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Abstract 

The purpose of this document is to present the integrated modelling approach and the 

global performance assessment of the FLOTANT concept, a hybrid concrete-plastic 

barge-type floating offshore substructure holding a 12MW wind turbine with the 

singularity of getting buoyancy by using plastic foam material fitted within the floater 

substructure. 

The global performance assessment is performed through integrated modelling of the 

fully coupled complete floating system (coupled aero-hydro-servo-elastic analysis). The 

complete floating system is tested in different operational and non-operational 

conditions including power production with and without faults, transitions to and from 

stand-by conditions (standstill or idling situations), stand-by conditions with and without 

faults. The numerical models developed during the project are evaluated using the 

design criteria established in the Design Basis. 

This document includes a complete characterisation of the floating system, the scope 

and methods used to carry out the coupled analysis, a description of the software used 

to perform the calculations, selected results enabling the evaluation of the floating 

system and the validation of the numerical models employed to produce such results. 
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1. Introduction 

This report presents the integrated modelling approach and the global performance 

assessment of the FLOTANT concept through coupled aero-hydro-servo-elastic analysis. 

The main objectives are as follows:  

▪ Provide a numerical model of the complete floating system and estimate its 

performances with a special focus on its global motions. 

▪ Provide input for other WPs and validate both the floater and the mooring 

system against a set of survival and operational criteria. 

▪ Calibrate and validate the numerical models using the results of the 

experimental analysis performed in WP5 in the wave basin using a scale 

model. 

Two different design stages have been considered: the first loop considering a simplified 

concept and the second loop increasing the detail and complexity of the system.  

This report starts by introducing the software employed for the modelling, its reference 

frame, and the two sites selected for such design. Subsequently, the report presents the 

characteristics of the system, the scope of analysis, and the assumptions considered at 

each of the different loops of design. Finally, the results of the global performance 

assessment are presented along with conclusions and recommendations. 

2. Abbreviations 
Table 3.1 Definitions of acronyms and abbreviations 

Abbreviation Definition 

Acc Acceleration 

Avg Average 

BEM Blade Element Momentum Theory 

CoG Centre of Gravity 

DLC Design Load Case 

DNVGL Det Norske Veritas Germanischer Lloyd 

DoF Degree of Freedom 
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ECM Extreme Current Model 

EOG Extreme Operating Gust 

ESS Extreme Sea State 

EWM Extreme Wind model 

EWLR Extreme Water Level 

F Fatigue analysis 

FLS Fatigue Limit State 

FOWT Floating Offshore Wind Turbine 

GC Gran Canaria  

HDB Hydrodynamic Data Base 

Hs Significant Wave Height 

IEC International Electrotechnical Commission 

Max Maximum 

MoI Moment of Inertia 

NCM Normal Current Model 

NREL 
National Renewable Energy Laboratory of the federal 

government of United States 

NSS Normal Sea State 

NTM Normal Turbulence Model 

NWLR Normal Water Level 

NWP Normal Wind Profile 

RAO Response Amplitude Operator 
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RNA Rotor-Nacelle Assembly 

SLS Serviceability Limit State 

SSS Severe Sea State 

Std Standard Deviation 

Tp Peak Wave Period 

U + A Ultimate load analysis in accidental condition 

U + N Ultimate load analysis in normal condition 

ULS Ultimate Limit State 

WL Water Level 

WoB West of Barra  

WP Work Package 

Ws Wind Speed 
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4. Software 

4.1. FAST 

FAST is an open-source glue code developed by NREL that uses results from several pre-

processors combining them with different simulators to perform fully coupled 

simulations of wind turbines. FAST joins aerodynamic, hydrodynamic, structural, control 

and electrical system dynamics models to enable coupled time-domain non-linear aero-

hydro-servo-elastic simulation of floating wind turbines [1]. FAST v8.12 was used during 

the first design loop whereas OpenFAST v2.5 was the choice for the second design loop. 

Both versions present the modular framework shown in Figure 4.1. 

A brief description of the pre-processors and simulators used during the FLOTANT 

project is presented below: 

➢ AeroDyn is a time-domain simulator that computes aerodynamic loads of 
horizontal-axis wind turbines designers. The aerodynamic model used by AeroDyn 
is based on Blade Element Momentum (BEM) and Blade Element Theory (BET).  
Several corrections are applied to overcome BEM limitations e.g., Prandtl’s tip loss 
effect correction, Glauert correction, different wake models, dynamic stall 
corrections, and tower shadow effects [1].  

➢ IECWind is a pre-processor used to create wind files that model extreme conditions 
[1], especially gust winds. 

➢ InflowWind is a simulator that allows processing wind-inflow, either steady wind 
model internally calculated or using various types of input files (uniform, binary 
TurbSim full-field, binary Bladed full-field, binary HAWC wind files) [1]. 

➢ TurbSim is a stochastic, full-field, turbulent wind simulator tool using a statistical 
model to generate time series of three-component wind speed for AeroDyn-based 
codes [1]. 

➢ ElastoDyn is a dynamic structural simulator able to model the rotor, drivetrain, 
nacelle, tower and platform. It computes displacement, velocities, accelerations, 
and reactions from the acting loads considering the action of the controller and the 
substructure reactions [1]. 

➢ HydroDyn is a time-domain hydrodynamics simulator able to provide hydrodynamic 
loads using different approaches e.g., a linear potential-flow theory, a strip-theory, 
or a combination of both. HydroDyn requires the results of a previously calculated 
hydrodynamic database (frequency domain) obtained with a potential flow solver 
e.g., WAMIT, OrcaWave [2]. 

➢ Mooring Analysis Program (MAP++) is a library designed to model the steady-state 
forces on a multi-segmented, quasi-static mooring line; it is an extension of the 
conventional single-line static solution. MAP++ simulator solves simultaneously the 
algebraic equations for all the elements included in the mooring system considering 
that the total force at the connection points must be zero [2]. 
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Figure 4.1 FAST modular framework 

4.2. OrcaFlex 

OrcaFlex [3] is the leading commercial software for the analysis of dynamic mooring and 

cable systems, developed by Orcina. OrcaFlex provides a time-domain simulation of 

realistic mooring lines. Wave-structure interaction can be modelled using different 

schemes, from simple imposed motions to second-order potential flow analysis with 

multi-body interactions. 

OrcaFlex can model a wide range of objects from lines to vessels, buoys, shapes, 

winches, constraints, turbines. 

The mooring line object models cables, hoses, chains or other similar devices. OrcaFlex 

uses a lumped mass model to simulate the mooring lines. Each line consists of a limited 

number of lumped masses (nodes) joined by massless springs systems (segments). Each 

segment represents a discrete part of the line, whose properties have been lumped at 

the nodes at their ends. OrcaFlex uses three different spring-dampers systems to model 

the axial and torsional stiffness and damping, and the bending properties of the mooring 

lines. 

The vessel object is best suited to simulate objects behaving in the diffraction regime. 

Any vessel type can be defined within OrcaFlex by importing the results from a wave-

structure interaction analysis [4] conducted with codes such as WAMIT, ANSYS AQWA, 

or OrcaWave [5].  

The 6D buoy object can be tailored in terms of geometry and hydrodynamic parameters 

e.g., damping and added mass among others, to create hydrodynamically accurate 
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components. The 6D buoy object uses Morison's equation to simulate objects which are 

dominated by the inertia (and/or drag) regime i.e., the characteristic dimension of the 

floating body is much smaller than the wavelength.  

4.3. FAST-OrcaFlex coupling 

FASTlink [6] is an experimental package used to run coupled OrcaFlex + FAST time-

domain simulations of floating wind turbines systems. This enables simulations that 

combine the turbine modelling of FAST with the floater and mooring modelling of 

OrcaFlex. When FASTlink is used in such coupled simulations, FAST models the turbine 

aerodynamic loads and response, and the turbine controller. but OrcaFlex models the 

platform hydrodynamic loads and mooring loads and response. ElastoDyn structural-

dynamics module assumes the floater is a six-DoF rigid body. At each time step, OrcaFlex 

receives the six-DoF position, orientation, and velocities of the platform, computes the 

hydrodynamic and mooring loads, and returns them to FAST in the form of a six-by-six 

added-mass matrix and six-by-one load vector. FAST imports the OrcaFlex outputs and 

computes the six-component hydrodynamic and mooring loads to be applied in the 

floating platform by ElastoDyn, including added-mass effects. 

4.4. Python 

Python is a popular high-level programming language widely used in a range of 

applications. Its general-purpose philosophy, support to modules, packages and 

extensive standard library make it a very powerful tool in engineering design [7]. 

In this project, Python is generally used for pre-processing inputs and post-processing 

outputs of the different software.  
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5. FLOTANT Sites  

The FLOTANT concept has been designed and tested for two different sites in the Canary 

Islands (Spain) and Barra Island (Scotland). A brief description of each site is provided 

below along with the relevant data needed for the coupled analysis.  

Available site data can be found in the FLOTANT design basis report [8], in this section 

only the most relevant data concerning the coupled analysis will be presented. When 

possible, data gaps from the design basis are filled with data from alternative sources. 

Such sources will be properly mentioned. The wind speeds mentioned are taken as 10-

minute average wind speeds whilst the current speeds mentioned are considered at the 

free surface level. 

