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Resum	
 

L'eòlica flotant es troba en un període de desenvolupament de solucions, per tant, per 
poder instal·lar estructures de més de 50 anys de vida útil i amb baix manteniment, el 
procés de disseny és crític. Dins aquest procés hi intervenen moltes components claus, 
una de les quals és el disseny de l’amarratge que manté l’estructura en un punt fix dins 
l’oceà. 

 

Les estratègies de disseny formen part del procés per obtenir estructures segures sense 
comprometre el medi ambient i els costos totals. Per tant, el disseny final hauria de ser la 
versió més optimitzada per a cada ubicació d'instal·lació específica i condicions marines. 
La recerca duta a terme en aquesta tesi té com a objectiu proporcionar eines obertes per 
al disseny i optimització de sistemes d'amarratge marins per a aerogeneradors flotants 
(FOWT) enfocats a reduir els costos totals. Per això, s'ha considerat un aerogenerador de 
referència, per tal d'optimitzar el seu sistema d'amarratge i demostrar possibles 
reduccions de costos per a futurs projectes reals. 

 

En el procés s'han proposat algoritmes evolutius (EA) i s'ha utilitzat l'optimització 
d'eixams de partícules (PSO) per dur a terme la minimització de la funció objectiu. L’eina 
utilitzada per obtenir els resultats ha sigut Python. El problema s'ha demostrat en un 
simple cas estàtic en primer lloc i en segon lloc un enfocament dinàmic analitzat amb 
l'estàndard DNVGL pel cas de càrrega de disseny DLC 1.6. Aquesta anàlisi s'ha plantejat 
mitjançant el model hidro-aero-servo-elàstic OpenFAST. Els resultats estàtics mostren una 
configuració optimitzada per a factor restrictius de seguretat a causa del nivell de precisió 
del problema. El cas dinàmic s’ha plantejat per a futures línies d’investigació. 
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Abstract	
 

Title: Optimization of the station keeping system for the WindCrete Floating Offshore 
Wind Turbines 

Key words: FOWT, moorings, offshore, optimization, evolutionary algorithms, PSO 

 

Floating wind has reached a stage of development of solutions, therefore in order to 
install structures for more than 50 years of design life and low maintenance, the design 
process is critical, as it is the station keeping system, among other key components.  

 

Design strategies are part of the process to obtain safe structures without compromising 
the environment and total costs. Hence the design must be the most optimal version for 
each specific site and offshore conditions. The research undertaken in this thesis has the 
aim of providing open tools for the design and optimization of offshore mooring systems 
for floating wind turbines (FOWT) towards lowering total LCOE costs. A reference wind 
turbine has been considered to optimize its station keeping system and prove the feasible 
cost reductions for future real projects. 

 

In the process, evolutionary algorithms (EA) have been proposed and Particle Swarm 
Optimization (PSO) has been used to conduct the minimization of the objective function 
through Python. The problem has been proved in a simple static case on the first place 
and secondly, a dynamic approach has been proposed to be analysed for DNVGL Design 
Load Case (DLC 1.6) using OpenFAST hydro-aero-servo-elastic model. The results for the 
static case show an optimized configuration for restrictive safety factors due to the 
accuracy level of the problem. The dynamic approach has been described for future 
analysis.  
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Chapter	1.	 Introduction	
 

There is a massive ongoing electrification of the world’s energy system. Energy transition 
to decarbonisation places electricity in less than 20% of the world’s energy supply, 
nevertheless this number is expected to double by 2050 and wind power is accounted for 
about 30% of it [20]. Within 30 years since the first offshore wind installation in 1991 [20] 
offshore wind has become a competitive, scalable and powerful source of renewable 
energy. With costs decreasing, renewable power production makes electrification an 
increasingly attractive option, enabling large scale phase out of fossil fuels in transport, 
heating and industry [56]. 

To realise the benefits of offshore wind industry stable policies and regulations have to be 
aligned to deliver clear objectives so that risks can be reduced and investments can be 
encouraged. Also, effective stakeholder engagement can be reached by coherent 
industrial strategies with the countries where the technologies are deployed and finally, a 
strategic Marine Spatial Planning (MSP) is key to let coexistence accommodate efficiently 
all the users of the seas such as fishing or sea transport, to achieve sustainable 
installations [26]. 

The majority of offshore wind farms installed to date have fixed foundations in waters 
less than 50m deep. As fixed foundations are technically proven and commercially 
advanced, most countries will develop markets in shallow waters first. However, some 
pre-commercial projects based in floating wind concepts anticipate floating projects to be 
cost competitive by 2030 [68]. Whereas fixed wind needs to be sited in relatively shallow 
waters and the suitable sites are limited, floating wind can be deployed at any depth and 
opens up a wider range of possibilities [20]. 

The 2020’s are seeing the technology progress from the beginnings to commercial-scale 
deployments and this growth will lead floating offshore wind to deliver 2% of world’s 
power supply by 2050 as it can be seen in Figure 1. 
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Figure 1. World electricity generation by power station type [20]. 

 

Floating offshore wind is still a nascent technology and its levelized cost of energy (LCOE) 
is substantially higher than onshore and bottom-fixed offshore wind, and thus requires to 
be drastically reduced [27]. In the following figure the prospects of the LCOE reduction 
forecasted until 2050 can be observed. If these prospects are accomplished, the floating 
technology can achieve cost competitiveness within other electricity power sources. 

 

Figure 2. Average LCOE of offshore wind [20]. 

 

The present thesis takes part on the calculations to achieve cost reductions in the specific 
area of the station-keeping systems of the FOWT. All the information is taken form the 



Chapter 1. . Introduction 

 
 

 

 
3 

 
 

COREWIND project as a reference for the floater dimensions and the location to be 
installed. The COREWIND project aims to achieve significant cost reductions and enhance 
performance of floating wind technology through the research and optimization of 
mooring and anchoring systems and dynamic cables [27, 38]. These enhancements will be 
validated by means of simulations and experimental testing. The project aims at proving 
the benefits of floating concrete structures to obtain an LCOE reduction of at least 15% 
compared to bottom-fixed offshore wind [27]. 

1.1. Research	objectives	
The research undertaken in this thesis has the aim of providing open tools for the design 
and optimization of offshore mooring systems for floating wind turbines (FOWT) towards 
lowering total LCOE costs. A reference wind turbine (WindCrete) has been considered to 
optimize its station keeping system and prove the feasible cost reductions for future real 
projects.  

The main objective is to optimize the mooring design parameters of the WindCrete 
floating platform in order to reduce the station keeping costs. The moorings are designed 
according to the DNVGL standards and verified against the pertinent load cases.  

For the optimization, a Particle Swarm Optimization (PSO) algorithm has been used to 
minimize the objective function that represents the mooring costs, via Python. Two 
stages have been followed, one as a simpler static case and a second approach for a 
dynamic case using OpenFAST simulator from NREL. 

1.2. Structure	of	the	thesis	
The thesis will be structured in 9 chapters, including an introduction in Chapter 1. and a 
State of the art in Chapter 2. of the floating wind components and tools for modelling it 
such as FAST software, used to solve the case study. A third chapter is used to describe 
the offshore environment and its loads affecting to the platform. Entering on the 
optimization, in Chapter 4. , different optimization methods are described, however the 
main approach used to solve the problem is a Particle Swarm Optimization (PSO) method 
via a Python algorithm.  On chapters 5, 6 and 7 the case study is described and solved in a 
static and dynamic methods respectively. Finally, the conclusions and further work can be 
found in chapters 8 and 9.  
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Chapter	2.	 State	of	the	art	of	
floating	offshore	wind	

 

2.1. A	review	of	floating	offshore	wind	market	
The evidence and heritage of the O&G industry has contributed with current designs, 
structures and foundations in which the actual designs are based on. Since 2009 FOWT 
designs have been developed and proved as research founded concepts.  

 

The first full-scale demo design of floating wind was the Hywind, a 2,3 MW spar concept 
installed in southern Norway and developed by Equinor [77]. By 2011, Principal Power 
had developed a semi-submersible tri floater structure to hold a 2 MW turbine at the 
north of Portugal [78]. Both concepts have been forerunners to actual wind farm pre-
commercial projects with higher capacity on turbines and consequently, bigger 
structures, mooring systems and installation needs. Hywind Scotland was the first pilot 
park to be installed in October 2017 with five 6 MW turbines, a total installed capacity of 
30 MW and a transmission voltage of 33kV, the substructure has a draft of 85-90 m and a 
displacement of 12.000 tonnes. The structure is moored to the seabed using a 3-line 
mooring system made of steel chain. On the other hand, the WindFloat Atlantic’s Park 
first turbine started being operational in January 2020, each turbine has 8,4 MW. With a 
total of three structures and is meant to achieve 25 MW. This concept is based on an 
active ballast system to reach stability and is moored with drag embedment anchors 
linked to steel chains.  
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Some of the most remarkable projects currently in construction phase and future planned 
are highlighted in [39] COREWIND report and annexed in Annex A1 and the Technology 
Development Report of the European Commission in [28].  

2.2. Components	of	a	floating	offshore	wind	farm	
The main components of a floating offshore wind farm are the wind turbines with its 
floating structures, the cables to export electricity, the station keeping systems composed 
mainly by moorings and anchors and the sub-stations to transform the energy in order to 
be transmitted to onshore stations [45]. The scheme of the concept is shown in the 
following figure, together with the basic operation of the FOWF. 

 

 

Figure 3. Informational Graphic. How Offshore Floating Wind Farms Work and its components. [72] 

 

In this chapter only the Wind turbines, the Floating sub-structure concepts and the 
Station-keeping systems will be described as in accordance to the content of the present 
thesis. 

 

2.2.1. Wind	turbines	
The basic components of the wind turbine are the rotor, composed by the hub and the 
blades, the nacelle which contains the drivetrain of the turbine and the tower with its 
foundation. There are several types and classifications for the existing wind turbine 
concepts, generally according to the design, for example the position of the axis, whether 
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if it is horizontal or vertical, or even the number of blades used, which is typically three. 
Other categories remain on the technological concept used, e.g., the application of a 
gearbox or a direct-drive system on the drivetrain [79] or the operation of the speed 
control distinguishing fixed from variable-speed of the rotor [80].  

 
Figure 4. Wind turbine basic components [73]. 

 

The evolution of the offshore wind turbines size is motivated by higher wind speeds in 
higher altitudes that can be harnessed by larger rotor diameters and finally more energy 
can be generated [45, 73]. 

The size of the Wind turbines has an exponential growth evolution since the installation 
of the first offshore wind farm in Vindeby, Denmark in 1991, composed by 11 turbines of 
450 kW each, a total of 5MW constructed in shallow waters with an onshore design 
turbine supported on concrete foundations and with 35m of hub height. This installation 
led to a lot of learning in both the technological and economical side [56].  

Between 2002 to 2011 more projects were implemented on the North Sea and were 
scaling up sizes of the rotor and power with typical project sizes of 100 MW with turbines 
growing from 2.3 to 3.6MW and 147m of hub height (London array Wind Farm, 2013). 
Moreover, the levelized cost of energy (LCOE) was in a range of 90 to 167 MWh.  
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As market volume increased, the objectives began to focus on cost reduction in addition 
to the enlargement of these structures. In the period between 2012 to 2017 lighter 
foundations concepts based on monopiles were implemented and standardization was a 
necessity due to the larger fabrication. Typical project sizes had 400MW with turbines up 
to 8MW and 195m of hub height. LCOE was reduced to 65 MWh [56].  

Form 2018 up to present, competence in the market has become more remarkable and 
strategy to sell energy has been globalization. With an advanced technology and project 
sizes higher than 800 MW with wind turbine concepts of 10MW and the largest with 12 
MW “Heliade X” developed by General Electric [81]. LCOE is situated to values of 61MWh.  

The future prospects of wind turbines are set to 15MW of power generation studied by 
NREL, which is under research [27, 79]. This model is the one used for the present thesis.     

 

2.2.2. Floating	sub-structure	concepts	
Whereas monopiles are the dominant substructures for fixed foundations, in the floating 
wind more concepts are being considered: spar, semi-submersible, tension-leg platforms 
(TLP) and barges as seen in Figure 5. The configuration of the floating support platforms 
contributes to achieve the platform-tower-turbine system stability. Each class of platform 
has different characteristics and strengths. Spar and semi-submersible type floaters are 
predominantly used and proven technologies over the TLP and barge.  

 

 

Figure 5. Floating sub-structure concepts for FOWT [20]. 
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The stability of floating foundations depends on the environmental loads such as the wind 
induced on the rotor of the turbine, wave induced loads on the floater and secondary 
structures, ocean currents or sea-level induced loads like tides and other considerable 
loads such as the own weight of the full system or accidental events. Consequently the 
design of previously mentioned types are associated to a design method: ballast-
stabilized which leads to a vertical slender structure (spar), ballast-stabilized through 
hydrostatics leads to a large surface structure (semi-submersible) and finally the mooring 
stabilized concepts leads a highly loaded submerged structure through taut lines (TLP).  

In Table 1 a summary of the upcoming sub-sections exposes the most relevant 
differentiations of these concepts: 

 

 Spar Semi-submersible TLP 

Stability Ballast Buoyancy  Moorings 

Minimum depth1 Deeper (>100) Shallower (>25) Shallower 

Yaw torque Acceptable Good Probably good 

Fabrication Potentially simple More complex More complex 

Installation More complex Potentially simple More complex 

Table 1. Sub-structure floating concepts [42, 67]. 

 

2.2.2.1. Spar	buoy	

A spar buoy is a cylindrical ballast stabilised structure anchored to the seabed with 
catenary mooring lines. Stability is reached from having the centre of gravity lower than 
the centre of buoyancy. When using ballast weights in the lower part of the floater a 

 

 

 
However greater depths will typically allow a better performing and lower cost design to 
be deployed 
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righting moment is created plus a high inertial resistance to pitch and roll, and usually 
enough draft to offset heave motion [45, 67]. 

The fabrication process of this type is relatively simple and the concept provides a high 
stability. However, due to the large draft requirement the floater concept tends to be 
applied in waters deeper than 100 meters and the draft causes also challenges in the 
assembly, transportation and installation phase [45]. The WindCrete is a Spar-buoy model 
used for the present thesis and is further explained in Chapter 5.  

2.2.2.2. Semi-submersible	

A semi-submersible platform is a ballast-stabilized structure anchored to the seabed with 
catenary mooring lines. This concept floats semi-submerged on the surface of the ocean. 
Stability is reached by distributed buoyancy hydrostatic forces and uses the weighted 
water plane area for the righting moment.  

Often requires a large and heavy structure to maintain stability, whereas a low draft 
allows more flexibility for shallower waters (as low as 25 m) and simpler installation by 
towing the fully assembled structure to the offshore site. 

Another concept that follows a similar design is the barge platform that gains its stability 
from a pontoon and not by columns as the semi-submersible platform [14, 45, 67]. 

2.2.2.3. Tension-leg	platform	(TLP)	

A tension leg platform (TLP) is a mooring stabilized structure anchored to the seabed with 
tensioned mooring lines. Stability is reached with a tension on the line that counteracts 
the floater. While this allows lighter structures, it also stands very high vertical tensions 
on the tendon and the anchor system. Furthermore, the design faces challenges in the 
transportation and installation phase since stability is not given without the tendons. 
Besides that, it implies a risk in the operation phase in case of a failure of the tendons [14, 
45, 67] . 

 

2.2.3. Station-keeping	systems	
Mooring lines and anchors are crucial for floating concepts as they are the station-
keeping mechanism to keep in place the floating platform. In the following sub sections 
the main components of the system will be described: Moorings and its configurations 
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and different types of Anchors. This is an overview of the possible configurations and 
types that are applicable to FOWT. 

2.2.3.1. Moorings	

A floating body must be able to maintain its positioning under an efficient operation and 
safety conditions. Moorings keep the offset of the platform in a particular radius 
supporting all the loads that withstands, e.g., wind, waves and currents and provide 
restring forces to keep the system in an offset range of surge, sway and yaw motions, 
which also implies the orientation.  

The mooring system consist on several lines arranged around the perimeter of a body in 
the x-y plane in order to address the forces from all directions as seen in Figure 6. The 
connections between the body and the moorings are done via fairleads and attached to 
the seabed with anchors. The materials used for the lines can be made up of chain, wire 
synthetic ropes or the combination of them. The combination of line types can create an 
optimum mooring in terms of stiffness, weight and economy [14, 57, 67]. 

 

As per general basis, there are two main types of systems: single point mooring (SPM) 
and spread mooring system (SMS). The first mentioned are used for vessels or structures 
that allow orientation displacements and two classes can be distinguished: Catenary 
anchor leg mooring (CALM) or single anchor leg mooring (SALM) [57, 71]. However, the 
adequate system for the project at hand, the second type is mostly used for semi-
submersibles and spars. Following this basis, the three main configurations of SMS that 
are commonly used for FOWT are the tension legs (a), catenary configuration (b) and taut 
mooring system (c). 

 

 
Figure 6. Mooring types for FOWT [70]. 
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Tension-legs	(a)	

These systems are used on structures stabilization are dependent on the station-keeping 
such as the TLP seen in Figure 6 (a). The lines are completely vertical and the buoyancy of 
the platform is much higher than the weight with a resulting upward force at the tendons. 
The anchor system provides the tension force downwards [14].The restoring forces are 
generated mainly with the elasticity of the mooring lines [57]. The high tensions limit the 
floater motions (pitch, roll and heave) to maintain a high stability [67], on the other hand 
is very limited to horizontal movements [45]. 

Compared to the other concepts, the line length is the shortest of them and no line is 
laying on the seabed which reduces the footprint on the environment, nonetheless the 
high vertical tensions on the structure require a complex and costly anchorage system 
that requires challenging installation process [57], which also means that the tension leg 
system must be completely resistant to uplift failure. 

These systems are more suitable for ultra-deep waters so that the cost of the line would 
be excessive with a catenary. It is also more suitable for calmed wave environments or 
with low tidal effects since the heave affects the mean tension of the lines [45, 70]. 

 

Catenary	(b)	

The catenary moorings are mostly used in ballast and buoyancy systems meaning spars 
and semi-submersibles. The configuration consists on multiple lines hanging freely. Two 
segments can be differentiated form a typical catenary mooring, the hanging part and the 
segment laying on the seabed. As the lines reach the bottom horizontally, the anchor 
point supports only horizontal loads. An example can be seen on Figure 6 (b). 

The geometric variation of the line provides the stiffness of the catenary. When the 
mooring is moved from the equilibrium position, the large segment that was laying on the 
seabed is then in the hanging position which means the suspended line increase. Hence 
the weight force increases too and originates a restoring force back to the original 
equilibrated position. This weight that the hanging lines provide minimizes the floater 
motions meaning that the optimal material to be used would be chain, however due to 
the large segment resting on the seafloor, higher footprint is generated compared to the 
two other configurations [67]. Besides that, it has a relatively simple installation and a 
simpler anchor type.  
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Taut	system	(c)	

A taut system is based on a tension leg except that the termination on the anchor point, 
an angle, usually 30º to 40º is given between the line and the seabed as seen in Figure 6 
(c). Hence the anchor is loaded by vertical and horizontal loads. The most common 
anchor for this installation would be a suction pile.  

Again, the restoring forces are originated by the elastically stretching capacity of the lines 
counteracting the buoyancy of the platforms. Hence, wire ropes or synthetic lines would 
be the most suitable option [45, 67, 71]. Same characteristics and advantages are 
attributed as in tension-legs systems, however more material is still needed and the 
footprint generated on the environment is medium, halfway from catenary and tension-
legs [67]. 

2.2.3.2. Anchors	

The anchor is used to fix the mooring line to the seabed. The type of anchor used will 
depend on the soil conditions of the seabed, the mooring configuration and the holding 
capacity required. Due to the Oil and Gas industry, there is an extended list of 
possibilities. Here two main groups are identified: surface or gravity anchors and 
embedded anchors.  

The first group rely on the soil friction along with a shallow embedment. They are size 
limited due to its holding capacity. For larger structures that require higher holding 
capacities, embedment anchors are installed [70]. Higher holding capacities are usually 
generated in sands and hard clays than in soft clays, although where penetration is 
difficult in firm soils, gravity base or piled solutions might be required [67].  
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Figure 7. Anchor types for FOWT [70]. 

 

The principal types employed in offshore wind are the gravity (a), driven piles (b), suction 
piles (c), drag embedment (d) and vertical loaded (e) from Figure 7.  

 

Gravity	(a)	

Gravity anchors’ holding capacity is based on the weight and material used, such as steel 
and concrete. These are suitable for all types of soils (hard or soft) and can support loads 
from all directions. They are suitable for tendon moorings [70].  

Suction	piles	(b)	

Suction piles are cylindrical structures with an open-ended bottom and closed at the top. 
They obtain their horizontal and vertical capacity, by friction and lateral strength between 
the surfaces of the pile and the surrounding soil. They are installed with pumps that 
generate vacuum inside the pile so that the pile penetrates into the soil by pressure 
difference. They can resist multi-directional loads but they are no suitable for hard soil 
conditions. They are used mostly on ballast-stabilized platforms [45, 67] . 

 

Driven	piles	(c)	

Similar to suction piles, these are steel pipes installed by penetrating the seabed with 
hammers or vibrators, therefore the installation process is more complex and generates a 
lot of impact on the environment, also with difficult removal. On the other hand, they are 
advantageous in resisting extreme conditions. Their holding capacity is due to their lateral 
resistance in the soil, generating friction. They can hold vertical and lateral loads; hence 
they are suitable for tension-leg and taut-leg moorings [45, 70]. 
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Drag-embedment	(d)	

Another surface anchor such as drag embedment ones are designed to hold horizontal 
loads. They consist on triangular geometries that are buried into the soil when the lateral 
tension is applied, hence they can only be used in soft beds. They are suitable for 
catenary moorings [57]. 

