [26]. This is investigated by looking
to the minimum extreme response of monopile rotation, considering different incoming waves
angles. It is concluded that in short waves, the ideal angle is between 225-240 degrees, and
in long waves, it is between 195-210 degrees. It is important to note that a gripper with
bumpers is used during this study, which is a non-motion compensated gripper.
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2-4 Shielding effect 15

Also, in the study of [21], some research is done on the preferable angle of attack. Here the
shielding effect is not considered. The preferable angle of attack is measured by looking at
the footprint of the vessel operating on DP. It is concluded that the footprint with incoming
waves of 210 degrees is smaller than in head waves. This is because less rotation of thrusters
is required when the environmental load continually acts on the same side of the vessel. The
thrusters only have to change their delivered thrust depending on the changing environmental
load and do not have to change the thrusters’ direction dramatically. Changing the direction
of a thruster costs some time, and during this rotation, the vessel’s footprint is increasing.

Thus, according to [21], to increase the shielding effect and to reduce the vessel’s footprint
during DP-station keeping, it is beneficial to keep the vessel at a certain angle to the incoming
environmental loads. Jumbo Maritime usually keep the leading wind direction at angle angle
of 195 degrees [22] during installation activities.

Figure 2-3: Overview of incoming angle of attack
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Chapter 3

Environmental forces

Environmental conditions and, thereby, environmental forces play an essential role in offshore
installation operations. During most installation operations, a vessel must keep its position
as good as possible to ensure a safe workplace. The vessel can only guarantee a safe working
place if it is able to counter the environmental forces. The higher the sea state is, the more
challenging it is to counter the forces. Also, as already explained in section 2-4, the angle of
attack could be crucial to decide if the operation can continue. The workable sea conditions
for a vessel multiplied by the change that the particular sea conditions occur determine the
vessel’s workability. This chapter explains how the environmental forces and moments on a
vessel and monopile can be calculated. First, the wave forces are explained extensively. Later
the wind and current forces are discussed shortly.

Table 3-1: Description of symbols needed for this chapter

Symbol | Units Description

H, m Significant wave height

T, s Wave peak period

o, m?/rads | Radiation potential

O m? /rads | Undisturbed wave potential
D, m?/rads | Diffraction potential

h m Water depth

g m/ 52 Gravitational acceleration
k rad/m | Wave number

w rad/s Circular wave frequency

Wp rad/s Circular frequency at spectral peak

3-1 Wave forces

Of all the environmental conditions, the waves have the largest impact on the vessel and
monopile. Therefore, it could be interesting to know how to calculate the forces on the vessel
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and the monopile. This section explains how to calculate the wave forces and which theories
could be used. It is assumed that the reader already has some knowledge about wave theory.
All the symbols used in this section are explained in table 3-1.

3-1-1 Wave force on the vessel

Potential flow theory can be used to calculate the wave forces on a vessel. In potential flow
theory, a non-viscous model is used to describe the fluid dynamics [40]. In this theory, it is
assumed that the flow is homogeneous, irrotational, and incompressible. This potential flow
theory is used to derive the first and second-order wave forces on the vessel. The vessel is
assumed to be a rigid body floating in an ideal fluid with harmonic waves. The water depth
of the North Sea can be assumed to be finite, which is a valid assumption for the installation
of monopiles in the North sea since the average water depth of wind farms under construction
in 2019 was 33m [11].

The waves are split up into three types of waves to be able to derive the wave forces on
the vessel; Undisturbed incoming waves, radiation waves, and diffracted waves [4]. These
three wave types are translated into velocity potentials with the use of potential flow theory.
Together these potentials are called the linear fluid velocity potential, ®(x,y, z;t). The linear
fluid velocity potential is split into a radiation potential, an undisturbed wave potential, and
a diffraction potential. The radiation potential, ®,, describes the fluid dynamics formed
due to the vessel’s motion in still water. The undisturbed wave potential, ®,,, describes the
incoming undisturbed waves. The diffraction potential, ®,, describes the waves diffracted
by the vessel. These are the result of the undisturbed waves that hit the vessel’s hull and
change in direction. How these potentials are derived and which assumptions and boundary
conditions are used can be found in Appendix A-1-2.

The wave forces are split up in different orders. The velocity potentials can be used to
calculate the Oth, 1st, and 2nd order wave forces [4]. The Oth order force is the hydrostatic
fluid force and can be calculated by integrating the hydrostatic pressure over the mean wetted
surface of the vessel. The 1st order force can be calculated by linear wave theory. Using linear
wave theory means here that harmonic displacements, velocities, accelerations of the water
particles, and the harmonic pressures will have a linear relation with the wave surface elevation
[41]. The 2nd order wave forces can be calculated by using the direct integration method.
In this method, the hydrodynamic pressures, calculated by using the velocity potentials, are
integrated over the vessel’s hull. The second-order wave forces play an important role for
a Dynamic Positioning (DP)-system. DP-systems filter the slow varying second-order wave
forces, and only the second-order wave forces will be countered. An extensive explanation
about how the wave forces can be derived is shown in Appendix 3-1.

The formula’s to calculate the second-order wave forces, founded by the direct integration
method, can be used to calculate Quadratic transfer functions (QTF)’s for the vessel. With
the use of QTF’s, the 2nd order wave forces on the vessel can be calculated based on the
frequency of the incoming waves [4]. Some software programs, such as aNySIM, use QTF’s
in their calculations [1]. More explanation about how to derive QTF’s is shown in Appendix
A-1-4. QTF’s can also be calculated using the software program Ansys AQWA [42].
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3-1-2 Wave forces on the monopile

As shown earlier in this section, the first-order wave forces on a vessel are calculated with
linear wave theory. The second-order wave forces are calculated with the direct integration
method. These sophisticated and time-consuming methods can be used to calculate the wave
forces on the monopile as well. But, if some simplifications for the monopile are assumed,
a much easier method could be used to calculate the monopile’s wave load. If a motion-
compensated gripper is used, which compensates 95% of vessel’s horizontal motions [19], it
can be assumed that the monopile has almost zero velocity. This means that radiation waves
caused by the monopile are not present. The shape of a monopile is much easier to describe
than the hull shape of a vessel. If it is assumed that the monopile exists of cylindrical segments
with a particular diameter, the Morison equation can be used [12]. The Morison equation
has a limitation. It is only used for slender structures with a diameter to a wavelength of less
than 1/5. To verify if the condition of a monopile installation in the North sea is not beyond
this limitation, the dispersion relation, shown in equation 3-1 [4], is used.

w? = kg - tanh kh (3-1)

According to this equation, if a water depth of 40 meters and a monopile diameter of 10
meters is assumed, all waves with a wave period of 5.7 seconds or more fulfil the requirements
to use the Morison equation. The North Sea wave conditions and their chance of occurrence
are shown in Appendix D. Here can be seen that approximately only 10.9 % of the waves have
a smaller wave period than 5,7 seconds. According to the study of [1], only sea conditions
with larger wave periods could be limiting for the workability of installing a monopile. Thus,
the Morison equation, shown in equation 3-2, can be used to calculate the wave load on a
monopile [12]. The Morison equation consists of a drag force and an inertia force.

Fhiorison = 0.5pseawater Cp + Dulu|dz + pseawater Cnr - Dudz (3-2)
With the following parameters:
Frrorison. = The force per unit length 'dz’ [N]
u = The wave induces particle velocity [m/s]
i = The wave induced particle acceleration [m/s?]
D = Cylinder diameter [m]
Cy, = Hydrodynamic mass coefficient or inertia coefficient [-]
Cp = Hydrodynamic drag coefficient [-]

Pscawater = Sea water density [kg/m?]

The spatial derivatives of the velocity potential of a harmonic wave, shown in equation A-
9, are equal to the particle velocity components at a time and position. This is shown in
equation A-3 [41]. The time derivatives of the particle velocity components result in the
particle acceleration. The particle velocity and acceleration are needed to calculate the wave
load according to the Morison equation.
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3-1-3 JONSWAP wave spectrum

Wayve spectra are used to describe the wave energy the ocean has for a certain wave frequency
range [22]. Spectral analysis is based on the superposition principle of waves, which states that
an irregular sea state can be observed as a summation of different linear waves with different
height, period, shape, and direction [1], [21]. The two most commonly used wave spectra are
the Pierson-Moskowitz spectrum and the Joint Northsea Wave Project (JONSWAP) spec-
trum. The JONSWAP spectrum is based on a large database of measurements on the North
sea. Therefore this spectrum is the best choice for this research. These measurements are
transformed into a spectrum with the Fourier transform. The shape of the JONSWAP spec-
trum for a given significant wave height, Hy, and peak period, T, is given by equation 3-3
[4].

320H2 _ —1950 _
Sionswap (w) = —5=w % exp ( T 4) v (3-3)
P P
With the following parameters:
v = 3.3, which is the peakedness factor
w1\ 2
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o = 0.07 when w < w,

o = 0.09 when w > w,
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Figure 3-1: Wave record analysis and regeneration
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With the inverse Fourier Transform, the wave spectrum is translated into a series of sinu-
soidal regular waves. The superposition of these waves will generate a wave elevation plot
constructed in the time domain. How measurement of wave elevation form the JONSWAP
spectrum, and how the JONSWAP spectrum can form a wave elevation plot is shown in figure
3-1.

Directional spreading The JONSWAP wave spectrum shown in equation 3-3 is unidirec-
tional. This means that all the waves are coming from exactly the same direction. In reality,
the waves have a certain spreading. This spreading depends on the local weather situation
during that moment and the weather situation in the whole ocean in the recent past [4].
There are multiple methods to account for directional spreading. In Appendix A-1-5 these
methods are elaborated.

3-2 Wind and current forces

In this section is explained how the wind and current forces on the vessel and and monopile
can be calculated.

The aerodynamic load depends on the wind velocity and the frontal and sideways areas of
the considered body. The wind speed varies over the z-axis and varies over time [12]. In
Appendix A-2 is explained how the average wind velocity can be calculated depending on
the 10 minutes average wind speeds at the height of 10 m. Additionally, it is explained how
the wind speed varies over time depending on the chosen wind spectrum. The current speed
consists of a wind-generated current and a tidal current. Both of them vary over depth z [12].
In Appendix A-3 is explained how the current velocity can be calculated.

If the wind and current velocities are known, the wind and current forces that act on a vessel
and monopile can be calculated. The wind and current will only have a significant impact
on the horizontal motions [42]. The wind and the current forces in x- and y-direction on
the vessel and the monopile can be calculated with equation 3-4 [1]. This equation can also
calculate the moment around the z-axis for the vessel caused by wind and current. The
moment around the z-axis for a monopile can be assumed to be zero due to its cylindrical
shape. For the wind forces, the frontal and sideways area’s above the waterline should be
used, and for the current forces, the frontal and sideways area’s below the waterline should
be used.

1
Fp=CopUs ) - Ap  Fy=

1 1
9 nypru/c - As M, = §C¢PU3J/C “As - Lpp (3-4)

2

With the following parameters:

Ap = Frontal area

Ag = Sideways area

Cy/y = Wind or force coefficient in direction x or y

L,, = Length between perpendiculars
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The wind and current coefficients of the Stella Synergy are shown in C-1. In general, the
aerodynamic forces are small compared to the hydrodynamical forces. The aerodynamic
forces can even be neglected in many cases [21].

Frequently, during time-domain simulations, a specific significant wave height and wave period
are chosen. After that, the corresponding wind and current velocities are taken using table
3-2 [43]. The peak wave period shown in this table is the most common peak wave period
for this significant wave height. Frequently also other wave peak periods are tested. When
the sea conditions are determined with this table, the wind and current velocities are not
calculated.

Table 3-2: Environmental conditions

Beaufort | Beaufort Wind Significant Peak wave | Current
number | description speed [m/s] | wave height [m] | period [s] | speed [m/s]
0 Calm 0 0 Na 0

1 Light air 1.5 0.1 3.5 0.25

2 Light breeze 3.4 0.4 4.5 0.5

3 Gentle breeze 5.4 0.8 5.5 0.75

4 Moderate breeze | 7.9 1.3 6.5 0.75

5 fresh breeze 10.7 2.1 7.5 0.75

6 Strong breeze 13.8 3.1 8.5 0.75

7 Moderate gale 17.1 4.2 9.0 0.75

8 Gale 20.7 5.7 10.0 0.75

9 Strong gale 24.4 7.4 10.5 0.75

10 Storm 28.4 9.5 11.5 0.75

11 Violent storm 32.6 12.1 12.0 0.75

12 Hurricane force | NA NA NA NA
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Chapter 4

Simulation setup and verification

This chapter describes step by step how the model is built. First, a model overview is shown,
and some information about the used software programs is given. Then, it is explained which
reference systems are used in the model, followed by the modelling of the vessel, the monopile,
and the gripper. For each implementation step in the last three sections is explained how the
model is verified.

4-1 Model overview

In this section, the model that is used to calculate the workability of the vessel during the
installation of a monopile is elaborated. The model overview is shown in figure 4-1. The
coloured dashed lines show the software programs that are used for modelling. The essential
software program is the time domain simulation programs aNySIM. This program is used to
do numerical simulations of the installations. More explanation about aNySIM is found in
section 4-1-2. As input, aNySIM requires the HYD-files of the bodies present in aNySIM, the
vessel and the monopile. An HYD-file describes how a body responds to incoming waves with
a particular frequency, amplitude, and incoming angle of attack. These HYD-file of the vessel
and the monopile are generated with the software program Ansys AQWA. More about how
these HYD-files are formed and how Ansys AQWA is used is explained in section 4-1-1. The
motion-compensated gripper, which is the connection between the vessel and the monopile,
is also modelled in aNySIM. Python calculates the force to move the gripper and the force to
keep the monopile vertical for each simulation step. This model aims to describe the vessel’s
motion, the gripper’s motion’s and the monopile’s motion, considering the environmental
conditions, the DP-system, and all the limitations. These motions and limitations represent
the total workability of the installation activity.
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Figure 4-1: Model overview

4-1-1 Diffraction calculations with Ansys AQWA

Ansys AQWA is a software program that is capable of doing diffraction calculations by using
the panel method. The panel method splits up the hull of the body that is considered in
many small panels. These panels have a certain mesh size. Ansys AQWA calculates the
force that acts on the panel for a particular incoming wave for each panel. These incoming
waves vary in frequency, amplitude, and incoming angle of attack. The forces of all these
panels combined determined the body’s response to a particular incoming wave. The vessel’s
and monopile’s response is calculated for every incoming wave and combination of incoming
waves. Therefore, an enormous amount of calculations are made with Ansys AQWA. Only
the submerged parts are important for these calculations.

Characteristics of the runs Ansys AQWA uses a 3D model of the vessel and the monopile
as input. The 3D model of the monopile is designed in the program DesignModeler. Section
4-4-1 explains more about the monopile’s design and its characteristics. Jumbo Maritime
delivers the 3D model of the Stella Synergy. It does not contain the thrusters because it
will not substantially influence the diffraction calculation, and it increases the computational
effort. The viscous damping of the thrusters is estimated and added to the model. The
merged 3D models are shown in figure 4-2.

The diffraction calculations are split up into waves with different frequencies with a frequency
step of 0.025 rad/s. For each frequency step, Ansys AQWA calculates the added mass matrix
and the added damping matrix. The incoming angles of attack are split up into 37 directions,
with angle steps of 10 degrees. For verification reasons, calculations are made for 0 and
360 degrees. The vessel and the monopile can move in 6 degrees of freedom. For each
frequency step, each incoming angle step, and for each degree of freedom, the force Response
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Amplitude Operator (RAO)’s and its phase angles are calculated. Notice that there is a
difference between a force RAO and a motion RAO. A force RAO describes the force per
wave amplitude on a body, and a motion RAO describes the translation or rotation of a
body per wave amplitude. More explanation about motion RAO’s and how to derive them is
explained in Appendix B-1.

Figure 4-2: 3D model of the vessel and monopile in Ansys AQWA

The low-frequency second-order wave forces are calculated using real and imaginary Quadratic
transfer functions (QTF)’s. In Appendix A-1-4 some explanation about QTF’s is given. Here
is explained that QTEF’s are formed by the difference of frequency pairs. For each incoming
angle step, for each degree of freedom, and for each frequency step, seven QTF’s are calculated.
The seven difference frequencies that are near the particular frequency step are determined.
An example for the used frequency pairs is shown in table 4-1. The first three rows of
frequency pairs are shown for a particular degree of freedom and a particular incoming angle.

row 1 w1 — w1 w1 — W2 W] — W3 | W1 —Wq | W1 — Ws W1 — W | W1 — Wy
TOW 2 | Wo — W2 | Wo — W3 | W2 — Wy | Wo —Ws | W —Wg | Wo — Wy | Wy — ws
row 3 W3 — W3 | W3 —Wqg | W3 —W5 | W3 —Wg | Wy —Wy | W3 —Wg | W3 — Wo

Table 4-1: The first three rows of frequency pairs used to calculate QTF’s at a particular angle
of attack and degree of freedom

Three diffraction calculations are made with Ansys AQWA. The first calculation considers
the vessel alone, the second calculation considers the monopile with shielding effect, and the
last calculation considers the monopile without the shielding effect. This means that for the
second diffraction calculation, the vessel lays still next to the monopile. Due to the vessel
next to the monopile, the shielding effect is considered. The first and the third diffraction
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calculation are done with the vessel and monopile solely. For all the runs, a water depth of
40 meters is chosen.

For diffraction calculations of the monopile, it is assumed that the structure is not free to
move. The monopile standing on the bottom of the seafloor without gripper support is an
unstable situation. When Ansys AQWA runs a diffraction calculation of an unstable body
that is free to move, it gives an error. Thus, the assumption that the monopile is not free to
move is made. This means that the monopile’s added mass and added damping matrices are
full of zero’s. Since the gripper strongly limits the monopile’s motion, the effect of non-zero
added mass and damping matrices will not be significant. Thus the assumption that the
matrices are full of zero’s is valid.

Decreasing the maximum element size in a diffraction calculation gives in a more accurate
result. But, it also results in a more time-consuming run. In the study of [22], a diffraction
calculation is made with Ansys AQWA for the Stella Synergy. According to this study, the
accuracy of the heave RAO remains more or less constant for a maximum element size of 2.0
m and smaller. This means that the chosen maximum element size of 1.6 m for the vessel
is accurate enough. The maximum element size of the monopile with shielding effect is 2.5
m, which is slightly larger. Unfortunately, due to the large submerged part of diffraction
calculation 2 and a lack of computational power, a maximum element size of larger than 2.0
m is chosen. According to the study of [22], this maximum element size difference would
results in a heave RAO with a difference of approximately 0.6 per cent. This difference is
still acceptable. The maximum element size for the diffraction calculation of the monopile
without shielding effect is chosen to be also 2.5 m. This is done to generate good comparable
outputs of diffraction calculation 2 and 3.

Run: Vessel | Monopile Monopile | Units
(shielding) | (No shielding)
Structure is free to move Yes No No
Maximum element size 1.6 2.5 2.5 m
Lowest frequency 0.025 0.025 0.025 rad/s
Highest frequency 2.5 2 2 rad/s
Frequency interval 0.025 0.025 0.025 rad/s
Number of frequencies 100 80 80 —
Incoming angle interval 10 10 10 | degrees
Number of incoming wave angles 37 37 37 —

Table 4-2: Characteristics of the Ansys AQWA runs

Convert Ansys AQWA output to Anysim input After the diffraction calculations are suc-
cessfully finished, Ansys AQWA generates a couple of enormous output files with the results.
Unfortunately, aNySIM is not capable of using these output files. The program needs a HYD-
file with a specific format as input. The needed format differs a lot from the delivered format,
and the number of RAO’s and QTF’s are enormous. In equation 4-1 and 4-2 is shown how
many RAO’s and QTF’s are calculated for the first diffraction calculation.
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Nrao = Ny - Nyinddir - NdegFree =100 -37-6 = 22200 (4'1)
NQTF = Ny - NWindDir - NDegFree : NDifFTeq =100-37-6-7 = 155400 (4_2)

With the following parameters:

N, = Number of wave frequencies

Nuyinddir = Number of wind directions

Ngegrree = Number of degrees of freedom

Npifrreq = Number of frequency pairs per frequency

A Matlab file is written and used to transfer the output from Ansys AQWA to input for
aNySIM in the correct format. More about the results of the diffraction calculations is
explained in sections 4-3-3 and 4-4-4.