5.1. Gran Canaria site 

The first site selected for the FLOTANT project is located 10 km off the Southeast coast 

of Gran Canaria Island, Spain (Figure 5.1). It represents a “moderate site” regarding 

metocean conditions. The selected location has 250 meters of water depth, Table 5.1 

shows the extreme metocean conditions found on site. 

 

Figure 5.1 Location of the GC site 

Table 5.1 Extreme metocean conditions for the GC site  

Environmental Parameter Return Period Value Source 

Wind Speeds (m/s) 
1 21.72(1) [9] 

50 28.00 [8] 

Significant Wave Height (m) 
1 3.35 [8] 

50 5.11 [8] 

Peak Wave Period (s) 
1 10.00 [8] 

50 12.00 [8] 
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Current Speed (m/s) 
1 0.82(2) [10] 

50 1.06 [8] 

Water Level (m) 
1 3.11 [8] 

50 4.54(3) [8] 

(1) Based on hindcast data provided by the University of Exeter, extracted from the MARENDATA 

database, the extreme wind speed with a 1-year return period would be 16 m/s. However, this value 

was increased to 21.72 m/s by multiplying the 50-year return period wind speed provided in the design 

basis of FLOTANT (28 m/s), by the calculated ratio between the 1-year and the 50-year return period 

wind speeds from the MARENDATA platform. This correction was accounted for to keep 

proportionality between the environmental extreme values used, independently of their source. 

(2) Based on data provided by the University of Exeter, extracted from the HYCOM ocean general 

circulation model. Similarly, to the case of the 1-year return period wind speed, the data gathered was 

corrected to keep proportionality. In this case, the ratio between the 1-year and 50-year return period 

current speeds extracted from HYCOM was employed. Therefore, instead of the 1-year current speed 

in HYCOM (0,75 m/s) being used, 0,82 m/s was implemented. 

(3) The ratio between the extreme water level with a 1-year return period and the one with a 50-year 

return period presented in the design basis for the WoB site was calculated. This ratio was then used 

to correct the extreme water level with 1-year return period for the GC site. The final value was finally 

increased by 30% to consider the fact that the GC site is closer to the Equator Line than the WoB site, 

arriving at 4.54 m/s. This method was employed given the lack of available information regarding the 

GC site. 

Figure 5.2 depicts the significant wave heights distribution as a function of wind speed. 

The set of data presented was provided by the University of Exeter and is based on 

hindcast data extracted from the MARENDATA platform [9]. Figure 5.3 shows the 

distribution of peak wave periods as a function of significant wave height, present in the 

FLOTANT design basis report [8]. These figures are used to characterise the normal sea 

state condition within the DLCs. 

 

Figure 5.2 Significant wave height as a function of wind speed for GC 
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Figure 5.3 Peak wave period as a function of significant wave height for GC 

For the normal sea state condition, a current speed of 0.82 m/s has been estimated. The 

value was defined by averaging the wind speed data provided by Puertos del Estado [11] 

at the Gran Canaria meteorological buoy and subsequently correcting it with a factor of 

0.03 (design basis page 51 [8]) to obtain a wind-induced current speed. Finally, this 

current speed is added to the average deep-water current on-site extracted from the 

same meteorological buoy [11]. The mean sea water level considered is 1.58 m 

according to the design basis [8]. 

5.2. West of Barra site 

The second site selected for the FLOTANT project is located 20 km off the Southwest 

coast of Barra Island [8], Scotland (UK). The WoB site represents a “harsh site” regarding 

metocean conditions. The exact location of the WoB site has 100 meters of water depth 

(Figure 5.4), Table 5.1 shows the extreme metocean conditions found on site. 

 

Figure 5.4 Location of the WoB site [8] 
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Table 5.2 Extreme metocean conditions for the WoB site  

Environmental Parameter Return Period Value Source 

Wind Speeds (m/s) 
1 33.62(4) [12] 

50 50.00 [8] 

Significant Wave Height (m) 
1 11.50 [8] 

50 15.60 [8] 

Peak Wave Period (s) 
1 14.30 [8] 

50 15.20 [8] 

Current Speed (m/s) 
1 1.86 [8] 

50 2.16 [8] 

Water Level (m) 
1 4.13(5) [13] 

50 4.64 [8] 

(4) Based on data in Table 48 of the LIFES50+ project [12], there is a value of 40.07 m/s for the 10-min 

average extreme wind speed with a 1-year return period. However, this was derived by applying the 

EWTSII method on a limited dataset available for the site. Therefore, we have decided to estimate an 

equivalent 1-year return period wind speed by applying the EWTSII method to a MERRA [14] time 

series, as it was done in the LIFES50+ project for the 50-year return period wind speed, the result was 

33.62 m/s. 

(5) By taking the ratio between the 1-year and the 50-year return period extreme water levels in Table 

10, page 34 of [13], and multiplying this ratio by the 50-year water level of 4.64m (presented in the 

design basis), we reach the value of 4.13m. 

 

Figure 5.5 and Figure 5.6 depict the distribution of significant wave heights and peak 

wave periods as a function of wind speed and significant wave height respectively from 

data presented in the design basis [8]. Both sets of data were used to characterise the 

normal sea state conditions when required. 
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Figure 5.5 Significant wave height as a function of wind speed for WoB 

 

 

Figure 5.6 Peak wave period as a function of significant wave height for WoB 

Continuing the normal sea state definition, the current speed is defined as 0.75 m/s 

according to Figure 6.18 in the design basis [8], whilst the mean sea water level is taken 

as 2.32 m, coming from the same document. 
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6. System description and reference frame  

A detailed description of the floating system can be found in deliverable 4.3 of the 

FLOTANT project [4]. The reference frame used in the coupled analysis and DLC 

definition is summarised in Figure 6.1. The origin of the reference frame is in the centre 

of the floater at free surface height. All properties such as centres of gravity and 

moments of inertia are defined with respect to this reference frame, the global motion 

of the FOWT is also measured from a fixed coordinate system at this position. 

 

Figure 6.1 Reference frame [1] 

 

7. Method – First Design Loop 

7.1. Design loop 

Figure 7.1 presents an overview of the methodology used to perform the design loops 

of the global performance analysis. First, a generic 12 MW wind turbine was developed 

through an upscaling exercise based on the DTU generic turbine [15]. After calculating 

the load imposed by the wind turbine, the second step is the design of the floater. It 

considers both structural and naval architecture requirements [16]. The stability analysis 

of the FOWT system in different conditions is the subsequent step. This analysis 

evaluates the equilibrium positions and operational drafts for the floating system [4]. 

The fourth stage encompasses the hydrodynamic modelling and wave-structure 

interaction analysis [4] leading to the fifth and final stage, the coupled analysis which is 

the main topic tackled in the present report.  

The procedure presented below is rather general and therefore can be followed in the 

first and second design loops, the differences between the loops will be made explicit 
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throughout the report. 

 

 

Figure 7.1 FLOTANT design loop scheme 

7.2. System Modelling 

The main parameters and inputs needed to configure each of the FAST modules 

employed to run both design loops of the FLOTANT project are provided in the 

subsequent sections. An overview of the complete system modelled in the first and 

second design loops was published in [17] and [18] respectively. 

Starting with AeroDyn, the tower and blade description files come from the upscaling of 

the reference turbine model [19]. This is the same source of data for the tower and blade 

properties used in ElastoDyn to describe the wind turbine. Still in ElastoDyn, all degrees 

of freedom are activated, and the floater mass and inertia properties are included using 
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the information provided in [4], excluding the contributions of mass and inertia of the 

tower and turbine (which are already considered separately in ElastoDyn). In 

InflowWind, the hub height is defined as 119,69 meters from the mean still water level 

to the centre of the hub, the WindType parameter is changed according to the DLC being 

investigated, the two options used are steady wind (=1) and TurbSim originated wind 

field (=3). The wind field files are prepared for different seeds before the FAST simulation 

using Python scripts integrated with TurbSim, adopting the IEC Kaimal turbulent model 

[20]. 

In HydroDyn, the data from the site and the platform is the same as the one used in 

WAMIT, and the results of the wave-structure interaction analysis were used as input 

[4]. The incident wave kinematics model WaveMod is an externally generated wave time 

series (=5) coming from Orcaflex based on a JONSWAP wave spectrum, according to IEC 

[21], for different seeds using the wave data presented in Section 0 of this report.  

The mooring system was designed by one of the FLOTANT consortium partners, TFI [22] 

, and provided as an OrcaFlex model. In the second design loop, OrcaFlex and FAST will 

be coupled, so the mooring system will be directly implemented in the aero-hydro-

servo-elastic simulation. However, in the first design loop, the mooring system data was 

extracted from the OrcaFlex model and represented using MAP++ [23]. 

Figure 7.2 compares the Gran Canaria mooring layout for both, the OrcaFlex model 

provided by TFI [22] and the MAP++ model. Figure 7.2 (b) was produced using a Python 

script provided with the MAP++ package [23]. The same script provides the mooring 

system stiffness in MAP++. This property was used to evaluate if the system was 

correctly modelled. 