 

Vertical	load	(e)	

Also called plate anchors, these are similar to drag-embedded concepts, with the 
attribute that they can sink deeper into the seabed, this permit, together with their 
design characteristics, to hold also vertical loads, apart from the horizontal tensions [45, 
67]. 

 

2.2.3.3. Connectors	

Connectors are the ancillary elements used to connect different segments of the mooring 
lines or other objects such as anchors.  

 

Fairlead/	chain	stopper	

A Fairlead (or guide) is a device that guides the mooring into the winches near the point 
where the mooring line is connected to the floater and also to prevent it from moving 
sideways. In offshore marine structures, the guides are usually large pulleys, while in 
small boats they are usually a simple hole, a ring or a hook. It is usually attached to a 
stopper, which is a mechanism placed between the anchor winch and the guide to 
prevent the chain from moving.  

 

The stopper acts as a lock on the chain and prevents the forces exerted by it, especially in 
adverse conditions by strong winds or currents from acting directly on the winch. 
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Figure 8. Example of fairlead/ chain stopper for a FOWT [65] 

 

Shackles:	Marine	Shackles,	Kenter,	link	pear	connector,	C-type	or	swivels	[70]	

Marine Shackles are the most common connectors on the offshore industry It consists of 
a bow, which is closed by a pin. The shackle can be used in both temporary and 
permanent moorings. 

 

The Kenter is most commonly used for the connection of two pieces of chain mooring 
line, where the terminations of the two pieces have the same dimensions. Generally 
connecting links Kenter type are not used in permanent mooring systems, as they have a 
shorter fatigue life than the chain.  

 

The pear-shaped connecting link is similar to the connecting link Kenter type, except that 
it is used for the connection of two pieces of mooring line with terminations that have 
different dimensions.  

 

The C-type connector has the same function as the Kenter as well. The major difference 
between the Kenter type and the C-type is the way that the connector is opened and 
closed.  

 

Finally, a swivel is used in a mooring system, generally of a temporary type, to relieve the 
twist and torque that builds up in the mooring line. The swivel is often placed a few links 
from the anchor point, although it can also be placed between a section of chain and a 
section of wire rope. 
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2.2.3.4. Chain	types	and	grades	

The most common product used for mooring lines is chain which is available in different 
diameters and grades. Two different designs of chain are used frequently; stud link and 
studdles chain.  

 

Chain	types	

The stud link chain (a) is most commonly used for moorings that have to be reset 
numerous times during their lifetime, for instance on semi-submersibles, while studdles 
chain (b) is often used for permanent moorings (FPSOs, buoys, FSOs). A chain mooring 
line can be terminated in either a common link or an end link [70]. 

Studded chain is more susceptible to a change in fatigue life since it is sensitive to the 
tightening of the stud. If the stud were to become loose while in use, the fatigue life could 
become drastically low. To avoid these complications, and for economy, studdles chain is 
often chosen, as in this project. Additionally, it is expected that once installed, the chain 
will be under constant tension so there is no risk of knotting in the studdles chain [14]. 

 

 

Figure 9. (a) Common link Stud chain and (b) Studdles chain [16]. 

 

Chain	grades	

Depending on the nominal tensile strength of the steels used for manufacture, chains are 
to be subdivided into five grades, i.e.: R3, R3S, R4, R4S and R5 [2]. The minimum 
mechanical properties are described in the following table: 
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Table 2. Minimum mechanical properties for chain cable materials by DNV GL [18] 

 

2.3. Models	for	optimization	
To assess the safety of a FOWT design subject to certain environmental effects and 
respect to fatigue (FLS), ultimate (ULS) and accidental (ALS) limit states, various types of 
structural analysis may be performed. The assessment includes form simplified 
frequency-domain models to local models and global models. The simplified frequency-
domain models are used to obtain first estimates of the motions in waves, which can then 
be used in preliminary mooring system design. A detailed global analysis include 
interaction between the structure and the environmental effects (winds, waves and 
currents).  

 

Following the CoreWind design basis instructions, the design codes used on the present 
project are DNVGL recommended practices (RP) 0119 and 0286, which are used for the 
dynamic mooring line modelling.  

 

In the actual thesis, OpenFAST tool will be used. The structure to be assessed will be 
subject to static and dynamic loads. For a loading of a frequency less than about 1/4 of 
the lowest structural natural frequency, quasi-static analysis may be appropriate. For 
FOWT, the range of excitation frequencies generally includes frequencies well above this 
lower limit, such that Dynamic model analysis is needed. Dynamic response may be 
greater or less than the corresponding static response [68]. 
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2.3.1. OpenFAST	description	
OpenFAST (Fatigue, Aerodynamics, Structures, and Turbulence) Code is NREL's open-
source tool for simulating the coupled dynamic response of wind turbines. OpenFAST 
joins aerodynamics models, hydrodynamics models for offshore structures, control and 
electrical system (servo) dynamics models, and structural (elastic) dynamics models to 
enable coupled time-domain nonlinear aero- hydro-servo-elastic simulation [39, 82]. 

 

 
Figure 10. FAST modules description [38]. 

 

Different modules compose OpenFast in order to perform different parts of the 
simulations: 

 

AeroDyn. Aerodynamics software library. For aero-elastic analysis in BEM theory. 
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InflowWind. Allows to process wind-flow, either steady wind model internally calculated 
or using various input files. 

 

ElastoDyn. Structural-dynamic model based on modal superposition theory. Includes 
rotor, drivetrain, nacelle, tower and platform structural models. 

 

HydroDyn. Time-domain hydrodynamics module to enable hydro-servo-elastic 
simulations. Allows multiple approaches to calculate hydrodynamic loads: linear 
potential-flow, strip-theory or a combination of both. Imported database is in frequency 
domain. 

 

ServoDyn. Is a control and electrical-drive model for wind turbines. Includes models for 
blade pitch, generator, torque, nacelle yaw, high speed shaft brake and blade-tip brakes. 

 

MoorDyn. Is a lumped-mass mooring line model for simulating the dynamics of moorings 
connected to a floating body. It accounts for internal stiffness and damping forces, weight 
and buoyancy forces, hydrodynamic forces from Morison’s Equation, and a vertical 
spring-damper forces from contact with the seabed. 

 

TurbSym. Stochastic inflow turbulence tool containing coherent turbulence structures.  

 

BModes. Finite Element code that provides dynamically coupled modes for a beam which 
can be a rotor blade (rotating or non-rotating) or a tower. 
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Chapter	3.	 FOWT	modelling	
This chapter is a theoretical description of the floating offshore wind turbines modelling. 
It is addressed through the characterization of the offshore environment followed by the 
modelling of the loads and the physics associated to each type of environmental input. 
Moreover, the structural and mooring models are also described to be finally assessed by 
static and dynamic models. 

 

3.1. The	Offshore	Environment	modelling	
An accurate understanding of the offshore environment including oceanographic and 
meteorological data is fundamental for the FOWT design. The principal loads to be 
considered as seen in Figure 11 are winds, waves and currents. Additionally, depending 
on the site of installation, other environmental loads such as tides, marine growth, sea ice 
or seismic activity of the seabed may also be considered. 
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Figure 11. Offshore environmental loads over a FOWT [8].  

3.1.1. Wind		
Wind energy is an indirect form of solar energy caused by the heating of the earth’s 
surface by the sun. The air above the surface expands when absorbing the heat and 
lowers its pressure. While this warm air rises, the cooler air with higher density and 
pressure tends to sink. This heat distribution is uneven all over the globe due to the 
position of the earth and the sun, depending on the season and the spinning rotation, as 
well as the heat capacity of the landmasses which heat up more quickly than the water 
bodies. To restore an equilibrium of the air masses, these tend to move from high to low 
pressure areas, thereby creating wind [68]. 

The wind resource also varies from land to sea. While in land areas the air flow is 
characterised with higher roughness due to the land obstacles, in the offshore 
environment, the air flow is more uniform. Moreover, the wind speed profile as in Figure 
11 tends to increase in height and this uniformity leads to less friction between wind and 
sea, therefore fewer physical influences occur in higher altitudes. The change in wind 
speed with height above the surface is referred to as wind shear [68]. Normally, 
measurements are taken at different height in order to characterize an appropriate 
profile, however, in the absence of multiple measurements, a theoretical logarithmic 
wind profile can be derived from measurements at one reference height for a neutral 
stability, where the following equation is applied: 

 

𝑈 =
𝑢∗
𝜅 %ln

𝑧
𝑧"
) (3.1) 

 

The wind speed 𝑈 is measured at a height 𝑧 above ground level. The parameter 𝑢∗ is the 
friction velocity and represents the stress applied by the wind on the surface over which it 
is blowing. Parameter 𝜅 is the Von Karman constant and 𝑧" is the local surface roughness 
length.  

As an alternative to the logarithmic wind profile, a power law profile may be assumed: 

 

𝑈(𝑧) = 𝑈(𝐻) -
𝑧
𝐻.

#
 (3.2) 
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Where the exponent 𝛼 depends on the terrain roughness.  

However, the wind conditions do not only vary on space but also in time as in short or 
long term, diurnal or seasonal. A very short-term fluctuation derives to turbulence which 
pose significant dynamic loads on the structure and the rotor. It is also important for the 
control system of the turbine. The turbulent intensity at a given offshore site can be 
determined by: 

𝑇$%& =
𝜎

𝑈'()%
 (3.3) 

 

Where 𝜎 is the standard deviation of the mean wind speed 𝑈'()%. 

 

Modelling	wind	spectra		

For an accurate wind modelling, when site-specific spectral densities based on measured 
data are used, a power spectrum is employed to build time-series of wind profiles. Unless 
data indicate otherwise, the spectral density of the wind speed process may be 
represented by a model spectrum.  

Several model spectra exist. They generally agree in the high frequency range, whereas 
large differences exist in the low frequency range [22]. Most available model spectra are 
calibrated to wind data obtained over land. Only a few are calibrated to wind data 
obtained over water. The most commonly used models are: Ochi and Shin, Davenport, 
Harris, API, Frøya, Kaimal or NPD [22, 45, 58].  

The Kaimal wind spectrum is one of the most widely applied models and has also been 
suggested by the DNV design standard for offshore wind turbine structures [22, 45]. The 
Kaimal spectrum gives the following expression for spectral density 𝑆*(𝑓):  

 

𝑆*(𝑓) = 𝜎*+
6.868 𝐿,𝑈-"

81 + 10.32 𝑓𝐿,𝑈-"
>
./0 (3.4) 

 

The 10-minute mean wind speed 𝑈-" and the standard deviation 𝜎* of the wind speed 
refer to the longitudinal wind speed. During this period, in addition to the turbulence in 
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the direction of the mean wind, there will be turbulence also laterally and vertically. The 
parameter  𝑓 denotes frequency and 𝐿, is an integral length scale. Unless data indicate 
otherwise, 𝐿, can be calculated as: 

 

𝐿, = 300 -
𝑧
300.

".234"."52 67 8!
 (3.5) 

Where 𝑧 denotes the height above the ground or above the sea water level, whichever is 
applicable, and 𝑧" is the terrain roughness. Both given in units of m. 

	

Wind	power	

The power that can be extracted by a wind turbine with the rotor swept area 𝐴 is given 
by: 

𝑃9$%: =
1
2𝐶;	𝜌	𝐴	𝑈'()%

0 (3.6) 

Where 𝜌 is the density of the wind and 𝐶;	represents the power coefficient, which is a 
measure of the wind turbine efficiency. This coefficient is often given for a specific wind 
turbine by the manufacturer to calculate the potential energy generation [22, 45].  

 

3.1.2. Waves	
Waves can be described as oscillations on the water surface [45]. They are generated by 
an external disturbance and a restoring force. As observed in Figure 12 wind is the source 
of wave generation for the shortest periods: capillary waves, ultra-gravity waves, ordinary 
gravity waves and infra-gravity waves.  

Storms and earthquakes may be the cause for long period waves in the temporal range 
from 5 minutes to 12 hours, which can also be called tsunamis. In a fixed period between 
12h and 24h the gravitational attraction of the sun and the moon can originate ordinary 
tide waves.  

Finally, the largest wave periods are associated to trans-tidal waves which can be 
generated by a combination gravitational forces and meteorological seasonal effects like 
storms [45, 59, 83]. The main type considered for the actual thesis is the ordinary gravity 
wave. The restoring force is due to gravity as well as infra-gravity and long period waves. 
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Figure 12. Wave typology by origin and temporal domain. [59] 

 

A linear random wave model is a sum of many small linear wave components with 
different amplitude, frequency and direction. The phases are random with respect to 
each other. A non-linear random wave model allows for sum and difference frequency 
wave component caused by non-linear interaction. Ocean waves are irregular and 
random in shape, height, length and speed of propagation. A real sea state is best 
described by a random wave model [22]. 

 

To describe wave conditions for structural design purposes, both deterministic or 
stochastic methods may be useful depending on the type of analysis model of the 
structure: quasi-static or dynamic (see “Mooring models for the coupled analysis”). For 
quasi-static response, deterministic regular waves characterized by wave length and 
period is sufficient. These parameters can be obtained by statistical methods. On the 
other hand, structures with significant dynamic response require stochastic modelling of 
the sea surface and its kinematics by time series.  

 

A sea state is specified by a wave frequency spectrum with a given significant wave 
height, a representative frequency, a mean propagation direction and a spreading 
function. In applications the sea state is usually assumed to be a stationary random 
process. Three hours has been introduced as a standard time between registrations of sea 
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states when measuring waves, but the period of stationarity can range from 30 minutes 
to 10 hours [22, 58]. 

 

Figure 13. Wave parameters [45]. 

 

Wave parameters are described in Figure 13 where a two-dimensional regular wave is 
represented.  

 

To describe motions and derived characteristics of a linear wave, the Linear Wave theory 
or Airy Wave theory can be used. This theory is referred to small amplitude waves where 
the wave height (𝐻) is small compared to the wavelength (𝜆) and the water depth (𝐷). 
Hence the surface elevation (𝜂) is given by the following sinusoidal function: 

 

𝜂(𝑥, 𝑦, 𝑡) = 𝛼 cos(𝑘𝑥 − 𝑤𝑡) (3.7) 

 

The wave amplitude 𝛼 is half the height of the wave height 𝐻/2, the wave number is 
given by 𝑘 and the angular frequency is 𝑤. The wave propagation velocity, also known as 
wave celerity, is described as: 

 

𝐶 =
𝜆
𝑇 (3.8) 
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This propagation along the surface depends directly on the wave length and is inversely 
proportional to the wave period. 

Irregular random waves represent the real sea state. They can be modelled as the 
summation of sinusoidal wave components [58, 83].  

 

𝜂(𝑥, 𝑦, 𝑡) = R𝛼 cos(𝑘𝑥 − 𝑤𝑡 + 𝜀)
=

%

 (3.9) 

Where 𝑁 is the number of regular waves and 𝜀 is a random phase angle. 

The wave resource can be measured by devices obtaining data from specific sites. The 
measured data is processed by statistical means to obtain the wave climate on site. For 
instance, a Rayleigh distribution spectrum can be used to determine the long-term 
probability distribution of the wave height as in Figure 14. One of the most important 
parameters represented is the significant wave height 𝐻> which represents the mean of 
the highest third of waves measured in a period of time [45]. 

 

 

Figure 14. Rayleigh distribution of wave heights [84]. 
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The probability density is represented on the vertical axis. The wave energy density 
spectrum describes the wave energy distribution over a frequency range of an irregular 
wave. It is, therefore, dependent on the statistical properties, describing the wave such as 
the significant wave height 𝐻> and the peak period 𝑇;. The peak period represents the 
period corresponding to the highest density of the spectrum [13, 45]. 

Modelling	waves	spectrum	

The sea state in a short-term period, typically 3 hours, is commonly assumed to be 
described by a zero-mean, ergodic Gaussian process completely specified by a wave 
spectrum. Various analytical formulations for the wave spectrum are applied. In North 
Sea waters, the JONSWAP spectrum is recommended [55]. For open seas, the Pierson-
Moskowitz spectrum is relevant. Other formulations with up to six parameters have been 
proposed (Ochi, 1998). 

 

The Joint North Sea Waves Observation Project (JONSWAP) is known to describe irregular 
waves generated by wind and is based on data collected from the North Sea between 
1968 and 1969 [85]. Combined with Pierson-Moskowitz (PM), these are one-dimensional 
wave spectra referred to a single peak one-dimensional wave spectra [19]. The 
formulation is represented by DNVGL recommended practice [19] as in the following 
equations: 

 

The PM spectra for a fully developed sea is given by: 

 

𝑆;?(𝜔) =
5
16	𝐻>

+	𝜔;2 	𝜔@. expZ−
5
4 8

𝜔
𝜔;
>
@2
\	 (3.10) 

 

Where 𝜔 is the wave frequency in rad/s and 𝜔; is the spectral peak frequency = 2𝜋/𝑇; 
in rad/s.  

 

The Jonswap wave spectrum is formulated as a modification of the PM wave spectrum, 
and Jonswap represents a developing sea state in a fetch limited situation: 
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𝑆A(𝜔) = 𝐴B	𝑆;?(𝜔)	𝛾
CDEF@"..GH@H"I	H"

J
#
K (3.11) 

 

Where 𝛾 is a non-dimensional peak shape parameter, the spectral with parameter is 
given by 𝜎 and 𝐴B = 1 − 0.287 ln(𝛾) is a normalizing factor. 

An example of Jonswap spectrum for 𝐻> = 4m, 𝑇; = 8s and 𝛾 = 1,2	𝑎𝑛𝑑	5 given by 
DNVGL [19] guidelines for wave loads in Figure 15: 

 

 
Figure 15. Jonswap spectrum for 𝑯𝒔 = 𝟒m, 𝑻𝑷 = 𝟖s and 𝜸 = 𝟏, 𝟐	𝒂𝒏𝒅	𝟓 [19]. 

 

3.1.3. Currents	
When designing offshore structures, currents can cause large steady excursions and slow 
drift motions for moored platforms. Moreover, the current effect give rise to drag and lift 
forces on submerged structures. The current velocity vector varies with water depth [19].  

 

The most common categories of currents are: wind generated currents, tidal currents, 
which are regular ones, circulational currents, generally caused by oceanic circulation, 



Chapter 3. . FOWT modelling 

 
 

 

 
29 

 
 

soliton, loop and eddy currents, generated by density gradients due to internal waves 
which penetrate deeply in the water column, longshore currents running parallel to shore 
and turbidity currents originated by earthquakes [22, 45].  

 

According to DNV GL standards, current velocity at a given location (𝑥, 𝑦) and at a 
distance 𝑧L  from still water level should be taken as a vector sum of each current 
component generated by wind, tides and circulational currents:  

 

𝑉L(𝑧L) = 𝑉L,9$%:(𝑧L) + 𝑉L,&$:((𝑧L) + 𝑉L,L$NL(𝑧L) + ⋯ (3.12) 

 

Where the components are modelled as in the following formulations: 

 

𝑉L,9$%:(𝑧L) = 𝑉L,9$%:(0) 8
𝑑" + 𝑧
𝑑"

> 				𝑓𝑜𝑟	 − 𝑑" ≤ 𝑧 ≤ 0 (3.13) 

𝑉L,&$:((𝑧L) = 𝑉L,&$:((0) 8
𝑑 + 𝑧
𝑑 >

#

				𝑓𝑜𝑟			𝑧 ≤ 0 (3.14) 

 

Being 𝑑 the water depth to still water level and 𝑧 the distance from still water level, 
positive upwards. The exponent type is typically 𝛼 = 1/7. In the case of wind, 𝑑" is the 
reference depth for wind generated current 𝑑" = 125 m for the current project. 

 

3.1.4. Other	environmental	conditions	
Depending on the offshore site, other environmental loads could be potential to be 
considered for the structure response dynamics. For instance, in a cold climate location, 
accumulation of snow and ice would become an important issue for the potential collision 
of the ice against the structure [19].  

On areas with seismic activities, an early investigation on ground motions and the 
frequency and magnitude of earthquakes would also be a requirement since would not 
only affect the motions of the floater but also additional hazards on the seabed such as 
liquefaction of the soil or submarine slides. Other effects such as marine growth or the 
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attachment of marine life to the structure can add extra weight as well as influence on 
hydrodynamic response and the corrosion rate [45]. 

 

3.2. Structural	response	of	the	FOWT	
In order to assess the structural response of the body as a reaction of the external and 
internal forces, a coordinate system convention must be defined. Depending on the 
floater type, a different coordinate system and sign convention will be used. Also, the 
motions of the platform must be defined in order to assess the loads acting on the model.  

 

3.2.1. Coordinate	system	and	sign	convention	for	a	spar	
For a spar type floater, which its axis is symmetric, the lateral axis placed on the x-y plane 
(surge and sway) are not predefined by the structure but the orientation of the station 
keeping system. An example of the coordinate system for the structure with the 
correspondent rigid body motions are represented in Figure 16 and Figure 19. 

 

 
Figure 16. Example of coordinate system reference for the spar buoy [86] 

The WindCrete coordinate system is defined in [27] setting the coordinate and sing 
convention as follows: 
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Figure 17. WindCrete coordinate system [49]. 