4-1-2 aNySIM

The comprehensive model that is made for the installation of monopiles with a vessel op-
erating on Dynamic Positioning (DP) using a motion-compensated gripper is built in the
program aNySIM. This software program, provided by Maritiem Research Instituut Ned-
erland (MARIN), is capable of doing time-domain simulations. A second-order accurate
explicit numerical method is used during these simulations. aNySIM advises using the Runge-
Kutta2 (RK2) method for simulations with timesteps smaller than 0.3 sec. Since a timestep
of 0.02 sec is used in the model, this second-order numerical method is chosen. RK2 is a
robust method that is not too time-consuming at small timesteps. A small timestep of 0.02
sec is chosen because the monopile is modelled as a stiff system. Numerical stability issues
could arise when a larger time step is chosen at stiff systems. In subsection 4-4-2 is explained
why the monopile is modelled as a stiff system.

As explained in subsection 4-1-1, aNySIM needs an HYD-file that describes how the modelled
bodies respond to incoming waves. In Appendix B-1 is explained how the vessel’s motions can
be calculated. aNySIM uses a slightly different method based on the change of momentum of
a body. aNySIM requires the vessel’s characteristics, the monopile and the gripper, and the
environmental conditions for each simulation as input. As explained in subsection 3-1-3, the
Joint Northsea Wave Project (JONSWAP) wave spectrum is during the simulations. aNySIM
provides the options to add a filter, a Proportional Integral Derivative (PID)-controller and
a thruster allocation algorithm. With these elements, a DP-system is built and tuned. More
explanation about tuning the DP-system is found in subsection 4-3-4. It is up to the aNySIM
user what the model’s output variables are. In this research, the most important output is
the vessel’s, monopile’s, and gripper’s motions and the forces that act on these bodies.

The model is built up step by step in aNySIM. First, the vessel and the environmental
conditions are implemented. Then, the thrusters with the propeller curves and the DP-system
is added. Finally, the monopile and the gripper are added. These steps can be split up into
many smaller steps, which is explained in the following sections. After each implementation
step, it is checked if the implementation is correct by running small simulations. The more
extensive the model gets, the longer the simulation time gets. Especially when the spreading
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of waves is added, the simulation time increases tremendously. This is because aNySIM must
calculate for each separate angle of attack how the vessel and monopile respond. As the model
is built up step by step, this chapter explains how the model is build-up and verified. First,
the model of the vessel, then the model of the monopile, and afterwards, the model of the
gripper is elaborated. In the chapter 5 is explained how these elements of the model influence
each other.

4-2 Coordinate systems

The next three chapters explain how the vessel, the monopile, and the gripper are modelled.
Of course, a critical element for these chapters is the reference systems. Multiple reference
systems are used in the model. The most important one is the global earth fixed reference
system, which is shown in figure 4-3. The origin of this reference frame is exactly at the
waterline. The vessel has 6 degrees of freedom in which it moves. Surge, sway and heave
are the translational motions. Roll, pitch and yaw are the rotational motions. A ship-fixed
reference system is added to determine positions and motions relative to the ship’s position.
The ship-fixed frame’s original position is at the vessel’s hull, -8 m in z-direction below the
global fixed reference frame. The monopile and the motion-compensated pile gripper both
have a local reference system and earth fixed reference system to simplify the calculations.
More about these reference systems is explained in sections 4-4 and 4-5.

Figure 4-3: Global earth fixed reference system
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4-3 Vessel

Jumbo Maritime plans to do monopile installations with the vessel 'Stella Synergy’, which
is currently under construction. Therefore, Jumbo Maritime is interested in the capabilities
of the ship during such operations. This study is done to calculate the vessel’s workability
during the installation of monopiles. It is essential to model the ship as correctly as possible
to get accurate results. This section explains how this is achieved.

4-3-1 Stella Synergy

In this subsection is explained what the characteristic of the Stella Synergy are, and how they
are modelled. The thrusters capabilities and characteristics are discussed as well.

Characteristics of the Stella Synergy In this model, a heavy loading condition is assumed,
which results in a Transverse metacentric height (GMt) of 7.01 m. Some other characteristics
of the vessel are shown in table 4-3. The vessel is equipped with a DP-class 2 system. This
means that it is capable of maintaining position and heading during any single fault in the
DP-system, excluding loss of a compartment. The vessel is equipped with two Huisman
cranes; The main crane of 2500 mt and an auxiliary crane of 600 mt.

Description Symbol | Magnitude | Units
Length on waterline LWL 185.44 | m
Breadth on waterline B 36.00 | m
Draught T 8.00 | m
Mass M 43898 | tonnes
Displacement volume \Y% 42785 | m?
COG at position from aft LCG 90.24 | m
Vertical position centre of gravity KG 11.61 | m
Vertical position centre of buoyancy KM 18.61 | m
Transverse metacentric height GMt 701 | m
Longitudinal metacentric height GMI 347 | m
Mass radius of gyration around X-axis | Kyx 13.7 | m
Mass radius of gyration around Y-axis | Ky 51.9 | m
Frontal area, above waterline Ap 1697 | m?
Sideways area, above waterline Ag 3544 | m?
Frontal area, submerged Aps 195 | m?
Sideways area, submerged Agg 1288 | m?

Thrusters and propeller curves

Table 4-3: Characteristics of the Stella Synergy

The Stella Synergy is equipped with five Rounds Per Minute

(RPM)-controlled thrusters, meaning that the thrusters have a variable RPM and a fixed pitch
over time. The vessel has two tunnel thrusters at the bow. These thrusters can only vary
their delivered RPM and can not change the thruster’s direction. It also has an azimuth
thruster at the bow, which is capable of changing direction 360 degrees. In the aft of the ship,
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it has two main azimuth thrusters. These are also capable of changing direction. According
to Schottel, which is the producer of the thrusters and engines, the maximum rotation speed
of each azimuth thruster is 12 degrees per second. Maximum rotation speed means here the
maximum rate of changing the direction of an azimuth-thruster. This thruster specification
is also considered in the aNySIM model. The thruster configuration of the Stella Synergy is
given in figure 4-4, and some information about the thrusters is given in table 4-4.

B T3 T2 T1
SRE @%

Figure 4-4: Thruster configuration

It is not possible to stop and start the engine of the thrusters unlimited. This is a time-
consuming process that is only possible a few times per hour. Since it is hard to model this
in aNySIM, it is assumed that the tunnel thrusters can deliver thrust in only one direction.
Tunnel thruster 1 delivers thrust in portside direction and tunnel thruster 2 in starboard
direction.

Table 4-4: Thruster information

Thruster | T1 T2 T3 T4 T5
Type Tunnel Tunnel Azimuth Azimuth Azimuth
Thruster x-position [m] | 77.5 72.0 66.3 -89.3 -89.3
Maximum thrust [kN] 354 354 519 895 895
Maximum RPM [-] 216 216 208 151 151

Every thruster type needs its own propeller curve to model a thruster correctly. A propeller
curve is a curve that describes the thrust and torque coefficient Cr and Cg depending on the
propeller blade advance angle 3. The blade advance angle is described by atan2(vg,vp). vq is
the ambient water velocity, and v, is the tangential velocity of the propeller at a distance of
0.7 times the radius from the propeller axis. More about the propeller curves can be found
in [44]. Knowing the propeller curve and the RPM of the propeller, the delivered thrust and
torque can be calculated. aNySIM provides standardised propeller curves for each propeller
type; these are used and factored to get the requested thrust and torque. According to
Schottel, for each thruster, it takes 10 seconds to reach the maximum RPM. Increasing the
RPM of a thruster to the maximum RPM over time follows the same pattern as a function
that is increasing its value to its asymptote. In the first seconds, the RPM increases rapidly,
but the closer the thrusters RPM gets to its maximum value, the slower the increment goes.
In aNySIM, this is solved by assuming that 99% of its maximum thrust is delivered in 10
seconds. In aNySIM, each thruster is modelled in the following way:
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o Adapt engine power to reach the maximum RPM.

e Factor the deliver propeller curves to meet the requested maximum thrust with it’s
maximum RPM.

o Adapt the inertia of the thruster to reach 99% of it’s maximum RPM in 10 seconds.

4-3-2 Natural periods and viscous damping

The damping matrices calculated in Ansys AQWA contain the radiation damping. It does not
consider viscous damping effects. Viscous damping is generated by bilge keel damping, lift
damping, eddy making damping, friction damping, and wave damping [4]. More information
about the viscous roll damping of a vessel is found in Appendix B-1. Since it is very hard to
calculate the damping elements separately, it is more convenient to determine the total viscous
damping by decay tests. In this subsection, the natural periods for roll, surge, sway, and yaw
direction are determined and verified. Then, the linear and quadratic viscous damping is
calculated for these degrees of freedom. Linear viscous damping is linear with velocity and
amplitude, while quadratic viscous damping is non-linear with velocity and amplitude B-5
[45]. The viscous damping for pitch and heave are neglected.

Roll decay Before the viscous roll damping is calculated, the natural period of roll must be
determined. MARIN did some roll decay tests for the Stella Synergy on model scale. Based
on these tests, the natural period of roll of the Stella Synergy is 12.14 seconds, which equals
a natural frequency of 0.518 rad per second. The linear roll stiffness is determined with
equation 4-3. The added mass for rolling at a frequency of 0.518 rad per second is calculated
in Ansys AQWA. The natural roll period is calculated by filling in the mass of the vessel, the
mass-radius of gyration around the X-axis, the added mass for roll motion, and the linear roll
stiffness in equation 4-4.

Cyy=g9-V-GMt (4-3)
M - k2
T = 2| o Do 044 19 13 (4-4)
Cyq

Some decay tests in aNySIM are done to verify the vessel’s natural period in the model and
calculate the viscous roll damping. In these decay tests, a roll moment is build-up that results
in a roll angle. After a certain period of constant roll moment, it is removed suddenly. From
that moment on, the vessel decays back to its initial roll angle of 0 degrees. The result of a
roll decay test without added viscous damping is visible in figure 4-5. Considering the time
period of the first 16 oscillations divided by the amount of oscillates gives a natural period of
roll of 12.14 seconds. Now, the roll natural period in the model is verified since it is practically
the same result as shown by equation 4-4 and by the model scale tests of MARIN.
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Figure 4-5: Roll decay test without viscous damping

The PQ-analysis is used to determine the linear and quadratic viscous roll damping. This
analysis is applied to the roll decay tests on model scale of MARIN. The method is shown
in figure 4-6. Every dot in the figure is based on the amplitudes of two successive peaks of
the decay test. For the y-axis, the two amplitudes of the successive peaks are subtracted and
divided by the average. The x-axis is the average of the two amplitudes of the successive
peaks. The characteristics of the trend line give the P and Q values. With these values,
the vessel’s mass, added mass, and the natural period, the linear and quadratic damping is
calculated. This is shown in equations 4-5 and 4-6.
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Figure 4-6: PQ-analysis
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M+ a;

Bii—tin =2-P- Tn

(4-5)

3
Bii—qua = 3 Q- (M+ay) (4-6)

With the added linear and quadratic viscous damping, a new decay test is done. This decay
test is compared with the decay test done by MARIN. Figure 4-7 is the superimpose decay
test of the model on MARIN’s decay test. The difference between the two decay tests is
hardly visible. Therefore, the red lines are added. The part between the two red lines is
MARIN’s decay test, and the decay line that is visible over the entire figure is the decay test
made with the model. Since the decay of the two tests is very comparable, the calculated
linear and quadratic damping are verified.
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Figure 4-7: Comparison of two decay tests

Surge, sway, and yaw decay In surge, sway and yaw direction, some viscous damping needs
to be added to build a realistic model. The vessel has no natural stability in these directions,
thus doing a decay test does not work. For example, if the vessel experiences a force build-
up in surge direction, it will sail away from its original position. Therefore, mooring lines
are added to create a restoring force. The mooring lines arrangement is shown in figure
4-8. As explained in section 2-3-2, multiple mooring line types exist. Some mooring lines
combine multiple mooring line types, and the chosen mooring lines are an example of this.
They consist of a chained and a synthetic fibre rope called HMPE. Together with a Marine
engineer of Jumbo Maritime, the mooring lines are selected. The chains are needed for extra
weight near the seafloor, and the synthetic fibre rope is chosen for its elasticity and low price.
The characteristics of the chosen mooring lines are shown in table 4-5.
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Figure 4-8: Mooring lines arrangement [1]

MARIN added some horizontal soft springs that act as a mooring system to their scale model.
They did some decay tests in surge, sway and yaw direction to measure the naturals period
and decay rates. In aNySIM, decay tests without added viscous damping are done with the
mooring lines in place. The natural periods of these decay tests are compared. The natural
periods for surge and sway were less than 3% off and are thus comparable. The calculated
natural period in yaw direction was 22% larger than the measured natural period at MARIN.
This difference could be due to scale effects or differences in mooring lines. For example, it
could be that the vessel responds differently to the horizontally placed soft springs and the
inclined mooring lines.

Table 4-5: Characteristics of the mooring lines

Description Chains HMPE  Unit
Section length 50 580 m

Diameter 76 52 mm

Weight in air 115 1.5 kg/m

Weight in water 100 —0.03  kg/m
Axial stiffness 493270 72200 kN
Minimum Breaking Load | 4294 1970 kN
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The PQ-analysis, which is explained in figure 4-6, is used to determine the viscous linear and
quadratic damping for surge, sway, and yaw. Just as the viscous roll damping, these viscous
damping components are added to aNySIM and decays tests are done. These decay tests
are compared with the decay results of MARIN. For surge, the results are very comparable.
Thereby, the calculated surge viscous damping is verified. Unfortunately, the results for sway
and yaw were too far off. Again, this could be due to a difference in the natural period, a
difference in mooring line system, model scale test errors, or the scaling effect. The used
linear and quadratic viscous damping for sway and yaw are determined based on an iterative
method. The decay results are comparable based on this method, and the calculated viscous
damping is added to the model. The results of the superimposed decay tests and the chosen
viscous damping components are shown in Appendix F.

4-3-3 Environmental forces on vessel

In chapter 3, some theory about the wave, wind and current forces is explained. Ansys
AQWA uses this theory to do diffraction calculations, as described in subsection 4-1-1. In
this subsection, the generated HYD-file of the Stella Synergy is analysed and verified. The
wind and wave forces on the vessel are calculated in aNySIM and are also verified with the
theory of chapter 3.

Diffraction calculation and wave forces As explained in 4-1-1, an HYD-file for the vessel
is made. This HYD-file contains RAO’s, QTF’s, added mass and added damping matrices.
With this HYD-file as input, it is possible in aNySIM to calculate the vessel’s wave forces
and the vessel’s responds to those wave forces. But, the HYD-file must be verified before it
can be used. MARIN made a similar HYD-file for the Stella Synergy, which is perfect for
comparison.

For comparing the two HYD-files, it is important to know which part of the HYD-files the
most relevant is. As shown in the scatter diagram of Appendix D, the wave periods of the
North Sea wave conditions vary between 2 and 14 seconds. The study of [1] explains that the
wave conditions that are critical for the workability of the Stella Synergy have a wave period
of 7 seconds or more. Therefore, the focus lies on waves with a wave period between 7 and
14 seconds. Using the dispersion relation shown in 3-1 and a water depth of 40 m results in a
wave frequencies range of focus between 0.45 and 0.90 rad/s. The studies of [1], [21], and [25]
consider monopile installation activities from a floating vessel. These studies conclude that
the preferable angle of attack during installations is between 180 and 210 degrees. A wave
spreading range of 30 degrees is assumed in this study. Thus waves with an incoming angle
between 165 and 225 degrees are relevant. In figure 2-3, the overview of the incoming angle
of attack is given.

In figure 4-9 and 4-10, the force RAO’s in x and y-direction from the two different HYD-files
are shown, with an incoming angle of attack of 190 degrees. Any incoming angle between
165 and 225 degrees, except for 180 degrees, could have been chosen. All those plots give
similar results; after a quick increment, the RAO-value drops over the increasing frequency,
with small peaks and troughs. The force RAO in the y-direction with an incoming angle of
180 degrees is an exception because it is nearly zero for this angle.
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Figure 4-10: Force RAO in y-direction, in-
coming angle of 190 deg

Figure 4-9: Force RAO in x-direction, in-
coming angle of 190 deg

The peaks and troughs of the other RAO-plots are probably caused by the following phe-
nomenon: When the hull length is exactly n times the wavelength, it will cause at the same
moment a peak (or trough) at the bow and the stern of the ship. The peaks (or troughs) will
cancel each other, resulting in a trough in the force RAO. When the hull length is exactly
(n+0.5) times the wavelength, it will cause at the same moment a peak at the bow and a
trough at the stern of the ship (or reversed). The peak and through will strengthen each
other and will cause a peak in the force RAO. The average diagonal hull length below water
has to be considered for this phenomenon. When the waves attack the vessel not exactly from
the front but under an angle, the hull length that the waves have to pass is larger than the
hull length in the x-direction. Therefore, the diagonal hull length has to be considered. The
averaged diagonal hull length of a wave coming at an angle of 190 degrees is approximately
163 m. For this hull length and the first four peaks of figure 4-9, this phenomenon is explained
in table 4-6. The last row shows the ratio between the hull length and the wavelength. As
explained, the ratio is approximately (n+0.5) for the peaks. The first peak differs probably
because a wave with such a wavelength in a water depth of 40 m can not be considered as
deep water.

Table 4-6: Force RAO peaks in x-direction for an incoming angle of 190 degrees. The averaged
diagonal hull length is 190 m for this incoming angle.

peak 1 peak 2 peak 3 peak 4
Wave frequency [rad/s] 0.3 0.75 0975  1.15
Wave frequency [1/s] 0.048 0.119 0.155 0.183
Wave period [s] 20.94  8.38 6.44 5.46
Wave length [m] 406.0  108.5  64.8 46.6
Hull length/wave length ratio [-] | 0.40 1.50 2.52 3.50

It is clearly visible in figure 4-9 and 4-10 that the plots of the different HYD-files are almost
identical in the frequency range of focus. For most of the plots of force RAO’s, QTF’s, added

J. Verbruggen Thesis report



4-3 Vessel 37

mass matrices and added damping matrices, this is the case. Big relative differences occur
when the results are close to zero. A good example is visible in figure 4-11, here the force RAO
in the y-direction is shown for an incoming angle of attack of 180 degrees. It is essential to
notice that the relative differences are large, but the absolute differences are small. Although
the relative difference is large, the difference can be neglected.

Although the QTF-plots of MARIN and self-generated QTF-plots are always following the
same trend, the QTE’s plots give the largest absolute differences. An example of an QTF-plot
with a big difference is shown in figure 4-12. Here the QTF for yaw is shown, with an incoming
angle of 190 degrees. It is important to notice that the largest absolute differences occur out
of the frequency zone of focus. Thus, it will not affect the vessel’s response dramatically.
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Figure 4-11: Force RAO in y-direction, in- Figure 4-12: QTF for yaw, incoming angle
coming angle of 180 deg of 190 deg

Unfortunately, it is not possible to show all the results of the generated HYD-files. But, all the
results are analysed and considered to be comparable with the results of MARIN. The overall
response of the vessel with the two different HYD-files is analysed and tested with multiple
sea conditions, and it is concluded that the vessel responds similarly for both HYD-files. The
self-generated HYD-file in Ansys AQWA is used for the model.

Wind and current forces In sections 3-2, some theory about the wind and current forces is
explained. In aNySIM, the NPD wind spectrum is applied, with a constant wind speed over
height. The wind coefficients for the Stella Synergy are determined by wind-tunnel tests at
the company Ulstein Design & Solutions B.V. The results of the wind-tunnel tests are found
in Appendix C-1.

The frontal and sideways area’s above water of the Stella Synergy are given in table 4-3.
The application position for the wind forces is assumed to be precisely above the Centre
of Gravity (CoG) of the vessel. The height of the application position above the waterline
is calculated by the sideways area above water divided by the length on the waterline. In
aNySIM, multiple simulations with varying wind speed and incoming angle are done while
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the wind forces and moments are measured. During these simulations, the vessel’s motion
is frozen, and the wind speed is kept constant to get accurate results. No extra wind force
is assumed due to structures placed on top of the deck of the vessel. Calculations are made
with equation 3-4 to verify the measurements in aNySIM. The measured forces and moments
in aNySIM are exactly the same as the calculated forces for each simulation.

Except for two differences, the current forces are modelled, calculated, and verified similarly.
The current coefficients are determined by model scale tests at MARIN, and no current
spectrum is applied. This means that the current is kept constant during all simulations.
The current coefficients can be found in Appendix C-1. Again, the measurements of current
forces and moments are exactly the same as the calculated forces.