 

Figure 7.2 Comparison of mooring systems in (a) Orcaflex and (b) MAP++ for GC site 

The result of the comparison is shown in Table 7.1. The differences in mooring stiffness 

reported by OrcaFlex and MAP++ were considered acceptable. It is important to 
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mention that even though the global mooring stiffness is acceptable, the non-linearities 

of TFI’s mooring system are not modelled in MAP++. Nonetheless, this was considered 

acceptable for the first design loop, where the modelling of the system is simplified. The 

input parameters of the catenary mooring system used in MAP++ are presented in Table 

7.2. 

 

Table 7.1 Comparison of mooring system stiffness between OrcaFlex and MAP++ for GC site 

Elements from the mooring 

stiffness matrix 

OrcaFlex model MAP++ 

model 
Error 

𝐾11 (kN/m) 70 69 1% 

𝐾22 (kN/m) 52 50 3% 

𝐾33 (kN/m) 29 29 0% 

𝐾44 (kN/rad) 76655 76645 0% 

𝐾55 (kN/rad) 97604 97774 0% 

𝐾66 (kN/rad) 91772 90941 0% 

 

Table 7.2 MAP++ mooring system input parameters for GC site 

Characteristic Unit Value 

Line outer diameter m 0.178 

Mass density in air Kg/m 193.51 

Axial stiffness MN 892 

Seabed friction coefficient - 0.5 

Normal added mass 

coefficient 
- 1.0 

Normal drag coefficient - 2.6 

Axial drag coefficient - 1.4 
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Fairlead positions m  -10.99 

Unstretched length of front 

lines 
m 780.00 

Unstretched length of 

backlines 
m 738.24 

 

The mooring system developed for the WoB site [22] is also a catenary mooring system 

but, in this case, it considers five lines with three lines in the bow and two in the stern 

similarly to GC layout. Figure 7.3 depicts the mooring layout for the WoB site and Table 

7.3 presents input parameters of the catenary mooring system used in MAP++. 

 

Figure 7.3 Mooring system layout for the WoB site 

 

Table 7.3 MAP++ mooring system input parameters for WoB site 

Characteristic Unit Value 

Line outer diameter m 0.265 

Mass density in air Kg/m 430 

Axial stiffness MN 1845 
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Seabed friction coefficient - 0.5 

Normal added mass coefficient - 1.0 

Normal drag coefficient - 2.4 

Axial drag coefficient - 1.15 

Fairlead positions m  -10.99 

Unstretched length of side front lines m 592.92 

Unstretched length of middle front lines m 571.12 

Unstretched length of backlines m 630.00 

 

7.3. Scope of Analysis 

The objective of the coupled analysis is to evaluate the global performance of the FOWT 

system according to the design criteria presented in Table 7.4 and sourced from [8]. 

Note there are no criteria established for certain DoFs, even though the general design 

philosophy is to try to mitigate motions in all directions as much as possible. In addition 

to the motions criteria, the acceleration at the nacelle shall not be greater than 30% of 

the acceleration of gravity. 

Table 7.4 Motion design criteria for coupled analysis  

DoF Max Mean 
Standard 

Deviation 

Max in 

Survival 

Condition 

Mean in 

Survival 

Condition 

Acceleration 

at the nacelle 

Surge ±30 m - - - - 

2,94 m/s² Sway ±30 m - - - - 

Heave - - - - - 

Roll ±5° ±2,5° 1° ±7° ±5° - 

Pitch ±5° ±2,5° 1,5° ±7° ±5° - 
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Yaw ±15° - - - - - 

 

The final assessment considers the contributions of the active ballast system. This 

system is designed to partially compensate for the mean rotations generated by the 

environmental loads. The maximum capacity of the active ballast system is one of the 

results obtained from the stability analysis presented in deliverable 4.3 of the FLOTANT 

project [4]. For the first design loop, the maximum correction capacity achieved by the 

ballast system was 5.17° either in trim (Pitch) or heel (Roll) since the floater and the 

ballast system are symmetric. The correction has been applied directly to the final 

results of the coupled simulations. The motion time series are post-processed in a way 

that the maximum correction capacity is deducted from the mean and maximum 

inclination values of the platform in these two degrees of freedom. This procedure 

allows the evaluation of the potential impact of the active ballast system in correcting 

excessive inclinations of the FOWT. 

The evaluation of the global performance in the first design loop consists of checking 

the following results, calculated during coupled analysis, against the criteria presented 

in Table 7.4: 

• Maximum amplitudes of floater’s motion in the different DoFs 

• Mean amplitudes of floater’s motion in the different DoFs 

• Standard deviation of floater’s motion in the different DoFs 

• Maximum acceleration at the nacelle 
 

In addition to the data required for the global performance assessment, other 

calculations were performed to fulfil the requirements of other consortium partners 

e.g., load matrixes for ULS at the tower top, tower base and fairlead positions, load 

matrixes for SLS at the tower top and base, load matrixes for FLS at the tower top and 

base and the associated Markov matrix, loads for water tightness calculations, among 

others.  

7.4. Design load cases 

This section describes the different DLCs considered for the global performance 

assessment. The first design loop includes three of the most critical DLCs considered 

representative to check the integrity of the system. The definition of each DLC is as 

follows: 

➢ DLC 1.6a: DLCs of the 1.X type belong to a power production condition with the 
wind turbine working without faults. Two wind speeds were tested in addition to 
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the wind turbine rated speed (i.e., 𝑣𝑟𝑎𝑡𝑒𝑑 and 𝑣𝑟𝑎𝑡𝑒𝑑±2m/s) to be combined with 
three wind/wave misalignment cases and two Yaw misalignments cases (RNA 
misaligned to the wind direction). The wind model was configured as ‘steady’ within 
InflowWind module; therefore, no turbulent wind field is used in this DLC. The sea 
state considered was an extreme case with a 50-year return period. Five wave 
directions with six different random seeds were considered producing a total of 180 
simulations within DLC 1.6a. Severe sea state (SSS) and normal current model (NCM) 
conditions are considered.  

➢ DLC 6.1a: DLCs of the 6.X  type belong to a design situation where the rotor of a 
parked wind turbine in stand-by mode is at standstill or idling. It is defined as an 
extreme event scenario; therefore, it is considered as a survival condition. An 
extreme wind model (EWM) is generated in TurbSim using the 50-year return wind 
speed considering three wind/wave and three Yaw misalignments cases. Two 
different wave directions were considered for this extreme sea state. Six random 
seeds were used for both, the sea state and the turbulent wind field producing a 
total of 216 simulations within DLC 6.1a. SSS and extreme current model (ECM) 
conditions are considered. 

➢ DLC 6.2a: Another DLC belonging to DLCs 6.X; therefore, similar to DLC 6.1a but 
including grid loss (fault) to the extreme metocean scenario described for DLC 6.1a. 
The grid loss condition translates into a situation where the control system is not 
able to correct the Yaw misalignment and therefore, eleven Yaw misalignment cases 
need to be investigated rather than only three. Regarding the random seeds, in this 
case, six random seeds are used for the sea state and twelve seeds are used for the 
EWM wind producing a total of 432 simulations within DLC 6.2a. ESS and ECM 
conditions are considered. 

 

The metocean conditions considered in the first design loop are presented in Table 7.5 

to Table 7.8. 

Table 7.5 Wind definitions for GC site 

DLC 
Wind 

Model 

Wind Speed 

[m/s] 

Yaw 

Misalignment 

Wind/Wave 

Misalignment 

Wind 

Seeds 

1.6a Steady 9.4, 11.4, 13.4 8° and 0° ± 45° and 0° - 

6.1a Turbulent 28 ± 8° and 0° ± 30° and 0° 6 

6.2a Turbulent 28 
-150° to +180° in 

30° steps 
± 30° and 0° 12 
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Table 7.6 Wind definitions for WoB site 

DLC 
Wind 

Model 

Wind Speed 

[m/s] 

Yaw 

Misalignment 

Wind/Wave 

Misalignment 

Wind 

Seeds 

1.6a Steady 9.4, 11.4, 13.4 8° and 0° ± 45° and 0° - 

6.1a Turbulent 50 ± 8° and 0° ± 30° and 0° 6 

6.2a Turbulent 50 
-150° to +180° in 

30° steps 
± 30° and 0° 12 

 

Table 7.7 Wave definitions for GC site 

DLC 
Wave 

Model 

Significant Wave 

Height [m] 

Peak Period 

[s] 
Wave Directions 

Wave 

Seeds 

1.6a Extreme 5.11 12 
0° to 180° in 45° 

steps 
6 

6.1a Extreme 5.11 12 
-150° to +180° in 

30° steps 
6 

6.2a Extreme 5.11 12 
-150° to +180° in 

30° steps 
6 

 

Table 7.8 Wave definitions for WoB site 

DLC 
Wave 

Model 

Significant Wave 

Height [m] 

Peak Period 

[s] 
Wave Directions 

Wave 

Seeds 

1.6a Extreme 15.6 15.2 
0° to 180° in 45° 

steps 
6 

6.1a Extreme 15.6 15.2 
-150° to +180° in 

30° steps 
6 

6.2a Extreme 15.6 15.2 
-150° to +180° in 

30° steps 
6 

 

7.5. Assumptions and limitations 

The following limitations and assumptions should be considered regarding the 

simulations of the first loop: 
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• No control system was considered in the first design loop; therefore, several 
aspects of the turbine operation such as the rotor’s velocity of rotation, blade’s 
Pitch position and RNA’s Yaw displacement were configured manually within the 
FAST input files. 