The centre of coordinates is located in the vertical axis (z) of the platform (pointing 
upwards, +z). The x axis is in the middle of the mooring lines 2 and 3 and y axis is pointing 
port side, 270º of the mooring line 1. 

The six global body motions of the floating structure described as in Faltinsen 1990 [29] 
are the oscillatory translatory motions: surge (1), sway (2) and heave (3), performing a 
translational movement in the X, Y and Z direction respectively, and the oscillatory 
angular motions: roll (4), pitch (5) and yaw (6) moving in a rotation over the same axis (X, Y, 
Z). A proper formulation of the equations of motion creates the mathematical model of 
the structure [55].  

The motions at the WindCrete model shall be given as positive in translatory motions 
when the surge goes parallel to X-axis, the sway goes parallel to Y-axis and the heave 
movement goes upwards. Moreover, is positive in rotations when the roll of the platform 
rotates around the X-axis and the turbines goes towards negative Y-direction, the pitch 
rotates around the Y-axis and the turbine goes towards positive X-direction and the yaw 
rotates counter-clockwise in X-Y plan view. 

 

3.2.2. Equation	of	motion	
The equation of motion is based on Newton’s second law [68]: 

 

(𝑀 + 𝐴)	�̈�(𝑡) + 	𝐵�̇�	(𝑡) + 𝐶	𝜂(𝑡) = 𝐹(𝑡, 𝜂, 𝜂, �̈�) (3.15) 
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On the left side of the equation, the three terms represent the inertia (𝑀 + 𝐴), damping 
𝐵 and restoring forces and moments	𝐶 detailed in 6x6 matrices (each column 
corresponds to a motion). The inertia matrix (𝑀) plus the added mass coefficient 
matrix	(𝐴) and the acceleration vector �̈�(𝑡) form the first term of the equation. On the 
second term, the damping matrix (𝐵) is accompanied by the velocity vector �̇�	(𝑡) and 
finally 𝐶 which is the hydrostatic stiffness matrix, goes along with the displacements 𝜂(𝑡) 
in each degree of freedom. On the right side of the equation 𝐹(𝑡, 𝜂, 𝜂, �̈�) represents the 
time dependent external forces and moments acting on the structure. 

The mass matrix represents the inertial forces on the structure proportional to the 
acceleration, composed of mass and hydrodynamic forces and moments. The added mass 
𝐴 depends on the wave frequency and the shape of the floater. The damping term 
accounts for the dissipation of energy  

3.3. Loads	definition	
The main offshore environmental loads described above (winds, waves and currents) act 
on the FOWT as forces which consist on aerodynamic, hydrostatic and hydrodynamic 
loads. These loads will define the behaviour and motions of the structure. Other 
environmental conditions such as ice, snow, marine growth or seismic activity can 
generate impact depending on the location where the wind turbine is placed, however 
this is not the case of study on the thesis. 

 

3.3.1. Aerodynamic	loads	on	the	rotor	
The role of the wind turbine is to extract velocity from the wind to generate power. That 
is why the wind force is the most necessaire offshore resource to install a wind turbine. It 
is known form above how the wind profile works and how is modelled. Now this wind 
must be transformed into power.  

 

To obtain power coming from the wind we need to take a look to the 1D momentum 
theory (or disk actuator theory) first [37] as in Figure 18, and extrapolate from there how 
the rotor induces a constant velocity along the axis of rotation, based on Bernoulli’s 
principle and following the momentum conservation.  
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The aerodynamics on the structural members cause the lift and drag forces into the 
blades, applying perpendicular and parallel forces respectively [22]. These effects are 
responsible to generate the upward force that drives the blades around the rotor and the 
force responsible for the thrust on the turbine, to keep the vertical position [87, 88]. The 
Thrust is represented on Figure 18 as a vector (𝑇) and can be defined as in equation 
(3.16) : 

 

𝑇 =
1
2𝜌𝐴𝑉"

+𝐶O  (3.16) 

 

Where 𝜌 is the air density, 𝐴 is the rotor area and 𝑉" is the undistributed wind speed. 
Also, a thrust coefficient 𝐶O   

 

Figure 18. Aerodynamic forces on the rotor. 1D momentum theory.[68] 

 

The power output is obtained as a force (𝑇) by the velocity (𝑢), which is the induced 
velocity in the rotor plane. Obtaining as a resultant the equation of Power (𝑃): 

 

𝑃 = 𝑇𝑢 =
1
2𝜌𝐴𝑉"

0𝐶; (3.17) 

 

A power coefficient (𝐶;) is defined as [37]: 

 

𝐶; =
𝑃𝑜𝑤𝑒𝑟	𝑜𝑢𝑡𝑝𝑢𝑡
𝑃𝑜𝑤𝑒𝑟	𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 (3.18) 
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The maximum value of 𝐶; under theoretical ideal conditions is 0.593, which is referred to 
as the Betz limit.  

 

The aerodynamic loads are subdivided into quasi-static and dynamic loads which are 
caused by the airflow and its interaction with the stationary and moving parts of wind 
turbines [21, 51]. Steady loads are usually applied in the tower, the structure and 
occasionally, when the wind turbine is parked, the blades can also be considered steady. 
On the other hand, while the turbine is operative, the wind load will be the thrust force 
(𝑇) generated by the turbine rotor, considered as a dynamic load [45, 51]. 

 

3.3.2. Hydrostatics	
The fact that the wind turbine is a floating body submerged in the sea water makes it 
generate hydrostatic loads on the platform. These loads can be divided into the buoyancy 
force (𝐹P) and the hydrostatic stiffness (𝐶) which is the restoring term due to the 
platform movements described in 3.2.2 [45]. 

The floating foundation of the WindCrete consists on a concrete cylinder filled with a 
ballast of water and gravels to keep the centre of gravity (CG) well below the centre of 
buoyancy (CB). These ensures the wind turbine floats in the sea and stays upright since it 
creates a large righting moment arm and high inertial resistance to pitch and roll motions 
[47]. As seen in Figure 19 the spar buoy is standing upright in static vertical position 
where CB is over CG, which is the reference point of the 6 degrees of freedom (DOF) 
resulting on 3 translational (heave, sway and surge) and 3 rotational (roll, yaw and pitch) 
motions. 
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Figure 19. 6-DOF rigid body motion (CB: centre of buoyancy and CG: centre of gravity) [41]. 

 

The static balance is trivial for the linear analysis. According to Archimedes’ Principle, the 
buoyancy force possesses a value equal to the volume of fluid displaced by the body. Is a 
vertical force directed upwards:  

𝐹P = 𝜌𝑔𝑉 (3.19) 

Where 𝜌 is the water density (taken as 1025 kg/m^3), 𝑔 the gravitational acceleration and 
𝑉the submerged volume of the Spar. This is the upright force that counteracts to the Spar 
weight. 

3.3.3. Hydrodynamics	
To estimate hydrodynamic loading on FOWT different numerical methods may address 
the physics of the problem theoretically (1) by solving the correspondent equations or 
either by empirical methods (2), based on experimental evidence a parametric set of 
equations is devised and used to estimate the relevant forces in similar conditions.  

The hydrodynamic force exerted on a slender structure in a general fluid flow can be 
estimated by summing up sectional forces acting on each strip of the structure. In 
general, the force vector acting on a strip can be decomposed in a normal force 𝑓=, a 
tangential force 𝑓O  and a lift force 𝑓Q being normal to both 𝑓= and 𝑓O. 

The most used empirical method for the normal direction is Morison's load formula, 
firstly conceptualised in 1950 and extensively used in offshore engineering [68]. It is one 
of the widely used methods for slender structures like the Spar and aims to address 
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viscous effects as well as inertial loads by an empirically derived formula [45]. The 
Morison’s equation can be summarized as follows: 

 

𝑓=(𝑡) = 𝜌𝐶'𝐴�̇�(𝑡) +	
1
2 𝜌𝐶R𝐷𝑢

(𝑡)|𝑢(𝑡)| (3.20) 

 

Where 𝐹(𝑡) is the total wave induced force, 𝐶' is the coefficient of inertia,	𝜌 is the mass 
density of the fluid [kg/m^3], 𝐴 is the cross-sectional area (𝐴 = 𝐷+ 𝜋 4⁄ )  [m^2], 𝐷 is the 
cylinder diameter [m], �̇�(𝑡) is the flow acceleration [m/s^2], 𝑢(𝑡) is the flow velocity 
[m/s] and 𝐶R is the drag coefficient. The inertial coefficient is (𝐶' = 1 + 𝐶S) where the 
parameter 𝐶S is the added mass coefficient with cross-sectional area as reference area 
[22]. 

For bare cylinders the tangential drag force is mainly due to skin friction and is small 
compared to the normal drag force. The tangential drag force per unit length can be 
written as: 

𝑓O =	
1
2 𝜌𝐶R&𝐷𝑢

+ (3.21) 

 

Where 𝐶R& is the tangential drag coefficient and 𝑢 is the magnitude of the total velocity. 

Finally, the lift force in the normal direction of the fluid flow may occur due to 
unsymmetrical cross-sections, wake effects, wall effects or vortex shedding.   
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Chapter	4.	 Optimization	algorithms	
 

The purpose of this chapter is to give a brief introduction to optimization methods and 
tools that will be further used to achieve the main point of the thesis: obtaining the 
lowest cost for the WindCrete mooring system for a certain design and given 
environmental loads without compromising the security of the structure. At first, a review 
of modern optimization methods applied to offshore moorings is presented in order to 
understand how to apply these in the current thesis. Afterwards, optimization modelling 
is introduced in conjunction with the specific algorithm that will be further used which is 
the Particle Swarm Optimization (PSO) metaheuristic method.  

Engineering problems are faced to lower costs so as to withstand competition. In order to 
obtain the best result under given circumstances it is common to use optimisation 
techniques. These techniques are being used in a wide spectrum of industries and have 
reached a certain degree of maturity since the last decade in aerospace, automotive, 
chemical, electrical or even maritime fields. Moreover, with the advance of computation 
technology, these approaches have evolved with the complexity of the problems to be 
solved. 

Modern methods of optimization have been used in order to solve these problems; the 
ones called Evolutionary Algorithms mimic the viewpoint of modern genetics with the 
principle “survival of the fittest” [75]. The main characteristics of the EA’s are three:  

- Population-based. EA’s maintain a group of solutions to optimize or learn the 
problem in a parallel way 

- Fitness-oriented. Every solution on the population is called individual with a 
specific performance evaluation. The fitness of an individual is key to the 
convergence of a solution in the problem. 

- Variation-driven. Each individual will undergo a number of variations while is 
searching in the solution space. These variations mimic a genetic or natural 
population behaviour. 
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Since the 1960’s, different Evolutionary Algorithms have been proposed. Some of them 
can be seen in the following timeline. 

 

 

Figure 20. Timeline of various Evolutionary Algorithms [75]. 

 

Some of the most important and widely used in engineering problems are: Genetic 
Algorithms (GA), Particle Swarm optimization (PSO)or Scatter Search, although there 
exists a wide range of advanced search intelligence methods. 

 

Soft computing uses inexact solution methods for computationally hard tasks such as the 
solution of NP-complete problems2. It includes expert systems, artificial neural networks, 
fuzzy systems, and EAs conventionally, but more and more people are including swarm 
intelligence in soft computing. Soft computing puts more focus on “computing.” [75]. 

 

To find a global solution for hard problems within an acceptable time frame, these 
heuristic methods might guarantee an optimization, however an exact solution under 
these conditions might not exist. Heuristic algorithms can generate a solution of 
acceptable quality relatively quickly [75]. What is more, the use of metaheuristics, which 
are an evolution of the previous ones, generate higher quality solutions.  

 

 

 
22 NP-complete problems: nondeterministic polynomial time complexity 
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4.1. Application	of	evolutionary	methods	to	offshore	
mooring	systems	

 

The increasing demand for the Oil & Gas industry and the Renewables sector to go into 
deeper waters structures have been designed to remain floating. The challenge now is on 
the design of the floater and the mooring system. Past studies have focused mainly on 
the optimization of the floater. Other projects based on mooring system optimization 
have focused the objectives of minimization on the structure response, i.e., the vessel/ 
platform offset due to environmental conditions [46, 48, 53]. Existing work concerning 
optimal mooring systems design for fixed devices in deep waters is very limited and has 
been conducted in a more recent period  [7, 9, 14, 31].  

 

Metaheuristic methods have also been employed to optimize different types of moorings 
including structures for offshore oil exploitation [1, 46], floating devices for renewable 
energy such as wave energy converters (WEC) [6, 17, 34, 60, 69] and floating offshore 
wind turbines (FOWT) [4, 5, 9, 10, 31]. Most of the methods are Genetic algorithms (GA), 
Particle Swarm Optimization (PSO) and combination of hybrid methods applied with 
already developed optimization tools such as fuzzy/hybrids [31]. 

 

In the specific case of costs minimization of mooring systems  [12, 30, 66] is mainly 
studied in O&G field, where the FSPO to be optimized in [66] uses three penalty functions 
based on the safety factor (SF), the no uplift of the bottom chain and the platform offset, 
resulting the offset one of the variables that affects the most over the problem. Examples 
of the use of PSO in offshore moorings can be referenced as well form O&G industry in 
[52–54] where penalty functions are also used to set the problem constraints and again 
the offset and touch down point of the catenary are key of the problem, adding the 
minimum and maximum tensions of the lines. All these constraints are applied following 
the class certification requirements. PSO possesses many similarities with evolutionary 
optimization methods such as GA but differs in the optimization algorithm, which is based 
on swarm intelligence. The implementation of PSO tends to be simpler and with less 
parameters to adjust [45]. 
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4.2. Optimization	modelling		
 

To understand an optimization problem, a mathematical expression, also known as 
objective function 𝑓(𝑋) describes the essence of the problem. The aim is to find a 
suitable X that minimizes the given function. Where 𝑋 is an n-dimensional vector called 
design vector, defined with its decision variables  𝑋 = (𝑥-, 𝑥+, … , 𝑥=) [40, 43]. The 
following expression defines mathematically a general optimization problem: 

 

𝑓(𝑋) = 𝑓(𝑥-, 𝑥+, … , 𝑥=) (4.22) 

 

The function is subjected to certain restrictions or constraints that characterise the 
solution which are typically expressed as inequalities or equalities as follows: 

 

𝑔T(𝑥-, 𝑥+, … , 𝑥=) ≤ 0 for j = 1,…., m  
(4.23) 

𝑙T(𝑥-, 𝑥+, … , 𝑥=) = 0 for j = 1,..., p 

 

These constraints represent limitations on the behaviour of the system; however, they 
must be satisfied to produce an acceptable design. The components 𝑥$  may have lower 
and upper bounds. In engineering problems, the constraints are defined in terms of 
appropriate design criteria [53]. As will be seen later, for the particular engineering 
application these criteria may be expressed as inequality constraints 𝑔T  only, so equality 
constraints 𝑙T  are not considered. 

 

On the present case, the objective function would be the cost of the WindCrete mooring 
system, the decision variables involve the design parameters of the system and some 
given environmental loads as well as the constraints, which are those design variables 
that do not compromise the security of the structure, ensuring the operation of the 
floating wind turbine under certain known met ocean data. 
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4.3. Optimization	algorithm:	Particle	Swarm		
The initial ideas on particle swarms developed by Kennedy (a social psychologist) and 
Eberhart (an electrical engineer) in 1995, essentially aimed at producing computational 
intelligence by exploiting simple analogues of social interaction, rather than purely 
individual cognitive abilities [3]. 

 

The PSO is a population-based optimization algorithm inspired on observations of the 
social behavior of animals [25]. The word particle denotes, for example, a bee in a colony 
or a bird in a flock. Each individual or particle in a swarm behaves in a distributed way 
using its own intelligence and the collective or group intelligence of the swarm moving 
through the search space on successive iterations, cooperating and competing with other 
particles. A particle by itself has almost no power to solve any problem and progress 
occurs only when the particles interact [3]. Populations are organized according to some 
sort of communication structure or topology, often thought of as a social network. [43, 
54]. 

 

Figure 21. Movement of a particle in PSO [61]. 

 

When the process begins, each particle has a random position and velocity vector in the 
search area. Each particle memorizes the best value of the objective function associated 
to a position. Additionally, every particle on the swarm recognizes the best global value of 
the objective function and its corresponding position. During the optimization process, 
each particle moves stochastically towards the previous personal and global best 
positions, therefore, each iteration is a step to a best position, until all the particle 
converge to the same position, which is the optimal solution [61]. 
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4.3.1. PSO	function	
A particle 𝑖 = 1,… ,𝑁 is represented by two M-dimensional vectors: position 𝑥$  and 
velocity 𝑣$, where M is the number of design variables and N is the number of individuals 
in the population. The fly of each particle through the search space is expressed as the 
variation of its position (𝑥$) at a time (t) where 𝑥$(𝑡) is updated according to the following 
expression: 

𝑥$(𝑡 + 1) = 	𝑥$(𝑡) + 𝑣$(𝑡 + 1)∆𝑡 (4.24) 

 

Usually, the time step ∆𝑡 is set to 1, thus the time index  𝑡 may be replaced by an iteration 
counter k. With the current position and velocity indicated as  𝑥$U  and  𝑣$U the expression 
is rewritten as: 

𝑥$U4- =	𝑥$U + 𝑣$U4- (4.25) 

 

The coordinates of the updated velocity vector 𝑣$U4- represent position increments, 
calculated by the following expression: 

 

𝑣$U4- = 	𝜔𝑣$U + 	𝐶-𝑟-Uy𝑝$U 	− 𝑥$Uz + 𝐶+𝑟+Uy𝑝VU 	− 𝑥$Uz 

 

(4.26) 

 Inertia 
term 

Particle memory 
(cognitive term) 

Swarm memory 
(social term) 

  

 

The first term of equation (4.26) is the inertia, a function of the current velocity 𝑣$U 
affected by a parameter 𝜔 usually referred as the inertia weight. This term influences the 
balance between the global and the local search, therefore with smaller values for ω the 
PSO behaves more like a local search algorithm; for larger values, the PSO favors the 
global exploration of new areas of the search space [53, 54]. 

The cognitive and social terms of Eq. (4.26) incorporate the cognitive learning of the 
individual particle (stored in 𝑝$U, “local best position” visited by the particle) and the 
knowledge of the whole swarm (stored in 𝑝VU, “global best position” visited by all 

particles). The variables 𝑟-U and 𝑟+U are uniformly distributed random variables in the 
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range [0,1]; and the acceleration coefficients 	𝐶- and 	𝐶+ are adjustable parameters that 
balances cognitive and social influence. These terms control the velocity variation by 
measuring the distance of the current position of the particle to its personal best 
y𝑝$U 	− 𝑥$Uz and to the global best y𝑝VU 	− 𝑥$Uz.  

 

Main	function	parameters	

Swarm size: Is the number of particles in the swarm. A big number is needed to cover 
more area in the search space and increase the exploration abilities, therefore, a good 
solution may be obtained in a reasonable amount of time with less iterations rather than 
with a small swarm size. On the other hand, a large swarm size increases the 
computational time per iterations. With a lack of theoretical analysis on the swarm size, 
the number is usually set manually based on experience. 

 

Number of iterations: The iterations number may guarantee an optimal solution with a 
large number however the computation time may be excessive with an already 
converged solution, and the same may happen with a small number of iterations, where 
the solution may have a premature convergence[61]. 

 

Acceleration coefficients: The acceleration coefficients 	𝐶- and 	𝐶+ adjust the stochastic 
influence. If they are small, the velocity gradually becomes smaller so the particles tend to 
slow down over the time, and vice versa [62].  

 

Inertia weight: This parameter determines the influence of the previous velocity in the 
velocity update equation. With a high velocity, the particles will not be able to move back 
towards an optimum point and the swarm will diverge, however, with slow movements, 
the particles will focus on local regions only. The inertia weight parameter can be a fixed 
value or change dynamically. A linear decreasing of the term is calculated as follows [44, 
64]: 

𝜔 = 𝜔')W −
𝜔')W − 𝜔'$%

𝑘')W
∗ 𝑘 (4.27) 
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Where 𝜔')W and 𝜔'$% represent the maximum and minimum values to control the 
inertia, while 𝑘 and 𝑘')W represent the current and maximum number of iterations. 

PSO	algorithm	steps	

The original PSO algorithm [54, 64] can be stated with the steps below: 

1. Initialize a population array of particles, each with its M-dimensional random 
positions and velocities in the search space. 

2. For each particle, evaluate fitness of objective function.  
3. Compare particle’s fitness evaluation with its personal best 𝒑𝒊𝒌 . If current value is 

better than 𝑝$U then set 𝑝$U equal to the current value. 
4. Identify the particle in the neighbourhood with the best success so far, and assign its 

index to the variable g to compute the global best 𝒑𝒈𝒌 . 
5. Loop (repeat the previous steps as follows) 

5.1.      Compute new velocity and update position of the particle. 
5.2.      Calculate fitness 
5.3.      Update personal best 𝑝$U and global best 𝑝VU. 
5.4.      If a criterion is met (sufficiently good fitness or maximum number of 

iterations), exit loop. 
6. End loop  

 

4.3.2. Constraint	handling	methods	
It is well known that nature-inspired, evolutionary optimization methods were originally 
designed to deal with unconstrained search spaces [53, 54]. There exists many techniques 
to apply constraints to a nonlinear optimization problem. In this thesis, a penalty function 
will be applied to handle constraints.  