4-3-4 DP-system

As explained in subsection 2-3-1, every DP-system contains multiple reference systems, a
filter, a control system, and an allocation algorithm. In aNySIM, those separate elements
are also available. In reality, a reference system gives noisy measurement, while a reference
system in aNySIM gives a clear and correct output signal of the vessel’s motion. The filter
does not have to estimate the vessel’s state. It only has to remove the wave frequency of
the vessel’s motion signal. The left-over signal is sent to the DP-control system. The control
system consists of three PID-controllers to control the surge, sway, and yaw motion. Each
PID-controller contains three gains. More explanation about tuning the gains is found in
the next paragraph. The output of the three controllers is the demanded thrust in x- and
y-direction and the demanded moment around the z-axis. The demanded thrust in x-, and
y-direction and the moment around the z-axis are sent to the thruster allocation algorithm,
which divides the demanded thrust over the thrusters. The thruster allocation algorithm
demands a particular thrust and direction of each thruster. Still, due to the inertia of the
propellers and a maximum rotation speed, the demanded thrust and direction is not delivered
directly.

PID-controller gains Tuning the PID gains is very important for the DP-capability of the
vessel. First, some standardised PID-gains are determined based on the vessel’s mass and the
vessel’s added mass matrix for low frequency. The vessel was capable of station-keeping in
relative low sea states when its DP-system uses these standardised gains. Then, the gains are
tuned based on waves with a significant wave height of 3.0 m and a peak period of 9.0 s. This
sea state is chosen because this is the critical wave condition with the highest probability of
occurrence in the study of [1]. This is visible in figure 4-13. The sea conditions close to this
sea condition also have a relatively high probability of occurrence. If the gains are optimised
for this particular condition, the gains are also relative good tuned for the conditions close
to this sea condition in the scatter diagram. This could result in a large workability of the
vessel. According to [24], the expected preferable angle of attack of the installation is 195
degrees. Therefore, this angle is chosen to optimise the gains.
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Figure 4-13: Scatter diagram of the workability of the Stella Synergy in the study of [1]

First, the surge gains, then the sway gains and afterwards, the yaw gains are optimised.
Figure 4-14 gives an excellent example of the first steps of optimization of the PID gains for
sway. Increasing the Proportional gain results in a faster response on the DP-system, but
can results in instabilities. Increasing the Derivative gain decreases the overshoot of the DP-
system. And increasing the Integral gain will push the average output value to the desired
value.

Simulations with a relatively low time duration are done to decrease the simulation time. For
every simulation, only one gain is adapted to see the result of changing that particular gain.
Unfortunately, the surge, sway, and yaw gains influence each other. Therefore, after optimising
the sway and yaw gains, the surge gains are not optimised anymore. Thus, these gains must
be optimised again. Finally, this results in an optimisation loop. After going through the
loop multiple times, the gains are considered optimised. With these gains, multiple 3-hours
runs with varying sea conditions run to ensure stability over a longer time period. The results
were promising.

With these founded gains, the monopile and the gripper are added to the model. After final-
ising the model, simulations are run to determine the preferable incoming wave angle. More
about these simulations is explained in 5-2-1. These simulations showed that the preferable
incoming angle is 180 degrees, which differs from the expectation of 195 degrees. Therefore,
some extra optimising loops are executed with the same critical conditions and an incoming
angle of 180 degrees. Again, the newfound gains, which are shown in table E-1, are tested
extensively with varying sea conditions. The DP-gains shown in this table are called the
original DP-gains.
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It is crucial to keep in mind that the founded gains are not optimal for each sea condition. The
DP capability of the vessel could be better when the gains are optimised for each individual
sea state. Unfortunately, this is a very time-consuming process. When the Stella Synergy is
in operation, there are always six staff members of Kongsberg DP on board to optimise the
DP-system for each sea condition. It is clearly out of the scope of this thesis project to find
the correct gains for each sea state.
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Figure 4-14: First steps of tuning the PID gains for sway
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4-4 Monopile

As explained in section 1-1, the new 14 MW offshore wind turbine of General Electrics will
be 260 meters tall, and the monopile will have a diameter of 10 m [14]. This is approximately
the size of the monopiles that will be installed in the near future. This section explains
how a similar monopile is designed and how it is modelled in aNySIM. Also, the location of
installation relative to the vessel’s location is determined.

4-4-1 Design

For each wind farm, a new monopile is designed based on the water depth, the soil conditions,
the environmental conditions, and many other elements. The Stella Synergy does not focus on
the installation of one specific wind farm. Therefore a general monopile is designed based on
some assumptions. The 3D model of the monopile is designed in the program DesignModeler,
which is a sub-program of Ansys AQWA.

Figure 4-15: Design of the monopile, early pile driving phase
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Characteristics Just as the new monopile of General Electric, the designed monopile has a
diameter of 10 m. The length of the monopile is assumed to be 90 m, which is approximately
the maximum length the main crane can lift if the monopile is upended in the gripper frame.
The wall thickness is assumed to be constant over the monopile’s height. It is assumed to
be 1/100 times the monopile’s base diameter, which results in 10 cm. The lower 58.5 meters
of the monopile have a cylindrical shape, and the upper 31.5 meters are conical. This is to
reduce the monopile’s mass. The mass of the monopile with the chosen dimensions is 2068
tonnes, which is lower than the maximum lifting capacity of the main crane.

As explained in subsection 2-1-5, the most critical installation phase is the early pile driving
phase. Therefore, in this thesis research, the focus lies on this phase. As preparation for the
pile driving phase, a vibro-drill with an assumed weight of 1000 tonnes is placed on top of the
monopile. The monopile’s self penetration depth is assumed to be 0.5 times the monopile’s
diameter, see subsection 2-1-2. The design of the monopile, while it is in the early pile driving
phase, is shown in figure 4-15. During the early pile driving phase, the submerged part of the
monopile is filled with water. The water inside the monopile has a large volume and weight.
When the monopile moves, the water has to move with it. The CoG shown in figure 4-15 is
the combined CoG of the monopile, the vibro-drill and the trapped water in the monopile.
The main characteristics of the monopile and the vibro drill are shown in table 4-7.

Table 4-7: Monopile's characteristics

Description Symbol | Magnitude | Units
Length monopile Ly 90 | m
Outer diameter monopile’s base | Dy, .. 10 | m
Outer diameter monopile’s top | Do,,, 7| m
Wall thickness t 0.1 | m
Mass monopile My 2068 | tonnes
Mass vibro drill Mg 1000 | tonnes
Mass trapped water My, 3093 | tonnes
Total mass M; 6160 | tonnes
Radii of gyration x/y Ry, 28.5 | m
Radius of gyration z Rg, 3.82 | m

The radii the monopile’s radii of gyration are essential to describe the motion of the monopile.
The radius of gyration is the distance from the x-, y-, or z-axis of the monopile’s local reference
system to the point where the mass of a body is assumed to be concentrated. At this point,
the moment of inertia is equal to the moment of inertia of the actual mass about the chosen
axis. The monopile’s local reference system is located at the combined CoG of the monopile,
the vibro drill and the trapped water. The x-,y-, and z-axis are pointing in the same direction
as the global reference system.

To determine the radii of gyration, first, the moments of inertia of the separate elements are
calculated. The moment of inertia about the z-axis of a hollow cylinder is shown in equation
4-7. The moment of inertia about the x- and y-axis of a hollow cylinder is shown in equation
4-8. The lower part of the monopile is assumed to be a hollow cylinder; thus, these equations
are used. The moment of inertia of the conical part of the monopile is assumed to be the
average of the moment of inertias of two cylinders with outer diameters of 10 and 7 m. The
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trapped water and the vibro drill are assumed to act as solid cylinders. The moments of inertia
of solid cylinders can be calculated with the same formulas with Ry is zero. The moments
of inertia about the same axis of different bodies can be added, as shown in equation 4-9.
Finally, the radii of gyration are calculated with equation 4-10.

L=3 M-(R+ R (4-7)
Im/y:%-M-(R3+Rf)+11—2-M-l2+M-D2 (4-8)
It =Imp +La +Liw (4-9)

Ry, = (I /My )'? (4-10)

4-4-2 Model

Two reference systems are used to model the monopile. As explained before, the monopile’s
local reference system is located at the combined CoG of the monopile, vibro drill, and trapped
water. The earth-fixed reference system is located at the bottom of the monopile. The axes
are pointing in the same direction as the global reference system.

The monopile acts as an inverted pendulum during the early pile driving phase. This results in
a very in-stable situation when the gripper would not be active. Although the self-penetration
depth is 5 m, no monopile-soil interaction is assumed. Due to the large uncertainties of the
soil stability force, it is better to neglect it [21]. Also, the worst-case scenario is considered
when this assumption is used. The soil does deliver the vertical force to counter the weight
of the monopile, and it restricts the monopile’s translation. Only small rotations about the
x-, and y-axis of monopile’s earth-fixed reference system are allowed. In aNySIM, this is
modelled by using a joint connected to the bottom of the monopile, located precisely at
the monopile’s earth-fixed reference system. The joint contains very high linear damping
and spring coefficients for surge, sway, heave, and yaw direction. A minimal translation or
rotation over the z-axis results in a force or moment that brings the bottom of the monopile
back at its original position, except for the rotation around the x- and y-axis. The model of
the monopile is a stiff system due to the high damping and spring coefficient of the joint. A
small time step of 0.02 seconds is chosen to avoid numerical issues in aNySIM as results of
the stiff system,

4-4-3 Installation location

For the monopile installation, it is important to determine the optimal monopile’s position
relative to the vessel. This subsection explains where the monopile is located and why this
is the preferable position. For the determination of this position, it is essential to know the
position of the main crane. The main crane is located at [-34.24,-13] in the global reference
system. The main crane can use its maximum lifting capacity between the radii of 13.5 and
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20 m relative to this position. The more the monopile’s position is near the CoG of the
vessel, the less influence the pitch and roll motion have on the location of the vibro-drill and
gripper. Thus, the monopile is positioned as far as possible in positive x-, and y-direction and
within the 20 m of the crane’s centre to stay within the maximum lifting capacity. First, the
minimum y-distance to the vessel’s hull is determined. The motion-compensated gripper can
compensate for 3 m of horizontal displacement. Considering enough space for the gripper’s
envelope and 1 m for safety reasons, the minimum distance from the monopile to the ship’s
port side is 4 meters. Adding half of the monopile’s diameter of 10 m, the monopile’s centre
is at -9 m relative to the hull. The hull at the port side of the vessel is positioned at -18
m. Thus the monopile will be installed at -27 m in the y-direction. Keeping in mind that
the monopile’s position should be within 20 m of the crane’s centre and placing the monopile
maximum forwardly, the monopile is positioned at [-20.24,-27] in the global reference system.
This is visualised in figure 4-16.
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Figure 4-16: Monopile’s position relative to the vessel's position

4-4-4 Environmental forces on monopile

The environmental forces that act on the monopile will result in monopile rotation. The
gripper tries to counter the environmental forces and keeps the monopile as vertical as pos-
sible to avoid a too large inclination angle. For the determination of the workability, the
environmental forces must be modelled correctly. This section explains how this is done.

Wave forces with diffraction calculation vs Morison equation As explained in section 4-1-
1, two diffraction calculations are executed for the monopile in Ansys AQWA. One calculation
does consider the shielding effect, and the other does not. Unfortunately, there is no diffraction
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calculation available to verify the diffraction calculation made in Ansys AQWA. In subsection
3-1-2 it is explained that the wave force on a monopile can also be calculated with the Morison
equation. One of the crucial RAO’s of the diffraction calculation is the force RAO in surge
direction with an incoming wave angle of 180 degrees. To verify the diffraction calculation,
this force RAO is calculated with the Morison equation in Excel. The Morison equation is
shown in equation 3-2, it contains a drag and an inertia force. This equation can only be
used for slender structures. A cylindrical structure can be called slender when the diameter
divided by the wavelength is smaller than 0.2 [12]. In figure 4-17, the slenderness ratio versus
wave period is shown. The scatter diagrams of the North-Sea, shown in Appendix D, shows
that waves with wave periods between the 2 and 14 seconds occur in the North-Sea. The
study of [1] shows that only waves with wave periods larger than 6 seconds will influence
the workability of the ’Stella-Synergy’ The structure can be called slender, and the Morison
equation shown in 3-2 can be used when only these waves are considered.

2
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. 1 Slenderness ratio
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05 - Limit
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Figure 4-17: Slenderness-ratio

The Keulegan-Carpenter (KC)-number describes if the drag or the inertia part of the Morison
equation is dominant [46]. When the KC-number is lower than 3, the inertia part is dominant.
Using the extreme values of the scatter diagram of Appendix D and filling these in into
equation 4-12; the larges water particle velocity occurring in the North Sea is calculated.
Filling in this particle velocity in equation 4-11 results in a KC-number of 1.8. This means
that for all the sea conditions in the North Sea, the inertia force on the monopile is dominant
in the Morison equation.

u-T
KC=—— 4-11

o (+-11)
Although the drag force on the monopile is not important according to the KC-number, the
drag force is still calculated for validation. The water particle velocity and acceleration are
needed in the Morison equation, but they vary in the water depth. Therefore, the monopile
is split up into slices with a height of 0.5 m. For each slice, the drag and inertia force is

calculated. The data-points for the force RAO are calculated following the next steps:
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o Choose a wave frequency between 0.1 and 1.6 rad/s and a logical wave height. For each

wave frequency in this range with step sizes of 0.1 rad/s, the calculation is made.

Calculate for the chosen wave frequency the wave number k and the wavelength with
the dispersion relation, shown in equation 3-1.

Calculate the amplitude of the wave-particle velocity and acceleration in the middle of
the slice with equations 4-12 and 4-13 [46]. The last part of these equations, comprising
the sin and cos function, must be removed to calculate the amplitude of wave-particle
velocity and acceleration.

cosh(k - (z+ h))
¢ T sinh(k - h)

- cos(kx — wt) (4-12)

S cosh(k - (z+ h))

Sob(kh) sin(kz — wt) (4-13)

=

Determine the drag and inertia coefficients Cp and Cs. For the determination of the
drag coefficient, the focus lays on a wave with a wave height of 3.0 m and a period
of 9.0 s, in section 4-3-4 is explained why the focus lies here. The average particle
velocity amplitude is calculated for the upper 10 m of the monopile’s submerged part
for this wave. Approximately 70% of the drag force on the monopile acts at the upper
10 m, so the focus lies here. This particle velocity is used to calculate the Reynolds
number, which is 4.4-10°. Using this Reynolds number while zooming in into figure 4-18
results in a drag coefficient of approximately 0.68. This drag coefficient is assumed to
be constant over wave frequency. The inertia coefficient C) is read from figure 4-19, it
is dependent on the slenderness ratio. For each wave frequency, a new inertia coefficient
is determined.
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Figure 4-18: Drag-coefficient of a cylinder [2]

J. Verbruggen Thesis report



4-4 Monopile 47

(.8
0.6 T T \\
0.4

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1.0
D/lwave [‘]

Figure 4-19: Inertia-coefficient of a cylinder [3]
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e The last step is to fill in the Morison equation. For each frequency step, the drag and
inertia force are calculated per slice. The total drag and inertia force that acts at the
monopile are calculated by adding the the forces per slice. For each wave condition, the
inertia force is indeed much larger than the drag force. Still, the combined drag and
inertia force is considered for calculating the data-points of the force RAO for surge.
The RAO-values are calculated with equation 4-14, with a is the wave amplitude.

F2 4+ F2 .
RAOswge _ \/ rag - inertia (4_14)

A single data-point of the force RAO for surge is determined for one particular wave frequency
when all the steps are following once. A force RAO curve is made when these steps are
executed multiple times for a varying frequency. The final result is compared with the force
RAO calculated in Ansys AQWA, and this is shown in figure 4-20. The minor differences
between the curves could arise due to a relative big wave frequency timestep of 0.1 rad/s or
a relative big monopile slice height of 0.5 m. Another reason might be that the monopile
could not be considered a slender structure for waves with a wave period of less than 5.5
seconds. Converted this wave period into a wave frequency, the monopile is not slender for
wave frequencies larger than 1.1 rad/s. Therefore, the result of the Morison equation could be
less accurate for frequencies larger than 1.1 rad/s. Overall, the force RAQ’s are very similar
and thereby is the force RAO for surge calculated by Ansys AQWA verified. Since this part
of the diffraction calculation is verified, it is assumed that the two full diffraction calculation
for the monopile are correct.
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Figure 4-20: Force RAO's for surge, Morison equation vs Ansys AQWA calculation

Shielding effect In the last paragraph is concluded that the two diffraction calculations
for the monopile are correct. The diffraction calculation that considers the shielding effect
is implemented in the model, the calculation which does not consider the shielding effect
is purely done to compare with. Comparing these diffraction calculations is done in this
paragraph. Remember that the added mass and damping matrices are full of zeros because
the monopile’s motion is assumed to be frozen during the diffraction calculations. The contour
plots of the force RAQ’s in x- and y-direction are shown in figure 4-21 and 4-22. A contour
plot shows the RAO-values over varying wave frequency and incoming angle of attack. A
clear overview of the incoming wave angle is shown in figure 2-3.

The contour plot for the monopile without the shielding effect is generated by doing a diffrac-
tion calculation for the solely monopile. This means that only a cylindrical structure is
considered and that the ship is not included. The monopile is symmetric across the x- and
y-axis. This means that the contour plot for x- and y-direction must be similar, only shifted
90 degrees. This is clearly visible in the left part of figures 4-21 and 4-22. The contour plots
for x- and y-direction contain two oval-shaped contour peaks, which are shifted 90 degrees.
The peaks are located at a frequency of 0.85 rad/s.
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Figure 4-21: Contour plot of force RAO's in x-direction
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Figure 4-22: Contour plot of force RAO's in y-direction
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The contour plots with shielding compared with the contour plots without shielding shows
three important differences. The forces on the monopile for waves with incoming angles
between 180-360 degrees are much lower for the plot that considers the shielding effect. This
is obviously because the waves diffract at the vessel’s hull and will never hit the monopile.
The vessel protects the monopile by diffracting the waves. Another difference is that the wave
forces with an incoming angle between 0-180 degrees are much higher when the shielding effect
is considered. This is due to the waves that hit the monopile directly, without having the
vessel in front of it, and due to the diffracted waves of the vessel that hit the monopile too.
The last difference is that the contour peak shifts to a slightly higher frequency for waves
with an incoming angle between 0-180 degrees. Probably, this is because the waves that hit
directly the monopile and the diffracted waves that hit the monopile add up for frequencies
near the 1.0 rad/s.

For the calculation of the shielding factor for a particular incoming angle, the maximum
combined force RAO for x- and y-direction on the monopile is calculated. This is done by
taking the root of the summed squares of the RAO-values. This is calculated for the RAO’s
with and without the shielding effect. Dividing the maximum combined RAO-value with
shielding by the maximum combined RAO-value without shielding gives the shielding factor.
The shielding factor is calculated for each incoming angle of attack, and the results are shown
in figure 4-23. It shows that the shielding factor is minimal for waves with incoming angles
between 210-310 degrees. Thus, the monopile is protected maximally by the vessel for those
incoming angles. If the governing limitation of the model is related to the force on the
monopile, the preferable incoming angle would be between 210-310 degrees. In section 5-2-3
is explained what the governing limitation is and why the preferable angle is 180 degrees,
although the shielding factor is not minimal with this angle.
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Figure 4-23: Shielding factor over incoming angle of attack

Wind and current forces Not only wave forces act on the monopile, but also wind and
current forces. The wind and the current coefficient for the monopile are not tested in a wind
tunnel or a water basin. Therefore, the maximum wind and current coefficient are determined
with figure 4-18. For the calculation of the Reynolds number, sea conditions with a Hg of 3.0
m, a 1), of 9s, and a Uy of 13.5 m/s are used. In section 4-3-4 is explained why the focus lies
on these conditions. The maximum current and wind coefficients in a particular direction are
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respectively 0.68 and 0.70. A curve for the wind and current coefficients over the incoming
angle is made with a sinus function, with the maximum coefficients used as amplitude. This
curve shows how the wind coefficients are divided over x- and y-direction, in figure 4-24 is
shown how this is done. The wind and current peaks in x- and y-direction are 90 degrees out
of phase. The calculated wind and current coefficients for the monopile can be found in C-2.
The moment around the z-axis due to the wind and the current is assumed to be zero.