• The initial equilibrium position of the moored floating system was defined by 
running an initial simulation in FAST without environmental loads and analysing 
the resultant steady-state position. 

• The water ballast was uniformly distributed between the different compartments 
and mass and inertia moments were taken as constant values according to the 
figures presented in [4]. 

• Since MAP++ was used, a simplified representation of the mooring system was 
considered by using MAP++. It calculates the mooring line tensions and 
displacements [2] and neither considers the actions of waves, currents, 
hydrodynamic loads on the moorings, nor the inertia, damping and bending of the 
lines.  

• Since Linear Potential Flow Theory and large body assumption were used, the 
ocean current loads can be neglected. Tests were made including ocean currents 
to confirm that this can be the case. The effects of ocean currents will be 
considered in the second loop when the mooring system will be modelled in 
OrcaFlex. 

• No viscous damping was applied to the model for the coupled analysis. 

• No wave drift forces are considered in the coupled analysis, as explained in [4]. 
This is because the consortium partner in charge of the mooring design decided to 
create the system without considering second-order forces. Therefore, Innosea 
came into agreement with the other WP4 consortium partners that we would not 
be considering these forces in the coupled simulations either, with the fear that 
the mooring lines would not be able to bear the loads and several simulations 
would abort.  

• The dynamic cable was not considered within the coupled simulations since the 
loads produced by the export cable in the floating system are negligible. 

• Since AeroDyn v14 was used, the drag force in the turbine tower was not 
considered in the coupled analysis.  

• Due to limitations in HydroDyn, changes in seawater level were not considered in 
this loop.  

• The floater is considered a closed watertight body, the effects of the plastic 
buoyancy/ballast compartments on the analysis are complex and were neglected. 

• The simulations that were performed had in general duration of 1-hour (3600 
seconds), although [21] requires 3-hour (10,800 seconds) of sea state simulation 
time for some cases. To guarantee that the 1-hour sea state simulation is 
meaningful, it was required that the wave time series used in the coupled 
simulations contains at least one wave with a wave height larger than the 
estimated rogue wave maximum height according to equation (1). The simulation 
time reduction is based on Innosea’s experience in previous projects where it has 
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been proven to be a good practice. Thus, wave time series with different seeds 
were generated in OrcaFlex following this requirement and subsequently exported 
as a text file. A Python script was developed to “cut” this wave time series in a 
smaller 5000-second time series (containing the rogue wave) and format the text 
file in the FAST standard to be used in HydroDyn. The reason for a 5000 second 
time series was that, after the coupled analysis was done, the software could 
disregard the first 1400 seconds of simulation to exclude transient behaviour of 
the output signals and take only the final 3600 seconds. 

 

As mentioned by Clauss et al [24], for early-stage design purposes, in the extreme event 

of a rogue wave, the maximum wave height can be estimated as 1,86 times the 

significant wave height of the intended 3-hour sea state. This value corresponds to the 

most probable maximum wave height occurrence in that sea state: 

 Hmax = 1,86 ∗ Hs (1) 

 

For information regarding the assumptions and limitations of each FAST module, we 

encourage the reader to refer to the software documentation.  

 

8. Results – First Design Loop 

The results of the coupled simulations for both sites are presented below.  A total of 828 

simulations were performed for each site. However, one simulation for Gran Canaria 

and forty-five simulations for West of Barra aborted due to either mooring line failure 

or excessive motion of the platform, resulting in the turbine coming out of the wind field 

generated by FAST. The latter can be considered as a software limitation, the aborted 

simulations were excluded from the results.  

Plots showing the results of the coupled simulations against the design criteria 

mentioned in Table 7.4 are depicted. The design criteria are presented as a red 

horizontal line marking the admissible limit for each specific parameter. Although there 

are no established criteria for the Heave motion, ensuring that the floating system has 

no excessive motion in this degree of freedom is needed and therefore plots for Heave 

response are also provided.  

To help the visualization of the results, a colour code has been implemented: yellow 

plots present maximum amplitudes, blue plots show mean amplitudes and green plots 

depict standard deviation of the simulated amplitudes.  

Initial results from the stability analysis indicate a maximum capacity of the active ballast 
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system to correct Pitch and Roll rotational modes of motion up to 5.17° (explained in 

Section 7.3). Therefore, the results corresponding to the Pitch and Roll rotational modes 

of motion are provided with and without the correction of the active ballast system. 

8.1. Equilibrium position 

As explained before, the initial equilibrium position for the coupled simulations was 

calculated by running a set of simulations without environmental forces and leaving the 

system oscillating until the steady-state position was reached. The results of such 

simulations are presented in Figure 8.1 and Figure 8.2, and Table 8.1. 

 

Figure 8.1 Initial equilibrium position of the Flotant concept for GC site 
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Figure 8.2 Initial equilibrium position of the Flotant concept for WoB site 

 

 

Table 8.1 Initial equilibrium positions 

Site Surge 

(m) 

Sway 

(m) 

Heave 

(m) 

Roll 

(deg) 

Pitch 

(deg) 

Yaw 

(deg) 

GC -3.18 0.00 -0.21 0.00 -0.94 0.00 

WoB -18.97 0.00 -0.19 0.00 -1.28 0.00 

 

8.2.  DLC 1.6 – Power Production Condition 

The results of the simulations dealing with power production conditions are shown 

below. As stated in the assumptions and DLC definition, steady wind conditions for three 

wind speeds were considered i.e., 11.4 m/s (rated speed), 9.4 m/s, and 13.4 m/s at 

119.69 meters above mean sea water level (hub-height). 

8.2.1. Gran Canaria 

The results of the coupled simulations for the GC site are presented below. 
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Figure 8.3 Maximum excursions for DLC1.6 below rated speed 

  

Figure 8.4 Maximum rotations for DLC1.6 below rated speed without (left) and with (right) the 
correction of the active ballast 
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 Figure 8.5 Mean rotations for DLC1.6 below rated speed without (left) and with (right)the correction 
of the active ballast 

 

Figure 8.6 Standard deviation of the rotations for DLC1.6 below rated speed  
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Figure 8.7 Maximum Yaw rotations for DLC16 below rated speed  

 

Figure 8.8 Maximum accelerations for DLC1.6 below rated speed  
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Figure 8.9 Maximum excursions for DLC1.6 at rated speed  

 

Figure 8.10 Maximum rotations for DLC1.6 below rated speed without (left) and with (right)the 
correction of the active ballast 
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Figure 8.11 Mean rotations for DLC1.6 at rated speed without (left) and with (right) the correction of 
the active ballast 

 

Figure 8.12 Standard deviation of the rotations for DLC1.6 at rated speed  
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Figure 8.13 Maximum Yaw rotations for DLC1.6 at rated speed  

 

Figure 8.14 Maximum accelerations for DLC1.6 at rated speed  
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Figure 8.15 Maximum excursions for DLC1.6 above rated speed  

  

Figure 8.16 Maximum rotations for DLC1.6 above rated speed without (left) and with (right) the 
correction of the active ballast  
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Figure 8.17 Mean rotations for DLC1.6 above rated speed without (left) and with (right) active ballast 

 

Figure 8.18 Standard deviation of the rotations for DLC1.6 above rated speed  
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Figure 8.19 Maximum Yaw rotations for DLC1.6 above rated speed  

  

Figure 8.20 Maximum acceleration for DLC1.6 above rated speed  
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8.2.2. West of Barra 

The results of the coupled simulations for the WoB site are presented below. 

 

Figure 8.21 Maximum excursions for DLC1.6 below rated speed 

Figure 8.22 Maximum rotations for DLC1.6 below rated speed without (left) and with (right) the 
correction of the active ballast 
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  Figure 8.23 Mean rotations for DLC1.6 below rated speed without (left) and with (right) the 
correction of the active ballast  

  

Figure 8.24 Standard deviation of the rotations for DLC1.6 below rated speed  
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Figure 8.25 Maximum Yaw rotations for DLC1.6 below rated speed  

 

Figure 8.26 Maximum accelerations for DLC1.6 below rated speed  
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Figure 8.27 Maximum excursions for DLC1.6 at rated speed  

 

Figure 8.28 Maximum rotations for DLC1.6 at rated speed without (left) and with (right) the correction 
of the active ballast 
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  Figure 8.29 Mean rotations for DLC1.6 at rated speed without (left) and with (right)) the correction of 
the active ballast 

 

Figure 8.30 Standard deviation of the rotations for DLC1.6 at rated speed  
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Figure 8.31 Maximum Yaw rotations for DLC1.6 at rated speed  

 

Figure 8.32 Maximum accelerations for DLC1.6 at rated speed  
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Figure 8.33 Maximum excursions for DLC1.6 above rated speed  

 

Figure 8.34 Maximum rotations for DLC1.6 above rated speed without (left) and with (right) the 
correction of the active ballast 
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  Figure 8.35 Mean rotations for DLC1.6 above rated speed without (left) and with (right) the 
correction of the active ballast  

 

Figure 8.36 Standard deviation of the rotations for DLC1.6 above rated speed  
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Figure 8.37 Maximum Yaw rotations for DLC1.6 above rated speed  

 

Figure 8.38 Maximum accelerations for DLC1.6 above rated speed  
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8.3. DLC 6.1 – Parked Stand-By Condition 

The results of the simulations dealing with survival conditions are shown below. As 

stated in the DLC definition, the extreme turbulent wind with a 50-year return period 

was considered. 