Penalty	function	

When the problem has to deal with some limitations, the most common approach to 
treat constraints is to adopt the indirect method of the penalty function to transform a 
constrained optimization problem into an unconstrained one, and to guide the search 
process towards feasible, unconstrained regions. 
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𝐹(𝑥) = 𝑓(𝑥) + 𝐶(𝑖)𝑃𝐹(𝑥) (4.28) 

Now, the unconstrained function 𝐹(𝑥) depends on two terms, where the first term 𝑓(𝑥) 
is the objective function previously defined and the second term is formed by a 
dynamically modified penalty parameter 𝐶(𝑖) and the penalty factor 𝑃𝐹(𝑥) associated to 
the inequality constraints 𝑔T(𝑥). If all the constraints are satisfied, no penalty will be 
applied. The value 𝑖 is dynamically updated with the iterations. However, this term will 
not be applied in the current optimization process. Only the penalty function stated as 
below will be used to solve the constraints. 

𝑃𝐹(𝑥) = 𝑣T(𝑥) }
𝑣T(𝑥) > 0									𝑖𝑓	𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑛𝑡	𝑣𝑖𝑜𝑙𝑎𝑡𝑒𝑑	(𝑥	𝑖𝑛𝑓𝑒𝑎𝑠𝑖𝑏𝑙𝑒)
𝑣T(𝑥) = 0																																			𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒	(𝑥	𝑓𝑒𝑎𝑠𝑖𝑏𝑙𝑒) (4.29) 

 

Here, the Penalty Function is described as: 

𝑃𝐹(𝑥) = 	R𝜃y𝑞T(𝑥)z
'

T[-

𝑞T(𝑥)B\]$(W)` (4.30) 

The function 𝑞T(𝑥) denotes the magnitude of violation of the 𝑗&a constraint: 

 

𝑞T(𝑥) = 𝑚𝑎𝑥�0, 𝑔T(𝑥)�; 											𝑗 = 1,… ,𝑚 (4.31) 

Where 𝑔T(𝑥) is the inequality constraint defined in equation (4.23). The function 
𝜃(𝑞T(𝑥)) indicates a continuous multi-stage assignment function, defined as: 

 

𝜃(𝑞T(𝑥)) = a 81 −
1

𝑒]$(W)
> + 𝑏 (4.32) 

Being the predefined constants 𝑎 = 150 and 𝑏 = 10. However, a simplification of the 
process is proposed in [61, 62], where the function applies different penalties on the 
objective function based on the extent of the constraint violation: 

 

𝜃(𝑞T(𝑥)) =

⎩
⎪
⎨

⎪
⎧ 10,									𝑖𝑓					𝑞T(𝑥) 	< 0.001
20,														𝑖𝑓					𝑞T(𝑥) 	< 0.1
100,																				𝑖𝑓					𝑞T(𝑥) 	< 1
300,																												𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (4.33) 

And finally, the power of the violated function 𝛾y𝑞T(𝑥)z is: 
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𝛾y𝑞T(𝑥)z = }
1				𝑖𝑓				𝑞T(𝑥) ≤ 1
2				𝑖𝑓				𝑞T(𝑥) > 1 (4.34) 

4.4. PSO	optimization	in	Python	
In this thesis, the classical Particle Swarm Optimization (PSO) will be used to evaluate the 
cost function of the mooring system. The method will decide the fitness of the design 
variables until the solution converges to an optimized global minimum. 

 

To find a suitable code that accepts constraints for a PSO in Python, many available 
GitHub open codes have been tested. In particular, the Scikit-opt with MIT license [89–
91]. The code includes the following different optimization methods: Differential 
evolution (DE), Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Simulated 
Annealing (SA), Ant Colony Algorithm (ACA), Immune Algorithm (IA) and Artificial Fish 
Swarm Algorithm (AFSA). However, the PSO is the one used to optimize the cost function 
(objective function) of the present thesis. This algorithm was adapted from the earlier 
works of J. Kennedy and R.C. Eberhart in Particle Swarm Optimization [89]. An example of 
the application of the code is attached in Annex A3.  

 

To apply the PSO algorithm from scikit-opt, three simple steps must be followed. Besides, 
the input parameters are key to solve efficiently the problem. All of these terms are 
described below: 

 

Steps	to	follow	PSO	algorithm	in	scikit-opt.	

- Step 1. Problem definition. One can either define the problem as a function or 
import a function from another script. 

- Step 2. Do PSO. By first inserting the decision parameters or inputs described 
below in Table 3 and performing the PSO predefined function. 

- Step 3. Plot the result. With matplotlib.pyplot library, plot the global best 
performance history (pso.gbest_y_hist) defined in Table 4. 
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Input	Parameters	

Ones the function is defined, the dimension number of the function must be defined. The 
dimension is the number of dependant terms of the function. These terms could be 
parameters such as the radius of the anchor, the length or the diameter of the mooring 
line. The size of the population or swarm size (size_pop) is the number of particles that 
will be searching on the available space for the minimums or valleys of the objective 
function. This parameter will determine the efficiency of the code as explained in 4.3.1. 
The same as for the number of iterations defined as (max_iter). 

The upper and lower limits (ub, lb) depend on the objective function variables. A previous 
parametric study should be performed in order to determine the search limits. The more 
accurate are these limits, the more precise will be the optimization result.  

The acceleration coefficients (c1, c2) and the inertia weight (w) are predefined in the 
parameters listed on the table. Finally, the constraint_ueq input is used to define a 
nonlinear constraint, however, if the present case, the objective function that will be 
defined, will have already integrated all the constraints by adding penalty terms on it, so 
that the limits will not be externally defined and the Unequal constraint term will not be 
necessary. 

 

Input parameter Default value Meaning 

func - Objective function 

n_dim - Dimension of Objective function 

size_pop 50 Size of population 

max_iter 200 Max iterations 

lb None Lower bound variables 

ub None Upper bound variables 

w 0.8 Inertia weight 

c1 0.5 Cognitive parameter 

c2 0.5 Social parameter 

constraint_ueq Tuple () Unequal constraint 

Table 3. Input default values for PSO Scikit-opt. 
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These values presented on the table are the default values stablished by the developer. 
Increasing swarm size can improve significantly the PSO performance when there is a 
large number of unknowns, however a better response is not evident. As proposed in 
some works such as (A. Piotrowski, 2020) [63] or (L.Xueyan, 2016)[74] the swarm size 
does not depend on the dimension of the problem but on the PSO variant. Noted that the 
present case is used under the classical PSO variant, which according to [63] the swarm 
size is composed of 70 -1000 particles, while the range of 70- 500 is the safest choice. The 
study tests 8 variants in 15 different population sizes. 

 

Output	Parameters	

The PSO output parameters available are the following: 
 

Output parameter Meaning 

pso.record_value 
location, velocity, function value of every generation and 
every particle. only when pso.record_mode = True. 

pso.gbest_y_hist Best y every generation 

pso.best_y best y （In PSO, use pso.gbest_x, pso.gbest_y) 

pso.best_x best x 

Table 4. Output parameters for PSO Scikit-opt. 

 

To evaluate the global best performance of the particles, the output pso.gbest_y_hist can 
be plotted. Additionally, the parameter pso.best_y returns the best value of this 
performance, which is the minimum value when the optimization is minimizing the 
objective function. Moreover, pso.best_x returns the optimized values. In the case of this 
thesis, the dimension of the function has 5 dependant terms, therefore, 5 values will 
appear on the answer. 
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Chapter	5.	 Case	study:	WindCrete	
moorings	cost	reduction	with	PSO	

The CoreWind project presents two floating models, a spar type and a semi-submersible. 
Both floaters were designed for the IEA wind 15MW wind turbine [32]. In the thesis, only 
the spar type named Windcrete is studied. For the present chapter, the wind turbine, its 
platform and mooring design properties are introduced together with the offshore 
environment where needs to be located. The following Chapter 6. and Chapter 7. 
describe the optimization methods for the static and dynamic models respectively. 

 

5.1. The	offshore	location	
Following the Corewind project, the location for the WindCrete is based on the southeast 
part of Gran Canaria in the Canary Islands, therefore the offshore conditions that will be 
considered are: water depths and levels, winds, waves, a combination of winds and 
waves, currents and other conditions such as water and air temperature. In this particular 
case, ice loads should not be taken into account doe to the nature of the subtropical 
region where the Canary Islands are located, while in the middle of the Atlantic Ocean 
there is no written register of sea ice on the area.  

      
Figure 22. Canary Islands: offshore location[92] . 
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The recorded values for the last 20 years for water temperature have varied from 17.4ºC 
in winter to 25.6ºC in the summer period, considered these mentioned as extreme 
values. Following the same assumptions, the air temperature ranges from 17ºC to 30ºC 
and the air density is 1.225 kg/m3. 

 

5.1.1. Water	depths	and	levels	
The Southeast part of the Canary Islands is set to 200 m depth. And the summary of the 
water levels for Gran Canaria are in the following table, taken form the tide gauge in 
Aringa port, referenced in the figure above in the left with a red signal: 

 

Water Levels for Gran Canaria 

Highest Still Water Level (HSWL) 3.19 

Highest Astronomical Tide (HAT) 3.11 

Mean Sea Level (MSL) 1.58 

Lowest Astronomical Tide (LAT) 0.00 

Lowest Still Water Level (LSWL) -0.13 

Table 5. Water levels for Gran Canaria [27]. 

 

5.1.2. Wind	
As stated in the design basis of the Corewind project [27], the wind data is provided by 
the SIMAR point 4038006 from the Spanish port authority [93] on the coordinate’s 
latitude 15º19’48” W, longitude 27º45’00” N. The following wind simulations provide 1 
hour wind speed at 10 m above the sea level  

 

Normal	and	extreme	wind	profile	

The 1h mean wind speed is set at 9 m/s deducted from the wind speed series of the last 
10 years following the logarithmic law as described in 3.1.1. A 10-minute mean wind 



Chapter 5. . Case study: WindCrete moorings cost reduction with PSO 

 
 

 

 
51 

 
 

speed extrapolation provides 9.83 m/s where the wind profile is seen in table Table 6. 
Results are extrapolated for 1 year and 50 years return period (Tr). 

Height [m] 
Normal wind profile 

speed [m/s] 
Extreme wind profile 
speed [m/s] Tr=50 yr. 

Extreme wind profile 
speed [m/s] Tr=1 yr. 

10 9.83 29.77 16.00 

20 10.48 32.35 17.39 

50 11.33 36.11 19.41 

100 11.98 39.24 21.09 

119 12.14 40.07 21.54 

150 12.36 41.20 22.14 

Table 6. Normal and extreme wind speed profile at different heights [27]. 

 

The wind speed histogram presents the exceedance probability for 1 hour average wind 
speed. Showing the % frequency obtained for intervals of 1.5 m/s wind speed: 

 

 

Figure 23. Exceedance probability 1h average wind speed [27]. 
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The highest exceedance probability is found at 21.35% frequency in a wind speed range 
of 6 to 7.5 m/s.  

The wind speed rose is set for 1h mean speed and shows the main directions for the wind 
speed:  

 

 
Figure 24. Wind rose for 1h mean wind speed [27]. 

 

With highest results in the northern quadrant and most occurrence on the NNE direction.  

This is the wind rose obtained from the Spanish port authority that is used to determine 
the main wind directions data on the CoreWind project for the Canary Islands location. 

 

Wind	modelling	

As described in the previous chapters of the thesis, the wind profile on the specific site is 
modelled following the class rules and is assigned a specific spectrum in order to be 
modelled and assessed. The wind turbulence intensity is assigned to class C in accordance 
to the IEC-61400-1 due to the lack of specific data on the site.  
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The wind spectrum is set following DNVGL recommendations, assuming the Kaimal model 
for the wind spectral density as explained in 3.1.1 on equation (3.4. This model provides 
the distribution of wind energy over different frequencies. 

 

5.1.3. Waves	
Wave modelling is defined following DNVGL standards for a two-peak power spectrum 
model as explained in wave modelling section 3.1.2.  

The same reference location as for the wind has been used to provide wave data [93]. In 
the following table shows extreme waves data. For different return periods, a significant 
height wave (Hs) is associated to a peak Period (Tp) which correspond to the most 
probable occurrence of the waves scatter diagram also shown below: 

 

Return period (years) Hs (m) Tp (s) 

50 5.11 9 -11 

20 4.69 9 -11 

10 4.40 9 -11 

1 3.35 8 -11 

Table 7. Wave data for SIMAR point 4038006 [27]. 

 

The wave direction is set by the 1h sampling wave rose where the dominant directions 
are determined by the North and North West at 17.1 m and 14.722 m of significant wave 
height (Hs). 
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Figure 25. Wave rose (Significant wave height, Hs) [27]. 

The waves scatter diagram shows the frequency distributions of significant wave height 
and spectral peak period. 
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Table 8. Waves scatter diagram [27]. 

 

This is the wave scatter obtained from the Spanish port authority that is used to 
determine the significant wave height data on the CoreWind project for the Canary 
Islands location. 
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5.1.4. Wind-wave	combination	
The joint distribution of data obtained for the project site is available from the Northeast 
of Gran Canaria Island, although it is considered a good reference[27]. A wind-wave 
scatter diagram is displayed with the 50-yr return period contour in the following two 
figures: 

 

 
Figure 26. Joint distribution: wind speed - significant waves height [27]. 

 

 

Figure 27. 50-yr return period envelope [27]. 
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5.1.5. Currents	
The current induced by wind is based on wind data do 50-year 1-hour maximum annual 
wind speed at 10 m from the sea level (19 m/s) as mentioned previously. The following 
formula is used:  

 

𝑉L(𝑠0) = 	𝑘𝑈-ab,N = 0.57	𝑚/𝑠 (5.35) 

 

Considering the lack of data to obtain deep water current values, the current direction is 
parallel to the coast, the tidal pattern goes NNE and SSW twice a day. Therefore, the 
values of direction are 22.5º - 202.5º respectively, with a value of 0.49 m/s  

 

The current speed profile is extrapolated using formulations as in current modelling 
section 3.1.3, where the global value is the summation of the current induced by wind 
and tides. The following table is obtained: 

 

Depth (m) Wind component (m/s) Tidal component (m/s) Total speed (m/s) 

0 0.57 0.49 1.06 

-30 0.43 0.48 0.91 

-60 0.3 0.47 0.77 

-90 0.16 0.6 0.62 

-120 0.02 0.45 0.47 

-150 0 0.43 0.43 

-180 0 0.41 0.41 

-210 0 0.38 0.38 

-240 0 0.31 0.31 

Table 9. Current speed profile associated to 50-yr return period probability. 

 

The previous table is a simplification of the data obtained from the CoreWind project 
design basis [27] documentation. 
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5.2. Wind	turbine	properties	
This reference wind turbine from the NREL, DTU and IEA is a Class 1B direct-drive 
machine, with a rotor diameter of 240 meters (m) and a hub height of 150 m [32]. It is 
based on a 3-blade turbine with upwind rotor orientation and the controller provides a 
combination of variable speed generator torque control and collective blade pitch control 
[49]. Some of the key properties are defined in the table below: 

 

Property Unit Value Property Unit Value 

Turbine class  IEC Class 1B Rotor diameter m 240 

Rated power MW  Hub height m 150 

Cut-in wind speed m/s 3 Min. rotor speed rpm 5 

Cut-out wind speed m/s 25 Max. rotor speed rpm 7.56 

Rated wind speed m/s 10.59 Blade mass t 65 

Rated thrust MN 2.4 Rotor-nacelle mass t 1017 

Table 10. Key parameters for the original IEA Wind 15-MW Turbine [32, 49]. 

 

5.3. Platform	design	
The WindCrete is a monolithic concrete spar platform composed by a  tower and a floater 
as a unique member, avoiding any joint, thus the number of weak points is reduced and 
fatigue resistance increases.  

 

The WindCrete is designed according to the constraints referred to the location (Gran 
Canaria) based on IEC 61400-3-2 standards [49]. The hub height is at 135 m above the sea 
level, allowing now a 15 m clearance between the blades and the mean sea level, thus 
being the top tower at 129.495 m height as seen in the figure below.  

 

The tower consist on a tapered cylinder with a 6.5 m diameter at the top to adjust to the 
nacelle and increasing to 13.2 m matching the beginning of the tapered transition piece. A 
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specific steel plate has been designed for the connection between the rotor and nacelle 
assembly (RNA) and the structure [15].  

 

The tower is set to resist the bending moment during the service life. The dimensions 
ensure a minimum to allow the placing of the post-tensioning tendons and at the same 
time enough concrete cover to ensure the durability of the active and passive 
reinforcement [27].  

 

 
Figure 28. WindCrete sketch with measures in m [49]. 

 

The substructure consists of three pieces: the tapered transition piece, the cylindrical 
buoy and the bottom hemi-sphere. Below the waterline, the 10 m transition piece 
increases its diameter from 13.2 m until 18.6 m that denotes the dimension of the 
cylindrical spar platform diameter as well. The transition piece design minimizes the 
curvature of the geometry changes. The cylinder buoy allows the placement of the ballast 
at the bottom in order to achieve the desired pitch and roll stiffness. At the bottom, the 
9.3 m radius hemi-sphere at the bottom distributes the hydrostatic pressures in a 
compression field around the base, while the post-tensioning steel tendons have 
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continuity along the whole structure. In terms of hydrodynamic properties, the 
hemispheric shape presents a smaller damping than a flat base. The concrete structure 
has a constant thickness of 0.4 m. The WindCrete properties are described on the 
following table: 

 

Properties Unit Value 

Mass kg 3.9805e+07 

Center of mass (CM) height m -98.41 

Ixx from CM Kg·m2 1.5536e-11 

Iyy from CM Kg·m2 1.5536e-11 

Izz from CM Kg·m2 1.9025e+09 

Table 11. WindCrete properties [49]. 

 

The required hydrostatic stiffness (3.3.2) in pitch/roll degrees of freedom is achieved by 
adding a solid aggregate ballast at the platform keel with a bulk density of 2500 kg/m3. 
The internal height of the ballast is of 44.15 m from the keel. In Figure 28 the aggregate 
ballast is coloured in brown [49]. 

 

5.3.1. Design	life	
The WindCrete design life is 60 years for all permanent elements and mooring connectors 
fixed to the concrete hull, as well as the splash zone for protection and corrosion 
allowance. The mooring systems must be designed to be in operation for the duration of 
the wind farm design life without replacement due to strength, fatigue, corrosion and 
abrasion[27]. 

 

5.3.2. Design	class	
The safety philosophy and design principle described on the standard code for floating 
wind turbine structures DNVGL-ST-0119 [24] is ensured by using a class methodology 
based on the failure consequences. Where failure is unlikely to lead to unacceptable 
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consequences such as loss of life, collision with an adjacent structure, and environmental 
impacts, consequence class 1 is denoted. Otherwise, where failure may well lead to 
unacceptable consequences of these types, consequence class 2 is denoted [24]. 

 

The floating structure is unmanned during severe environmental loading conditions; 
hence it shall be designed to consequence class 1. Likewise, all the structural components 
in the station keeping system which have redundancy, shall be designed to consequence 
class 1. A non-redundant requirement reflects the risk for collision with adjacent wind 
turbines as a consequence of a disengagement of the floater from its station keeping 
system because of a line failure, for example. 

 

The design classes to be considered are: 

 

Design principle Consequence Class 

Structural design 1 

Station keeping 1         (if redundant) 2       ( if non-redundant) 

Table 12. Design consequence class [49]. 

 

5.3.3. Acceptance	criteria	
The limitations on the floater motions are mainly imposed by tilt angles and accelerations 
on the wind turbine and horizontal excursion on the power cable. A preliminary set of 
limits for the WindCrete platform are described below: 

 

Natural	periods	criteria	and	hydrostatic	properties	

Is advantageous for the spar floater in heave and pitch/roll as they can be positioned far 
from waves periods and have a value above 30 s due to the maximum thrust force of the 
turbine [49].  

 

The table below shows the hydrostatic properties of the buoy and the natural periods 
using approximated values for the added mass terms, the mass of the hemisphere (for 
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heave) and the inertia produced by the displaced volume (for pitch/roll). Being A the 
added mass and C the hydrostatic stiffness terms. 

Hydrostatic Property Unit Value 

Displacement m3 4.054e+04 

Height of the centre of buoyancy m -77.29 

C33 (heave) N/m 1.3746e+06 

C44 (roll)      from [0,0,0] N·m/rad -3.1463e+10 

C55 (pitch)     from [0,0,0] N·m/rad -3.1463e+10 

A33 (heave)     from CM kg 1.7273+06 

A55 (pitch)      from CM Kg·m2 8.964e+10 

Natural period  

T3 s 35 

T5 s 41 

Table 13. Hydrostatic properties [49]. 

Motions	valid	ranges	

Angular motions limitations are applied to mean and/or extreme values. The restrictions 
proposed are based on previous experiences, either SCADA or WTG OEM. The table 
below sets a range limit for different conditions: 

DoF Operation limit Idling condition limit Emergency stop limit 

Yaw (10 min. max) <15º   

Yaw (10 min. std) <3º   

Pitch (max.) [-5.5º, +5.5º]  [-15º, +15º] 

Pitch (10 min. aver) [-4.0º, +4.0º] [-5º, +5º]  

Pitch (10 min. std) <1º   

Pitch (10 min. max)  [-7º, +7º]  

Roll (max) [-3.5º, +3.5º]   

Roll (10 min. std) <1º   
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Table 14. Motions criteria during Operation, Idling and Emergency stop [49]. 

Excursion	limits	

Excursions limits due to power cables are stated for a preliminary design The maximum 
allowed excursion during idling conditions is 30 m in each horizontal direction. Before 
that, an alarm is generated when 15 m are reached, which is the limit for operation 
conditions. If reaching 30 m, the turbine is stopped [15]. 