C

X Cy

Figure 4-24: Sinus-function for determination of monopile’'s wind and current coefficient

Just as for the vessel, the current and wind forces on the monopile are measured in aNySIM
and verified with equation 3-4. The results are identical and thereby verified. Notice that
the shielding effect for the wind and current forces is not considered. Although it will not
significantly influence the model, considering the shielding effect would be more accurate.
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4-5 Motion-compensated pile gripper

The DP-system is the used station-keeping system during the installation activities. It tries
to minimize the motion of the vessel, but small vessel motions will always be present. A
motion-compensated pile gripper is needed to compensate for these motions and to keep
the monopile vertical. As concluded in subsections 2-1-4 and 2-1-3, the maximum accepted
inclination angle during installation depends on the monopile’s penetration depth, and the
maximum inclination angle at delivery depends on the transition piece connection. Just as
in the research of [1], the maximum accepted inclination angle in this model is assumed to
be 0.5 deg. The gripper contains two PID-controllers; one is used to determine the force to
counter the vessel’s motion, the other is used to determine the force to keep the monopile
vertical. This section explains how the PID-controllers work, how the gripper is built step by
step, and how is dealt with a numerical problem. At the end of the section, the limitations
of the gripper’s capabilities are discussed.

4-5-1 P(1)D-controllers

The two PID-controllers, which are used for the motion-compensated gripper, are used for
different purposes, but they are built the same way. Each controller contains a proportional,
an integral, and a derivative gain. A PID-controllers needs a goal as input, which is called the
setpoint. For these PID-controllers, the setpoints are the desired position of the gripper and
the monopile. For each simulation step, the current positions are sent from aNySIM to the
PID-controller in Python. Each controller calculates an output value based on the current
and previous error between the real position and the setpoint. For these PID-controllers, the
output value is multiplied by a factor to calculate the required force. The factor is determined
based on the mass that has to be displaced. The factor could be replaced by multiplying the
gains of the PID-controller by this factor. The output value is calculated with equations 4-15
and 4-16.

A
Pierm = error Lierm~+ = error - At Dierm = % (4-15)
OUtPUt = Pgain . Pterm + Igain : Iterm + Dgain : Dterm (4—16)

The proportional term is the error between the setpoint and the measured position. The
goal of the proportional term is to give a response linear to the error, to avoid large offsets
between the desired and the current position. The integral term is the accumulation of all the
previous errors. The goal of the integral term is to keep the average value of the error close to
zero. In the next section is explained that the setpoints of the PID-controllers change for each
timestep, and therefore the integral term is of minor importance. The integral term is even set
to zero, which results in that the controller should be called a Proportional Derivative (PD)-
controller. The goal of the derivative term is to avoid a large overshoot. The derivative
term does this by calculation the delta error, which is the difference between the last and the
current error. Finally, the proportional, the integral, and the derivative terms are multiplied
by their gains and added to give the output value. The PD-controllers are tuned based on an
iterative way until they respond fast and accurately.
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4-5-2 Model of the gripper and force equilibria

The motion-compensated gripper of Huisman Equipment B.V., shown in figure 4-25, will be
installed at the Stella-Synergy. According to Huisman Equipment B.V., the gripper contains
two parts. Both parts move for a translation in the x-direction, and only one part moves for a
translation in the y-direction. The total weight of the gripper is approximately 1500 tonnes.
This gripper is modelled as correctly as possible to give accurate results. Some limitations
about the gripper are explained in subsection 4-5-4. This section explains how the gripper is
built in Python and aNySIM step by step.

Figure 4-25: Motion-compensated pile gripper of Huisman Equipment B.V.

The steps below are taken to build the motion-compensated gripper. In these steps, the focus
lies on the y-direction. All the steps are similar for the x-direction.

Step 1 Build a third body in aNySIM with a weight of 1500 tonnes, which represents the
gripper. Although the real gripper consists of two different parts, the gripper in aNySIM
consists of only one body: Body 3. In reality, the gripper is connected with the vessel,
and hydraulic cylinders move the two parts. This is hard to model in aNySIM. Therefore
the gripper is represented by a single body that is free to move relative to the vessel. The
following steps explain how the gripper is modelled to respond similarly to the real gripper. It
is assumed that Body 3 can translate in x- and y-direction. The other motions are neglected.
The gripper is placed at an elevation of 11.468 m above sea level, and this is shown in figure
4-26.

Step 2 Measure the position of the center of the monopile at the gripper’s elevation height.
The monopile will move due to the environmental forces that act on it. The measured position
will be controlled, depending on this position, the inclination angle of the monopile can be
determined.
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Figure 4-26: Gripper's elevation

Step 3 Use and tune a PD-controller to determine the force to keep the monopile as vertical
as possible This force is called F'Yppi. The setpoint of the PD-controller is the position of the
centre of the gripper. At this phase, it is also assumed that the gripper counters the vessel’s
motion perfectly and is positioned precisely at the desired location. The next steps explain
how to calculate the gripper’s location and that it is not constantly at the desired location.
Although the gripper of Huisman Equipment B.V. has four contact points on the monopile,
it is assumed that the gripper entirely acts the calculated force at the centre of the monopile.
The force to keep the monopile vertical is shown in equation 4-17.

FYmono = FYPDI (4—17)

Step 4 The gripper is attached to the vessel and moves along with it. At the same time,
the hydraulic cylinders of the gripper move the centre of the gripper relative to the vessel
and try to keep the centre of the gripper at the same position in the global reference system.
In aNySIM, this is hard to model. When an extra body is added which is connected to the
vessel, it cannot move it relative to the vessel. When an extra body is added which freely
moves, it will not move along with the vessel. Therefore, a fourth body, which freely moves,
is added in aNySIM. This body is purely build to do some calculation with, and it does not
represent a specific element of the model. Just as Body 3, Body 4 weighs 1500 tonnes and
can only translate in x- and y-direction. The position of this body is measured. In steps 5,
6, and 7 is explained how this body is used to model the gripper.

Step 5 Measure the position of the vessel at the gripper’s location. It is essential to measure
the position at this location instead of at the CoG of the vessel because the vessel’s roll, pitch,
and yaw motion will influence the position at the gripper’s location.
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Step 6 Use and tune a second PD-controller to determine the force to counter the vessel’s
motion at the gripper’s location with Body 4. This means, for example, if the vessel moves
1 m in positive y-direction, the PD-controller determines the force to move Body 4 1 m in
the negative y-direction. The setpoint of this controller is calculated by equation 4-18, and
the calculated force to move Body 4 is shown in equation 4-19. The setpoint of the second
controller is the original position of Body 4 minus the translation of the vessel at the gripper’s
location. Because the setpoint changes over time, the integral gain is set to zero. Therefore,
the controller is called a PD-controller instead of a PID-controller.

SetpointYeoy = OriPosYy — (PosY; — OriPosY1) (4-18)
FYtqripper = FYppo (4_19)

Step 7 Calculate the ability of Body 4 to counter the vessel’s motion, and determine the
gripper’s location. How this is done is shown in equation 4-20. The summation of the vessel’s
offset to its original position and the offset of Body 4 to its original position plus the original
position of Body 3 gives the position of Body 3. For example, if the vessel moves 1 m in
positive y-direction, and Body 4 moves 0.9 m in the negative y-direction, the gripper moves
0.1 in the positive y-direction. For this example, this means that the gripper counters the
vessel’s motion by 90%. The inertia of mass of Body 4 is the main reason why the vessel’s
motion is not countered perfectly. Figure 4-27 shows an example of the y-position of the
vessel, Body 4, and the gripper during the first 40 seconds of a simulation. The gripper’s
position still moves, but most of the vessel’s motion is compensated.

PosYs = (PosYy — OriPosY1) 4+ (PosYy — OriPosYy) + OriPosYs (4-20)
-18.0 17.5
— -18.1 4 F17.6
£ S
— -18.2 - F17.7 @
> =
w183 (178 =
& 184 1179 =
-18.5 T T T T T " T 18.0
0 5 10 15 20 25 30 35 40
Time [s]
-17.98 1
£
o9 -18.00+
(%3]
g
-18.02 1
0 5 10 15 20 25 30 35 40
Time [s]

Figure 4-27: Upper: y-position of the vessel (blue) and Body 4 (black).
Lower: y-position of the gripper
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Step 8 Use the gripper’s location as a setpoint of the first PD-controller. The gripper tries
to keep the monopile precisely in the centre of the moving gripper arms. Although this results
in larger monopile’s motions, it imitates the real gripper more accurate. Because the setpoint
changes over time, the integral term is set to zero, and the controller is called a PD-controller.
The setpoint of this controller is shown in equation 4-21.

SetpointYc1 = PosYs (4-21)

Step 9 The force that the gripper acts at the monopile, F'Y,0n0, also acts at the gripper in
the opposite direction. This force is added to Body 4. This means, for example, if the gripper
tries to move the monopile in the positive x-direction, the gripper will move unintentionally
in the negative y-direction. To counter this, the force to move the gripper, F'Yyipper, is raised
with the force to move the gripper. This is shown in equation 4-22.

F}/gm'pper = FYpp2 + FYnono (4_22)

Step 10 Add the friction forces of the gripper. The friction forces of the gripper of Huisman
Equipment B.V. in the x- and y-direction are respectively 120 mt and 100 mt. Since the
gripper in aNySIM consists of only one body that moves in x- and y-direction, the gripper
forces are assumed to be 120 mt in both directions. The static friction is assumed to be
equal to the dynamic friction. The friction force acts in the opposite direction of the velocity
of Body 4. When Body 4 is not moving, the friction force is equal to the opposite of the
summed forces on Body 4, with 120 mt as maximum. Thus, the body starts to move only if
the summed forces on Body 4 are larger than 120 mt. Again, this means that the required
force to move Body 4, F'Yyripper, is adapted. Multiple situations arise now. Depending on
the sign of calculated force to move Body 4, F'Yppo, and the velocity direction of Body 4, the
friction force is added to or subtracted from the calculated force to move Body 4, F'Yyipper-
In picture 4-28, for one situation, the forces are sketched. Remember that some of the force
can change direction in other scenario’s.

Step 11 The calculated forces to move the gripper and the monopile can vary enormously in
a single timestep. If, for example, the force calculated by the second PD-controller, F'Yppo,
changes direction, and the velocity of the gripper changes direction too, the force to move
the gripper can change enormously in a single timestep. The hydraulic cylinders need some
time to build up their force due to dynamic pressure build-up and cannot follow the desired
force directly. Therefore, a maximum force build-up is modelled in Python. This is modelled
by setting a maximum force increment and decrement between 2 timesteps for F'Yy,ipper and
FY,0n0. The hydraulic cylinders are assumed to go from 0 to maximum force in 1 second.
Sometimes, this results in a difference between requested and delivered force.

J. Verbruggen Thesis report



4-5 Motion-compensated pile gripper 57

FYSTiPPET = FYmono =
F¥e02 + F¥rnono * Ffric FYep4
—_— —_—
— —
Fygripper FYmono
FYfric
—— ——
Vel-y, Vel-y, Vel-y;

Figure 4-28: Forces overview on gripper in y-direction,
Situation: positive velocity-y vessel, negative velocity-y Body 4 and monopile, negative F'Yppy
and FYPD2

Step 12 Add the force of the gripper that acts on the vessel. As visualised in figure 4-28,
the force to move the gripper acts in the opposite direction on the vessel. It is assumed that
the location of the gripper does not influence the CoG of the vessel. Thus, force in z-direction
due to the weight of the gripper is not considered. The roll, pitch, and yaw moments caused
by F'Ygripper are considered. In section 5-2-5, is explained which influence the gripper has on
the vessel’s motion.

4-5-3 Numerical problem

The last subsection explained how the motion-compensated gripper is modelled in aNySIM
and Python. Unfortunately, a numerical problem arose after the gripper is implemented.
This section explains why this problem does not arise at the real gripper, what the numerical
problem exactly is, and how is dealt with the problem.

Problem description When the control system of the real gripper decides that the gripper’s
velocity in x- or y-direction should change direction, the gripper decelerates until the gripper
reaches zero velocity. Then the gripper accelerates in the other direction. This could take some
time because the friction force changes direction too and should be overcome. The gripper
starts to move only when the combined forces on the gripper are larger than the friction force.
Before the gripper starts to move in the new direction, the gripper has automatically zero
velocity for a short while. Keep in mind that the velocity here is the relative velocity to the
vessel.

Unfortunately, in aNySIM, something different happens when the relative velocity to the
vessel changes direction. When for example, the velocity in the y-direction is positive and
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decreases to almost zero, the velocity could be directly negative in the next timestep. It
skips the zero velocity phase. In this phase, the force needs to be built up in the negative
direction to overcome the friction force, which points now in the positive direction. In the
next timestep, the gripper’s velocity-y is negative, which results in a large friction force in the
positive direction. The friction force causes a positive gripper’s velocity again. Finally, this
results in a situation where the friction force and gripper’s velocity change direction every
timestep, which is far from reality. The first 50 seconds of a simulation with this numerical
problem is shown in figure 4-29.
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Figure 4-29: Numerical problem of gripper, shown for the velocity in x-direction of Body 4

The solution to the numerical problem An extra condition and an extra force for x- and
y- direction are added to the gripper’s model to solve this numerical problem. When the
combined forces on the gripper are lower than the maximum friction force and the velocity
of Body 4 is lower than a particular threshold value, Body 4 is forced to act like it has zero
velocity. This is reached by bringing the total forces in equilibrium, and adding an extra
force afterwards, F X ero or F'Y,ero. The forces are in equilibrium by the friction force, which
counters the other forces in this situation. This differs from the previous situation, where the
friction force was always maximum when Body 4 has even the smallest velocity. The arbitrary
chosen extra force will cause, slowly, a zero velocity for Body 4, while the other forces are in
equilibrium. The velocity of Body 4 does not jump uncontrolled across the zero velocity line
anymore, and the numerical problem is solved. The threshold velocity, Vel,p, is +/-0.009
m/s, which is 1.5% of the maximum allowed gripper’s velocity for both directions. Using this
value solves the numeric problem for all simulations. Due to the use of this trick to solve
the numerical problem, the velocity of Body 4 is not modelled correctly when it is below the
threshold value. But, simulations containing the numerical problem are even further from
reality. Therefore, this trick to solve the numerical problem is used for all simulations. The
difference between a simulation using this solution to the numerical problem and a simulation
without using it is shown in figure 4-29.
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4-5 Motion-compensated pile gripper 59

if 1 abs(FXgripper — F Xmono) <FXfric maz and abs(VelXy) < VelXpn :
FXfm'c = F Xmono — FXgripper (4—23)
FXuero = —/ 43000 [N]

4-5-4 Gripper’s limitations and capability

The gripper of Huisman Equipment B.V. has some limitations in terms of maximum forces
and velocity. The maximum force to move the monopile is 4.91 MN, and the maximum forces
to move the gripper in x- and y-direction are both 3.43 MN. These limits are considered
in aNySIM and can not be exceeded. Another limitation of the gripper is the gripper’s
velocity relative to the vessel, which is maximum 0.6 m/s in both directions. This limit is
not considered in the model, and when the maximum velocity is exceeded, the simulation is
assumed to be not workable.

The results of simulations with a constant significant wave height and a varying wave peak
period are compared to measure the motion-compensation capability of the gripper. The
chosen significant wave height is 1.25 m, and the peak period varies from 3.5 s to 13.5 s. In
section 5-2-2 will be concluded that all these conditions are workable for the Stella Synergy.
For those simulations, the average offset of the vessel and gripper from their original positions
are compared. The first 200 seconds are removed from the simulation to remove the start-
up problems of the simulations. The gripper’s average motion compensation in x- and y-
direction are shown in figure 4-30 and 4-31. Additionally, the gripper’s capability is tested for
simulations with a constant wave peak period of 8.5 s and a varying significant wave height
from 0.75 m to 4.75 m. Those results are shown in Appendix G.

A clear relation between the gripper’s average offset and the vessel’s average offset is shown
in the graphs. Therefore, the percentage of motion compensation is also shown in figures
4-30, 4-31, G-1, and G-2. For all the tested simulations, the gripper compensates the vessel’s
motion for 65% to 95%. This range is substantial. Thus the gripper’s ability to compensate
the vessel’s motions depends on the sea condition it is operating in. No direct relation between
the vessel’s average offset and the percentage of motion compensation is visible. Therefore, it
can not be concluded if the gripper is operating better in low or high states in general. Still,
zooming in into the high sea states is interesting. These sea conditions contain a large wave
peak period or large significant wave height. The gripper is better capable of compensating
the vessel’s motion for waves with a large wave period than for waves with a large significant
wave height. Probably, this is because waves with a large peak period will cause the vessel to
move slowly, and there is enough time for the gripper to react. In contrast, there is less time
to react for waves with a large significant wave height and a lower wave peak period.
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Figure 4-30: Gripper's motion compensation in x-direction with varying Tp for Hs=1.25 m
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Figure 4-31: Gripper's motion compensation in y-direction with varying Tp for Hs=1.25 m

In the report of [19] it is concluded that their motion-compensated pile gripper is cable to
compensate 95 % of vessel’s motion up to a significant wave height of 2.5 m. Unfortunately,
the gripper used in this model has a lower motion compensation percentage. Although the
gripper’s motion compensation percentage is lower, it can be concluded that the modelled
gripper compensates most of the vessel’s motion during all tested simulations. The influence
the gripper and the monopile have on the vessel’s motion is explained in section 5-2-5.
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Chapter 5

Simulations and results

The previous chapter explains step by step how the model is built up and verified. The
model contains a good representation of the vessel, the monopile, the gripper, and their
environmental forces. After verification of every element of the model, simulations are run to
generate results. This chapter explains the limitations of the model and how the workability
of the vessel is calculated. Before calculating the workability, the preferable angle of attack
of the environmental conditions is determined. Additionally, simulations are run for specific
situations to investigate whether it is possible to increase the vessel’s workability or reduce
its footprint. Finally, the monopile’s influence on the vessel’s motion and the effect of the
worst-case single on the vessel’s workability is researched.

5-1 Limitations for the workability

The results of each simulation are checked to determine if the simulation is workable. There
are several limitations for each simulation. When one or more limitations is exceeded during
a simulation, the simulation is determined to be non-workable. The simulations are tested by
six limitations, which are described in this section and are shown in table 5-1.

Vessel’s footprint The gripper can compensate the vessel’s motion for maximum +/- 3 m
in x- and y-direction. Besides the vessel’s translational motions, the rotational motions will
also cause translational motions at the gripper’s location. Therefore, the footprint of the
vessel at the gripper’s position is considered. At the gripper’s position, the maximum allowed
footprint is +/- 3 m in x- and y-direction.

Roll and pitch angle The first step of the early pile driving phase is to lift the vibro drill
on top of the monopile. The weight of the vibro-drill is 2000 tonnes, which is just below the
maximum crane capacity. During such a heavy lift operation, the roll and pitch motion of the
vessel must not become too large to avoid a swinging motion of the vibro drill and maintain
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62 Simulations and results

the maximum lifting capacity of the main crane. Therefore, the maximum allowed roll and
pitch angle of the vessel is 1.5 degrees.

Monopile’s inclination angle Plastic deformation of the soil near the monopile must be
avoided during the installation of the monopile. The stability force to keep the monopile
upright could be reduced when the soil near the monopile is plastically deformed. This could
lead to an unstable situation during the lifetime of the monopile. Also, the inclination angle
at delivery is limited to ensure the vertically of the transition piece and the tower. When the
tower is inclined, a large moment could arise due to the gravitation force of the wind turbine.
In this research, the maximum allowed inclination angle is 0.5 degrees.

Gripper’s velocity The maximum velocity of the gripper produced by Huisman Equipment
B.V.is 0.6 m/s in x- and y-direction. This limitation is not considered in the gripper’s model,
and therefore it is included as a limitation for the workability.

Table 5-1: Limitations of the model

Limitations: Magnitude | Units
Footprint-x 3.0 m
Footprint-y 3.0 m
Roll angle 1.5 deg
Pitch angle 1.5 deg
Inclination angle 0.50 deg
Velocity gripper x/y | 0.60 m/s

5-2 Simulations

Many simulations are run to generate results. The simulations should have a duration of at
least of 3-hours [12] to achieve stationary irregular wave conditions. The start-up problems
of a simulation could take approximately 200 seconds, and therefore the chosen duration of
a simulation is 11000 seconds. In the simulations, the wind, the waves, and the current are
assumed to be collinear, meaning that the environmental elements are coming from the same
direction. This differs from reality, where the environmental elements could come from dif-
ferent directions. The worst-case scenario is achieved when collinear conditions are assumed.
During the simulations, the wind and the current direction are assumed to vary not over
time. During some simulations, wave spreading is added, else also the waves are coming from
one single direction. To be sure that every simulation is valid, each simulation is checked on
potential errors. Simulations that contain an error are not used to generate results.