8.3.1. Gran Canaria 

The results of the coupled simulations for the Gran Canaria site are presented below. 

 

Figure 8.39 Maximum excursions for DLC6.1 
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Figure 8.40 Maximum rotations for DLC6.1 without (left) and with (right) the correction of the ballast 

  

Figure 8.41 Mean rotations for DLC6.1 without (left) and with (right) the correction of the active 
ballast 
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Figure 8.42 Standard deviation of the rotations for DLC6.1  

 

 

Figure 8.43 Maximum Yaw rotations for DLC6.1  
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Figure 8.44 Maximum accelerations for DLC6.1  

8.3.2. West of Barra 

The results of the coupled simulations for the WoB site are presented below. For this 

DLC, in two simulations the build-up time allocated for transient behaviour of the system 

was not sufficient, therefore they were excluded from the plots since their results were 

not realistic. 

 

Figure 8.45 Maximum excursions for DLC6.1 
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Figure 8.46 Maximum rotations for DLC61 without (left) and with (right) the correction of the active 
ballast 

 

Figure 8.47 Mean rotations for DLC6.1 without (left) and with (right) the correction of the active 
ballast 
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Figure 8.48 Standard deviation of the rotations for DLC6.1 

 

Figure 8.49 Maximum Yaw rotations for DLC6.1  
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Figure 8.50 Maximum accelerations for DLC6.1  

 

8.4. DLC6.2 Parked Fault Condition 

The results of the simulations dealing with survival conditions with a fault scenario are 

shown below. As stated in the DLC definition, the extreme turbulent wind with a 50-year 

return period was considered. 
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8.4.1. Gran Canaria 

 

Figure 8.51 Maximum excursions for DLC6.2 

  

Figure 8.52 Maximum rotations for DLC6.2 without (left) and with (right) the correction of the ballast 
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Figure 8.53 Mean rotations for DLC6.2 without (left) and with (right) the correction of the active 
ballast 

 

 

Figure 8.54 Standard deviation of the rotations for DLC6.2 
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Figure 8.55 Maximum Yaw rotations for DLC6.2  

 

Figure 8.56 Maximum accelerations for DLC6.2  
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8.4.2. West of Barra 

The results of the coupled simulations for the WoB site are presented below. 

 

Figure 8.57 Maximum excursions for DLC6.2 

 

Figure 8.58 Maximum rotations for DLC6.2 without (left) and with (right) the correction of the active 
ballast 
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Figure 8.59 Mean rotations for DLC6.2 without (left) and with (right) the correction of the active 
ballast 

 

Figure 8.60 Standard deviation of the rotations for DLC6.2 
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Figure 8.61 Maximum Yaw rotations for DLC6.2  

 

Figure 8.62 Maximum acceleration for DLC6.2  

 



 

Deliverable 4.5: Integrated modelling and 
global performance 

 

 
 

 

 

FLOTANT has received funding from the European Union´s Horizon 2020 

research and innovation programme under grant agreement No.815289 

Doc.Nº: 220405-FLT-WP4-D4.5-
Integrated modelling and global 
performance-v24 
Date: 04/05/2022 

72 

8.5. Summary and partial conclusions 

A summary of the results of the global performance expressed as a percentage of cases 

satisfying the design criteria presented in Table 8.2 and Table 8.3. Note that only the 

completed simulations were included within the statistics excluding the simulations 

aborting before the end of the simulation time. The statistics consider the maximum 

correction capacity of the active ballast system for Roll and Pitch. For information, the 

principal diagonals of the load matrix containing critical loads of the first design loop at 

the tower base are shown in Table 8.4. 

Table 8.2 Summary of global performance results in the first design loop, part 1 

 Roll 

(Max) 

Roll 

(Avg) 

Roll 

(Std) 

Pitch 

(Max) 

Pitch 

(Avg) 

Pitch 

(Std) 

GC (%) 89 99 100 91 98 100 

WoB (%) 83 98 98 84 97 100 

 

Table 8.3 Summary of global performance results in the first design loop, part 2 

 Surge 

(Max) 

Sway 

(Max) 

Yaw 

(Max) 

Acc X 

(Max) 

Acc Y 

(Max) 

Acc Z 

(Max) 

GC (%) 96 92 100 100 100 100 

WoB (%) 68 100 100 83 91 0 

 

Table 8.4 Principal diagonals of the load matrix at tower base in the first design loop 

 Fx (kN) Fy (kN) Fz (kN) Fxy (kN) 
Mx 

(kN.m) 

My 

(kN.m) 

Mz 

(kN.m) 

Mxy 

(kN.m) 

Max GC 5703 5883 -12860 5889 300000 477900 6040 478473 

Min GC -5956 -3622 -18530 1138 -490700 -495600 -8470 128827 
Max WoB 9212 9258 -9333 8827 528700 763100 17640 713230 
Min WoB -9261 -6271 -21780 1098 -762400 -762400 -18510 183732 

 

The coupled aero-hydro-elastic analysis developed in the first loop was useful to 

evaluate the performance of the system both in operational and in survival conditions 

subjected to extreme environmental loads. In terms of the design criteria, the excursions 

of the FOWT were not satisfactory in some simulations, especially for Surge at the WoB 

site, mainly due to the mooring design. Yaw motions show very good behaviour for both 

sites. Accelerations at the GC site comply with the requirements; however, the vertical 

acceleration at the WoB site showed the worst performance among all the criteria. 

Finally, maximum rotations must be addressed to meet the design criteria. 
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Considering the results obtained, with several simulations not meeting certain design 

criteria, the main conclusion of the first design loop is that the FLOTANT concept is still 

not ready and further optimisation is required. To improve the results for the next loop 

of design, a set of suggestions is proposed, avoiding major re-design of the floater and 

exceeding the required draft limit of 12 meters [8]: 

•  Rearrange the internal structure in the floater to provide more active ballast 

capability, keeping the same overall weight. 

•  Transfer weight from the concrete slab to the heave plate, keeping the same 

overall weight of the structure. Doing so would lower the centre of gravity increasing 

hydrostatic stiffness in Roll and Pitch, therefore decreasing the static angles. 

• Increasing the heave plate diameter would also lower the centre of gravity and 

increase the mass moment of inertia, tackling both static and dynamic motions. 

The abovementioned suggestions will be implemented in the second design loop in 

agreement with the consortium partners. Some improvements in the mooring system 

will be also considered by the partner in charge during the second design loop, with no 

major redesign. The conception of the mooring system continued to neglect second-

order wave loads by decision of the partner in charge, therefore in the coupled analysis, 

such loads were neglected as well. It is worth mentioning that in the opinion of the 

Innosea design team, choosing to neglect such loads means that the mooring system 

proposed is not applicable in real sea state conditions. 

 

9. Method – Second Design Loop 

9.1. Design loop 

As explained in section 7.1. 

9.2. System modelling 

The main difference between the two loops of design, beyond the changes already 

explained in deliverable 4.3 [4], are related to the hydrodynamic model used. Orcaflex 

has been employed to perform hydrodynamic calculations and to model properly the 

new mooring system. The use of Orcaflex aggregates much more detailing and veracity 

to the mooring characterisation when compared to the use of MAP++. Complete insight 

regarding the use of the OrcaFlex Interface module and the required configuration in 

both FAST and OrcaFlex to successfully couple the models is released in [25]. 

In the main OpenFAST input file, the CompHydro item is set to 0 to deactivate the use of 

HydroDyn, CompMooring is set to 4, and the MooringFile item is populated with the 

name of the input file for the OrcaFlex Interface module. Both OrcaFlex and OpenFAST 
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must use the same time step, and the six platform DoFs in OpenFAST’s ElastoDyn 

module must be enabled to transfer correctly loads and motions between the software. 

Additionally, the same platform initial conditions must be set in both ElastoDyn and 

OrcaFlex. 

As explained before, AeroDyn and ElastoDyn are employed to include the aerodynamic 

and structural information provided in [19] regarding tower and blades. Moreover, the 

floater mass properties excluding the contributions of the tower and turbine (which are 

already considered in ElastoDyn) are populated using the information provided in [4]. 

Within InflowWind module, the hub height is kept as 119,69 meters, the WindType 

parameter is set up between steady (=1) and turbulent (=3) wind, in accordance with 

the DLC investigated. Different wind seeds are used to match the IEC requirements [20] 

regarding environmental variability. Using random seeds, different wind field files are 

created, adopting the IEC Kaimal turbulent model. 

The mooring system was designed by TFI [22] and the OrcaFlex model provided was 

employed as a base for the subsequent coupled model. OrcaFlex gathers the metocean 

data used for each simulation, substructure mesh and HDB properties (imported 

previously in the Orcaflex model). The exception is the mass and moment of inertia 

tensor, which are set to small no-zero values because they are already accounted for in 

OpenFAST. The JONSWAP spectrum wave time series, generated with the help of 

Orcaflex and pre-processing Python scripts, uses different seeds and applies the sea 

state conditions depicted in Section 0, according to the design load cases defined in 

Section 7.4 of this report.  