Accelerations	valid	ranges	

The turbine manufacturer stablish the acceleration restrictions based on previous 
experiences:  

 Operation Survival 

Acceleration limit (acc. XY/ acc. Z) 2.8 m/s2       (0.28 g) 3.5 m/s2       (0.35 g) 

Table 15. Acceleration limits during operation and Survival [49]. 

 

5.4. Station	keeping	system	predesign	
The station keeping system predesign follows the DNVGL rules and standards. These and 
the other existing rules appear in Annex A2. This mooring model is a preliminary design 
for 200 m water depth. The predesign is aimed to withstand external forces, winds and 
waves, and to provide enough stiffness. 

The mooring line 1 is oriented to the main wind direction, meaning this line is the one 
suffering the higher tensions and hence the reference chain for the design. 
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Figure 29. WindCrete moorings with wind orientation. 

As seen from Figure 29, the station keeping system is designed with three single catenary 
mooring shapes distributed 120º. The crowfoot system (delta arrangement) and the 
fairlead points should be installed close to the centre of gravity (90 m depth) of the 
structure to avoid pitch coupling motions that will increase the tension range and hence, 
reduce the lifespan [27], this provides yaw stiffness to the platform as well. The physical 
properties are presented in the following table: 

 

Chain Parameter Value Unit 

Nominal diameter 160 mm 

Dry mass/ meter length 561.25 Kg/m 

Stiffness EA 2.3040e+09 N 

Main line length 700 m 

Delta line length 50 m 

Table 16. Chain characteristics. 

 

The radius to the anchor is set to 743 m in order to avoid uplifting of the anchor. Hence 
the length of the mooring line is 700 m and the delta length is 50 m. The anchors and 
fairlead location are summarized in the table below: 

 

Line Anchor coordinates [m] Fairlead coordinates [m] 
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 X Y Z X Y Z 

1 -600 0.0 -200 
-4.65 8.05 -90 

-4.65 -8.05 -90 

2 300 -519.61 -200 
-4.65 -8.05 -90 

9.3 0.0 -90 

3 300 519.61 -200 
9.3 0.0 -90 

-4.65 8.05 -90 

Table 17. Fairlead and anchor location. 

Line	length	

If the horizontal distance between the anchor and the fairlead is increased while the rest 
of the system remains static, the line length of the mooring is increased. In low tension 
levels, the length of the line has no effect because there is part of the chin that remains 
on the sea bottom providing the same restoring forces. 

 

In order to reduce the total costs of the mooring line, it is needed to achieve the shortest 
lines as possible. However, the most important from the design perspective is to limit the 
peak tensions to ensure that the anchor has no vertical forces. The mooring system is 
then analysed for a period of time with a maximum surge offset of the floater. 

 

Chain	dimension	

The main objective when choosing the chain dimension is to provide sufficient breaking 
strength to resist the maximum tension with adequate safety margins. Data is taken form 
Vicinay cadenas catalogue, considering a Grade R4 as in DNV-OS-302 to conduct the 
study. For permanent moorings is recommended to use a studdles chain because is 
advantageous for the fatigue life of the line and the weight per unit length. 

 

Vertical	fairlead	position	

According to [36] as studied in Nielsen (2009), the vertical position of the fairlead should 
be located at a point where there is no coupling between surge and pitch, i.e., at the 
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vertical position of the centre of rotation. By doing so, the wind and wave induced 
dynamic loading in the mooring lines will be minimized. This position will be located 
somewhere between the COB and COG, closer to the COG (at -90 m) for a deep-draft 
floating wind turbine oscillation at its pitch natural period. 

 

It is important to choose a fairlead position that gives sufficiently suspended line length to 
achieve the desired mooring line characteristics. The vertical fairlead position has not 
been subjected to a parameter study like other key parameters of the mooring line. It is 
chosen based on the issues discussed here and is subsequently verified by the means of 
time domain analysis. 

Delta-line	length	

The delta-lines will contribute to increase yaw stiffness because they are attached to the 
fairlead with an angle to the centre line of the structure. Furthermore, the delta-lines will 
act as a rigid connection as long as they are in tension, which is governed by the yaw 
angle. If long delta-lines are used, the maximum yaw angle before the delta-lines go slack 
is reduced, and the yaw restoring coefficient is increased. On the other side, shorter 
delta-lines will allow for larger yaw angles before the delta-lines go slack, but the 
restoring coefficient is reduced and the yaw natural period will increase. 

 

Figure 30. Mooring system layout. Main line + delta line [36]. 
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The delta line is determined by the water depth. They must be relatively short in order to 
achieve adequate length of main mooring line to play with 

 

5.4.1. Design	methodology	for	mooring	lines	
The platform is designed for the wind farm operation life, and in consequence, the 
mooring system must be designed to be in operation for the duration of the wind farm 
design life without replacement due to strength, fatigue, corrosion and abrasion. 

The design methodology is based on DNVGL recommendations. The system is assumed to 
be Consequence Class 1 as explained in 5.3.2 considering redundant requirements are 
applicable. To be qualified as a redundant system, an accidental limit stress (ALS) 
assessment is necessary to demonstrate that the lines withstand loads in damaged 
conditions after an accident. 

 

Ultimate	loads	

Following DNVGL-ST-0119 requirements for catenary mooring design types, the design 
tension (𝑇:) in a mooring line is the sum of two factored characteristic tension 
components 𝑇L,'()% (characteristic mean tension) and 𝑇L,:c% (characteristic dynamic 
tension): 

 

𝑇: = 𝛾'()% · 𝑇L,'()% + 𝛾:c% · 𝑇L,:c% (5.36) 

 

Being 𝛾'()% and 𝛾:c% the design load factors for the different limit states. 

 

Limit	states	and	load	factors	

The limit states the mooring has to comply are: ULS, FLS, ALS. Following DNVGL-OS-E301 
Ch.2, section 2, subsection 4.2 & 4.3 [23]. The most relevant situations to take into 
account are the operating, survival and accidental conditions. The required accuracy level 
is Level I which implies a dynamic model to include buoyancy and drag of the lines. The 
requirements for load factors in ULS and ALS are defined in the table below as reflected in 
DNVGL-ST-0119 [24]: 
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Limit state Load factor 
Consequence class 

1 2 

ULS 𝛾'()% 1.30 1.50 

ULS 𝛾:c% 1.75 2.20 

ALS 𝛾'()% 1.00 1.00 

ALS 𝛾:c% 1.10 1.25 

Table 18. Load factor requirements for design mooring lines. 

Design	criteria	for	ULS	and	ALS	

The design criterion for the ULS is: 

𝑆d 	> 𝑇:  (5.37) 

Where 𝑆d  is the characteristic capacity of the mooring line, to be replaced by 𝑆d∗ when 
the strength distribution of the mooring line components is based on statistics. 

For ALS, the criterion is: 

𝑆d∗ 	> 𝑇:  (5.38) 

In which 𝑇:  is established under an assumption of damaged mooring system in terms of 
one broken mooring line. 

When statistics of the breaking strength of a component are not available, then the 
characteristic capacity of the body of the mooring line may be obtained from the 
minimum breaking strength 𝑆'e> of new components as: 

 

𝑆d 	< 0.95𝑆'e> (5.39) 

For the fatigue failure case (FLS), the design method relies on cumulative fatigue damage. 

 

Corrosion	allowances	

DNVGL-ST-0119 section 13.1.3 defines the requirements for corrosion allowance for 
chains to be added to chain diameter [mm/yr.] (Table 13-1). For a regular inspection, 
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which is the option to be considered for the moorings on this project site, tree different 
parts of the mooring lines shall be considered: Splash zone and bottom id 0.4 mm/yr. and 
the catenary is 0.3mm/yr. These values serve as a guidance, larger corrosion allowance 
should be considered in the case microbiologically induces corrosion (MIC) is expected. 

 

Mooring	drag	and	added	mass	

The following drag coefficients and added mass coefficients must be adopted for 
simulation purposes as described in DNVGL-OS-E301 Chapter 2, section 2, subsection 2.7. 
The coefficients are assigned for each mooring component. For a stud chain, 2.6 
(transverse) and 1.4 (longitudinal) and for a stud less chain 2.4 (transverse) and 1.15 
(longitudinal).  

Mooring	models	for	the	coupled	analysis	

A model is a mathematical representation of certain physical quantities. To describe the 
motions that the mooring system apply to the platform, the catenary can be evaluated in 
different model types regarding different degrees of complexity, relating variables, 
parameters and environmental inputs. These models are grouped in static, quasi-static 
and dynamic.  

The simplest mooring line model is the static (Chapter 6. ), where a linear spring is 
defined using the basic catenary equations for solving the line forces. The static analysis is 
used to describe the mathematical model. On the quasi-static case, the forces are 
updated for every new position and orientation of the spar to obtain a non-linear force-
displacement relationship [35]. In both cases, the loads are applied slowly and the strain 
rate is almost unpredictable, therefore the inertia load can be ignored, whereas in a 
dynamic model, the load causes the motion of the moorings and the inertial forces are big 
enough to be considered. 

For a mooring line response analysis, a quasi-static analysis is usually sufficient to 
determine the mooring line response to mean and low-frequency platform 
displacements, while dynamic mooring line analysis is usually required for mooring line 
response to wave-frequency displacements of the platform [23]. The mooring system 
response will be optimized in a quasi-static approach in Chapter 6. The dynamic analysis 
via FAST modelling tool is in Chapter 7.  
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5.4.2. Design	load	cases	for	moorings	
Design load cases are defined to verify the design adequacy of the FOWTs that are 
subjected to the combination of turbine operational conditions, site-specific 
environmental conditions, electrical network conditions, and other applicable design 
conditions. All relevant design load cases with a probability of occurrence are to be 
considered in the design. Combinations of these loads as well as the turbine operating 
conditions that produce the most unfavourable local and global effects on the mooring 
systems should be addressed [94]. 

DNVGL-ST-0437 states a full load case table, equivalent to the indicated in the IEC 61400-
3-1. Recently issued standards, DNVGL-ST-0119 and IEC 61400-3-2 have added specific 
load cases for FOWT [27]. The design situations stated in DNVGL standards include 
situations such as: Power production (DLC 1.1 to 1.7), power production plus occurrence 
of fault (DLC 2.1 to 2.5), Start-up (DLC 3.1 to 3.3), Normal shut-down (DLC 4.1 and 4.2), 
Emergency shut-down (DLC 5.1), Parked (DLC 6.1 to 6.5), parked plus fault conditions 
(DLC 7.1 and 7.2), transport, installation, maintenance and repair (DLC 8.1 to 8.5) and 
other extended situations such as drifting sea ice, temperature effect, earthquakes or the 
wind farm influence itself [21]. 

There are specific tasks within the COREWIND project destined to identify critical load 
cases that allows to assess the mooring and dynamic cable to the level required by the 
project. Hence in the following table, the specific DLC’s will be described. 

Ultimate Limit State (ULS) load cases are selected for the mooring and dynamic cable 
design. Then DLC 1.6, 6.1 and 6.2 are studied for this specific purpose as they generate 
large platform offsets and dynamic motions. 

 

DLC	for	moorings	

 

DLC Wind 

Marine Condition 

Turbine Duration Waves Wind & Wave 
misalignment 

Current Water 
level 

DLC 
1.6 

NTM 

Vin<Vhub<Vout 

SSS 

Hs=Hs,SSS 

COD, UNI NCM NWLR ±8º yaw 
misalignment 

3600s 
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DLC 
6.1 

EWM 

Vhub=Vref 

ESS 

Hs=Hs,50 

-30º, 0º & 30º 

MIS, MUL 

ECM 

U=U50 

EWLR ±8º yaw 
misalignment 

Possible yaw 
slippage 

3600s 

DLC 
6.2 

EWM 

Hub=Vref 

ESS 

Hs=Hs,50 

-30º, 0º & 30º 

MIS, MUL 

ECM 

U=U50 

EWLR ±180º yaw 
misalignment 

Loss of 
electrical 
network 

3600s 

NTM = Normal Turbulence Model 
EWM = Extreme Wind Model 
SSS = Severe Sea State 
ESS = Extreme Sea State 
COD = Co-directional 

UNI = Uni-directional  
NCM = Normal Current Model 
ECM = Extreme Current Model 
NWLR = Normal Water Level Range 
EWLR = Extreme Water Level Range 

Table 19. Load Cases for mooring design. 

For Power production design situation (DLC 1.6) the wind turbine is in operation and 
connected to the electrical grid. No fault situation occurs and the control system is active. 
The assumed wind turbine configuration shall take into account any rotor imbalance.  

 

For Parked design situation (DLC 6.1 and 6.2), the rotor of a parked wind turbine in stand-
by mode is at standstill or idling. If the wind turbine is subject to large yaw movements, 
changes in the operating condition or stand-by condition may occur during the increase in 
the wind speed from normal operation to the extreme condition. This behaviour shall be 
considered in the calculation. 

 

Description	of	the	DLC	1.6,	6.1	and	6.2		

DLC 1.6: The offshore wind turbine shall be considered in the event of a combination with 
a severe sea state (SSS). The significant wave height of each individual sea state shall be 
calculated according to the provisions from DNVGL-ST-0437 for Hs,SSS  [21]. 

 

DLC 6.1: An average oblique inflow of ± 8° shall be assumed, if it is ensured that the 
average yaw misalignment does not lead to larger values and that slippage of the yaw 
system can be excluded (in this case, an additional yaw error need not be considered). If 
this cannot be excluded, a yaw error of up to ± 180° shall be applied [21]. 
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DLC 6.2: A grid failure in an early stage of the storm with the extreme wind situation shall 
be assumed. A yaw error of up to ± 180° shall be assumed if no independent power 
supply is available. The independent power supply shall ensure at least 7 days of 
operation of the control and safety system and 6 hours of operation of the yaw system 
[21]. 

 

It has been studied that the design load case that affects the most to the mooring 
behaviour is DLC 1.6 which is the one that will be used for the dynamic case analysis. 
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Chapter	6.	 Static	optimization	
problem	

In this section, the design and modelling process of the static mooring lines will be 
described. The configuration depends on the offshore environment where the moorings 
will be installed and the external loads previously explained in 3.3. Furthermore, the 
optimization of the problem using the PSO algorithm will lead to the optimal solution for 
this simplified approach. 

 

6.1. Static	mooring	model	
The mooring design process faces its challenges on the dimensioning of the line [14]. It is 
important to maintain an equilibrium within the tension, high enough to withstand the 
wind turbine for a particular surge radius and avoid slackness on the line, and low enough 
so that the breaking strength is not exceeded in extreme conditions. In addition, two 
more factors play on the optimization of the line, so it has to be short for economic 
reasons, where the cost of the line is key to a project, as well the footprint generated on 
the environment. 

 

6.1.1. Mathematical	approach	of	the	catenary	
To have a general idea on the mooring line characteristics, an initial design based on a 
static analysis will give an overview of the equilibrium and configuration of the line. These 
can be seen in Figure 31. 

At first, a catenary configuration is selected. As seen above in chapter 2, it is mostly used 
in ballast and buoyancy systems meaning spars and semi-submersibles. The static analysis 
determines the equilibrium between constant or mean environmental loads and the 
restoring forces of the mooring line [17]. A static model can be described by the 
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equations deduced from applying equilibrium on the whole forces acting on a line 
segment. 

 

A catenary segment is subject to inner line tensions (𝑇), gravity force accounted by the 
weight of the line in the water (𝜔) and the mean hydrodynamic transversal (𝐹) and 
normal (𝐷) drag forces [50] developed in equations (6.53) and (6.54). Some of these 
parameters are represented schematically in Figure 31 where 𝑇 is the total inner tension 
and the horizontal and vertical components are represented as  𝑇f and 𝑇g. The angle (𝜑) 
between the chain and the seabed is 0º at the touchdown point and maximum at the 
fairlead where the line is connected to the spar structure.  

 

The distance of the first segment of the line, from the anchor to the touch down point is  
𝑥P while the full horizontal length from the anchor point to the fairlead is 𝑥. The depth of 
the sea is represented by 𝐻, however the vertical distance from the seabed to the fairlead 
point is ℎ. 

 

Figure 31. Catenary forces [76]. 

Fairlead 

Touch down 
point 
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The equilibrium of the inner tension forces acting on the line is given by the equation 
(6.40):  

R𝐹 = 0	 ⟶ � 𝑇f = 𝑇	𝑐𝑜𝑠𝜃
𝑇g = 𝑇	𝑠𝑖𝑛𝜃 = 𝜆𝑔𝑠 = 𝑤𝑠 (6.40) 

Where the line tension 𝑇 is the squared root function as in equation (6.41): 

 

𝑇 = �𝑇f+ + 𝑇g+ (6.41) 

Which can be translated geometrically into the differential of the horizontal and vertical 
components as in eq. (6.42): 

 

tan𝜑 =
𝑑𝑦
𝑑𝑥 (6.42) 

Developing the previous formulation, it can be obtained the slope function (6.43): 

 

tan𝜑 =
𝑑𝑦
𝑑𝑥 =

𝑇g
𝑇f

=
𝜆𝑔𝑠
𝑇f

=
𝑠
𝑎 (6.43) 

Where the term 𝑎 can be rewritten as: 

 

𝑎 =
𝑇f
𝜆𝑔 =

𝑇f
𝜔  (6.44) 

The Length differential as in equations (6.45) and (6.46) is performed to obtain the 
catenary line equation based on a hyperbolic function. 

 

𝑑𝑠 = �𝑑W+ + 𝑑c+  (6.45) 
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⎩
⎪
⎨

⎪
⎧𝑑𝑠
𝑑𝑥 =

√𝑎+ + 𝑠+

𝑎 														→ 𝑥 = 𝑎	𝑎𝑟𝑐𝑠𝑖𝑛ℎ -
𝑠
𝑎. + 𝐶-

𝑑𝑠
𝑑𝑦 =

√𝑎+ + 𝑠+

𝑠 					→ 𝑦 = �𝑎+ + 𝑠+ + 𝐶+

 (6.46) 

If we consider a coordinate system where the reference axis at the anchor point is 
(0, −𝐻) and at the fairlead is (𝑥, 0) and finally we assume 𝑠 = 0, we can solve the 
constant values of the equations (6.46) as follows in (6.47): 

 

�
𝐶- = 0

𝐶+ = −(𝐻 + 𝑎) (6.47) 

Finally, the cable configuration is a catenary curve equation expressed analytically as a 
hyperbolic cosine function in (6.48), derived from the previous equations: 

 

�
𝑠 = 𝑎		𝑠𝑖𝑛ℎ -

𝑥
𝑎.

ℎ = 𝑎 -𝑐𝑜𝑠ℎ
𝑥
𝑎
− 1.

 (6.48) 

 

Now the following equation gives the minimum suspended length required for a given 
fairlead tension. For initial calculations this is the desired pretension of the line: 

 

𝑙'$% = ℎ 8
2𝑇')W
𝜔ℎ − 1>

-
+
 (6.49) 

The horizontal force given at the fairlead tension is: 

 

𝑇f = 𝑇 − 𝜔ℎ (6.50) 

On the horizontal scope, the length in the plan view from fairlead to touchdown point is: 

 

𝑥 =
𝑇f
𝜔 sinh@- 8

𝜔𝑙'$%
𝑇f

> (6.51) 
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The vertical force given at the fairlead tension is: 

 

𝑇g = 𝜔𝑙'$% (6.52) 

 

The segment line forces scheme for the static catenary is represented in the following 
figure:  

 
Figure 32. Segment line forces scheme.[11, 29, 50] 

 

Which leads to the following equations developed form [11, 29]: 

 

𝑑𝑇 = %𝜔 sin(𝜑) − 𝐹 81 +
𝑇
𝐸𝐴>) 𝑑𝑠 (6.53) 

𝑇 · 𝑑𝜑 = %𝜔 cos(𝜑) + 𝐷 81 +
𝑇
𝐸𝐴>) 𝑑𝑠 (6.54) 

 

To solve these equations, the mooring line must be discretised in N+1 nodes forming n 
line elements. The elements composing the mooring lines are nodes (N) and segments 
(S)defined with two properties: weight per unit length (𝜔$) and length (𝑙$). Then, the 
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tension in each node is evaluated from the tension of the previous one. Therefore, the 
position of the nodes is evaluated based on the initial position. 

By using this method, the mooring line response is evaluated at any fairlead position and 
the forces on the top of the line are determined. This method can be modified to take 
into account the hydrodynamic forces in the static analysis. In addition, more complex 
geometries, such as delta connections, and external elements, such as clumps weights or 
buoys, can be included. The mooring system response is obtained by combining the 
forces on the fairleads of all mooring lines [29, 50]. 

 

6.2. PSO	Optimization	
First the objective function will be described, followed by the design variables who 
determine the dimension of the problem and finally the penalty terms.  

 

6.2.1. Objective	function	
Using the PSO code, the objective function is the result of the summation of the cost 
function plus the penalty terms:  

 

𝑓beT(L&$h( = 𝑓Lb>& + 𝑓;O  (6.55) 

 

The result is the objective function to be minimized with the PSO algorithm.  

Design	variables	

To find an optimal design, the main parameters to consider are the 5, which will 
determine dimension of the function. 

- Radius to anchor (r_anc)  
- Main length (l_main)  
- Delta length (l_delta) 
- Main diameter (d_main) 
- Delta diameter (d_delta) 
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Upper	and	lower	boundaries	

In order to obtain higher accuracy on the PSO search performance, the design variables 
from the initial predesign are limited to a 50% of the reference value. 