5-2-1 Preferable incoming angle of attack
Before the workability of the vessel can be calculated, the preferable incoming angle of envi-
ronmental conditions should be determined. The incoming angle greatly affects the motions,

and thereby the workability of the vessel. The studies of, [21], and [25] consider also monopile
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5-2 Simulations 63

installation activities from a floating vessel. The studies conclude that the preferable angle
of attack during an installation is between 195 and 210 degrees. But, in the study of [1]
the governing limitation for the monopile installation is the roll motion of the vessel, which
is minimal for an incoming angle of attack of 180 degrees. Additionally, the environmental
forces on the vessel are minimal for head waves due to the shape of the vessel. On the other
hand, the shielding effect is present for waves with an incoming angle between 180 and 360
degrees. The shielding effect is optimal for waves with an incoming angle between 210 and
310 degrees, shown in figure 4-23. Head waves and the shielding effect are considered in the
incoming angle range of 180 to 210 degrees. Thus, it is interesting to search for the preferable
incoming angle in this range. In figure 2-3, an overview of the incoming angle of attack is
given.

The focus lies on the sea condition with a significant wave height of 3.0 m a wave peak
period of 9.0 s to determine the preferable incoming angle for installing a monopile with the
Stella Synergy. According to 3-2, the current and wind velocities are respectively 0.75 m/s
and 13.5 m/s for this wave condition. In subsection 4-3-4 is explained why the focus lies on
this particular sea condition. This sea state is used to test the model based on the limitation
criteria with a varying environmental incoming angle between 170-210 degrees, with steps of 5
degrees. Simulation with an incoming angle of 170 and 175 are added to prove that shielding
could be important. For each simulation, the maximum absolute values of the limitation
criteria are determined. The results are visualised in figures 5-1 to 5-5.
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The tested sea condition is not workable when the incoming angle is between 200 and 210
degrees due to a too large roll motion, as visible in the figure 5-5. The results for the
other criteria also become worse for incoming angles larger than 200 degrees. Except for
the roll-criterion, incoming angles in the range of 180 to 190 degrees are optimal, and no
big differences in the maximum absolute values in this range are found. The maximum
roll angle in a simulation is minimal for an incoming angle of 180 degrees and is increasing
rapidly for increasing incoming angle. Since an incoming angle of 180 degrees is optimal
for the roll-criterion and lies in the optimal range for the other criteria, it is concluded that
the preferable incoming angle of environmental conditions is 180 degrees for this specific sea
condition. Although it is known that the shielding effect is not optimal for an incoming angle
of 180 degrees and the forces on the monopile are relatively large, the designed gripper can
counter those forces for this sea condition. It is essential to note that this analysis is based on
one single sea condition. During this analysis, the final governing limitation for installation
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5-2 Simulations 65

monopiles with the Stella Synergy is unknown. At the end of subsection 5-2-3 is explained
what the governing limitation is and why the preferable incoming angle is indeed 180 degrees.

It is interesting to zoom in into the incoming angle range of 170 to 190 degrees. Except for
the pitch-criterion, all the results are worse for the incoming angle range of 170 to 180 degrees
than for incoming angles of 180 to 190 degrees. This is the direct result of the shielding effect.
The vessel partly protects the monopile for the incoming angle range of 180 to 190 degrees.
On the other hand, the refracted waves on the vessel cause extra forces on the monopile for
the incoming angle range of 170 to 180 degrees. The pitch motion of the vessel is practically
constant for waves in the incoming angle range of 170 to 190 degrees. An enormous pitch
moment is needed to affect the pitch motion of the vessel.

5-2-2  Workability

The last subsection concludes that the preferable angle of attack is 180 degrees for a sea
condition with a significant wave height of 3.0 m and a wave peak period of 9.0 sec. Until
the governing limitation for the workability is known, it is assumed that this is the preferable
incoming angle for all sea conditions. Therefore, the workability is determined for an incoming
angle of 180 degrees. This subsection shows how the workability is calculated and what the
workability percentages for the separate limitations are. Finally, the governing limitation is
determined, and it is verified if another incoming angle could result in a larger workability.

Total workability After doing some simulations for extreme conditions with and without
considering wave spreading, it is concluded that the vessel is better capable of maintaining its
position when wave spreading is considered. Adding wave spreading to the model results in
significant decrements of the vessel’s second-order wave force peaks. This probably causes the
vessel to be better at keeping its position. Although adding wave spreading to the model gives
a better representation of reality and gives better results, all the simulations are run without
using wave spreading. This choice is made to reduce the simulation time. The simulation
duration is approximately six times longer for a run that considers wave spreading.

For an incoming angle of 180 degrees and considering no wave spreading, simulations are run
for all the sea conditions shown in Appendix D. For each simulation, the average significant
wave height and wave peak period is chosen, meaning that the simulation for the upper-left
sea condition of this scatter diagram has a Hs of 0.25 m and a Tp of 2.5 s. The wind and
current velocities used during these simulations are read from table 3-2 and are shown at the
bottom of figure 5-6. These simulations are tested based on the limitations described by 5-1.
The gripper’s velocity-x and velocity-y limitations are merged to one single limitation. When
one or more limitations are exceeded, the sea condition is considered to be non-workable. The
Dynamic Positioning (DP)-gains, which are optimised for Hs=3.0 m and Tp=9.0 s, are used
for all these simulations.

After executing these simulations, the total workability is determined for an incoming angle of
180 degrees and considering no wave spreading. The simulations that are just non-workable
are re-run while wave spreading is considered. The goal of these simulations with wave
spreading is to determine if these sea conditions are workable when wave spreading is added.
Except for roll and pitch criteria, the maximum values of tested criteria for the simulations
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considering wave spreading were all slightly lower than the simulation without wave spreading.
Although all the results of the simulations with wave spreading were slightly better, only one
sea condition, with Hs=4.75 m and Tp=8.5 s, is changed from non-workable to workable.
This means that the other simulations with wave spreading are still not workable.
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Figure 5-6: Total workability plot for an incoming angle of 180 deg and constant DP-gains

The scatter diagram that shows the total workability and the workability lines for the different
limitations is shown in figure 5-6. The yellow-orange sea conditions are workable, and only
these conditions contribute to the sum of the workability shown on the right side of the
diagram. The blue conditions are non-workable because one or more of the limitations are
exceeded. The coloured lines show the workability of the separate limitations. Every sea
condition at the bottom-right of a limitation line means that the particular limitation is
exceeded during this simulation.

The total workability for an incoming angle of 180 degrees and constant DP-gains is 92.3%,
which is already relatively high. For comparison, the workability calculated in the study of
[1] is 87%. This study also focuses on the workability of the Stella Synergy during monopile
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installation. However, in this study, a mooring system is used as a station-keeping system.
Thus, the workability of the Stella Synergy operating on DP is higher than when it operates
at its mooring system. The following subsection elaborates on the attempts to increase the
total workability.

Interestingly, for waves with a peak period of 10.5 seconds, only sea conditions with a wave
height lower than 1.5 m are workable. While, for example, the sea condition with Hs=3.75 m
and Tp=9.5 s is workable. This dramatic decrement in workable sea conditions for Tp=10.5
s compared with Tp=9.5 s is mainly caused due to the footprint limitations.

Workability for separate limitation criteria The workability percentage for each limitation
is calculated and shown in table 5-2. The footprint-x, footprint-y, inclination angle, and
gripper’s velocity workabilities are clearly lower than the roll and pitch workabilities. These
four limitation criteria are all highly influenced by each other. When, for example, the vessel’s
footprint increases due to a relatively high vessel velocity, the gripper’s velocity increases to
counter the vessel’s velocity. The gripper is only capable of countering a certain percentage
of the vessel’s motion, as shown in figures 4-30 and 4-31. Therefore, also the inclination angle
increases when the vessel’s velocity increases. The pitch and roll motion are far less influenced
by the other criteria.

Table 5-2: Workability of separate limitations for an incoming angle of 180 deg and constant

gains
Limitations: Workability [%]
Footprint-x 93.3
Footprint-y 94.7
Roll 974
Pitch 97.0

Inclination angle | 93.8
Velocity gripper | 93.8
Total 92.3

The footprint-x criterion is governing for the workability with an incoming angle of 180
degrees and constant DP-gains. According to figure 5-1, the footprint-x is minimal for an
incoming angle of 185 degrees. Although the difference with the footprint with an incoming
angle of 180 degrees is small, and the roll motion increases significantly, the workability is also
determined for an incoming angle of 185 degrees. The total workability and the workability
for the separate limitation criteria are shown in figure H-1 and table H-1. The footprint-y,
inclination angle and gripper’s velocity workabilities slightly increase, but the roll workability
decreases as expected. The reason to test the workability for an incoming angle is to increase
the footprint-x workability. Unfortunately, it stays constant. The total workability decreases
slightly, and therefore it is concluded that the preferable incoming angle of attack is indeed
180 degrees for this model.
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5-2-3 Workability optimisation

The goal of this thesis is not only to determine the workability but also to increase the worka-
bility. A large number of factors influences the vessel’s motion during a simulation. Changing
one of these factors could result in a larger workability. As explained in the last section, the
workable sea conditions decrease dramatically when the wave peak period increases from 9.5
s to 10.5 s. This decrement in workable sea conditions is unexpected, and so far, no reasoning
about why this is happening is found. In the next three paragraphs of this subsection, some
adaptations to the model are tested to possibly increase the workability of the model. First,
fast-rotating thrusters are used, then the DP-gains are changed, and finally, it is verified if
the vessel’s pitch motion is minimal for an incoming angle of 180 deg.

Fast rotating thrusters In the model, thrusters are implemented that are able to change its
angle maximum 12 deg/s. Some simulations that are just non-workable show large differences
between the asked angle by the DP-system and the delivered angle by the thruster. This
happens because the asked angle is changing faster than the maximum thruster’s speed of
rotation. Of course, this difference is only present for the azimuth thrusters. An example of
this problem is shown in figure 5-7. The sea conditions in this simulation contain a significant
wave height of 1.75 m and a peak wave period of 10.5 s. This is a sea condition that is
just non-workable according to figure 5-6. Over a randomly chosen period of 500 seconds, the
asked (blue) and delivered (black) angle of azimuth thruster is shown. The difference between
the two lines is clearly visible. In this example, the asked and delivered angles sometimes
jumps instantaneously from 7 rad to -w rad. In the simulation, this jump does not happen
because an angle of 7 is equal to the angle of -7.
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Figure 5-7: Desired and delivered angle for azimuth thruster 3,
thruster rotational speed is 12 deg/s and standard DP-gains

It is interesting to see if the workability of the vessel increases when the thrusters are better
capable of following the asked angle. Simulations for all the sea conditions which are non-
workable are run, with thrusters with a maximum rotation speed of 24 deg/s to test if the
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workability increases. The tested azimuth thrusters rotate thus twice as fast. For the same
sea condition as used for 5-7, figure 5-8 shows the difference between the asked and delivered
angle for azimuth thruster 3 using the fast rotating thrusters.
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Figure 5-8: Desired and delivered angle for azimuth thruster 3,
thruster rotational speed is 24 deg/s and standard DP-gains

Two differences are noticed when figures 5-7 and 5-8 are compared. Firstly, the azimuth
thruster is changing its direction faster for fast-rotating thrusters. Secondly, the desired
angle varies also faster over time. Therefore, it not possible to say if the thruster is better
capable of following the desired angle. These differences are also found for azimuth thruster
4 and 5 and for all other tested sea conditions.

The workability plot for the vessel using fast rotating thrusters is shown in figure 5-9. Using
fast-rotating thrusters increase the workability from 92.3% to 96.4%. Except for the pitch
limitation workability, all the separate limitation workabilities percentages increase signifi-
cantly. The governing limitation is shifted from footprint-x to the pitch, inclination angle,
and gripper’s velocity limitations. Especially, the pitch limitation is exceeded for most sea
conditions which are just non-workable. But, the inclination angle and gripper’s velocity
limitations are exceeded for the sea conditions with Hs=4.25 m and Tp=9.5 s, which has
a relatively high probability of occurrence. This sea condition is why the pitch limitations
workability and the total workability are not the same. It could be that this sea condition
would be workable if the Proportional Derivative (PD)-gains of the gripper are optimised for
this specific sea condition. It is concluded that the workability of the Stella Synergy could be
increased when fast-rotating thrusters will be installed, but it requires extra investment.
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Figure 5-9: Total workability plot for an incoming angle of 180 degrees and using fast rotating
thrusters. The sea conditions which are workable with fast rotating thrusters and were not
workable and were not workable with original thrusters are shown in green.

Adapt gains In the last paragraph is concluded that the workability could be increased
by investing in fast rotating thrusters. This paragraph describes a method to increase the
workability without the need for investment.

Figure 5-7 shows the difference between the asked and delivered angle for azimuth thruster
3. It also shows that the asked angle by the DP-system varies rapidly over time, which is
unexpected since the environmental conditions are assumed to be collinear. The thruster is
even asked to circle multiple times during a simulation, which also holds for azimuth thruster
4 and 5. A comparison for the asked azimuth angle of thruster 3 for two different wave
conditions is shown in figure 5-10. The only difference between the two sea conditions is
the wave peak period; 9.5 s and 10.5 s. Clearly, the asked angle varies less for the sea
conditions with Tp=9.5 s. The simulation with Tp=9.5 s is workable, and the vessel’s motion
is acceptable, while the simulation with Tp=10.5 s is not workable, and the vessel’s motion is
too large. It could be that the vessel’s motion of the simulation with a Tp of 10.5 s is large,
which results in rapidly changing desired angles of the azimuth thrusters. But it could also
be the other way around that the DP-system determines rapidly changing desired angles for
the azimuth thrusters, which results in large vessel motions.
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Figure 5-10: Desired angle for azimuth thruster 3,
two sea conditions with Hs=1.75 m and different Tp (9.5 and 10.5)

Multiple DP-gains are tested for the non-workable sea conditions shown in figure 5-6 to test
this last phrased hypothesis. The ratio between the DP-gains is kept constant. As explained
in section 4-3-4, the DP-gains are optimized for a sea condition with Hs=3.0 m and Tp=9.0 s.
A larger wave peak period will cause the vessel to oscillate with a larger period. The higher
the DP-gains are, the faster the system responds. Therefore, the DP-gains should be lower
for sea conditions with a wave peak period larger than 9.0 s. After testing multiple DP-gains
and varying wave peak periods, it is concluded that the vessel’s motion decreases significantly
for halved DP-gains when Tp>10 s. The vessel’s motion increases when halved DP-gains are
used for Tp<10 s. The halved DP-gains are shown in table E-2. A clear distinction is made
for simulation with Tp<10 s and Tp>10 s.
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Figure 5-11: Desired and delivered angle for azimuth thruster 3,
thruster rotational speed is 12 deg/s and halved DP-gains
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First, the behaviour of azimuth thruster 3 is tested with the same sea conditions as used
in figure 5-7, this is visible in figure 5-11. Notice that the standard rotational speed of the
azimuth thrusters is used. It is clearly visible that using halved DP-gains reduces the desired
and delivered change of azimuth angle tremendously. The thruster does not circle anymore,
and the delivered angle is following almost perfectly the desired angle. This behaviour is
visible for all the azimuth thrusters and the entire simulation, not only these 500 seconds.
The motions of the vessel decrease also tremendously. Therefore, it is concluded that the
vessel’s motion for sea conditions with Tp > 10 s could be reduced by using halved DP-gains.
The lower gains give a better-controlled thruster behaviour.

The workability is determined using this distinction in DP-gains. The workability plot with
half the DP-gains for all sea conditions with a larger Tp than 10 s is shown in figure 5-12.
The sea conditions coloured in green were not workable with the original DP-gains, but are
workable when halved DP-gains are used. The figure shows that the workability of the vessel
increases when half of the DP-gains for Tp>10 s. The total workability increases from 92.3%
to 96.4%.
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Figure 5-12: Total workability plot for an incoming angle of 180 degrees.
Half the DP-gains are used below the black line. The sea conditions which are workable now and
were not workable for original DP-gains are shown in green.
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Using the distinction in DP-gains, the workability percentage for each limitation is calculated
and shown in table 5-3. Additionally, the workability percentages for each limitation using
the standard DP-gains are shown to compare with. Except for the pitch-workability, all the
separate workability percentages increase. The pitch motion is hardly affected by the DP-
gains, and the workability percentage remains 97.0%. Due to the increase in workability of
the other limitations, the pitch limitation is governing now. Although the DP-gains are not
yet optimal for each simulation, optimising them could possibly increase the workability of
multiple limitations, it will not increase the pitch workability. Since the pitch limitation is
governing and is not affected by the DP-gains, and optimising the gains for each simulation
is a very time-consuming process, no further research is done to optimise the gains further.
It would be interesting to find a method the increase the pitch workability. The pitch motion
is also not affected when wave spreading is added. Thus no extra simulations with wave
spreading are run.

Table 5-3: Workability of separate limitations for 3 situations; Original DP-gains and thruster
rotation speed, original DP-gains and fast rotating thrusters, half DP-gains for Tp>10s and
original thruster rotation speed

Original Workability, fast Workability, half DP-
Limitations: workability [%] | rotating thrusters [%] | gains for Tp>10 s [%]
Footprint-x 93.3 99.3 98.6
Footprint-y 94.7 99.8 99.2
Roll 97.4 98.6 99.4
Pitch 97.0 97.0 97.0
Inclination angle | 93.8 96.7 97.3
Velocity gripper | 93.8 96.7 97.3
Total 92.3 96.4 96.4

Fast rotating thrusters vs adapting gains The total workability is the same when the DP-
gains are changed as for when fast-rotating thrusters are used. Using fast rotational thrusters
requires an extra investment while adapting the DP-gains does not. Using fast rotational
thrusters and optimising the DP-gains will not increase the workability since it does not
affect the governing pitch motion. Therefore, it is concluded that investing in fast-rotating
thrusters to increase the workability is not recommended. But, it is recommended to optimise
the DP-gains to maximise the workability. From now on, the distinction in DP-gains between
sea conditions with a wave peak period larger than 10 s and smaller than 10 s is applied in
the model. The model that uses this distinction is called the optimised model.

Figure 5-6 shows a large decrement in workable sea conditions for Tp=10.5 s compared with
Tp=9.5 s. This decrement is reduced when fast-rotating thrusters or halved DP-gains are
used. Therefore, it is concluded that this significant decrement is due to the combination of
the thrusters slow rotational speed and the fast-changing desired azimuth angles due to too
high DP-gains.
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Table 5-4: Maximum footprint for workable sea conditions, 4 situations; Normal DP-gains and
thruster rotation speed, normal DP-gains and fast rotating thrusters, halved DP-gains for Tp>10s
and normal thruster rotation speed, and halved DP-gains for Tp>10s and fast rotating thrusters.

Original | Fast rotating | Halved DP-gains | Halved DP-gains for Tp>
model thrusters for Tp>10 s 10 s and fast rot. thrusters
Max offset-x [m] | 2.95 1.77 1.95 1.77
Max offset-y [m] | 2.05 1.31 1.14 1.00

Figure 5-11 shows that the azimuth thruster is able to deliver the desired angle. The same
behaviour is found for the other thrusters and for all workable sea conditions. Still, it could
be that when the optimised gains are combined with fast-rotating thrusters, it results in a
lower vessel footprint. A motion-compensated gripper with a smaller envelope can be used
when the vessel has a significantly lower footprint than +/- 3.0 m in x- and y-direction. This
could lead to a cost reduction. Table 5-4 shows the maximum footprint of the vessel at the
grippers location for four situations. When fast-rotating thrusters or halved DP-gains are
used, it reduces the maximum footprint for the workable sea conditions significantly. When
these methods are combined, it slightly reduces the maximum footprint for the workable sea
conditions further. The currently used motion-compensated gripper has an envelope of + /-
3.0 m in x- and y-direction. A gripper with an envelope of +/- 2.0 m in the x-direction and
+/- 1.2 in the y-direction will not decrease the workability of the vessel. Therefore, replacing
the currently planned gripper with a gripper with a smaller envelope could be interesting. A
gripper with a slightly smaller envelope can be used when fast-rotational thrusters are used.
It requires some extra research to find out if it is worth investing in fast-rotating thrusters
and replacing the gripper.