The mooring system provided by TFI as an Orcaflex model for the second design loop 

contains TFI’s innovative spring system [22], with the capability of decreasing peak loads 

on mooring lines. For the GC site, the system can be seen in Figure 7.2 with its semi-taut 

four-line configuration. Each line has a first section of line coming from the fairlead made 

of wire rope, followed by a segment of spring system, another larger section of wire 

rope, and finally a small section of chain at the end, connecting to the anchor in the 

seabed. In the case of the WoB site (Figure 7.3), five lines of catenary chain configuration 

are deployed, having also the spring system in each line. For further details of the 

systems, refer to TFI’s deliverable 2.1 [22] in the FLOTANT project. 

9.3. Scope of analysis 

The global performance design criteria are kept the same between both design loops, 

they are presented in Section 7.4 of this report. The maximum correction capacity of the 

active ballast system was increased in the second loop, due to design changes in the 

floater agreed with the WP4 consortium partners. The capacity it went up to 11.8° 

degrees of trim or hell correction. The same post-processing procedure explained in 
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Section 7.4 was applied to the results of the second design loop. 

9.4. Design load cases 

The DLCs considered for the second design loop include operational and non-

operational conditions, such as power production with and without faults, transitions to 

and from standby (standstill or idling situations), stand-by with and without faults. In the 

second loop, a controller was used during the simulations, details regarding its tunning 

can be found in deliverable 4.2 of the FLOTANT project [19]. The definition of the DLCs 

implemented in the second loop is based on the IEC standards [20] [21] and DNV-GL [26] 

[27]. In some cases, the definition was adapted to the specifics of the FLOTANT project, 

and based on Innosea’s extensive experience in coupled analysis of FOWT. 

A summary of the characteristics of each DLC is presented in the following pages, the 

description of acronyms and abbreviations can be found in Table 3.1, and in more detail 

in the IEC and DNV-GL standards. 

Table 9.1 Brief description of the design load cases in the second design loop 

Design situation DLC Brief description 

Normal power 
production 

1.2 Turbulence + normal sea state  

1.6 Turbulence + severe sea state 

Power production plus 
occurrence of fault 

2.3 Extreme gust + grid loss  

2.4 Turbulence + grid loss  

2.6 One mooring line damaged  

2.8 Supply vessel impact, 2 ballast tanks flooded  

Start-up 3.1 Normal wind conditions + normal sea state  

Shut-down 4.1 Normal wind conditions + normal sea state  

Parked stand-by 
(standing still or idling) 

6.1 Extreme wind and sea state 

6.3 Extreme wind and sea state + Yaw misalignment  

6.4 Turbulence 

Parked non-stand-by and 
fault conditions 

7.1 Extreme wind and sea state + grid loss  

7.3 One mooring line damaged  

7.5 Supply vessel impact, 2 ballast tanks flooded  

 

Table 9.2 Metocean models and conditions implemented for each DLC 

DLC 
Wind 
model 

Sea state 
model 

Current 
model 

Water 
level 

Type of 
analysis 

1.2 NTM NSS NCM NWLR F 

1.6 NTM SSS NCM NWLR U+N 

2.3 EOG NSS NCM MSL U+A 
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2.4 NTM NSS NCM NWLR F 

2.6 NTM NSS NCM MSL U+A 

2.8 NTM NSS NCM MSL U+A 

3.1 NWP NSS NCM NWLR F 

4.1 NWP NSS NCM NWLR F 

6.1 EWM ESS ECM EWLR U+N 

6.3 EWM ESS ECM NWLR U+N 

6.4 NTM NSS NCM NWLR F 

7.1 EWM ESS ECM NWLR U+A 

7.3 EWM ESS ECM NWLR U+A 

7.5 EWM ESS ECM NWLR U+A 

 

Table 9.3 Wind speeds, seeds, and environmental directionality for each DLC 

DLC Wind Speed [m/s] Seeds 
Yaw error 

[360°] 

(Wind and 
Current)/Wave 
misalignment 

[360°] 

Wave 
directions [°] 

1.2 4 to 25@4 1 0 30; 0 0 to 60@30 

1.6 9.4 / 11.4 / 13.4 / 25 2 8; 0 30; 0 30 to 90@30 

2.3 9.4 / 11.4 / 13.4 / 25 3 8; 0 0 30 

2.4 4to25@4 1 0 0 30 

2.6 9.4 / 11.4 / 13.4 6 -8 -30 30 

2.8 9.4 / 11.4 / 13.4 6 -8 -30 30 

3.1 4 to 25@4 3 0 0 30 

4.1 4 to 25@4 3 0 0 30 

6.1 V50 2 8; 0 30; 0 30 to 90@30 

6.3 V1 6 20 30; 0 0 to 60@30 

6.4 1 / 3 / Va / Vb(1) 1 0 30; 0 0 to 60@30 

7.1 V1 2 8; 0 30; 0 0 to 60@30 

7.3 V1 6 -8 -30 30 

7.5 V1 6 -8 -30 30 

(1) For the GC site, Va = 26 m/s and Vb = 27 m/s. For the WoB site, Va = 30 m/s and Vb = 34 m/s. 

 

➢ DLC 1.2: This DLC is a case to investigate fatigue in normal power production 
condition considering turbulent wind and normal sea state conditions, with a 1-year 
return period water level. Six wind speeds ranging from cut-in to cut-out speed were 
considered. The sea state was defined with three different wave directions, two 
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wind/current misalignment cases, and one random seed to produce a total of 36 
simulations.  
 

➢ DLC 1.6: Normal power production DLC with turbulent wind, severe sea state with 
a 50-year return period, normal current model and extreme water level with a 1-
year return period. Three wind speeds were tested in addition to the wind turbine 
rated speed to be combined with two random seeds, two wind/wave misalignment 
cases and two Yaw misalignments cases. Five wave directions were applied, 
producing a total of 160 simulations.  
 

➢ DLC 2.3: DLCs 2.X belong to a power production case involving a transient event 
triggered by a fault, accident or loss of electrical network connection. In this DLC, a 
significant wind event, called extreme operating gust (EOG), is combined with an 
electrical system fault and considered as an abnormal event. In this case, the timing 
of these two events shall be chosen to achieve the worst loading. According to [27], 
three different timings were considered: grid loss happening in the moment of 
maximum gust acceleration, maximum gust velocity and minimum gust velocity. 
Three wind speeds around rated speed and the cut-out speed have been selected, 
to be combined with two Yaw error cases. A total of 24 simulations were performed. 

➢ DLC 2.4: A DLC similar to DLC2.3, with the difference that a turbulent wind model is 
applied instead of an extreme gust. The focus of this DLC is to evaluate fatigue 
loading, the grid loss or electrical fault is considered to happen mid-way through 
the time-domain simulation. Six different wind speeds have been selected ranging 
from cut-in to cut-out speed, to be combined with a single environmental loading 
direction, applying normal sea state and the extreme water level with one year 
return period. A total of 6 simulations was performed. 

➢ DLC 2.6: This is an accidental load case with normal sea state conditions and 
turbulent wind, in which the breaking of one of the mooring lines in the FOWT is 
simulated. The line to be released from the system was chosen as the most loaded 
line by evaluating results from the first design loop. Specifically, results from DLC1.6 
were considered, since this is the load case in the first loop with the turbine 
operating, similarly to DLC2.6. For the WoB model the line chosen was Line 1 (see 
Figure 7.3), and for the GC model Line 0 (equivalent to Line 1 in the WoB model). 
During the simulation, the first 400s are dedicated to transient behaviour of the 
system, then there are 400s in which the FOWT has all its mooring lines and finally 
3600s in which one of the mooring lines was released. A total of 18 simulations were 
performed for this DLC. 

➢ DLC 2.8: This is also an accident load case as DLC2.6, however in this case it is 
considered that a ship collision happens in one of the bulkheads that divides the 
inner structure of the floater into six sections. Due to the innovative anti-flooding 
system of FLOTANT, in which buoyancy is provided by XPS foam, only the ballast 
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tanks are flooded, as is shown in red in Figure 9.1. A new mass distribution is 
calculated considering the flooding of these tanks, and a new HDB is used as input 
for the coupled simulations. A total of 18 simulations were performed for this DLC. 

 

Figure 9.1 Flooding of ballast tanks in ship collision scenario 

➢ DLC 3.1: This is a case to investigate fatigue associated with start-up conditions. 
Start-up includes all the events resulting in loads on an offshore wind turbine during 
the transition from any standstill or idling situation to a power production condition.  
The start of the turbine operation is set to happen mid-way through the simulation 
time. It considers normal sea state and wind conditions with six wind speeds ranging 
from cut-in to cut-out speed and combined with three seeds to produce a total of 
18 simulations.  

➢ DLC 4.1: This is a case to investigate fatigue associated with shut-down conditions. 
Shut-down includes all the events resulting in loads on an offshore wind turbine 
during the transition from a power production condition to any standstill or idling 
situation.  The shut-down of the turbine operation is set to happen mid-way through 
the simulation time. It considers normal sea state and wind conditions with six wind 
speeds ranging from cut-in to cut-out speed and combined with three seeds to 
produce a total of 18 simulations. 