- Upper boundary (ub) = [800, 800, 80, 150, 150] 
- Lower boundary (lb) = [680, 680, 30, 30, 30] 

Platform	parameters	and	mooring	properties	

 

Platform parameters Value Unit 

Depth 200 m 

Platform radius [r_plat] 9.3 m 

Number of lines [nl] 3 - 

Draft of the fairlead 90 m 

Draft of the CoG 90 m 

Position of CoG [CoG_Pos] [0,0, -90] m 

Table 20. Platform properties definition for PSO code in python. 

 

The mooring properties are defined functions such as the line length, diameter, radius to 
anchor, the anchor angle and position respect to the mooring and the fairlead anchor and 
position. 

 

Mooring properties Value Unit 

Wet weight [w] 0.1875·d^2 N/m 

Line stiffness [EA] 9e4·d^2 N 

MBL [T_ultim] 27.4·(44-0.88·d) ·d^2 N 

Diameter [d] [delta; l1; l2] mm 

Length [l] [delta; l1; l2] m 

Table 21. Mooring properties definition for PSO code in python. 
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The position of each anchor and fairlead is updated when the external loads act on the 
floater due to the movement. To obtain the MBL formula as indexed in the table above, 
the rules for DNVGL-OS-302 have been followed for Grade R4 chain type. 

Mooring	response	

The mooring response is assessed by applying the static catenary equations for the trial 
point of the PSO by imposing a surge motion and yaw rotation of the structure.  

A surge motion is applied from -15 to 15 m on the X direction (wind direction as seen in 
Figure 29) with a static pitch of 3.5º to emulate the mean pitch due to the wind. The static 
global response of the mooring system is obtained in order to achieve the mean position 
of the structure due to the wind force (2300kN), and a dynamic motion of 3 m is added 
based on previous experience. Also the vertical force of the anchor is assessed. 

To ensure a proper response in yaw degree of freedom, the natural period should be 
below 11 s. Then, a static rotation is applied to the platform and the resultant moment is 
obtained.  

The stiffness (𝐾33) is obtained as the gradient of the moment respect to the yaw rotation. 
The natural period can be assessed as on the equation (6.56) where 1.95e+09 is the yaw 
inertia. 

𝑇33 =
2𝜋

�𝐾33/1.95i
 (6.56) 

 

6.2.2. Cost	function	
The aim of the optimization problem is to find a cost-effective station keeping 
configuration that fulfils the design criteria of the FOWT. The cost function represents the 
cost of the mooring system, however the price is replaced by the weight because is an 
equivalent value that can be used in a lack of information of real offshore mooring prices.  

The cost function can be defined as:  

 

𝑓Lb>& =
(𝑙')$% + 2 · 𝑙:(j&)) · 𝑤

2 · 𝑑𝑒𝑝𝑡ℎ · 𝑤"
 (6.57) 
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Where 𝑙')$% and 𝑙:(j&) are the lengths that compose the mooring line in [m], the wet 
weight of the chain in [N/m] is 𝑤 = 0.1875 · 𝑑+ and 𝑤" is the initial wet weight taken as 
80 N/m. The wet weight depends on 𝑑 (diameter), which includes both diameters of the 
chain (𝑑')$%, 𝑑:(&)). 

 

The equation is divided by 2 times depth in order to make it non-dimensional, then 
dimensionless penalty terms can be added to the function. A value of 2 is decided as a 
mean value, to make the catenary length between 2 and 3 time the seabed depth. 

 

6.2.3. Penalty	function	
Constraints are added as a summation to the cost function in form of penalty terms as 
explained in 4.3. The penalties adopted to the static analysis are the maximum tension 
limit, the limiting yaw period, and the anchor elevation from the seafloor. If these 
requirements are met, the PSO function can search an optimized value among the 
limitations of the upper and lower boundaries and the defined constraints. The Penalty 
Function for the static approach is defined as: 

 

𝑓;O = 𝑓O')W + 𝑓c)9 + 𝑓)%L  (6.58) 

 

Maximum	tensions	

The project is based on DNVGL-ST-0119, therefore the maximum tensions are determined 
as in section 5.4 in the design of the mooring lines. Note that the load cases selected for 
the thesis (DLC 6.1 and 6.2) need to comply with Ultimate Limit States (ULS) and 
consequence class 1, therefore the design load factors should be 𝛾'()%= 1.30, and 𝛾:c%= 
1.75 to obtain the required 𝑇:  from the equation (5.36) which should not exceed the 
characteristic capacity 𝑆L  of the mooring line. 

 

On the other hand, according to the American Petroleum Institute (API 2005) guidelines, 
the tension in the mooring line maximum tension is defined as a percentage of the 
minimum breaking load (MBL) specified for the material of the segment of chain. For the 
intact quasi-static analysis, the value should not exceed the 50% which is the equivalent 
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safety factor of 2.  Taking into account that the static analysis is less accurate, it has been 
decided to adopt a more limiting safety factor such as the one proposed by API. The 
violation function for the maximum tension is defined as in equation (6.59): 

 

𝐼𝑓						
𝑇')W
𝑀𝐵𝐿 ≥ 0.5 𝒱O')W =

𝑇')W
𝑀𝐵𝐿 − 0.5 (6.59) 

 

Following the principles of the Penalty function as explained in 4.3.2, and the equation 
(4.30) the penalty term for the maximum tension limit is defined as: 

 

𝑓O')W = 𝜃O')W · 𝒱O')WB%&'( 	 (6.60) 

Theta (𝜃) and gamma (𝛾) terms are conditional values selected as in 4.3.2 in equations 
(4.32) and (4.33). 

 

Yaw	period	

The yaw degree of freedom is governed by the inertia of the platform and the stiffness of 
the mooring system. The stiffness depends on the number of lines, tension of lines, radius 
to anchor and the connection typology (delta line).  

The design range remains between 7 to 14 seconds for the spar design, however in the 
constraint it is limited to a maximum of 11 seconds. Therefore, the violation function 
(6.61) is: 

𝐼𝑓					
𝑇33
11 > 1 𝒱c)9 =

𝑇33
11 − 1 (6.61) 

 

And its penalty term (6.62): 

 

𝑓k)9 = 𝜃O33 · 𝒱k)9B%)) 	 (6.62) 

Theta (𝜃) and gamma (𝛾) terms are conditional values selected as in 4.3.2 in equations 
(4.32) and (4.33). 
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Anchor	tension	

Finally, the last restricting parameter is considered in the anchor point. There must be a 
portion of line that remains on the seabed floor. The way to restrict the elevation of the 
catenary is by setting the vertical tension of the anchor to 0. Hence the minimum tensions 
should only be horizontal, letting the angles between the chain and the seafloor be 0 at 
the anchor point. The violation function (6.63) is: 

 

𝐼𝑓					𝐹𝑉)%LabN > 0 𝒱lg)%L =
𝐹𝑉)%LabN
𝑇4"

 (6.63) 

 

Where 𝐹𝑉)%LabN  is the vertical force on the anchor. If the Vertical force is bigger than 0, 
the violation terms adopt a value different from 0 to increase the final cost of the penalty 
function. And its penalty term is (6.64): 

 

𝑓)%L = 𝜃lg)%L · 𝒱lg)%LB*+',- 	 (6.64) 

Theta (𝜃) and gamma (𝛾) terms are conditional values selected as in 4.3.2 in equations 
(4.32) and (4.33). 
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6.2.4. PSO	performance	
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Figure 33. PSO performance for static analysis. 

6.3. Results	
	

PSO	performance	

The PSO problem has followed the steps as in the flowchart in Figure 33. The problem 
initializes at random location of the particles in the search area. After the initialization, 
constraints limit the search area so that particles can examine the with restrictions. 
Objective function values for all particles are calculated based on the initial positions. 
Moreover, some penalty factors are applied when constraints are violated. If all the 
constraints are satisfied, no penalties will be applied.  

 

Next step is to calculate personal and global best positions for all particles, and 
consequently, extract the position (x) based on the velocity (v). Following the iterations, 
an evaluation is made to compare personal and global best cases with the previous 
values, if these new values are better than the previous ones, an update is made. Then 
the process continues with updating velocities and positions accordingly. The operation is 
repeated until a convergence criterion (reaching the maximum number of iterations) is 
met. An example can be seen form the figure below: 

 

 

Figure 34. Example of PSO performance for a 5 variables static case with 100 iterations. 
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Here, the number of iterations (100) is seen on the X_axis while the evolution of the 
convergence is featured on Y_axis. The case for 5 variables reaches the convergence after 
100 iterations with its best performance at 3.7790 (best_y) and the resuts of the 
optimized catenary appear on Table 24. 

 

Results:	optimization	of	catenary	parameters	with	PSO	for	1	variable	

A first trial optimization is made for only one variable: the mooring line length. The rest of 
the values are set to the ones proposed on the original predesign, where the radius to 
anchor is 743 m, the delta length is 50 m, and diameters are 110 mm both for the main 
and delta lines. (See information from Table 16).  

 

dim pop max_iter Best_X Best_Y 

5 5 100 704.423917 77.50072 
5 10 100 704.423909 77.50061 
5 100 100 704.423891 77.50046 
5 200 100 704.423888 77.50045 

Table 22.PSO results: 1 variable -  static analysis -code 1. 

 

When running the first two cases for 5 and 10 swarms on population, one can realize that 
the performance of the PSO  converging at 77.5 is not providing good results. The first 
two cases delivered its  results after 2h running. A third case for 100 swarms presented 
results after 24h approximately without improving the results and the case of 200 swarms 
lasted 48h approx. 

 

After evaluating the function, it was observed that the anchor elevation was penalizing 
the result. The penalty term which was first simplified to the following values: 𝒱lg)%L =
2,				𝛾lg)%L = 2		𝑎𝑛𝑑			𝜃lg)%L = 300. It was then modified to the one presented in 
equation (6.63) and one case of a low swarm size of 5 particles was tested: 

 

dim pop max_iter Best_X Best_Y 

5 5 100 701.411181 54.84150 
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Table 23. PSO results: 1 variable -  static analysis -code 2. 

The minimum of the function is found when best_y is ends its iterations at a 54.84, which 
means the convergence does not find a good solution of the main line length as well, 
however, the result has improved significantly compared to the previous data according 
to the PSO best_y performance. On the other hand, the difference of the line length is not 
very significative, meaning there still exist a problem with the vertical tension at the 
anchor. To see graphically the results, the following figure presents the Static line 
dimension: 

 
Figure 35. Static line dimension (PSO-1 variable – code 2). 

 

Here one can observe the surge offset of the mooring line (in meters) according to the 
applied force in N. Principally the black line defines the vertical force of the anchor, which 
should always be 0 N, however it starts increasing between the static and dynamic surge 
offset (at 11 m). The green continuous line denotes the static surge and de discontinuous 
green line is the 3 m of added dynamic motion (based on experience). 

Note that the line that is being assessed is line 1 because is oriented to the worst wind 
case. Hence the Tension of the mooring line 1 (see continuous red line), never exceeds 
the maximum admissible tension (see discontinuous red line).  

It has to be noted that this results are obtained optimizing just one variable, meaning that 
the rest of parameters are based on the predesign of the catenary and limit the 
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optimization of the result. Consequently, the following evaluations are made for all of the 
variables that the cost function depends on.   

Results:	optimization	of	catenary	parameters	with	PSO	for	5	variables	

To evaluate the results on the PSO performance, three different calculations have been 
made with different populations sizes. Where X_1 is the radius to the anchor (r_anc), X_2 
is the length of the main line (l_main), X_3 is the length of the delta line (l_delta), X_4 is 
the diameter of the main mooring line (d_main) and X_5 is the diameter for the delta line 
(d_delta). 

 

dim pop max_iter Best_X Best_Y 
X_1 X_2 X_3 X_4 X_5 

5 70 100 771.076 699.443 79.961 150.000 100.747 3.8589 
5 100 100 800.000 728.199 80.000 150.000 100.747 3.9703 
5 1000 100 751.578 680.000 80.000 150.000 100.746 3.7790 

Table 24. PSO results:  5 variables - static analysis - code 1. 

 

The best performance is the one conducted by the case for 1000 swarms searching on the 
area, where the best_y is the smallest at 3.7790 appearing the results of the best_x 
performance on the table above.  

According to the stablished boundaries, the best performance for the radius to anchor is 
at 751.587 m, which is longer than the one in the predesign (743 m). As per the main line 
length and delta length, the first decreases from 700 m to 680 m (at the limiting lower 
boundary) while the second increases from 50 m (predesign) to 80 m (limiting upper 
boundary).  

A high value of the delta line increases stiffness to the moorings, however, an excessive 
value can decrease the Yaw angle and provide instability to the conjunct. The values 
directly related to the weight of the line which are the chain diameters, are smaller than 
the ones defined previously. While the original diameter was set to 160 mm for both the 
main and the delta line, the new optimized diameter for the main line is set to 150 mm 
and the one in the delta line is set to 100.746 mm.  

 

After evaluating the behaviour of the anchor vertical tension, there still existed an 
elevation as it can be seen in figure Figure 36. 
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Figure 36. Static line dimension (PSO-5 variables - code 1). 

 

The mistake was amended again by applying corrections on the penalty term and 
consequently an improvement was observed afterwards. With a population of 100 
swarms, the results for the optimized catenary were the following: 

 

dim pop max_iter Best_X Best_Y 
X_1 X_2 X_3 X_4 X_5 

5 100 100 791.554 779.992 30.465 150.000 94.209 1.2984 

Table 25. PSO results:  5 variables - static analysis - eval 2. 

 

Here, an increased radius to anchor and mooring line length values are obtained respect 
to the best performance of the previous design (1.2984 in best_y), however, the delta line 
has been reduced to a value close to its lower boundary limit. This means that the delta 
does not provide as much stiffness to the global line as previously obtained but it is 
beneficial for the yaw angle stability. The diameter dimensions have found a minimum 
value in 150 mm for the main line (as in code 1) and 94.2 mm which is a lower diameter 
for the delta line. 
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To observe graphically the improvement of the code, the following figure is plotted 
below:  

 
Figure 37. Static line dimension (PSO-5 variables - code 2). 

 

Here one can observe a better response. A vertical force of 0 N in the anchor is finally 
obtained all along the surge offset evaluation and the line tension (red continuous line) 
never reaches the maximum admissible tension (marked in a red discontinuous line). 

 

These results give a first idea, for a simple static design, of the optimized possible version 
of the catenary, where is possible to reduce weight even with a longer line and 
consequently, reduce the costs of the chain.   

 

The best performance on evaluation 1 needed 1000 swarms of population to reach the 
answer, however, in evaluation 2, only 100 swarms converged to a better solution. When 
comparing the 5-variable PSO performance before (eval1) and after (eval2) amending the 
mistake on the penalty term, the conclusion is that with a better defined code, the swarm 
size does not need to increase.   

 



Chapter 7. . Dynamic optimization problem 

 
 

 

 
91 

 
 

Chapter	7.	 Dynamic	optimization	
problem	

The dynamic response of the platform is done by using OpenFAST tool in order to observe 
its performance and optimize the mooring model afterwards. In the present chapter, the 
dynamic approach is defined as a lumped mass model and the PSO is then performed. 

 

7.1. Dynamic	mooring	model	
For the dynamic assessment, the mooring system is modelled with MoorDyn [15], a 
lumped-mass dynamic mooring model that captures dynamic effects such as line mass 
inertia, buoyancy, seabed contact and hydrodynamic forces on the line in still water. 
MoorDyn also allows modelling of multi-segmented mooring lines, including clump 
weights and buoyancy elements [49]. 

 

The MoorDyn tool operates in 3 steps: 

- Step 1. It creates a model that computes each node position, based on the 
provided input file (see 7.2). and then determines the initial equilibrium state of 
the platform. 

- Step 2. Dynamic relaxation is used to allow the system to settle the initial 
equilibrium, including dynamic drag and acceleration forces. 

- Step 3. At each time step, MoorDyn calculates the tension at each fairlead and the 
motion (position + velocity + acceleration) of each node. 

 

The dynamic solver is sensitive to the choice of input parameters. MoorDyn is meant to 
be used in conjunction with another program that tells it how the fairlead ends of the 
mooring lines are moving. In this case, the program used is OpenFAST simulator [33]. 
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7.1.1. Lumped	mass	model	
The lumped-mass approach takes the full cable dynamics and hydrodynamics into 
account, as well as seabed interactions by a vertical spring-damper system. MoorDyn uses 
this model to discretize the cable dynamics over the length of the mooring line. The cable 
is split into N evenly-sized line segments and N+1 nodes from the anchor to the floating 
platform. Indexing starts at the anchor [35]. 

 

 

Figure 38. Lumped mass model scheme. 

 

Each node position defined by a vector (r). Each segment of the cable has identical 
properties (unstretched length, diameter, density, Young Modulus). The end of each 
mooring line is defined by connection objects considered as a special node type.  

Hydrodynamic loads are calculated directly at the node points instead of the mid-
segment to ensure the ensure damping of transverse cable vibrations having a 
wavelength of twice the cable segment length. The hydrodynamic on the cable are 
calculated using Morison’s equation. 

The Motion equations can be written as: 

 

¡𝑀$ +𝑀),$¢𝑟m̈ = (𝑡$ − 𝑡$@-) + (𝑐$ − 𝑐$@-) + 𝑤$ + 𝑏$ + 𝑑&,$ + 𝑑%,$  (6.65) 
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Where 𝑀$ +𝑀),$  are the mass and hydrodynamic added mass of the cable. The structural 
tension and damping in the cable on either side of the lumped mass are 
𝑡$ , 𝑡$@-, 𝑐$ 	𝑎𝑛𝑑	𝑐$@-.  

 

The gravitational force on the cable minus the buoyancy of the cable in water is 𝑤$. The 
seabed interaction with vertical stiffness, damping and horizontal friction is represented 
with 𝑏$  , and the tangential and normal hydrodynamic drag on the cable is denoted by 
𝑑&,$ 	𝑎𝑛𝑑	𝑑%,$. Finally, the position, velocity and acceleration vectors of the lumped masses 
are defined as 𝑟$ , 𝑟ṁ	𝑎𝑛𝑑	𝑟m̈ respectively. The forces on the mooring are described as in 
Figure 39. To follow the equation defined previously. 

 
Figure 39. Free body diagram of the mooring line lumped-mass and forces. 

 
 

7.2. FAST	model	
In order to model the WindCrete platform in FAST, the tower and the substructure have 
to be defined separately. The tower base height set in the WindCrete FAST model 
preserves the tower base height of the monopile model to support the IEA-15 MW 
reference wind turbine. However, the tower height is reduced to 129.495m. Then, in the 
WindCrete FAST model the lower part of the tower is included in the substructure. The 
Figure 40 shows a sketch of the separation between the tower and substructure modelled 
in FAST. 
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Figure 40. Substructure + tower [m]. Values for FAST modelling. 

 

The elastic tower model in FAST is discretized in 20 sections from the bottom to the top. 
The overall stiffness of the tower ensures a stiff-stiff behaviour against the 1P and 3P 
rotor frequencies. 

To compute the aerodynamics loads on the tower, its diameter is defined every 10 
meters, which leads to 13 points tower discretization. The diameter is bigger at the base 
with 12.42 m at a tower elevation of 15 m and decreases its diameter until it arrives to 
the tower top at 129.495 m elevation with 6.5 m.  

The substructure in FAST is modelled as a rigid body defined by its properties from the 
canter of mass of the floater [49]. 

 

WindCrete substructure FAST properties Values Units 

Total mass 3.655e+07 kg 

Concrete mass 1.148e+07 kg 

Ballast mass 2.507e+07 kg 

Centre of mass (CM) height -113.08 m 

Ixx from WindCrete substructure CM 5.590e+10 Kg·m2 

Iyy from WindCrete substructure CM 5.590e+10 Kg·m2 

Izz from WindCrete substructure CM 1.828e+09 Kg·m2 
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Table 26. WindCrete substructure FAST values. 

7.3. PSO	Optimization	
 

7.3.1. Objective	function	
This time the optimization is for a dynamic model, here the objective function is the same 
as in the static case (see equation (6.55)). Again, the same design variables, platform 
parameters and mooring properties are applied. On the other hand, this time, instead of 
introducing the mooring response as part of the code in the objective function, a FAST 
script will be called with the dynamic simulations. The analysis is made according to 
DNVGL standards and the design load case DLC 1.6 is evaluated, where a severe sea state 
condition is affecting the wind turbine under power production condition connected to 
the electrical grid. This situation produces a yaw misalignment and control system delays. 

 

7.3.2. Cost	function	
The cost function is defined as in 6.2.2 equation (6.57). As mentioned preciously, a 
dimensionless result is considered in order to use penalty terms on the function. Then  
constraints can be considered in the PSO optimization performance.   

 

7.3.3. Penalty	function	
The Penalty Function for the dynamic approach is defined as: 

 

𝑓;O = 𝑓O')W + 𝑓)%L + 𝑓c)9 + 𝑓n$&La + 𝑓>,NV( + 𝑓)LLf + 𝑓)LLg  (7.66) 

 

For the dynamic case, more constraints are added based on motion valid ranges and 
acceleration valid ranges as explained in 5.4. These include the maximum yaw, pitch and 
surge, the maximum vertical and horizontal accelerations, the maximum tension of the 
line and the vertical tension at the anchor as in the static case.  
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Maximum	tensions	

This time, following the same steps as per the static constraints, the maximum tension 
will be studied for the ULS state in consequence class 1 when following DNVGL-ST-0119.  