Decrease the pitch motion In the last paragraph is explained that the pitch motion is the
governing limitation for the workability when the DP-gains are optimised. A decrease in the
pitch motion of the vessel will increase the workability. According to [24], the pitch motion
of a vessel could possibly decrease when the incoming angle of attack changes from 180 to
0 degrees. Unfortunately, figure 5-13 proves that the pitch motion of the vessel will slightly
increase when an incoming angle of 0 deg is used. This picture shows the pitch moment
Response Amplitude Operator (RAO)’s over a wave frequency range with an incoming angle
of 0 and 180 deg. Over the entire frequency range, the pitch moment RAO for an incoming
angle of 0 deg is slightly higher than for an incoming angle of 180 deg. Some simulations with
sea conditions that are just non-workable according to 5-12 are run with the reversed vessel to
verify if the pitch moment indeed slightly increase. These sea conditions contain a wave peak
period between 9.5 and 13.5 s. Translating these wave period range into wave frequencies gives
a wave frequency range between 0.46 and 0.66 rad/s. Although the differences in moment
RAOQ’s is minimal for this frequency range, a slight increase of the vessel’s maximum pitch
motion is visible for the simulations with an incoming angle of 0 deg.
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Figure 5-13: Pitch moment RAQ's for head and stern waves over varying wave frequency

Additionally, it is verified if the pitch motion is minimal for an incoming angle of 180 degrees
in the incoming angle range of 180 to 210 degrees. Figure 5-14 shows the pitch moment RAO
contour plot over a wave frequency range of 0.46 to 0.66 rad/s. The incoming angle range of
170 to 180 deg is also shown in this figure to visualise that the pitch moment RAO increases
for a smaller angle than 180 deg. Although the differences are minimal in the range of 170
to 190 deg, the figure shows that the pitch moment RAO for the vessel is indeed minimal
for an incoming angle of 180 deg over the full critical frequency range. Notice that the pitch
motion will decrease significantly when the vessel operates in beam waves. Unfortunately, sea
conditions with beam waves cause large roll motion and are thus unfavourable.
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Figure 5-14: Pitch moment RAO contour plot over a wave frequency range of 0.46 to 0.66 rad/s
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The pitch motion could be reduced by changing the hull shape. A hull with a fast increasing
breath just above the waterline will give a pitch motion reduction. A pitch restoring moment
will be caused by an increase in water displacement when the vessel pitches. Unfortunately,
this hull shape is unfavourable when the vessel is sailing. Another method to reduce the pitch
motion is to increase the length of the vessel. The Stella Synergy has an axe bow, which is
already a pretty good shape to minimise the pitch motion according to [24].

5-2-4 Footprint reduction by adding mooring lines

Although the workability will not increase when the vessel’s footprint decreases, it is still
interesting to reduce the footprint. A smaller gripper could be used for installation monopiles
when the vessel’s footprint is reduced significantly for all workable situations.

Stiff mooring lines The study of [1] researched the workability of monopile installation with
the Stella Synergy using only mooring lines as a station keeping system. This study uses the
same maximum footprint limitation as used in this study, and it concludes that the worka-
bility for the footprint criterion is 94%. This relative high footprint workability percentage
shows that using mooring lines is a suitable station keeping method. Using mooring lines
in combination with the DP-system in heavy sea states might result in a reduced footprint.
Therefore, simulations with sea conditions that are just workable according to figure 5-12
are run, using mooring lines and the DP-system as station-keeping systems. The simulated
sea conditions are shown in 5-6. These sea conditions result in the largest footprint for all
workable sea conditions. Thus it would be valuable to reduce the footprint for these sea con-
ditions. The same mooring lines and mooring line configuration as described in subsection
4-3-2 are used, which are the same as used in the study of [1]. The same DP-gains, as used
to determine the workability of figure 5-12, are used.

Table 5-5: Maximum footprint for workable sea conditions, 2 situations; Halved DP-gains for
Tp>10 s and halved DP-gains for Tp>10 s and using mooring lines

Halved DP-gains | Halved DP-gains for Tp>10

for Tp>10s and using mooring lines
Max offset-x [m] | 1.95 2.89
Max offset-y [m] | 1.14 1.88

The maximum allowed tension in the used mooring lines is determined by the minimum
breaking load divided by the safety factor. This limitation added for the simulations that
contain mooring lines. The maximum allowed tension in the mooring lines is 1.18 MN. For
the two simulations with the largest significant wave, this maximum mooring lines tension
is exceeded. These simulations became non-workable due to the addition of the mooring
lines. The maximum footprint in x- and y-direction of the other simulated sea conditions are
determined and shown in table 5-5. The maximum footprint in x- and y-direction increase
significantly when mooring lines are added to the model. The increase of footprint is even
better visible in figure 5-15. This figure shows the vessel’s position in x-direction near the
gripper’s location of two simulations, with and without using the mooring lines. The figure
visualises the full 11000 s of the simulations for Hs=1.75 m and Tp=13.5 s. This sea condition
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and motion direction are chosen randomly. Similar results are found for the other simulations
and in the y-direction.

Table 5-6: Just workable sea conditions according to figure 5-12

Sea condition | Hs [m] | Tp [s]
1 1.75 13.5
2 2.25 11.5
3 2.75 10.5
4 3.75 9.5

5 4.75 8.5

Table 5-5 and figure 5-15 show clearly that the vessel’s footprint is increasing for the tested sea
conditions when mooring lines are added to the model. Additionally, the yaw and roll motions
increase significantly when mooring lines are added. The same simulations are re-run for
halved DP-gains and without using the DP-system at all. The results of these simulations were
even worse. Therefore, it is concluded that adding these mooring lines in this configuration
to the model is not recommended.

Using DP-system

-18 Using DP-system and
stiff mooring lines

Vessel pos X [m]
(at gripper’s position)

I

N

(I] ZOIOO 40b0 GOE)O SOIDO 10600 12000
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Figure 5-15: Vessel's x-position at grippers location, mooring vs no mooring lines.
Original y-position = -20.24 m. Sea conditions: Hs=1.75 m and Tp=13.5s.

Mooring lines with relative low axial stiffness It is counterintuitive that the vessel’s foot-
print increases when mooring lines are added to the model. Some research is done to find
out how this could happen. The vessel oscillates almost harmonically in the surge, sway, and
yaw directions with the mooring lines active. The oscillation frequencies are not near the
natural surge, sway, and yaw frequencies. Thus, the large vessel motions of the simulations
could not be the results of oscillations in one of its natural frequencies. After analysing the
simulations closely, it is concluded that thrusters are possibly not powerful enough to have
a large impact on the vessel’s motion when the mooring lines are active. The thrusters were
operating frequently at maximum capacity to compensate for the large oscillations but were
still not capable of taking over control.
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Figure 5-16: Vessel's x-position at grippers location, mooring lines with a relative low axial
stiffness vs no mooring lines. Original x-position = -20.24 m. Sea conditions: Hs=1.75 m and
Tp=135s.

The same simulations are rerun with mooring lines with half of their original axial stiffness to
test this hypothesis. The footprint of these simulations is reduced significantly compared to
the footprint with the original axial stiffness, and the maximum tension in the mooring lines
is not exceeded in any of the simulations. The footprint for sea conditions 3 and 5 of table
5-6 are even reduced significantly compared to the simulations without using the mooring
system. For sea conditions 1 and 4, the footprint reduces for part of the simulation. In these
simulations, it is good visible when the DP-system is capable of taking over control and use the
mooring lines as assistance. The footprint for sea condition 2 increased significantly. Figure
5-16 shows the vessel’s x-position at the gripper’s location of 2 simulations in sea conditions
1. In one simulation, only the DP-system was working, and in the other, the mooring lines
with a relatively low axial stiffness are used additionally. After approximately 3000 seconds,
the DP-system is capable of reducing the vessel’s motion significantly. From this point, the
offset peaks are even slightly lower when the mooring lines are used. Thus, the footprint of
the vessel could be reduced by adding mooring lines when the stiffness of the mooring lines
is chosen wisely. Additional research should be done to find the optimal axial stiffness and
determine if the reduction in footprint can be reached for each sea condition.

5-2-5 Monopile’s influence on vessel’s motion

The study of [1] concludes that the monopile has no significant influence on the vessel’s motion,
while the study of [16] contradicts this. This difference could occur due to a difference in the
installation phase that is considered. It is interesting to research if the monopile influences
the motion of the Stella Synergy. In this subsection is explained how this research is executed
and what the result of the research is.
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Simulations Five simulations with sea conditions that are just workable are run to test if
the monopile influences the vessel’s motion. The tested sea conditions are the same as in
the previous section and are shown in table 5-6. The forces from the monopile that act at
the vessel through the gripper are manually set to zero for these simulations. In figure 4-28,
this force in y-direction is shown by F'Yy,ipper. The vessel’s surge, sway, roll, pitch, and yaw
motions are tested in these simulations.

Results The maximum footprint in x- and y-direction and the maximum rotational angles
from the original position of the vessel are shown in table 5-7. In this table, the results for the
simulations with and without monopile’s influence on the vessel are shown. Except for the
maximum pitch motion angle, the maximum offsets for the other motions reduces significantly.
Even the maximum roll angle of the vessel decreases by 12.1% when the monopile does not
influence the vessel’s motion. The monopile hardly influences the pitch motion of the vessel,
and the maximum pitch angle is even precisely the same. The overall conclusion of the
simulations is that the monopile significantly influences the vessel’s motion. This influence
could be reduced when the force on the vessel is fed-forwarded into the Kalman filter, so the
vessel’s DP-system can respond faster.

Table 5-7: Maximum vessel motions for all workable conditions, 2 situations: Optimised simula-
tions and simulations with no influence of monopile on the vessel.

Optimised | No influence of Maximum motion
model monopile on vessel | reduction [%]
Max offset-x [m)] 1.95 1.49 23.6
Max offset-y [m] 1.14 0.77 32.5
Max roll angle [deg] 0.596 0.524 12.1
Max pitch angle [deg] | 1.47 1.47 0.0
Max yaw angle [deg] | 2.32 1.28 44.8

Table 5-8 is made to verify if it is logical that the monopile has such a significant effect on
the vessel’s motion. This table shows the percentage of the average environmental force in
x-direction on the vessel and the monopile for the five critical sea conditions. The average first-
order wave forces, the average second-order wave forces, the average current forces and the
average wind forces on the vessel and monopile are considered. Although the first-order wave
force peaks on the vessel and monopile are relatively large, the average first-order wave forces
are approximately zero. On average, the percentage of environmental forces in x-direction
on the monopile is 38.1%. This relatively large percentage of environmental force acts partly
at the vessel through the gripper and will cause the vessel’s motion. Thus it is logical that
the monopile influences the vessel’s motion significantly. Notice that the soil counters the
environmental force on the monopile partly because the monopile is modelled as an inverted
pendulum.
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Table 5-8: Percentage of average environmental forces in x-direction on vessel and monopile
during 5 simulations.

Sea condition Percentage

Hs [m] Tp [s] | Vessel Monopile

1.75 13.5 | 475 52.5

2.25 11.5 56.3 43.7

2.75 10.5 | 62.3 37.7

3.75 9.5 69.7 30.3

4.75 8.5 73.7 26.3
Average 61.9 38.1

5-2-6 Workability for worst-case single failure

The vessel’s DP-system is of class 2, which means that station-keeping capability for a partic-
ular sea condition will be achieved for a worst-case single component failure in a unidirectional
environment. This subsection explains how this worst-case single failure is modelled and how
it influences the workability of the vessel.

Worst-case single failure According to [24], the worst-case failure of the Stella Synergy
is the loss of main switchboard 1. This could be caused, for example, by electric short-
circuiting or the failure of the generators that provide the power for main switchboard 1.
Tunnel thruster 1 and main azimuth thruster 4 are directly connected to main switchboard
1. Figure 4-4 shows the thrusters configuration. When switchboard 1 fails, tunnel thruster
1 and main azimuth thruster will also fail. This results in the loss of 41% of the maximum
delivered thrust, mainly the loss of main azimuth thruster 4 has a large impact on the loss
of the maximum delivered thrust. As explained in subsection 4-3-1, it is not possible to stop
and start the engine of the thrusters unlimited. Therefore, the tunnel thrusters are modelled
to deliver thrust in only one direction. The loss of tunnel thruster 1 results in the situation
that the leftover tunnel thruster can only provide thrust in one single direction, without the
other tunnel thruster active to deliver thrust in the other direction. Fortunately, Jumbo
Maritime has built an azimuth thruster in the bow that can produce thrust in all directions.
In aNySIM, this worst-case single failure is modelled by neglecting thruster 1 and 4 in the
DP-system. During the simulations, the DP-system only considers thrusters 2, 3, and 5.

Workability determination and optimisation The sea conditions of the North Sea shown
in figure D-1 are tested with a switchboard 1 failure to determine the workability and the
workability limitation lines. The workability plot, shown in figure 5-17, requires some expla-
nation. Just as for the workability plot shown in figure 5-12, halved DP-gains are used for the
sea conditions with a wave peak period larger than 10 seconds. Without further adaptations
of the gains, the brown and red coloured sea conditions became unworkable while they were
workable without a single failure.

The significant reduction in workable sea conditions for a peak wave period of 9.5 s was
unexpected. For most of these simulations, all the limitations are exceeded, except for the
pitch limitation. After analysing the results of the simulations with these sea conditions, it is
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concluded that the DP-gains are probably too high. The fluctuation in asked power and thrust
by the DP-system is relatively high, while 41% of the power is lost. The thrusters are not
capable of dealing with this fast-changing thrust demand. Therefore, it would be interesting
to lower the DP-gains for these sea conditions. Also, the same phenomenon as shown in figure
5-10 is found for these simulations. The asked angle for the resulting two azimuth thrusters
fluctuates enormously for all simulations with a wave peak period of 9.5 s, while this was
not visible for these simulations without the single failure. Earlier, these sea conditions were
tested with halved DP-gains without applying a single failure. These simulations showed that
the vessel’s motion increased when halved DP-gains are used. This shows that the optimal
DP-gains depend not only on the sea conditions the vessel is operating in but also on the
available thrusters of the vessel. Again, this shows that it would be interesting to use lower
DP-gains. Therefore, the unworkable sea conditions for a wave peak period of 9.5 s are re-run
with halved DP-gains, and the results changed dramatically. Five unworkable sea conditions
became workable due to the adaptation in DP-gains; these are shown in brown. The vessel’s
surge, sway, yaw, and roll motions decreased enormously using the halved DP-gains.
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Figure 5-17: Total workability plot for an incoming angle of 180 degrees and the failure of main
switchboard 1. Half the DP-gains are used below the black line. The sea conditions that became
unworkable due to the single failure are shown in green. The sea conditions that are only workable
after optimising the gains are shown in brown.
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For the other five brown coloured sea conditions, with relative high wave peak periods, the
footprint limitations were exceeded. The surge and sway motions increase significantly when
the worst-case single failure occurs. But, compared to similar simulations without a single
failure, especially the yaw motion increases enormously. The yaw motion for two simulations,
with and without the single failure, are shown in figure 5-18. Probably, this large yaw motion
is mainly the result of the loss of tunnel thruster 1, which is a critical element to control the
yaw motion of the vessel. The sea conditions might be workable for this single failure when
the focus of the DP-gains shifts to the yaw-motion control.
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Figure 5-18: Yaw angle of the Stella Synergy of 2 simulations with Hs=1.25 m and Tp=12.5 s
and halved DP-gains: One without a failure, one with the failure of main switchboard 1, which
results in the loss of tunnel thruster 1 and main azimuth thruster 4.

This hypothesis is tested by simulating these five sea conditions with various DP-gains. The
results are very promising when the surge and sway gains divided by 4 and the original yaw
gains are used. The yaw-motion is reduced back to approximately the original simulation
without the single failure, and the footprint limitations are not exceeded anymore. Using
these DP-gains, the five sea conditions coloured brown in figure 5-17 with a relative high
wave peak period are workable.

This little research about a single failure proves that optimising the DP-gains for each sea
condition could improve the workability of the vessel. With two extra adaptations to the DP-
gains, the workability for the failure of switchboard 1 increases to 96.0%, which differs only
0.4% from the original workability. The two sea conditions that became unworkable due to the
failure might even be workable when the DP-gains are optimised for these conditions. Table
5-9 shows the workabilities for the separate limitations criteria for the failure of switchboard
1 and the situation with no failure. According to this table, the inclination angle limitation
is governing. But, figure 5-17 shows that multiple limitations influence the final workability.
The final workability with the failure of main switchboard 1 is determined to be 96.0%, which
is quite high. If the failure of main switchboard 1 is indeed the worst case failure, the vessel’s
workability barely decreases for any single failure.
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Table 5-9: Workability of separate limitations for 2 situations with an incoming angle of 180 deg;
With no failure, and with main switchboard 1 failure and doing 2 adaptations in the DP-gains for
some sea conditions.

Thesis report

Limitations:

Optimised
workability [%]

Workability with worst-
case single failure [%)]

Footprint-x

98.3

97.6

Footprint-y 99.2 98.8
Roll 99.4 99.1
Pitch 97.0 97.0
Inclination angle | 97.3 96.3
Velocity gripper | 97.3 97.0
Total 96.4 96.0
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Chapter 6

Conclusions and recommendations

This chapter discusses the conclusions of this thesis. A brief explanation about the model
is given, and the results of the model are discussed. Afterwards, some recommendations to
improve the model are proposed, and some recommendations for future research are given.

6-1 Conclusions

In this thesis project, a workability study and a workability optimisation study are done for
XXL-monopile installation with the Stella Synergy. A complex model is built in the time
domain simulation program aNySIM to calculate and optimise the workability. The vessel
uses its Dynamic Positioning (DP)-system for station keeping and a motion-compensated pile
gripper to compensate the vessel’s horizontal motion and keep the monopile vertical. The
early pile driving phase is considered since this phase contains the highest risk. The model
accurately describes the vessel’s, gripper’s, and monopile’s motion, depending on the collinear
environmental conditions. The influence of the environmental conditions on the vessel and
monopile is described by added mass and added damping matrices, force Response Amplitude
Operator (RAO)’s, and Quadratic transfer functions (QTF)’s, generated by diffraction calcu-
lations in Ansys AQWA. The gripper’s motions and its influence on the vessel and monopile
are modelled by two Proportional Derivative (PD)-controllers in Python. The model is used
to determine the preferable angle of environmental conditions, the vessel’s workability, and it
is used to optimise the workability. Furthermore, it is researched if adding mooring lines to
the model could reduce the vessel’s footprint and the influence of the monopile on the vessel’s
motion. Additionally, the effect on the workability of the worst-case single failure is tested.
The results of these researches are generated by doing multiple simulations with varying sea
conditions tested by six limitations of the model. In this section, the conclusions of these
researches are summed.

Preferable incoming angle of attack Research is done to find the preferable incoming angle
of attack for monopile installation with the Stella Synergy. In this research, the incoming
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angle range of 180 to 210 degrees is tested for a specific critical sea condition. In this range,
the shielding effect is present, and the vessel experiences relative low environmental forces.
The simulations with varying incoming angles are tested by the six limitations of the model.
Except for the roll-criterion, incoming angles in the range of 180 to 190 degrees are optimal for
all criteria. These tested criteria are more or less constant and minimal in this range. The roll
motion is minimal for an incoming angle of 180 degrees and is increasing rapidly for increasing
incoming angle. Therefore, it is concluded that the optimal incoming angle of attack for this
critical sea condition is 180 degrees. After calculating and optimizing the workability of
the vessel, it is concluded that the vessel’s pitch motion is the governing limitation of the
model. The pitch moment is minimal for an incoming angle of 180 degrees in the considered
incoming angle range, considering the critical frequency range. Therefore, it is concluded that
the preferable incoming angle of attack of environmental conditions for the Stella Synergy
during a monopile installation operation is 180 degrees. This means that the vessel operates
optimally when the environmental conditions attack the vessel exactly from the front. The
shielding effect is not optimal for this angle of attack, and relative large wave forces act at the
monopile. But the motion-compensated gripper is capable of keeping the monopile vertical
for most sea conditions. Notice that the pitch motion will reduce when the vessel operates in
beam waves, but these waves are unfavourable due to the large roll motions of the vessel.

Workability determination and optimisation Simulations with varying sea conditions of
the North Sea are run using the preferable angle of 180 deg. The DP-gains are optimised
for one specific sea condition, and these gains are used for all sea conditions to calculate the
workability. Before some methods are used to increase the workability, the workability of
Stella Synergy is 92.3%. The non-workable sea conditions are re-run twice, once with an
adaptation in the DP-gains depending on the wave peak period and once with the use of
fast-rotating azimuth thrusters. Fast rotating thrusters are thrusters that can fast change
their angle to their vertical axis. Both adaptations result in an increase of workability to
96.4%. Notice that a workability of 96.4% is relatively high compared to the workability of
the Stella-Synergy using mooring lines, which is 87% [1]. The pitch motion of the vessel is the
governing limitation. An investment is required to use fast-rotational azimuth thrusters while
changing the DP-gains is for free. Therefore, it is recommended to optimise the DP-gains for
each sea condition and to invest not in fast rotating thrusters.