➢ DLC 6.1: DLCs 6.X represent survival conditions in which the turbine is parked or 
idling. In this load case, extreme turbulent wind and sea state with 50-year return 
periods are used. Different misalignments and wave directions are explored, a total 
of 40 simulations is performed. 

➢ DLC 6.3: A load case similar to DLC6.1, with the difference that extreme metocean 
conditions with a 1-year return period are applied and an extreme Yaw 
misalignment of the turbine is investigated. A total of 36 simulations were 
performed. 
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➢ DLC 6.4: This load case is dedicated to evaluating the fatigue damage of fluctuating 
loads during non-power production time, corresponding to wind speeds below cut-
in speed and above cut-out speed. Turbulent wind and normal sea state conditions 
are implemented with the extreme water level of a 1-year return period. In total 24 
simulations were performed. 

➢ DLC 7.1: DLCs 7.X belong to a case analysing deviations from the normal behaviour 
of a parked wind turbine resulting from different kinds of faults. DLC 7.1 considers 
grid loss with extreme metocean conditions of a 1-year return period. Different load 
directions and misalignments are considered to produce a total of 24 simulations. 

➢ DLC 7.3: Similar to DLC 7.1, but considering one mooring line damaged as a fault, 
and a single direction for the environmental load. This is the equivalent to DLC 2.6 
but in a non-power production scenario, with the FOWT in survival mode. A total of  

➢ DLC 7.5: Similar to DLC 7.1, but considering a ship impact accident as a fault, and a 
single direction for the environmental load. This is the equivalent to DLC 2.8 but in 
a non-power production scenario, with the FOWT in survival mode. A total of 

 

9.5. Assumptions and limitations 

The simulations performed during the second design loop used more complex software 

and configurations and thus they have different limitations and assumptions compared 

with the first loop. These differences are detailed below: 

• As mentioned previously, for the second design loop OpenFAST and Orcaflex were 
coupled together, therefore the hydrodynamic aspect of the time domain 
simulations was handled by Orcaflex, not HydroDyn as in the first loop of design. 

• A control system was implemented in the second design loop (see [19] for details), 
giving these simulations a higher degree of fidelity when compared with the first 
loop, and allowing the modelling of more complex DLCs such as start-up and shut-
down cases. 

• As in the first loop, the initial equilibrium position of the moored floating system 
was defined by running an initial simulation in OpenFAST without environmental 
loads and analysing the resultant steady-state position. 

• As in the first loop of design, water ballast was uniformly distributed between the 
different compartments and mass and inertia moments were taken as constant 
values according to the figures presented in [4]. 

• Mooring lines were considered in much more detail in Orcaflex when compared 
to MAP++ from the first design loop, all mooring related loads are considered in 
the coupled analysis. 

• Ocean current loads are included in Orcaflex in this second design loop. 



 

Deliverable 4.5: Integrated modelling and 
global performance 

 

 
 

 

 

FLOTANT has received funding from the European Union´s Horizon 2020 

research and innovation programme under grant agreement No.815289 

Doc.Nº: 220405-FLT-WP4-D4.5-
Integrated modelling and global 
performance-v24 
Date: 04/05/2022 

80 

• As in the first loop, no viscous damping was applied to the model for the coupled 
analysis. 

• As in the first loop, no wave drift forces are considered in the coupled analysis, as 
explained in [4]. This is because the consortium partner in charge of the mooring 
design decided to create the system without considering second order forces. 
Therefore, Innosea came into agreement with the other WP4 consortium partners 
that we would not be considering these forces in the coupled simulations either, 
with the fear that the mooring lines would not be able to bear the loads and 
several simulations would abort. 

• As in the first loop, the dynamic cable was not considered within the coupled 
simulations since the loads it produces in the floating system are negligible. 

• As in the first loop, AeroDyn v14 was used, so the drag force in the turbine tower 
was not considered in the coupled analysis.  

• Changes in sea water level were considered in the second design loop according 
to the definitions of each DLC.  

• For the sake of coupled analysis, the floater is considered a closed watertight 
body. The effects on the simulations of the XPS foam compartments and the 
constant flooding of sea water are complex, so they were neglected at this stage. 

• Concerning the simulation time, the same overall procedure of the first design 
loop was followed, therefore 1-hour (3600s) simulations were performed in 
Orcaflex. A pre-processing Python script was responsible for generating the 
correct sea states, with the appropriate maximum wave height, and a 4000 second 
duration. From this duration, the first 400 second were dedicated to the transient 
behaviour of the coupled model. For load cases dedicated to fatigue analysis, 700 
seconds simulations were performed, of which 100 seconds were dedicated to the 
transients. 
 

10. Results – Second Design Loop 

Due to the high volume of results generated during the second loop, a different strategy 
to present them is adopted. The summary results of the global performance will be 
provided in this section, together with a set of tables containing the number of 
simulations per DLC not fulfilling the criteria requirements. Subsequently, selected 
results from representative load cases will be provided to allow for detailed analysis, the 
focus will be on the design criteria that was not met for each DLC. 
 
For the global performance results in Roll and Pitch presented in this section, it is 
important to state that the action of the active ballast system is considered as 
mentioned in section 7.3 and 9.3. However, in the load cases with electrical grid loss 
(namely DLC2.3, DLC2.4 and DLC7.1), the active ballast system is not considered since 
there would be no power to manage it. Besides, the load cases dealing with ship impact 
(DLC2.8 and DLC7.5) do not benefit from the action of the active ballast system because 
the impact damages two ballast tanks. 
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10.1. Summary  

Table 10.1 shows the number of coupled simulations that were completed. Many of the 
simulations aborted presented excessive translational motion of the platform, leading 
the FOWT out of the wind field. This is a software limitation that is further addressed in 
[28]. 
 

Table 10.1 Completed simulations per DLC 

DLC 
Total Number of 

Simulations 
Simulations 

Completed GC site 
Simulations 

Completed WoB site 

1.2 36 36 36 

1.6 160 159 159 

2.3 24 24 23 

2.4 6 6 6 

2.6 18 18 18 

2.8 18 4 18 

3.1 18 18 18 

4.1 18 18 17 

6.1 40 40 40 

6.3 36 36 36 

6.4 24 24 24 

7.1 24 24 24 

7.3 6 6 6 

7.5 6 6 2 

Total 434 413 427 

 
Table 10.2 and Table 10.3 present the summary of global performance, with the 
percentage of simulations meeting each of the design criteria. Table 10.4 presents the 
principal diagonals of the load matrix at the tower base for the second design loop of 
FLOTANT. 
 

Table 10.2 Summary of global performance results in the second design loop, part 1 

 Roll 

(Max) 

Roll 

(Avg) 

Roll 

(Std) 

Pitch 

(Max) 

Pitch 

(Avg) 

Pitch 

(Std) 

GC (%) 94 98 60 95 98 92 

WoB (%) 91 96 42 95 96 83 
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Table 10.3 Summary of global performance results in the second design loop, part 2 

 Surge 

(Max) 

Sway 

(Max) 

Yaw 

(Max) 

Acc X 

(Max) 

Acc Y 

(Max) 

Acc Z 

(Max) 

GC (%) 100 100 100 100 100 100 

WoB (%) 100 80 100 95 100 24 

 
Table 10.4 Principal diagonals of the load matrix at tower base in the second design loop 

 Fx (kN) Fy (kN) Fz (kN) Fxy (kN) 
Mx 

(kN.m) 

My 

(kN.m) 

Mz 

(kN.m) 

Mxy 

(kN.m) 

Max GC 7781 7942 -8717 11592 745140 650160 33318 920036 
Min GC -7785 -9718 -25596 306 -663120 -633555 -41796 20577 

Max WoB 11429 11553 -8719 13671 797040 919160 45697 973536 

Min WoB -9060 -9581 -30685 484 -919620 -733050 -45144 42906 

 
Table 10.5 to Table 10.8 present the percentage of cases meeting the design criteria per 
DLC for both sites. This will enable direct evaluation of the most critical DLCs for each 
design criteria. 
 