Now, instead of 0.5 of exceedance as in the static case, for the dynamics, a 60% of the 
MBL is taken into account as stated in API standards for dynamic analysis, which is more 
restrictive than DNVGL standards and in this thesis it has been tried to be as conservative 
as possible with the results obtention. The violation function (7.69) and penalty term 
(7.69): 

𝐼𝑓						𝑚𝑎𝑥 8
𝑇')W')$%
𝑀𝐵𝐿')$%

,
𝑇')W:(j&)
𝑀𝐵𝐿:(j&)

	> ≥ 0.6 (7.67) 

 

𝒱O')W = 𝑚𝑎𝑥 8
𝑇')W')$%
𝑀𝐵𝐿')$%

,
𝑇')W:(j&)
𝑀𝐵𝐿:(j&)

	> − 0.6 
(7.68) 

 

𝑓O')W = 𝜃O')W · 𝒱O')WB%&'(  

 

(7.69) 

 

Where the condition is met for the maximum between the two values of maximum 
tension of the main line  (𝑇')W')$%) or the maximum tension of the delta line 
(𝑇')W:(j&)). 

 

Anchor	tensions	

As in the static case, the violation factor is equation (7.70) and the penalty term is (7.71). 

 

𝐼𝑓					𝐹𝑉)%LabN > 0 𝒱lg)%L =
𝐹𝑉)%LabN
𝑇4"

 (7.70) 

 

𝑓)%L = 𝜃lg)%L · 𝒱lg)%LB*+',-  

 

(7.71) 

Theta (𝜃) and gamma (𝛾) terms are conditional values selected as in 4.3.2 in equations 
(4.32) and (4.33). 
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The Maximum Yaw, Pitch and Surge are defined following the CoreWind design basis as in 
Table 14. Motions criteria during Operation, Idling and Emergency stop [49]. 

 

Maximum	Yaw		

Where the violation factor is equation (7.72) and the penalty term is (7.73). 

 

𝐼𝑓					𝑀𝑎𝑥k)9 > 15 𝒱k)9 = 2,				𝛾k)9 = 2,				𝜃k)9 = 300 (7.72) 

 

𝑓k)9 = 𝜃O33 · 𝒱k)9B%))  

 

(7.73) 

 

Maximum	Pitch	

Where the violation factor is equation (7.74) and the penalty term is (7.75): 

 

𝐼𝑓					𝑀𝑎𝑥;$&La > 5.5 𝒱;$&La = 2,				𝛾;$&La = 2,				𝜃;$&La = 300 (7.74) 

 

𝑓;$&La = 𝜃;$&La · 𝒱;$&LaB"./-0  

 

(7.75) 

 

Maximum	Surge	

Where the violation factor is equation (7.76) and the penalty term is (7.77): 

 

𝐼𝑓					𝑀𝑎𝑥o,NV( > 15 𝒱o,NV( = 2,				𝛾o,NV( = 2,				𝜃o,NV( = 300 (7.76) 

 

𝑓o,NV( = 𝜃o,NV( · 𝒱o,NV(B12345  

 

(7.77) 

 

For the accelerations of the platform, Table 15. Acceleration limits during operation and 
Survival [49]. Is used. 
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Maximum	Horizontal	acceleration	

Where the violation factor is equation (7.78) and the penalty term is (7.79): 

 

𝐼𝑓					𝑀𝑎𝑥SLLf > 2.8 𝒱SLLf = 2,				𝛾SLLf = 2,				𝜃SLLf = 300 (7.78) 

 

𝑓SLLf = 𝜃SLLf · 𝒱SLLfB6--7  

 

(7.79) 

 

Maximum	Vertical	acceleration	

Where the violation factor is equation (7.80) and the penalty term is (7.81): 

 

𝐼𝑓					𝑀𝑎𝑥SLLg > 2.8 𝒱SLLg = 2,				𝛾SLLg = 2,				𝜃SLLg = 300 (7.80) 

 

𝑓SLLg = 𝜃SLLg · 𝒱SLLgB6--+  

 

(7.81) 
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7.3.4. PSO	performance	

 
Figure 41. PSO performance for dynamic analysis. 
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7.4. Results	
PSO	performance	

As seen previously, the PSO flowchart in Figure 41 returns the main parameters of the 
line that depend n the cost function (length, diameter and radius to anchor). This time, 
the number of penalty terms increases as there are more conditions to be satisfied 
according to the motions performance of the platform.  
 
 

Results:	optimization	of	catenary	parameters	with	PSO	for	1	variable	

Now the problem complexity increases not only because a dynamic performance is higher 
than a static one, but the problem analysis has more restrictions now regarding the 
penalty function. 

  

Unfortunately, results have not been obtained because of a computer failure during the 
calculations and lack of time, however, these results should present values similar to the 
previous analysis as in the static design but with higher accuracy. Furthermore, these part 
of the work is proposed to be considered as future investigation prospects.   
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Chapter	8.	 Conclusions	
In this thesis named Optimization of the station keeping system for the WindCrete 
FOWT, first a compilation of the actual station keeping systems is made. All those 
components and types mostly used for floating offshore wind projects and future 
installations are contemplated and described. Moreover, the offshore modelling is part of 
the study since these installations depend on the environment behaviour.  

 

To carry out the project, a wind turbine reference of 15MW studied by the NREL and the 
concrete spar platform (WindCrete) investigated on the CoreWind Project have been 
used. The aim was to consider the predesign of its mooring system, provided on the 
project and optimize it in order to withstand the offshore loads and without 
compromising the safety of the structure during its 50 years period return. 

 

The moorings consist on three lines distributed 120º evenly around the floater in a 
catenary shape. A delta arrangement provides sufficient stiffness to the mooring 
configuration without increasing the yaw period. Python scripts have been developed to 
interpret the floater performance and calculate the new parameters for the optimized 
catenaries. To obtain the new length, diameter and radius to anchor of the lines, the most 
affected line has been considered, meaning the one that receives the higher offshore 
loads due to its orientation. 

 

During the calculations, it has been noted some mistakes reported static results, the 
codes have been differentiated as code 1 (with some mistakes) and code 2 (corrected). 
Being the first code the one with a mistake on  the penalty term at the vertical tension of 
the anchor, which should return a value of 0 N along the whole evaluation. When the 
mistake was amended (code 2), many cases had been tested already and it was decided 
to compare them in order to conduct more tests for further work. 
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Some evolutionary algorithms have been studied to run the optimization, including 
genetic algorithms (GA) or simulated annealing (SA) among others that are extensively 
used for engineering problems. Many hybrid techniques also exist or have been 
developed as an evolved version of all these metaheuristic algorithms,  however the 
purpose of the thesis was to provide open source tools. Hence PSO classic algorithm has 
been decided as the optimizer because of its simplicity balanced with its accuracy of the 
results. A summary of the PSO evaluations can help to clarify the obtention of results: 

- A first  evaluation of the objective function (designed to optimize 5 variables) was 
made for 1 variable only. The purpose was to observe the performance of the 
algorithm in calculations that could take less time to evaluate (approx. 2 h). Four 
cases of 5, 10, 100 and 200 swarms were launched and the performance was very 
poor (best_y = 77.5). Case conducted with code 1. 
 

- After an evaluation of the previous case a maladjustment of the code was noted. 
The mistake was amended and a second evaluation evolved to better results, even 
though these were not the best, the PSO performance with 5 swarms of 
population, which is very low size, was already better than the previous case 
(best_y = 54.84). Case conducted with code 2. 
 

- At the same time, 3 cases were launched with code 1 to evaluate the 5-
dimensional problem. A PSO performance of best_y= 3.8, 3.9 and 3.7 were 
obtained for 70, 100 and 1000 swarms respectively. The anchor elevation due to a 
vertical tension was still appearing on the solution. 
 

- A case of 100 swarms with code 2 assessing the 5 variables was launched and the 
performance was already better than in the previous case for 1000 swarms, where 
best_y = 1.298. Here, the anchor vertical tension was giving the expected 
response of 0 N.  
 

From the thesis one can learn that with the evolutionary algorithms a good level of 
optimization for complex problems can be reached. In the static case, for 100 swarms, a 
good solution can be reported. On the other hand, it has been observed a high 
computational time for elevated swarm sizes using the classical PSO method.  

It can be concluded that, regarding the difficulties, the aim of finding an open tool able to 
minimize the complex problem that the thesis presented, has been achieved. 
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Chapter	9.	 Further	work	
 

The ambitious prospects of the thesis have been reflected on the lack of time, however, 
there is the great part of the work done and ready to perform most of the calculations. 
One can note that due to high computational time, few results have been obtained. 
Therefore, further work would consist on using the actual code on the Annex to verify the 
cases varying the swarm size (from 100 to 500 particles) and iterations (from 50 to 500) 
and confirm the first hypothesis extrapolated form the static case, which can be extended 
to the dynamic case as well.  

 

Further work would consist on performing  the basic dynamic Load Cases (DLC1.6) in 
order to verify that an optimization process is suitable for these moorings. To do so, 
several tests should be performed for the time domain analysis, firstly for a short time 
and low swarm size on the PSO, and secondly by increasing the performance for 1h to 
verify a real case, increasing the optimization algorithm parameters such as swarms and 
iterations as well. Finally, analysing extreme design load cases (DLC) would be a third 
proposal that could be compared to the work started on the present thesis and the other 
proposed lines of investigation.  
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Annex	A1. FOWT	projects		
Some of the projects under construction, development or planification for offshore 
floating wind [38]. 

 

Project Owner/ Developer Location 
Total 

capacity 
[MW] 

Status 
Installation 

Year 

Kincardine KOWL (Cobra) UK 50 
In 

construction 
2021 

WindFloat 
Atlantic 

WindPlus = 

EDP, Engie, Repsol, 
Principle Power 

(design) 

Portugal 25 

Construction 
(1st turbine 
producing 

since 
31/12/19) 

2020 

Hibiki IDEOL Japan 3 

Operation 

Full-scale 
demonstrator 

2018 

Floatgen 
IDEOL/ Uni of 

Stuttgart/ ECN/ RKS 
France 2 

Operation 

Full-scale 
demonstrator 

2018 

Kincardine 
Pilot 

Pilot Offshore 
Renewables Limited 

UK 2 
Operation 

First turbine 
2018 

Hywind 
Scotland 
Pilot park 

Equinor/ Masdar UK 30 

Operation 

Floating pilot 
park 

2017 
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Fukushima 
Shimpuu 

Mitsubishi Japan 7 

Operation 

Full-scale 
demonstrator 

2016 

Fukushima 
Hamakaze 

Japan Marine United Japan 5 

Operation 

Full-scale 
demonstrator 

2016 

Sea Twirl Sea Twirl Sewden 0.3 
Operation 

demonstrator 
2015 

Fukushima 
Kizuna 

Japan Marine United Japan N/A 

Operation 

Full-scale 
demonstrator 

2013 

Fukushima 
Mirai 

Mitsui Sozen Japan 2 

Operation 

Full-scale 
demonstrator 

2013 

Hywind 
demo 

UNITECH Offshore/ 
Equinor/ Siemens 

Wind Power 
Norway 2.3 Operation 2009 

      

Pivot Buoy 
- POLCAN 

X1 Wind/ Financed by 
Europen Union 
(Horizon2020) 

Spain 0.225 

Planned 

Scale 
demosntrator 

2021 

Tetra Spar 
Demo 

Innogy SE, Shell New 
Energies, Stisedal 

Offshore Technologies 
Norway 3.6 

Planned 

Full-scale 
demonstrator 

2021 

Provence 
Grand 
Large 

EDF Renewables France 24 
Planned 

Pilot farm 
2021 

DemoSATH 
Saitec Offshore 

Technologies S.L.U. 
Spain 2 

Planned 

Full-scale 
2021 
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demosntrator 

SeaTwirl 
S2 

SeaTrirl AB/ Colruyt/ 
NorSea Group 

Norway 1 

Planned 

Full-scale 
demonstrator 

2022 

Golfe du 
Lion 

ENGIE - EDPR France 30 
Planned 

Pilot farm 
2022 

Hywind 
Tampen 

Equinor (+ partners at 
Gulfaks and Snorre 
supporting 2 O&G 

platforms) 

Norway 88 
Planned 

Wind farm 
2022 

Groix & 
Belle-ille 

EOLFI - CGN France 28.5 
Planned  

Pilot farm 
2023 

EolMed Quadran – IDEOL France 28.5 
Planned  

Pilot farm 
2023 

RedWood 
Coast 

RCEA USA 150 
Planned 

Wind Farm 
2024 

Saipem 
Hexafloat 
Windpark 

Plambeck Emirates 
LLC 

Saudi - 
Arabia 

500 

Planned 

Full scale 
prototype 

2030 

Table 27. FOWT projects under construction, development or planification. 
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Annex	A2. Rules	and	standards	for	
floating	offshore	wind	moorings	

Some of the regulations covering the design of mooring systems are shown in the 
following table [38]. 

 

American Petroleum Institute (API) 

API RP 2I In-service Inspection of Mooring Hardware for Floating Structures 

API RP 2MIM Mooring Integrity Management 

API RP 2SK 
Design and Analysis of Station Keeping Systems for floating 
structures 

API RP 2SK (4th 
edition) 

An Updated Station keeping Standard for the Global Offshore 
Environment 

API RP 2SM 
Design, Manufacture, Installation, and Maintenance of Synthetic 
Fiber Ropes for Offshore Mooring 

API Spec 9A Wire rope 

API Spec 2F Mooring chain 

International Organization of Standardization (ISO) 

ISO 19901-7 
Part 7: Station keeping systems for floating offshore structures and 
mobile offshore units 

ISO 18692 Fiber ropes for offshore station keeping – Polyester 

American Bureau of Shipping (ABS) 

ABS-39 Guidance for the certification of offshore mooring chains 
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ABS-90 
Guidance Notes on the Application of Fiber Rope for Offshore 
Mooring 

ABS-286 Guidance Notes on Nearshore Position Mooring 

ABS-292 Guide for Position Mooring Systems 

ABS-294 Guidance Notes on Mooring Integrity Management 

Bureau Veritas (BV) 

BV-NR493 
Rules for the classification of mooring systems for permanent and 
mobile offshore units 

Det Norske Veritas (DNV GL) 

DNVGL-OS-E301 Position mooring D 

DNVGL-OS-E302 Offshore mooring chain 

DNVGL-OS-E303 Offshore fibre ropes 

DNVGL-OS-E304 Offshore mooring steel wire ropes Damage 

DNVGL-RP-E304 Damage assessment of offshore fibre ropes for offshore mooring 

DNVGL-RP-E305 Design, testing and analysis of offshore fibre ropes 

DNV-RP-E303 Geotechnical Design and Installation of Suction Anchors in Clay 

DNVGL-ST-N001 Marine operations and marine warranty 

Table 28. Rules and standards for offshore moorings. 
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Annex	A3. Python	code	
 

A3.1. PSO	optimization	
import numpy as np 

from sko.PSO import PSO 

from Main_QS_objectivefun import MooringQS_Objective 

 

max_iter = 100 

pop = 10 

#constraint_ueq = MooringQS_Constraints 

pso = PSO (func = MooringQS_Objective,  

          dim = 1,  

          pop = pop,  

          max_iter = max_iter,  

          lb = [680], 

          ub = [800], 

          ) 

pso.record_mode = True 

pso.run() 

print('population is ', pop, 'max_iter is ', max_iter,'\n') 

print('best_x is ', pso.gbest_x, 'best_y is', pso.gbest_y) 

 

OutFileName = 'QStatitOpti_pop_' + str(pop) + '_Maxiter_' + 
str(max_iter) + '.out' 

file = open('OutFileName') 

file.write('population is ', pop, 'max_iter is ', max_iter,'\n') 

file.write('best_x is ', pso.gbest_x, 'best_y is', pso.gbest_y) 
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file.close() 

 

import matplotlib.pyplot as plt 

 

plt.plot(pso.gbest_y_hist) 

plt.show() 

 

A3.2. Static	model	for	1	variable	
import numpy as np 

import math as m 

from MooringQS_vpau import MooringSystemRespone 

 

def gir_z(theta): 

    C = np.array([[m.cos(theta), -m.sin(theta), 0],[m.sin(theta), 
m.cos(theta), 0],[0, 0, 1]]) 

    return C 

 

def gir_y(theta): 

    C = np.array([[m.cos(theta), 0, m.sin(theta)],[0, 1, 0],[-
m.sin(theta), 0, m.cos(theta)]]) 

    return C 

 

def MooringQS_Objective(X): 

    r_anc1 = 743 

    l_main = X[0] #700 aprox 

    l_delta = 50  

    d_main = 110 

    d_delta = 110 

     

     

 

    # WINDCRETE MOORING SYSTEM DESIGN 

    g  = 9.81;          # gravity 

     

    # SITE PARAMETERS 
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    depth = 200;        # [m] depth 

     

    # PLATFORM PARAMETERS 

    r_plat = 9.3;       # [m] Platform radius 

    nl=3;               # number of lines 

    draft_fairlead = 90 

    draft_cdg = 90 

    CoG_Pos = np.array([0, 0, -draft_cdg]) 

     

    # MOORING PROPERTIES 

    # r_anc1= 600;      

    r_anc = np.array([r_anc1,r_anc1,r_anc1])    # [m] Radius to 
Anchor 

     

     

    Anchor_theta = np.zeros((nl)) 

    for i in range(nl): 

        Anchor_theta[i] = 360 / nl * (i) * m.pi/180; 

     

     

    Fairlead_theta = np.zeros((nl,2)); 

    for i in range(nl): 

        Fairlead_theta[i,:] =  Anchor_theta[i] + np.array([-360 / nl 
/ 2, 360 / nl / 2]) * m.pi / 180;   

     

     

    Fairlead_Pos0 = np.zeros((nl,2,3)); 

    for i in range(nl): 

        R0 = np.concatenate((-r_plat * 
np.cos(Fairlead_theta[i,:][None,:]), -r_plat * 
np.sin(Fairlead_theta[i,:][None,:]), np.array([(-draft_fairlead), (-
draft_fairlead)])[None,:]),0) 

        RF = np.matmul(gir_y(3.5*m.pi/180),R0) 

        Fairlead_Pos0[:,:,i] =RF 

#        Fairlead_Pos0[:,:,i] = np.concatenate((-r_plat * 
np.cos(Fairlead_theta[i,:][None,:]), -r_plat * 
np.sin(Fairlead_theta[i,:][None,:]), np.array([(-draft_fairlead), (-
draft_fairlead)])[None,:]),0) 
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    Anchor_Pos = np.zeros((nl,3)) 

    for i in range(nl): 

        Anchor_Pos[:,i] = np.matmul(gir_z(Anchor_theta[i]), [[-
r_anc[i]], [0], [-depth]])[:,0] 

        #posició de les àncores, cada columna una àncora diferent, 
files = [x, y,z] [A1 A2 A3] 

     

     

    l = np.array([[l_delta, l_delta, l_delta], 

                 [0, 0, 0], 

                 [l_main, l_main, l_main]] 

                 )            #[m] length of segments [delta; l1; l2] 

 

    d = np.array([[d_delta, d_delta, d_delta], 

                 [d_main, d_main, d_main],  

                 [d_main, d_main, d_main]] 

                 )            #[mm] diameter [delta;l1;l2] 

     

    w = 0.1875 * d**2;        #[N/m] wet weight 

    EA = 9e4 * d**2;          #[N] line stiffness 

    T_ultim = 27.4 * (44 - 0.08 * d) * d**2;     #[N] MBL 

    W_mort = 0;               #[N] Dead weight Weight. between line 1 
and 2 

     

     

    ## Initail mooring response 

    from MooringQS_vpau import MooringSystemRespone 

    [F_Resultant_0, M_Resultant_0, Force_0, T1a_0, T1b_0, T2_0, T3_0, 
T4_0, FV_Anchor_0, L_seabed_0] = MooringSystemRespone(Fairlead_Pos0, 
Anchor_Pos, l, w, EA, W_mort, nl, CoG_Pos); 

      

     

    # SURGE RESPONSE 

    dX = 1 

    X_1 = np.linspace(-15,15,31) 

    nx1 = len(X_1) 
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    # variables 

    F1 = np.zeros((3, nx1)) 

     

    R1 = np.zeros((3, nx1)) 

    T1_main1  = np.zeros((1, nx1)) 

    T1_main2  = np.zeros((1, nx1)) 

    T1_delta = np.zeros((1, nx1)) 

     

    T2_main = np.zeros((1, nx1)) 

    T2_delta = np.zeros((1, nx1)) 

     

    T3_main = np.zeros((1, nx1)) 

    T3_delta = np.zeros((1, nx1)) 

     

    FV_anchormax = np.zeros((1, nx1)) 

    TAnchor1 = np.zeros((1, nx1)) 

    TAnchor2 = np.zeros((1, nx1)) 

    TAnchor3 = np.zeros((1, nx1)) 

     

    F11 = np.zeros((3, nx1)) 

    F12 = np.zeros((3, nx1)) 

    F21 = np.zeros((3, nx1)) 

    F22 = np.zeros((3, nx1)) 

     

    F31 = np.zeros((3, nx1)) 

    F32 = np.zeros((3, nx1)) 

     

    Fairlead_Pos = np.zeros((3,2,3)) 

     

    for k in range(nx1): 

        #------------------------ 

        r1 = np.array([X_1[k], 0, 0]) 

        for i in range(nl): 
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            Fairlead_Pos[:,:,i] = 
np.concatenate((r1[:,None],r1[:,None]),1) + Fairlead_Pos0[:, :, i] 

             

         