Using the adapted DP-gains, which are not yet optimised for every single sea condition,
results in a maximum footprint of the vessel at the gripper’s position of 1.95 m by 1.14 m
in x- and y-direction for all workable sea conditions. This means that the currently used
motion-compensated pile gripper, which has an envelope of 3 m by 3 m in x- and y-direction,
is over-dimensioned for installing XXL-monopiles with the Stella Synergy. Choosing a slightly
smaller motion-compensated pile gripper could result in a cost reduction, while it won’t affect
the workability.

Reducing footprint by adding mooring lines Some simulations with mooring lines and an
active DP-system are run to research if the footprint of the vessel decreases when mooring lines
are added to the model. In these simulations, mooring lines with relatively high and relatively
low axial stiffness are tested. Using mooring lines with a relatively high axial stiffness results
in a significant footprint increment and are thus not recommended. Some simulations with
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added mooring lines with relatively low axial stiffness showed a reduced vessel’s footprint.
Probably, it is crucial that the DP-system stays in control and uses the mooring lines purely
as assistance. Additional research is needed to test this hypothesis and find the optimal axial
stiffness of the mooring lines for each sea condition. Before this additional research is done,
it is not recommended to use mooring lines next to a good working DP-system. The benefits
of adding mooring lines are unclear, and additionally, it is a very time-consuming process to
put the mooring lines in place.

Monopile’s influence on vessel’s motion The environmental forces on the monopile are
passed through the gripper to the vessel. Some simulations are run with a zero force of the
monopile on the vessel. These simulations are compared with simulations that consider this
force on the vessel to research the influence of this force on the vessel’s motion. It is concluded
that the monopile significantly increase the vessel’s surge, sway, roll, and yaw motion. The
monopile hardly influences the vessel’s heave and pitch motions.

Workability for worst-case single failure The vessel DP-system is of class 2, which means
that a single failure will not cause the whole system to fail. According to [24], the worst-case
single failure of the Stella Synergy is the loss of main switchboard 1, which controls tunnel
thruster 1 and main azimuth thruster 4. A failure in this switchboard means the loss of
tunnel thruster 1 and main azimuth thruster 4, causing a loss of 41% of maximum delivered
thrust. The workability of the vessel is calculated for this single failure. After optimising
the DP-gains for two regions of sea conditions, the calculated workability is 96.0%. This is
only 0.4% lower than the workability without a single failure. Assuming that the loss of main
switchboard 1 is indeed the worst-case failure, the vessel will still have a large workability
percentage for any single failure in the system.

Monopile installation with floating vessel In this thesis, it is researched if using a floating
vessel operating on its DP-system for monopile installation is a good alternative for using
a jack-up vessel, which is the currently used method. The floating heavy lift vessel Stella
Synergy using a motion-compensated pile gripper is tested in the sea conditions of the North
Sea. The vessel has a workability of 96.4%, which is very satisfactory. Notice that it is
essential for the vessel to adapt its DP-system to the sea condition is it operating in. The
relatively low downtime of the vessel in combination with the fast installation method the
vessel uses makes it a very suitable vessel for XXL-monopile installation. The vessel is thus
an impressive alternative for the currently used jack-up vessels.

6-2 Recommendations

In this section, some recommendations are made for future studies. First, some improvements
for the model and afterwards some extra researches are proposed.

Model In the model, the wave shielding effect is considered. The shielding effect influences
the wave forces on the monopile significantly. Although the wind and current forces are of
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minor importance, the model would be more accurate when the wind and current shielding
effect is considered. Furthermore, it is assumed that the vessel’s deck is empty, and possible
wind forces on structures placed on the deck are thus not considered. This differs significantly
from reality, where enormous structures such as a monopile are sometimes placed on the deck.
It is advisable to consider the worst-case scenario of the wind forces on the structures placed
on the deck of the Stella Synergy.

In this thesis, it is found that lower DP-gains should be used for waves with a large peak
wave period. Therefore, a distinction in DP-gains is made between waves with a larger and
lower wave peak period than 10 s. In reality, the staff of Kongsberg DP is present at the
vessel to optimise the DP-system, depending on the sea conditions and the kind of operation
of the vessel. It is advisable to optimise the DP-gains of the model for each sea condition.
In the model, the DP-system uses a single accurate reference system for the determination
of the vessel’s location. In reality, the vessel’s location is based on multiple noisy reference
systems. It would be better to implement these inaccuracies into to model. Furthermore,
the DP-system could be optimised when the forces that the monopile act at the vessel would
be fed forwarded into the Kalman filter. The DP-system would be able to respond faster
at these forces from the monopile, and the vessel might be better in station keeping. It is
also advisable to add forbidden zones to the DP-system. Forbidden zones are typically added
for thruster angles that result in a large thruster-thruster interaction. It would be better to
implement the forbidden zones in the model.

A static diffraction calculation for the monopile is executed, which means that the monopile
cannot move during the calculation. Therefore, the added mass and damping matrices are
not calculated, and no added mass and damping for the monopile is assumed. Although this
is an acceptable assumption since the monopile’s velocity and acceleration are relatively low,
it would be more accurate to consider added damping and mass. Furthermore, no monopile-
soil interaction is assumed because significant inaccuracies occur in the calculation for the
soil stability force. It is advisable to determine the minimal soil stability force and add this
force to the model. Additionally, the monopile is assumed to be rigid while it could deform
in reality. It would be interesting to know if the gripper deforms the monopile during the
installation and which fatigue damage the monopile experiences due to the gripper forces.

The Stella Synergy will probably use the motion-compensated pile gripper fabricated by
Huisman Equipment B.V. This gripper contains two parts. Both of them translate in surge
direction, while only one part translates in sway direction. In the model, it is assumed that
the gripper consists of one single part moving in surge and sway direction. In the model, a
numerical problem was found and solved. The solution to the problem is acceptable, but it
might results in inaccurate gripper velocities for absolute gripper velocities lower than 0.009
m/s in x- and y-direction. It is advisable to use a gripper that represents a real gripper
more accurately. It would be better to build a gripper with multiple parts which represents
the gripper’s velocities accurately for all velocities. Additionally, some additional research is
needed to model the hydraulic pressure built-up more accurately.

Extra research In this research, the focus lies on the early pile driving phase because this
phase is governing in terms of risk. The forces on the vessel and monopile differ for the
different installation phases. For example, it would be interesting to know if the vibrations
of the vibro-drill or the soil-stability force for an increased monopile penetration depth will
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influence the vessel’s motions or gripper’s behaviour. Therefore, it would be interesting to
research the workability of the vessel during other installation phases.

As additional research, it would be interesting to research if the generators are capable of
dealing with the fast-changing power demand. Currently, it is assumed that the asked power
by the DP-system is delivered immediately. In reality, the vessel contains six generators of
two different types. These generators need some time to start and have a limited power
build-up per second. This could result in a difference between asked power by the DP-system
and the delivered power by the generators, which will influence the station keeping ability of
the vessel.

The pitch motion of the vessel is the governing limitation for the workability. Reducing
the pitch motion while motions in the other Degrees of Freedom (DoF) do not increase will
result in higher workability of the vessel. Therefore, researching the possibilities to reduce the
pitch motions could be valuable. For vessels that operate on low velocities, anti-roll tanks,
flume stabilising systems, or movable weight systems are used to reduce the roll motions [47].
Although a much larger moment is needed to influence the pitch motions significantly, these
or similar systems might reduce the pitch motion. The maximum pitch angle limitation is
considered to avoid a large swinging motion of the relative heavy vibro drill. The period that
this swinging motion could occur is when the vibro drill is being placed at or removed from
the top of the monopile. During the pile driving phase, when the vibro drill is at the top of
the monopile, the swinging motion can not occur. The period that the swinging could occur
is thus relative short. Another method to increase the workability is by making short term
predictions of the critical pitch response. These predictions can be used to determine time
windows with relative low pitch motion in which the vibro drill can be moved [48]. A pitch
angle limitation with a larger value could be used, or the maximum pitch angle limitation
could even be removed when this method is used.
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Appendix A

Environmental forces

In this appendix some extra theory is explained to derive the environmental forces. This
appendix can be seen as additional information to chapter 3. The additional symbols used in
this appendix are shown in table A-1

Table A-1: Description of symbols

Symbol | Units | Description

¢ m Water profile

Ca m Wave amplitude

u m/s Wayve particle velocity in x direction
v m/s Wave particle velocity in y direction
w m/s Wave particle velocity in z direction
m kg Mass of the rigid body

1 kgm? | Moment of inertia

S m? Wet surface of hull

A-1 Wave forces

This section explains how the wave forces that act on a vessel can be calculated. Any irregular
sea state can be build-up by the sum of many simple sine waves, as shown in figure A-1. A
simplification can be made to wave theory if deep or shallow water conditions are present.
The water is considered to be deep if the water depth is more than half the wavelength, and
the water is considered to be shallow if the water depth is less than 0.05 times the wavelength.
Unfortunately, the water conditions at the installation sites of the North Sea are not always
deep or shallow. Thus simplifications can not be made. The wave forces are split up in
different orders. The first order linear wave theory is first explained, followed by the second-
order forces. The wave height, water depth, and wave period of a wave determine which wave
theory should be used to calculate the wave forces. This is shown in figure A-2. Most of the
theory discussed in this section derives from [4].
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A-1-1 Wave potential of a regular wave

As explained in 3-1-1, in potential flow theory, a non-viscous model is used to describe the
fluid dynamics [40]. In this theory it is assumed that the flow is homogeneous, irrotational,
and incompressible. The water profile of a regular wave in the positive x-direction is described
with equation A-1. This is the most basic way of describing a wave. Now, the potential flow of
this wave is used, and boundary conditions are added to acquire the harmonic wave’s velocity
potential. The following four boundary conditions are applied.

¢ = (g cos(kx — wt) (A-1)

Laplace equation Since the fluid is homogeneous and incompressible, the continuity equa-
tion A-2 holds. Equation A-3 describes that the spatial derivatives of the velocity potential
equal the velocity components at a time and position [41]. If the velocity of water particles
is inserted in the continuity equation, this results in the Laplace equation A-4. The Laplace
equation must hold in any situation described by harmonic waves.

ou Ov Ow
—_— — —_— = A_2
oz * oy + 0z 0 (A-2)
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Sea bed boundary condition The water depth is assumed to be limited, and water can not
penetrate the sea bed. The second boundary condition states that the vertical velocity of
water particles at the sea bed is zero, shown in equation A-5. This is also called a no-leak
condition.

oD,
0z

=0 for: z=—h (A-5)

Free surface dynamic boundary condition The third boundary condition states that the
pressure of the fluid at the free surface, p, is equal to the atmospheric pressure, pg. This is
shown in equation A-6. Assuming a non-stationary and irrotational flow, and applying the
Bernoulli equation, results in the boundary condition of equation A-7. See section 5.2 of [4]
for a more extensive explanation.

p =po for z =¢ (A-6)

8;?”—!—94“:0 for: z=10 (A-7)

Free surface kinematic boundary condition The fourth boundary condition states that the
vertical velocity of a water particle at the fluid’s free surface is exactly the same as the vertical
velocity of the free surface itself. This kinematic boundary condition is also called a no-leak
condition. Using this condition and assuming small wave steepness results, which is always
assumed in linear wave theory, results in equation A-8.

0z 1 0%,
— 4+ . —= =0 for: 2z=0 A-8

ot + g Ot? (A-8)
Using equation A-1, applying the four boundary conditions and using potential theory, results
in the velocity potential of a harmonic wave in the x-direction, this is shown in equation A-9.
Of course, this potential can be rotated in other directions when the waves are comes from
another direction.

_ Gag coshk(h +z2)

)
v w cosh kh

-sin(kx — wt) (A-9)
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A-1-2 Wave potentials for a vessel in waves

In this subsection, the wave potentials that influence a vessel floating in water are described
by linear wave theory.

First order wave potentials To determine the three potentials which influence the vessel’s
motion, two extra boundary conditions are present. These additional boundary conditions
are associated with the floating rigid body, which is now present.

O(z,y,z;t) = ®p + Dy + Py (A-10)

Radiation condition The radiation boundary condition states that very far away from the
vessel, at a distance R, the radiation potential is zero. This means that the radiation waves
will be damped out over a large distance. The radiation boundary condition is shown in
equation A-11.

lim ¢, =0 (A-11)

R—o0

Symmetric condition The second additional boundary condition states that the vessel that
is considered is symmetric with its middle line plane. Most vessels have a symmetric hull
shape. Thus this is a valid condition. This results in a simplification of potential equations,
which is visible in equation A-12.

Po(—z,y) = —P2(+x,y) for sway
O3(—z,y) = +P3(+x,y) for heave (A-12)
Oy(—z,y) = —Py(+x,y) for roll

Radiation potential The radiation potential is caused by an oscillating body in a sea without
waves. This potential depends on the shape of the hull and the oscillation of the vessel. It
can be written as the linear superposition of potentials in the six degrees of freedom. This is
shown in equation A-13. The vessel’s goal during the installation of a monopile is to reduce
the vessel’s motion as much as possible. This leads to small oscillation and a smaller radiation
potential.

¢, = Z (I)Tj (A'13)

Jj=1

Undisturbed wave potential vs diffracted wave potential The undisturbed wave potential
is shown in equation A-9. The kinematic boundary condition can also be used at the wet
surface of the vessel’s hull. The velocity of a water particle at the wet surface must be the
same as the velocity of the wet surface itself. The velocity of the vessel is assumed to be zero
for the undisturbed and diffracted wave potential. Thus the undisturbed and diffracted wave

Thesis report J. Verbruggen



94 Environmental forces

potential summed up is zero at the wet surface of the vessel’s hull. This is shown in equation
A-14 and A-15.

0%, 00y

—+ —= A-14
on on 0 ( )
od,, od,

- = A-1
on on (A-15)

A-1-3 First order wave forces and moments on a vessel

Using the linear wave theory and the known wave potentials, the linear first-order wave
forces that act on a vessel can be calculated. The forces and moments can be calculated by
integrating the pressure, p, over the wet surface, S, of the vessel. This is shown in equation

A-16.
ﬁ:—//s(p-ﬁ).ds
M:—//Sp-(Fxﬁ)dS

Here 71 is the normal vector on the surface dS pointed in the direction of the water, and 7
is the position vector of the surface dS pointed from the point of rotation of the vessel. The
pressure p is calculated with the linearized Bernoulli equation, shown in equation A-17. Here
the velocity potential is inserted.

(A-16)

L
b= Pat P9z

- <8<I>T L%, 8<I>d> -
~P\ar T T o ) T PY?

(A-17)

Now, the Bernoulli equation is inserted in the equation A-16. This results in equations
A-18 and A-19, both have four different parts to calculate the forces and moments on the
rigid body. Due to linearity, the radiation forces, the undisturbed wave forces, the diffracted
forces, and the hydrostatic buoyancy forces can be calculated separately added to give the
total hydrodynamic forces and moments [49]. The integrals are quite large and require much
computational effort. A function called the Green’s function G is developed to transform
the large integral into a much easier to handle integral [41]. Understanding and explaining
Green’s function requires mathematical skills that are far beyond the scope of this master
thesis. The total linear hydrodynamic forces and moments calculated by the Green’s function
cause the vessel to translate and rotate.

L 00, 0, 0dy )
F—,o//s< B + BN + B +gz)n-d5 (A-18)

- 0B, 0B, by L

M—p//s<8t e +gz>(rxn)-d5 (A-19)
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A-1-4 Non linear forces on the ship’s hull

Dynamic Positioning (DP) systems filter the slow varying second order wave forces. Only the
second order wave forces will be countered by the DP system. All the equations in this section
come from [4], otherwise it will be indicated. Linear wave theory can not be used to calculate
second order forces. In this section the forces at a point on the hull will be determined based
on the direct integration method. Using this method forces on the vessel of the Oth, 1st and
2nd order are derived.

Pressures at the ship’s hull Let’s start with the non-linearized Bernoulli equation, shown
in equation A-20. This is the fluid pressure at a single hull point. The subscript 3 for X
means that this is the displacement in the heave direction. The equation can be solved if the
velocity potential ® is known.

p=—pgXs— p%f - %p(ﬁfb)2 (A-20)
Assuming small first-order wave frequency motions X® about a mean position X ©), and
applying a Taylor expansion, the pressure equation A-20 can be divided in the zero-order,
first-order and second-order pressures. These can be found in equations A-21, A-22 and A-23.
Here, the term order means that the wave amplitude is to the power of that order in that
equation.

p© = —pgx ¥ (A-21)
o)
PV = —pgx M —p 5 (A-22)
@ -1 (gom)? ol XM ﬁaq)(l) A-23
p ——5,0( ) -p o2 -p : ot (A-23)

Using these different order pressures multiplied by the instantaneous normal vector N and
integrated over the instantaneous wetted surface S, the fluid force on the ship’s hull can be
calculated. This integral is found in equation A-24. Here is the instantaneous wetted surface
part S divided into a constant part Sy and an oscillating part s. The fluid force will be divided

into three parts; A hydrodynamic force F©_ a first-order force F(!) and a second-order force
F®

ﬁ:-//sp-ﬁ-ds (A-24)

Hydrostatic fluid force The hydrostatic fluid force can be calculated by integrating the
hydrostatic pressure over the mean wetted surface Sy. This is shown in equation A-25. 7 is
the outwards pointing normal vector at the hull point.

FO) _ _ // (p(O) ﬁ) dS = (0,0, pgV) (A-25)
So
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First order force The first order force is shown in equation A-26. It contains three integrals;
The hydrostatic pressure integrated over the constant part of the wet surface, the first order
pressure integrated over the constant part of the wet surface and the hydrostatic pressure
integrated over the oscillating part of the wet surface. R() is the linearized rotation trans-
formation matrix and is shown in equation A-27. Here the subscripts 4, 5, and 6 stand for
the roll, pitch, and yaw direction. More detailed steps on how to derive the second part of
equation A-26 is found in Ch.9 of [4].

ﬁ(l):_//so (pm).]v(l)).ds_//so (pu).ﬁ).dg_//s(p(m.ﬁ

. (A-26)
FO = RO (0,0, pg8)ds — [[ (¥
So
0 —xél) —|—l’é1)
RW = +33((51) 0 —xfll) (A-27)
B R

Second order force The second-order drift force is shown in equation A-28. It contains four
integrals; the first order pressure integrated over the constant part of the wetted surface, the
second-order pressure integrated over the constant part of the wetted surface, the hydrostatic
pressure integrated over the oscillating part of the wetted surface, which results in zero, and
the first-order pressure integrated over the oscillating part of the wetted surface. Substituting
equation A-21, A-22 and A-23 in equation A-28 and using equation A-29 results in equation

= JJ O N0 cas - //SO

(A-28)
AR RERy G
FO — RM (0,0, pgV) = m - Xg,ﬂ (A-29)
F® — . RV . X0
//SO{ )2+p02:52)+p)‘((1).682:)}.ﬁ.d5 (A-30)

L @

In a similar way, the second-order wave moment is determined. The result is also obtained
by four integrals and is shown in equation A-31.

M® =1. RO . xD

1 e qn2 09O o =990
1 (1) g (X ) -
+//§0{2p(v¢ ) o o XD VT (@ x i) - dS (A-31)

- ]{l %pg (Cﬁl))z (& x i) - dl
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The expressions for the second-order drift forces and moments, equations A-30 and A-31 are
evaluated at MARIN. Computations for multiple cases are performed, and the results have
been compared with analytical solutions and the results of model tests. It is concluded that
the computations give quite good results and are comparable with the analytical solutions
and the results of model tests [4].

Quadratic transfer functions As long as long-crested irregular waves are considered, the
second-order force can be calculated with time-invariant Quadratic transfer functions (QTF)
[42]. With equations A-30 and A-31 as input, QTF’s for the mean and low-frequency drift
forces can be formed. These low-frequency forces are mainly formed by the difference of
frequency pairs w; and wj, which are called difference frequencies. The low-frequency second-
order wave force is described by equation A-32. Here &; and €; are the phase shifts due to
the difference frequencies.

N
ZCI P - cos {(w; _wj)t"i‘(gi_éj)}

J=1

p"qz

I
_.

(A-32)

+ ¢V Qi -sin {(wi — w) t + (& — &)}

M= _
Mz

1

-
Il

1j

In this equation, FP;; and @;; are the QTF’s, which are in-phase and out-of-phase of the
low-frequency part of the square of the incident waves. If all the QTF’s which contribute
to the second-order drift force are considered, the total second-order wave drift force can
be calculated with equation A-32. More explanation about the formation of this equation
and an example of how to calculate a QTF can be found in Ch.9 of [4]. The absolute QTF
value can be calculated with A-33. Some software programs, for example ANSYS AQWA,
make use of the approximations by Newman to reduce the computations effort of calculating
the second-order forces with QTF’s [42]. The approximations by Newman can be found in
equations A-34 and A-35. These approximations give satisfactory results because P, and P};
generally do not change very much with frequency, and the most interesting results of these
QTF’s are present when w; is close to w; [49].