        [F_Resultant, M_Resultant, Force, T1a, T1b, T2, T3, T4, 
FV_Anchor, L_seabed] = MooringSystemRespone(Fairlead_Pos, Anchor_Pos, 
l, w, EA, W_mort, nl, CoG_Pos); 

     

        R1[:, k] = F_Resultant; 

        T1_main1[0,k] = T2[0,0]; 

        T1_main2[0,k] = T2[0,1] 

        T1_delta[0,k] = max([T1a[0,0], T1b[0,0]]); 

     

        T2_main[0,k] = T2[0,1]; 

        T2_delta[0,k] = max([T1a[0,1], T1b[0,1]]); 

     

        T3_main[0,k] = T2[0,2]; 

        T3_delta[0,k] = max([T1a[0,2], T1b[0,2]]); 

         

        FV_anchormax[0,k] = np.max(FV_Anchor); 

         

        TAnchor1[0,k] = T4[0,0]; 

        TAnchor2[0,k] = T4[0,1]; 

        TAnchor3[0,k] = T4[0,2]; 

         

        F11[:,k] = Force[0:3,0]; 

        F12[:,k] = Force[3:6,0]; 

        F21[:,k] = Force[0:3,1]; 

        F22[:,k] = Force[3:6,1]; 

     

        F31[:,k] = Force[0:3,2]; 

        F32[:,k] = Force[3:6,2]; 

     

        F1[:,k] = F_Resultant; 

     

     

    # YAW RESPONSE 
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    dRZ = 1*m.pi/180 

    RZ = np.linspace(-2*m.pi/180, 20*m.pi/180, 41) 

    nrz = len(RZ); 

     

    #variables 

    F6 = np.zeros((3, nrz)) 

    M6 = np.zeros((3, nrz)) 

     

    for k in range(nrz): 

        for i in range(nl): 

            Fairlead_Pos[:,:,i] = np.matmul(gir_z(RZ[k]), 
Fairlead_Pos0[:, :, i]) 

     

        [F_Resultant, M_Resultant, Tension, T1a, T1b, T2, T3, T4, 
FV_Anchor, L_seabed] = MooringSystemRespone(Fairlead_Pos, Anchor_Pos, 
l, w, EA, W_mort, nl, CoG_Pos); 

     

        F6[:,k] = F_Resultant; 

        M6[:,k] = M_Resultant; 

     

     

     

    # ANALYSIS 

    import scipy.interpolate 

    from scipy import interpolate 

     

     

    #variables 

    Fwind = 2300e3 

    incX_dynamic = 3 

     

    K11 = np.gradient(F1[0,:],dX) 

    FK11_0 = interpolate.interp1d(X_1,K11) 

    K11_0 = FK11_0(0) 

    MBL_main = T_ultim[1,0]   

    MBL_delta = T_ultim[0,0]   
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    if -F1[0,-1] > Fwind: 

        FX_rated = interpolate.interp1d(F1[0,:],X_1) 

        X_rated = FX_rated(-Fwind) 

         

        if  X_rated + incX_dynamic < X_1[-1]: 

            X_ratedDyn = X_rated + incX_dynamic 

             

            FFV_Anchor = interpolate.interp1d(X_1,FV_anchormax) 

            FV_AnchorMax = FFV_Anchor(X_ratedDyn) 

             

            FTensionMain_max = interpolate.interp1d(X_1,T1_main1) 

            FTensionDelta_max = interpolate.interp1d(X_1,T1_delta) 

            FTension_min = interpolate.interp1d(X_1,T1_main2) 

         

            TensionMain_max = FTensionMain_max(X_ratedDyn) 

            TensionDelta_max = FTensionDelta_max(X_ratedDyn) 

            Tension_min = FTension_min(X_ratedDyn) 

 

            K66 = np.gradient(M6[2,:],dRZ); 

            FK66_0 = interpolate.interp1d(RZ,K66) 

            K66_0 = FK66_0(0) 

             

            T11 = 2 * m.pi / m.sqrt(np.abs(K11_0)/(4.3e7*2)) 

            T66_0 = 2 * m.pi / m.sqrt(np.abs(K66_0)/(1.95e+09)) 

            Tmax_main = TensionMain_max[0] 

            Tmax_delta = TensionDelta_max[0] 

            Tmin = Tension_min[0] 

        else: 

            T66_0 = 60 

            Tmax_main = MBL_main 

            Tmax_delta = MBL_delta 

            Tmin = 0.01*MBL_main 

            FV_AnchorMax = 1 

    else: 

        FV_AnchorMax = 1 
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        T66_0 = 60 

        Tmax_main = MBL_main 

        Tmax_delta = MBL_delta 

        Tmin = 0.01*MBL_main 

    # 

    nX0_1 = 15 

    #x_mean25Hs = interpolate.interp1d(F1[0,:], X_1, Fwind); 

 

 

    # CONSTRAINTS: PENALTY FUNCTION     

    # [KN] R4 studless chain 122 mm 

     

    # Maximum tension  

    if max([Tmax_main/MBL_main,Tmax_delta/MBL_delta]):  #Tmax / MBL > 
0.5: 

        v_cons_Tmax = max([Tmax_main/MBL_main,Tmax_delta/MBL_delta])-
0.5   #(Tmax/MBL)-0.6 

        if v_cons_Tmax < 1: 

            gamma_Tmax = 1 

        else:  

            gamma_Tmax = 2 

             

        if v_cons_Tmax < 0.001: 

            theta_Tmax = 10 

        elif v_cons_Tmax < 0.1: 

            theta_Tmax = 20 

        elif v_cons_Tmax < 1: 

            theta_Tmax = 100 

        else: 

            theta_Tmax = 300 

    else: 

        v_cons_Tmax = 0 

        gamma_Tmax = 1 

        theta_Tmax = 1 

     

    # Yaw period  
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    if T66_0/11 > 1: 

        v_cons_T66 = T66_0 / 11 - 1 

        if v_cons_T66 < 1: 

            gamma_T66 = 1 

        else:  

            gamma_T66 = 2 

             

        if v_cons_T66 < 0.001: 

            theta_T66 = 10 

        elif v_cons_T66 < 0.1: 

            theta_T66 = 20 

        elif v_cons_T66 < 1: 

            theta_T66 = 100 

        else: 

            theta_T66 = 300 

    else: 

        v_cons_T66 = 0 

        gamma_T66 = 1 

        theta_T66 = 1             

         

    # Touch-down point  

    if FV_AnchorMax > 0: 

        v_cons_FV = FV_AnchorMax/T4_0[0,0] 

        if v_cons_FV < 1: 

            gamma_FV = 1 

        else:  

            gamma_FV = 2 

             

        if v_cons_FV < 0.001: 

            theta_FV = 10 

        elif v_cons_FV < 0.1: 

            theta_FV = 20 

        elif v_cons_FV < 1: 

            theta_FV = 100 

        else: 

            theta_FV = 300 
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    else: 

        v_cons_FV = 0 

        gamma_FV = 1 

        theta_FV = 1     

         

         

    f_cost = (l_main*w[0,1] + 2*l_delta*w[0,0])/(2 * depth *  0.1875 
* 80**2) 

     

    PF_max = theta_Tmax * (v_cons_Tmax) **(gamma_Tmax)   

    PF_yaw = theta_T66 * (v_cons_T66) **(gamma_T66) 

    PF_anc = theta_FV * (v_cons_FV) **(gamma_FV) 

     

    Penalty = (PF_max + PF_yaw + PF_anc) 

     

   

    # if opt == "optim": 

#    return (v_constr_Tmax, v_constr_Tmin, k_Constraint_66) 

    # elif opt == "evaluate": 

    #     nX0_1 = 15 

    #     # x_mean25Hs = interpolate.interp1d(F1[0,:], X_1, Fwind); 

     

        # PLOT  

     

    import matplotlib.pyplot as plt 

         

    plt.figure() 

    plt.plot(X_1,F1[0,:],X_1,F1[1,:],X_1,F1[2,:]) 

    plt.title('Catenary mooring response') 

    plt.xlabel('surge offset [m]'); 

    plt.ylabel('Force [N]'); 

    plt.legend(['Surge force response','Sway force response','Heave 
force response']) 

    plt.show() 

     

    plt.figure() 
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    plt.plot(X_1[nX0_1:],-F1[0,nX0_1:],'b') 

    plt.plot([X_1[nX0_1],X_1[-1]],[Fwind,Fwind],'b--') 

    plt.plot(X_1[nX0_1:],T1_main1[0,nX0_1:],'r') 

    plt.plot([X_1[nX0_1],X_1[-1]], [T_ultim[0,0],T_ultim[0,0]],'r--') 

    plt.plot([X_rated,X_rated], [0, np.max(T1_main1[0])],'g') 

    plt.plot([X_ratedDyn,X_ratedDyn], [0, np.max(T1_main1[0])],'g--') 

    plt.plot(X_1[nX0_1:],FV_anchormax[0,nX0_1:],'k') 

    plt.legend(['Surge force response','Max Thrust force','Tension 
line 1','Max admissible tension','Static surge offset','Dynamic surge 
offset','Vertical force on anchor','Location','NorthWest']); 

    plt.title('Static line dimension') 

    plt.xlabel('Surge offset [m]'); 

    plt.ylabel('Force [N]'); 

    plt.show() 

 

    return f_cost + Penalty 

 

A3.3. Static	model	for	5	variables	
Same as previous code, vary the following: 

 
def MooringQS_Objective(X): 
    r_anc1 = X[0] #743 
    l_main = X[1] #700 aprox 
    l_delta = X[2] #50  
    d_main = X[3] #110 
    d_delta = X[4] #110 
     

 

 

A3.4. Dynamic	model	
 
import numpy as np 
import os 
import math as m 
from FastScripts import Updatemoordynfile, ReadFASTResults 
from Main_RunDLC import MainRunFast 
from MooringQS_vpau import MooringSystemRespone 
import scipy.interpolate 
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from scipy import interpolate 
     
     
def gir_z(theta): 
    C = np.array([[m.cos(theta), -m.sin(theta), 0],[m.sin(theta), 
m.cos(theta), 0],[0, 0, 1]]) 
    return C 
 
def gir_y(theta): 
    C = np.array([[m.cos(theta), 0, m.sin(theta)],[0, 1, 0],[-
m.sin(theta), 0, m.cos(theta)]]) 
    return C 
 
def Yaw_Period(Fairlead_Pos0,Anchor_Pos,l,w,EA, W_mort, nl, CoG_Pos): 
    # YAW RESPONSE 
    dRZ = 1*m.pi/180 
    RZ = np.linspace(-2*m.pi/180, 20*m.pi/180, 41) 
    nrz = len(RZ); 
     
    #variables 
    F6 = np.zeros((3, nrz)) 
    M6 = np.zeros((3, nrz)) 
    Fairlead_Pos = np.zeros((3,2,3)) 
     
    for k in range(nrz): 
        for i in range(nl): 
            Fairlead_Pos[:,:,i] = np.matmul(gir_z(RZ[k]), 
Fairlead_Pos0[:, :, i]) 
     
        [F_Resultant, M_Resultant, Tension, T1a, T1b, T2, T3, T4, 
FV_Anchor, L_seabed] = MooringSystemRespone(Fairlead_Pos, Anchor_Pos, 
l, w, EA, W_mort, nl, CoG_Pos); 
     
        F6[:,k] = F_Resultant; 
        M6[:,k] = M_Resultant; 
     
    K66 = np.gradient(M6[2,:],dRZ); 
    FK66_0 = interpolate.interp1d(RZ,K66) 
    K66_0 = FK66_0(0) 
         
    T66_0 = 2 * m.pi / m.sqrt(np.abs(K66_0)/(1.90e+09)) 
     
    return T66_0 
    
def MooringDyn_Objective(X): 
    r_anc1 = 743 
    l_main = X[0] #700 aprox 
    l_delta = 50  
    d_main = 110 
    d_delta = 110 
     
     
    # WINDCRETE MOORING SYSTEM DESIGN 
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    g  = 9.81;          # gravity 
     
    # SITE PARAMETERS 
    depth = 200;        # [m] depth 
     
    # PLATFORM PARAMETERS 
    r_plat = 9.3;       # [m] Platform radius 
    nl=3;               # number of lines 
    draft_fairlead = 90 
    draft_cdg = 90 
    CoG_Pos = np.array([0, 0, -draft_cdg]) 
     
    # MOORING PROPERTIES 
    # r_anc1= 600;      
    r_anc = np.array([r_anc1,r_anc1,r_anc1])    # [m] Radius to 
Anchor 
     
     
    Anchor_theta = np.zeros((nl)) 
    for i in range(nl): 
        Anchor_theta[i] = 360 / nl * (i) * m.pi/180; 
     
     
    Fairlead_theta = np.zeros((nl,2)); 
    for i in range(nl): 
        Fairlead_theta[i,:] =  Anchor_theta[i] + np.array([-360 / nl 
/ 2, 360 / nl / 2]) * m.pi / 180;   
     
     
    Fairlead_Pos0 = np.zeros((nl,2,3)); 
    for i in range(nl): 
        R0 = np.concatenate((-r_plat * 
np.cos(Fairlead_theta[i,:][None,:]), -r_plat * 
np.sin(Fairlead_theta[i,:][None,:]), np.array([(-draft_fairlead), (-
draft_fairlead)])[None,:]),0) 
        Fairlead_Pos0[:,:,i] =R0 
#        Fairlead_Pos0[:,:,i] = np.concatenate((-r_plat * 
np.cos(Fairlead_theta[i,:][None,:]), -r_plat * 
np.sin(Fairlead_theta[i,:][None,:]), np.array([(-draft_fairlead), (-
draft_fairlead)])[None,:]),0) 
     
     
    Anchor_Pos = np.zeros((nl,3)) 
    for i in range(nl): 
        Anchor_Pos[:,i] = np.matmul(gir_z(Anchor_theta[i]), [[-
r_anc[i]], [0], [-depth]])[:,0] 
        #posició de les àncores, cada columna una àncora diferent, 
files = [x, y,z] [A1 A2 A3] 
     
     
    l = np.array([[l_delta, l_delta, l_delta], 
                 [0, 0, 0], 
                 [l_main, l_main, l_main]] 
                 )            #[m] length of segments [delta; l1; l2] 
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    # d = 160; 
     
     
    # d_delta = 160; 
    d = np.array([[d_delta, d_delta, d_delta], 
                 [d_main, d_main, d_main],  
                 [d_main, d_main, d_main]] 
                 )            #[mm] diameter [delta;l1;l2] 
     
    w = 0.1875 * d**2;        #[N/m] wet weight 
    EA = 9e4 * d**2;          #[N] line stiffness 
    T_ultim = 27.4 * (44 - 0.08 * d) * d**2;     #[N] MBL 
    W_mort = 0;               #[N] Dead weight Weight. between line 1 
and 2 
     
     
    ## Initail mooring response 
    [F_Resultant_0, M_Resultant_0, Force_0, T1a_0, T1b_0, T2_0, T3_0, 
T4_0, FV_Anchor_0, L_seabed_0] = MooringSystemRespone(Fairlead_Pos0, 
Anchor_Pos, l, w, EA, W_mort, nl, CoG_Pos); 
      
    T66 = Yaw_Period(Fairlead_Pos0,Anchor_Pos,l,w,EA, W_mort, nl, 
CoG_Pos) 
 
    if T66 < 15: 
        FASTpath = 
r"C:\Users\BECARI\Documents\MariaCastella\WindCreteSpar_GC_v2" 
        d_aparent = np.sqrt(w / 6825 / 9.81 / m.pi * 4)*1000 
         
        Updatemoordynfile(l, d_aparent, w, EA, Fairlead_Pos0, 
Anchor_Pos, FASTpath) 
        # os.system(r"python 
C:\Users\BECARI\Documents\MariaCastella\PythonFAST\Main_RunDLC.py 
C:\Users\BECARI\Documents\MariaCastella\WindCreteSpar_GC\PythonFAST\D
LCOPTI.inp") 
        Error_Fast = MainRunFast() 
    else: 
        Error_Fast = [1] 
     
    MBL_main = T_ultim[1,0]   
    MBL_delta = T_ultim[0,0] 
 
    if Error_Fast != []: 
        FV_AnchorMax = 1 
        Tmax_main = MBL_main 
        Tmax_delta = MBL_delta 
        Yaw_max = 15*1.5 
        Pitch_max = 5.5*1.5 
        Surge_max = 15*1.5 
        AccH_max = 2.8 * 1.5 
        AccV_max = 2.8 * 1.5 
    else:         
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        [FV_AnchorMax, Tmax_main, Tmax_delta, Yaw_max, Pitch_max, 
Surge_max, AccH_max, AccV_max] = ReadFASTResults(FASTpath,w,l) 
     
     
    # CONSTRAINTS: PENALTY FUNCTION     
    # [KN] R4 studless chain 122 mm 
     
    # Maximum tension  
    if max([Tmax_main/MBL_main,Tmax_delta/MBL_delta]):   
        v_cons_Tmax = max([Tmax_main/MBL_main,Tmax_delta/MBL_delta])-
0.6    
        if v_cons_Tmax < 1: 
            gamma_Tmax = 1 
        else:  
            gamma_Tmax = 2 
             
        if v_cons_Tmax < 0.001: 
            theta_Tmax = 10 
        elif v_cons_Tmax < 0.1: 
            theta_Tmax = 20 
        elif v_cons_Tmax < 1: 
            theta_Tmax = 100 
        else: 
            theta_Tmax = 300 
    else: 
        v_cons_Tmax = 0 
        gamma_Tmax = 1 
        theta_Tmax = 1 
    
    # Touch-down point  
    if FV_AnchorMax > 0: 
        v_cons_FV = 2 
        gamma_FV = 2 
        theta_FV = 300 
    else: 
        v_cons_FV = 0 
        gamma_FV = 1 
        theta_FV = 1  
         
    # Yaw  
    if Yaw_max > 15: 
        v_cons_Yaw = Yaw_max / 15 - 1 
 
        gamma_Yaw = 2 
             
        if v_cons_Yaw < 0.001: 
            theta_Yaw = 10 
        elif v_cons_Yaw < 0.1: 
            theta_Yaw = 20 
        elif v_cons_Yaw < 1: 
            theta_Yaw = 100 
        else: 
            theta_Yaw = 300 
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    else: 
        v_cons_Yaw = 0 
        gamma_Yaw = 1 
        theta_Yaw = 1   
          
    # Pitch  
    if Pitch_max > 5.5: 
         
        v_cons_Pitch = Pitch_max / 5.5 - 1 
        gamma_Pitch = 2 
         
        if v_cons_Pitch < 0.001: 
            theta_Pitch = 10 
        elif v_cons_Pitch < 0.1: 
            theta_Pitch = 20 
        elif v_cons_Pitch < 1: 
            theta_Pitch = 100 
        else: 
            theta_Pitch = 300 
    else: 
        v_cons_Pitch = 0 
        gamma_Pitch = 1 
        theta_Pitch = 1  
     
    # Surge  
    if Surge_max > 15: 
        v_cons_Surge = Surge_max / 5.5 - 1 
        gamma_Surge = 2 
        if v_cons_Surge < 0.001: 
            theta_Surge = 10 
        elif v_cons_Surge < 0.1: 
            theta_Surge = 20 
        elif v_cons_Surge < 1: 
            theta_Surge = 100 
        else: 
            theta_Surge = 300 
    else: 
        v_cons_Surge = 0 
        gamma_Surge = 1 
        theta_Surge = 1 
         
    # AccH_max  
    if AccH_max > 2.8: 
        v_cons_AccH = AccH_max / 2.8 - 1 
        gamma_AccH = 2 
        if v_cons_AccH < 0.001: 
            theta_AccH = 10 
        elif v_cons_AccH < 0.1: 
            theta_AccH = 20 
        elif v_cons_AccH < 1: 
            theta_AccH = 100 
        else: 
            theta_AccH = 300 



Annex A3.  Python code 
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    else: 
        v_cons_AccH = 0 
        gamma_AccH = 1 
        theta_AccH = 1 
         
    # AccV_max  
    if AccV_max > 2.8: 
        v_cons_AccV = AccV_max / 2.8 - 1 
        gamma_AccV = 2 
        if v_cons_AccV < 0.001: 
            theta_AccV = 10 
        elif v_cons_AccV < 0.1: 
            theta_AccV = 20 
        elif v_cons_AccV < 1: 
            theta_AccV = 100 
        else: 
            theta_AccV = 300 
    else: 
        v_cons_AccV = 0 
        gamma_AccV = 1 
        theta_AccV = 1 
     
     
    f_cost = (l_main*w[0,1] + 2*l_delta*w[0,0])/(2 * depth *  0.1875 
* 80**2) 
     
    PF_Tmax = theta_Tmax * (v_cons_Tmax) **(gamma_Tmax)   
    PF_anc = theta_FV * (v_cons_FV) **(gamma_FV) 
    PF_yaw = theta_Yaw * (v_cons_Yaw) **(gamma_Yaw) 
    PF_pitch = theta_Pitch * (v_cons_Pitch) **(gamma_Pitch) 
    PF_suge = theta_Surge * (v_cons_Surge) **(gamma_Surge) 
    PF_AccH  = theta_AccH * (v_cons_AccH) **(gamma_AccH) 
    PF_AccV  = theta_AccV * (v_cons_AccV) **(gamma_AccV) 
     
    Penalty = (PF_Tmax + PF_anc + PF_yaw + PF_pitch + PF_suge + 
PF_AccH + PF_AccV) 
     
   
    # if opt == "optim": 
#    return (v_constr_Tmax, v_constr_Tmin, k_Constraint_66) 
    return f_cost + Penalty 

 

 