Tyl = P2+ @ (A-33)

QRij =Qji=0 (A-34)
Pj = P; =05(P; +P) (A-35)

A-1-5 Directional spreading

There are multiple methods to account for directional spreading. The cosine-squared rule
is shown in equation A-36 [4]. Here the chosen wave spectrum S¢(w) is spread out over a
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directional range. The i1 represents the dominant wave direction. This method is used in the
study of [16].

(A-36)
with : —

Another method to distribute the energy of a wave spectrum is to use equation A-37 [22].
Here again, a wave spectrum S¢(w) is spread out due to the directional spreading D(u,w),
shown in equation A-38. Equation A-39 ensures that the waves can come from all angles.
Here N(s), calculated by A-40, ensures that the integral of D stays 1, s describes how much
the waves are spread out over the directions. For a larger s, the waves will become more
concentrated in a single direction.

B ) = 5¢()D(11,) (A-37)
D(0,w) = N(s) cos® (9 _291) (A-38)
/27r D(p,w)dp =1 (A-39)

pn=0

_ 122571112(3 +1)

N =22 s )

(A-40)

Another method to account for directional spreading is shown in the study of [1]. Here the
choice is made to shift the two most critical environmental conditions 15 degrees and used
those in the simulations. This results in less critical environmental situations.

A-2 Wind forces

Unless indicated otherwise, equation A-41 can be used to calculate the average wind speed U
with the average wind period, T', at a height z above the sea level [12].

T
U(T, 2) = Upp - <1 +0.1371n ('z) —0.047In <)> (A-41)
H Ty

With the following parameters:
Tho = 10 minutes
h=10m

U1o = 10 minutes mean wind speed at height h
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The wind speed variation in time is generally represented by the standard deviation oy;. The
spectral density of the wind speed is frequently represented by the Kaimal spectrum, which is
shown in equation A-42 [12]. The standard deviation is of great importance in this spectrum.
In this equation, f is the wind frequency, and the integral scale parameter L needs to be
taken as indicated in equation A-43. Another frequently used wind spectrum is the NPD
spectrum, which is shown in equation A-44 [33]. Here n is 0.468 and t is defined in A-45.

Ly,
Uwin
SUKaimal(f) = U(2J Ld 5/3 (A-42)
(1+6745)

wind

5.67z for z < 60 m
Lk = { 3402 m for z > 60 m (A-43)
320 U10>2 1
S (20 - A-44
oo =50 () 3 (a-44)
—0.75
= trar (L) a1

Equation 3-4 shows how to calculate the wind and current forces on the monopile and vessel.
Another way of calculating the wind forces on the monopile is shown in equation A-46, here the
variation on wind speed over height is considered as well. The smaller the vertical integration
step is taken, the more accurate the wind load force is calculated.

Fy = 0.5% pair * Cp * D x dz x U(T, 2)* (A-46)

With the following parameters:
D = Diameter of the monopile
Cp = Wind coefficient of monopile

dz = Vertical integration step

A-3 Current forces

The current speed consist of a wind-generated current and a tidal current [12], see equation
A-47. The wind-generated current and tidal current can be calculated with equations A-49
and A-48. They both vary over the depth z.

v(2) = vtide (2) + Vwind (2) (A-47)
1/7
Vtide(2) = Vtideo (h ;: Z) for 2 <0 (A-48)
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ho + 2
ho

Uwind (2) = Uwind 0 - ( ) for —hyg<z<0 (A-49)

With the following parameters:

v(z) = total current velocity

z = vertical coordinate

Viideo = tidal current at still water line

Vwindo = wind-generated current at still water line
h = water depth

ho = 0 = reference depth for wind generated currents

The tidal current speed at the still water line is entirely dependent on the location. Before
starting the installation operation, the tidal velocity on the installation site must be checked,
and the wind-generated current should be estimated. Unless data indicate otherwise, the
wind-generated current at still water level may be estimated by equation A-50 [12].

Vwind 0 = k- UO (A—50)

With the following parameters:
k = 0.015 to 0.03
Up = 1-hour mean wind speed at 10 m height
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Appendix B

Motions of the vessel

Chapter 3 explains how the environmental forces on a vessel can be determined. In this
chapter, these forces are used to explain how the vessel responds. The vessel’s response can
be determined motion Response Amplitude Operator (RAO)’s. The motion RAO’s differ for
each degree of freedom and for each wave frequency.

B-1 Newton’s second law

Newton’s second law can be used to determine the vessel’s motions, which is shown in equation
B-1. As shown in section 3-1-1, the wave forces are split up into three parts, the radiation
force, incoming wave force, and the diffraction force. Next to these wave forces, the hydrostatic
buoyancy force must be added here [22]. The summation of forces is shown in equation B-2.

> F=m-a (B-1)
Y F=F.+Fy+F;+F, (B-2)
With:
F, = Radiation forces
F,, = Incoming undisturbed wave forces

F,; = Diffraction forces

Fs = Hydrostatic buoyancy forces
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102 Motions of the vessel

Mass matrix The vessel consists of six degrees of freedom, thus the mass matrix is a 6x6
matrix shown in equation B-3. Here m is the mass of the vessel and I, I, and I, are the
moments of inertia, which is calculated with equation B-4. Here k., ky, and k., are the radii
of inertia of the vessel.

m 0 0 0 0 O
0Om 0 0 0 0
0 0m 0 0 0
=10 0 0 Iy, 0 0 (B-3)
0 0 0 0 I, O
L0 0 0 0 0 I, |
Lo = k3, Vs Ly =k, -pV:  L.=k2 - pV (B-4)

Added mass and hydrodynamical damping When the vessel moves, the water around the
vessel moves with it. The water accelerates due to the vessel’s radiation force. Due to the
acceleration of water around the hull, added mass, and hydrodynamic damping needs to be
added in equation B-1, the result is shown in equation B-5 [22]. The added mass and hydro-
dynamical damping are dependent on the motion frequency. Thus this equation is written
in the frequency domain. This means that the frequencies of the vessel’s motions, which are
continuous, needs to be split up in small discrete frequency steps. For each frequency, the
added mass and hydrodynamical damping need to be determined.

m+ a1 a2 a3 a4 ais aie
a1 m =+ a2 az3 a24 azs a26
(—w? asi as2 m+ as3 a34 ags ase
a4 a4 a43 Iy + auq a4s a46
asy as2 as3 as4 I, + ass ase
ag1 ag2 ags ag4 ags I.. + aee
Bii,,, + b1t bi2 bi3 b14 bis bie
ba1 By, + b2 bag boy bas bag
fiw bs1 bs2 bs3 bsa bss bse (B-5)
ba1 bs2 bss B4,y + bas  bas bse
bs1 bs2 bs3 bsa bss bs6
be1 be2 be3 bea bes  Be6,q44 1 be6
€11 €12 €13 €14 C15 C16 x Fy
€21 C22 €23 Ca4 C25 Co6 y F,
4| o8 cs2 33 Caa cs5 36 V. z|_| F:
C41 C42 €43 C44 C45 C46 o M,
€51 C52 C53 Cs54 C55 Ch6 0 M,
C61 C62 €63 C64 C65 C66 (0 M,

Viscous damping The vessel motion damping, as explained before, is damping caused by the
radiation waves. These waves dissipate energy from the moving vessel. The viscous damping
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effect is neglected so far in this chapter. The major part of damping is caused by the radiation
waves. Thus for most directions, the viscous damping could indeed be neglected. But, the
viscous damping plays a significant role in the total roll damping [1], [22]. This is because
the roll radiation damping could be very small itself [4]. The overall radiation roll damping
mainly depends on the breadth-draught ratio of a vessel. When this ratio is close to 2.5, the
radiation roll damping is relatively small; see figure B-1a. This is because the hull of a vessel
with such a ratio has a 'more or less’ circular cross-section; see figure B-1b. The viscous roll
damping could consist of bilge keel damping, lift damping, eddy making damping, friction
damping, and wave damping [4]. The viscous roll damping, Ba4, should be estimated for the
vessel and inserted in the equation of motion, this is done in equation B-5.

In this model, some extra viscous damping is added in surge, sway and yaw direction.
Quadratic viscous damping is non-linear with velocity and amplitude, and should be added
to equation B-5 [45].

//'f\
[ ]

| | " 1

| E; i, =
3 EH
§

|
W —
breadth-draught ratio ——
a b

Figure B-1: Radiation roll damping as function of breadth-draught ratio

B-2 Motion RAQO’s

When the added mass, the hydrodynamic damping, and the viscous damping are known, the
equation of motion is filled in completely, see equation B-5. The simplified version of this
equation is found in equation B-6. Now the transfer function between the forces shown on
the right side of this equation and the wave amplitude is formed. This transfer function is
shown in equation B-7 [22], it differs for every frequency and incoming wave direction.

(~w*(m+ A) +iw (B + Baaa) + C) X = Fw + Fp (B-6)
Fp+F
Hy(w.m) = =220 (B-7)

With the help of this transfer function, the motion RAQO’s can be calculated. The motion
RAO, which contains the transfer function in all six degrees of freedom, is shown in equation
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B-8. Each RAO contains a real and an imaginary part. In equations B-9 and B-10 is shown
how the amplitude and the phase angles of the RAO’s can be calculated. Due to the large
matrices that the RAO of equation B-8 contains, it is hard to work with.

_ Hy, (w, 1)
RAOW. 1) = = 3 A + i (B(@) + Bugg) £C (B-8)
RAO, = \/Re(RAO)? + Im(RAO)? (B-9)
B Im(RAO)
€ = arctan (Re(RM) (B-10)
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Current and wind coefficients

Appendix C

C-1 Stella Synergy’s coefficients

Current and wind coefficients

o G Gy Cy

0 1.013 -0.003 0.01
15 1.01 0.156  0.012
30 1.024 0374 -0.007
45 0902 0.596 -0.017
60 0595 0.795 -0.009
75 0.168 0921 0.005
90 -0.118 0.985 0.029
105 -0.295 0.993 0.052
120 -0.459 0.932 0.071
135 -049 0.823 0.089
150 -0.661 0.596 0.079
165 -0.7v71 0.299 0.044
180 -0.732 0.032 -0.004
195 -0.758 -0.375 -0.065
210 -0.667 -0.671 -0.099
225 -0.543 -0.886 -0.106
240 -0.501 -0.979 -0.085
2556 -0.325 -1.01 -0.054
270 -0.226 -1.01 -0.034
285 0.0561 -0.939 -0.005
300 0.501 -0.823 0.019
315 0.862 -0.637 0.035
330 1.005 -0.423 0.033
345 1.03 -0.196 0.02

Table C-1: Wind coefficients for the

Stella Synergy

J. Verbruggen

o) C. ¢ G
000, 0.20 0.00 0.00
030, 0.28 0.23 -0.059
060, 0.23 0.54 -0.067
090, -0.22 0.67 -0.16
120, -0.03 0.54 0.045
150, -0.022 0.20 0.045
180, -0.20 0.00 0.00
210, -0.022 -0.20 -0.045
240, -0.03 -0.54 -0.045
270, -0.22 -0.67 0.016
300, 0.23 -0.54 0.067
330, 0.28 -0.23 0.059

Table C-2: Current coefficients for

the Stella Synergy
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C-2 Monopile’s coefficients

0r°] Ce Cy

0 0.700  0.000
15 0.676  0.181
30 0.606 0.350
45  0.495 0.495
60 0.350 0.606
75 0.181 0.676
90 0.000 0.700
105 -0.181 0.676
120 -0.350 0.606
135 -0.495 0.495
150 -0.606 0.350
165 -0.676 0.181
180 -0.700 0.000
195 -0.676 -0.181
210 -0.606 -0.350
225 -0.495 -0.495
240 -0.350 -0.606
255 -0.181 -0.676
270 0.000 -0.700
285 0.181 -0.676
300 0.350 -0.606
315 0.495 -0.495
330 0.606 -0.350
345 0.676 -0.181

Table C-3: Wind coefficients for the
monopile
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Cy

Cy

90

105
120
135
150
165
180
195
210
225
240
255
270
285
300
315
330
345

0.680
0.657
0.589
0.481
0.340
0.176
0.000
-0.176
-0.340
-0.481
-0.589
-0.657
-0.680
-0.657
-0.589
-0.481
-0.340
-0.176
0.000
0.176
0.340
0.481
0.589
0.657

0.000
0.176
0.340
0.481
0.589
0.657
0.680
0.657
0.589
0.481
0.340
0.176
0.000
-0.176
-0.340
-0.481
-0.589
-0.657
-0.680
-0.657
-0.589
-0.481
-0.340
-0.176

Table C-4:
the monopile

Current coefficients for
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Appendix D

North sea wave conditions

Hs [m]

tower| 0] 05 1] 15 2] 25| 3] 3s] 4] as5] 5[ 55
Lower |Upper | 0.5 1] 1.5 2| 2.5 3 3.5 4 4.5 3| 5.5 ]

2 3 | 0.03]0.03
4 [o0.a9]101]0.16
5 |1os|a.886]2.96] 0.26] 0.01
6 |0.31 068 2.43) 0.5 0.02
: ,
3
9

0.29 6.9 6.41| 3.91| 1.05| 0.14] 0.01
0.25(1.95| 4.12| 4.03| 3.99| 2.7]|1.03| 0.17|0.01
0.23] 1.88| 2.67| 2.27| 2.1| 1.78| 1.67| 0.90( 0.27| 0.04
10 | 0.13| 1.05| 1.97] 1.67| 1.06| 0.79| 0.61| 0.72] 0.55| 0.24| 0.13| 0.02
10 11 0.1( 0.45| 0.8| 1.09| 0.77| 0.33( 0.17] 0.19]| 0.22| 0.18| 0.18| 0.06
11 12 | 0.05| 0.23| 0.36]| 0.53| 0.45| 0.31| 0.18( 0.08)| 0.05| 0.06| 0.1| 0.03
12 13 | 0.06| 0.2|0.19)0.17|0.11| 0.16( 0.13( 0.06| 0.02
13 14 | 0.01| 0.1|0.08)0.07| 0.06| 0.08| 0.08( 0.04) 0.04( 0.01| 0.01

3
4
5
Tp [s] 5}
7
8
9

Figure D-1: Scatter diagram with the wave conditions of the North Sea
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Appendix E

DP-gains

The original Dynamic Positioning (DP)-gains, which were optimised for Hs=3.0 m and Tp=9.0
s, are shown in table E-1.

Table E-1: Original DP-gains, optimised for Hs=3.0 m and Tp=9.0 s

‘ Surge gains Sway gains Yaw gains
Kp | 520000 [N/m] 1174000 [N /m] 609000000 [N/rad]
Ki | 4350 [N/ms] 1740 [N/ms] 2174000 [N /rads]

Kd | 17400000 [Ns/m] 13900000 [Ns/m] 16520000000 [Ns/rad]

The halved DP-gains, used for sea conditions with a wave peak period larger than 10 s, are
shown in table E-2.

Table E-2: Halved DP-gains, used for sea conditions with a wave peak period larger than 10 s.

‘ Surge gains Sway gains Yaw gains
Kp | 260000 [N/m] 587000 [N/m)] 304500000 [N /rad]
Ki | 2175 [N/ms] 870 [N /ms] 1087000 [N/rads]

Kd | 8700000 [Ns/m] 6950000 [Ns/m] 8260000000 [Ns/rad]
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Appendix F

Viscous damping components

Here the results for the decay tests in surge, sway and yaw are given. The part between the
two red lines is the decay test of Maritiem Research Instituut Nederland (MARIN). The part
that fully covers the figure is the decay test in Anysim.

F-1 Surge decay

I Roll decay in Anysim

B Roll decay from MARIN
Lo | 2 N
E
x4 1.00
c
[ /
£ 01 ’
wv)
o ]
K]
o

_2 4
Q
>

-3 4

-4 T T T T T T T

0 200 400 600 800 1000 1200 1400 1600

Time [s]

Figure F-1: Superimposition of two surge decay tests
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F-2 Sway decay 111

F-2 Sway decay

——— Sway decay in Anysim
5 1
—° /\/ﬁ“ —— Sway decay from MARIN
E |
=,
> 5
5 \
O 4
=
8
o 9]
)
W o
o
>
]
=3 T T T T T T T
(0] 250 500 750 1000 1250 1500 1750 2000

Time [s]

Figure F-2: Superimposition of two sway decay test

F-3 yaw decay

Yaw decay in Anysim
Yaw decay from MARIN

Vessel Yaw [rad]

o 200 400 e00 800 1000 1200

Time [s]

Figure F-3: Superimposition of two yaw decay test

F-4 Viscous damping components

Table F-1: Linear and quadratic viscous damping components

Lin [kNs/m|]  Qua [kNsm]
Surge (Bi1) 36 26
Sway (Ba2) 55 230
Lin [kNs?/m?] Qua [kNms?|
Roll (Byg) 90000 140000
Yaw (Bgg) 437420 250000
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Appendix G

Gripper’s capability

Here the gripper’s capability is shown for simulation with a constant wave peak period of 8.5
s and varying significant wave height from 0.75 m to 4.75 m. All these runs are considered to
be workable.

100 0.6 E
X >
w 80 0.48 + Average
- é‘ compensation X
g 60 036 O Average offset
Ly g.JO vessel X
5 40 024 @ Average offset
o g gripper X * 10
E 2 012 3
= T
0 o @9
0.75 1.75 275 3.75 4.75 g
Hs [m]

Figure G-1: Gripper's motion compensation in x-direction with varying Hs for Tp=8.5 s
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100 gz &
5 -
>~ 80 0.16 g Average
= d":"‘ compensation Y
-S 60 0.12 © Average offset
4 qn_Jg vessel Y
5 410 0.08 g Average offset
g— > gripper Y * 10
& b 0.04 o
© o
0 0 %
0.75 1.75 2.75 3.75 4.75 =
Hs [m]

Figure G-2: Gripper's motion compensation in y-direction with varying Hs for Tp=8.5 s
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Appendix H

Workability for an incoming angle of
185 degrees

The total workability for an incoming angle of 185 degrees is shown in figure H-1. The
workability percentages for the separate limitation criteria are shown in table 5-2.

Hs [m]
Lower 0 05 1 15 2 25 3 35 4 45 5 55

lower Upper| 05 1 15 2 25 3 35 4 45 5 55 6 SUM
2 3| 0.03] 0.03 0.05
3 4| 0.49| 1.01| 0.16 1.66
4 5| 1.05/4.86| 2.96| 0.26| 0.01 9.14
5 6| 0.315.08 3.49| 0.5/0.02 17.1
. 6 7| 0.39] 3.39 3.91| 1.05| 0.14{ 0.01 22.2
v, F 8| 0.25(1.95|4.12| 4.03| 3.99| 2.7/ 1.03|0.17|0.01 18.3
o 8 9| 0.23( 1.88| 2.67| 2.27| 2.1 1.78| 1.67| 0.96| 0.27| 0.04 13.9
- 9 7.99
10 1.35
11 0.38
12 0.26
13 0.01

14

|92.2% I

Figure H-1: Scatter diagram for the workability for an incoming angle of 185 degrees
Yellow-orange = workable

Blue = non-workable

Red = non-workable, while it was workable for an incoming angle of 180 degrees
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Table H-1: Workability of separate limitations for an incoming angle of 180 and 185 deg and
constant gains

Limitations:

Workability 180 deg[%)]

Workability 185 deg[%)]

Footprint-x

93.3

93.3

Thesis report

Footprint-y 94.7 94.9
Roll 97.4 97.1
Pitch 97.0 97.0
Inclination angle | 93.8 95.5
velocity gripper | 93.8 94.2
Total 92.3 92.2
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TU Delft Delft University of Technology

PID Proportional Integral Derivative

PD Proportional Derivative

TWD Temporarily Work Design

ILT Internal Lifting Tool

RAO Response Amplitude Operator

DP Dynamic Positioning

GPS Global Positioning System

DGPS Differential Global Positioning System
HPR Hydro acoustic Position Reference
QTF Quadratic transfer functions

JONSWAP Joint Northsea Wave Project
UNFCCC United Nations Framework Convention on Climate Change
RK?2 Runge-Kutta2

GMt Transverse metacentric height

RPM Rounds Per Minute

MARIN  Maritiem Research Instituut Nederland
CoG Centre of Gravity

KC Keulegan-Carpenter

DoF Degrees of Freedom
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