Table 10.5 Results for Roll and Pitch criteria per DLC for GC site in the second design loop 

  
Roll Pitch 

DLC 
Criteria 

Type 
Avg Std Max Avg Std Max 

1.2 Operational 100% 78% 100% 100% 97% 100% 

1.6 Operational 100% 59% 100% 100% 100% 100% 

2.3 Survival 100% - 63% 100% - 79% 

2.4 Survival 100% - 83% 100% - 83% 

2.6 Survival 100% - 100% 100% - 100% 

2.8 Survival 0% - 0% 0% - 0% 

3.1 Operational 100% 100% 100% 100% 67% 100% 

4.1 Operational 100% 33% 100% 100% 17% 100% 

6.1 Survival 100% - 100% 100% - 100% 

6.3 Survival 100% - 100% 100% - 100% 

6.4 Survival 100% - 100% 100% - 100% 

7.1 Survival 100% - 86% 100% - 86% 

7.3 Survival 100% - 100% 100% - 100% 

7.5 Survival 0% - 0% 0% - 0% 
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Table 10.6 Results for Surge, Sway, Yaw, and acceleration criteria per DLC for GC site in the second 
design loop 

  
Surge Sway Yaw Acc X Acc Y Acc Z 

DLC 
Criteria 

Type 
Max Max Max Max Max Max 

1.2 Operational 100% 100% 100% 100% 100% 100% 

1.6 Operational 100% 100% 100% 100% 100% 100% 

3.1 Operational 100% 100% 100% 100% 100% 100% 

4.1 Operational 100% 100% 100% 100% 100% 100% 

 
Table 10.7 Results for Roll and Pitch criteria per DLC for WoB site in the second design loop 

  
Roll Pitch 

DLC 
Criteria 

Type 
Avg Std Max Avg Std Max 

1.2 Operational 100% 75% 100% 100% 92% 100% 

1.6 Operational 100% 37% 100% 100% 88% 100% 

2.3 Survival 100% - 61% 100% - 100% 

2.4 Survival 100% - 67% 100% - 100% 

2.6 Survival 100% - 94% 100% - 100% 

2.8 Survival 0% - 0% 0% - 0% 

3.1 Operational 100% 83% 100% 100% 67% 100% 

4.1 Operational 100% 18% 100% 100% 18% 100% 

6.1 Survival 100% - 100% 100% - 100% 

6.3 Survival 100% - 100% 100% - 100% 

6.4 Survival 100% - 100% 100% - 100% 

7.1 Survival 100% - 83% 100% - 97% 

7.3 Survival 100% - 100% 100% - 100% 

7.5 Survival 100% - 0% 100% - 0% 

 
 

Table 10.8 Results for Surge, Sway, Yaw and acceleration criteria per DLC for WoB site in the second 
design loop 

  
Surge Sway Yaw Acc X Acc Y Acc Z 

DLC 
Criteria 

Type 
Max Max Max Max Max Max 

1.2 Operational 100% 100% 100% 100% 100% 100% 

1.6 Operational 100% 74% 100% 93% 100% 0% 

3.1 Operational 100% 100% 100% 100% 100% 94% 

4.1 Operational 100% 100% 100% 100% 100% 88% 
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10.2. DLC 1.6 – Power Production Condition 

Results from DLC1.6 were selected since this is one of the most representative load 

cases, with the turbine in operational mode bearing extreme loads. It is also useful for 

comparison purposes with respect to the first design loop results. 

10.2.1. Gran Canaria 

  

Figure 10.1 Maximum excursions DLC 1.6 
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Figure 10.2 Maximum rotations for DLC1.6 without (left) and with (right) the correction of the ballast 

 

 Figure 10.3 Mean rotations for DLC1.6 without (left) and with (right) the correction of the active 
ballast 

 



 

Deliverable 4.5: Integrated modelling and 
global performance 

 

 
 

 

 

FLOTANT has received funding from the European Union´s Horizon 2020 

research and innovation programme under grant agreement No.815289 

Doc.Nº: 220405-FLT-WP4-D4.5-
Integrated modelling and global 
performance-v24 
Date: 04/05/2022 

86 

 

 

Figure 10.4 Standard deviation of the rotations for DLC1.6  

 

Figure 10.5 Maximum Yaw rotations for DLC16  
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Figure 10.6 Maximum accelerations for DLC1.6  
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10.2.2. West of Barra 

  

Figure 10.7 Maximum excursions DLC 1.6 

  

Figure 10.8 Maximum rotations for DLC1.6 without (left) and with (right) the correction of the ballast 
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 Figure 10.9 Mean rotations for DLC1.6 without (left) and with (right) the correction of the active 
ballast 

 

 

 

Figure 10.10 Standard deviation of the rotations for DLC1.6  
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Figure 10.11 Maximum Yaw rotations for DLC16  

 

Figure 10.12 Maximum accelerations for DLC1.6  
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10.3. DLC 6.1 – Parked Stand-By Condition 

Results from DLC6.1 were selected to represent a situation where the turbine is 

parked, also useful for comparison purposes with respect to the first design loop results. 

10.3.1. Gran Canaria 

 

 

Figure 10.13 Maximum excursions DLC 6.1 
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Figure 10.14 Maximum rotations for DLC6.1 without (left) and with (right) the correction of the ballast 

 

 Figure 10.15 Mean rotations for DLC6.1 without (left) and with (right) the correction of the active 
ballast 
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Figure 10.16 Standard deviation of the rotations for DLC6.1  

 

Figure 10.17 Maximum Yaw rotations for DLC6.1  
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Figure 10.18 Maximum accelerations for DLC6.1  
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10.3.2. West of Barra 

 

Figure 10.19 Maximum excursions DLC 6.1 

  

Figure 10.20 Maximum rotations for DLC6.1 without (left) and with (right) the correction of the active 
ballast 
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 Figure 10.21 Mean rotations for DLC6.1 without (left) and with (right) the correction of the active 
ballast 

 

 

 

Figure 10.22 Standard deviation of the rotations for DLC6.1  
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Figure 10.23 Maximum Yaw rotations for DLC6.1  

 

Figure 10.24 Maximum accelerations for DLC6.1  
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10.4. DLC 2.3 – Power Production with Extreme Gust and Grid Loss 

This load case is a power production situation where a sudden loss of electrical grid 

in the turbine happens concomitant to an extreme gust event. Figure 10.25 gives an 

example of a wind gust applied in the DLC, the module IECwind from the FAST toolbox 

is used. In the image, the vertical axis represents wind speeds in m/s and the horizontal 

axis are moments in time. 

Figure 10.26 exemplifies the power curve of a simulation at rated wind speed for 

DLC2.3. The drop in power, caused by the controller configuration in this load case, 

represents the loss of electrical grid. 

 

Figure 10.25 Example of extreme gust wind for the turbine at rated wind speed used in DLC2.3 

 

Figure 10.26 Example of the power curve for the turbine at rated wind speed used in DLC2.3 

As explained in section 9.4, three different scenarios are simulated with different grid 

loss timing. Figure 10.27 depicts an example of the motion performance for a simulation 

at the GC site with the electrical fault coinciding with the maximum gust acceleration. 
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The turbine is operating at rated wind speed with colinear environmental loads coming 

from 30°. The red dotted vertical line shows the end of the transient behaviour and the 

sharp change in motion close to the 1400 s depicts the behaviour of the floating system 

when the action of both, extreme gust and the grid loss are combined. Table 10.9 

summarises the motion statistics associated with the simulation in Figure 10.27. Figure 

10.28 and Table 10.10 present the same results for the WoB site.  

 

Figure 10.27 Motion results of the example simulation for DLC2.3 at GC site 

 

Table 10.9 Motion statistics of the example simulation for DLC2.3 at GC site 

 Max Avg Std 

Surge (m) 10.77 4.50 3.42 

Sway (m) 10.36 2.43 3.73 

Heave (m) -0.66 -0.06 0.14 

Roll (deg) 8.86 -0.96 2.19 

Pitch (deg) -14.02 1.7 4.04 

Yaw (deg) -6.19 0.31 1.08 
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Figure 10.28 Motion results of the example simulation for DLC2.3 at WoB site 

 

Table 10.10 Motion statistics of the example simulation for DLC2.3 at WoB site 

 Max Avg Std 

Surge (m) 11.46 3.12 4.62 

Sway (m) 17.61 4.83 6.47 

Heave (m) -1.37 -0.07 0.41 

Roll (deg) 8.92 -1.14 2.82 

Pitch (deg) -14.92 1.00 4.43 

Yaw (deg) -6.02 0.73 1.49 

 

10.5. DLC 2.6 and DLC7.3 – Mooring Line Failure 

Figure 10.29 depicts an example of the results for DLC2.6 at the WoB site (mooring line 

failure). The red dotted vertical line shows the end of the transient behaviour, and the 

yellow dotted line represents the instant when the mooring line is released from the 

floater within the Orcaflex model. Table 10.11 highlights the motion statistics associated 

with this example. 
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Figure 10.29 Motion results of the example simulation for DLC2.6 at WoB site 

 

Table 10.11 Motion statistics of the example simulation for DLC2.6 at WoB site 

 Max Avg Std 

Surge (m) 20.66 14.68 2.63 

Sway (m) -14.37 -7.65 2.41 

Heave (m) -1.50 -0.06 0.44 

Roll (deg) 2.73 1.28 0.64 

Pitch (deg) 9.95 7.32 1.26 

Yaw (deg) 7.69 3.52 2.00 

 

By analysing the summary in section 10.1, the only design criteria in the mooring failure 

DLCs in which there were not 100% of simulations with a satisfactory result was 

maximum Roll rotation at the WoB site. In Figure 10.30, these results are presented, and 

it becomes clear that the problem is concentrated in a single simulation. To look into 

this in more detail, Figure 10.31 presents the motion time series of this specific 

simulation. By comparing Figure 10.31 and Figure 10.29, it becomes clear that this 

simulation does not show the typical behaviour expected for such a load case. 
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Figure 10.30 Maximum Roll rotations for DLC2.6 with(left) and without(right) active ballast 

 

 

Figure 10.31 Critical simulation for Roll motion in DLC2.6 for WoB site  

 

In Figure 10.31, the Roll motion builds up through the simulation influencing other 

degrees of freedom, especially Yaw. This DLC features six simulations with the random 

seed employed being the only difference between them. However, only one out of the 

five simulations present such behaviour. This simulation is suspicious of suffering from 

a physical phenom called parametric Roll instability (or parametric Roll resonance). 
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When a floating structure is subjected to wave actions, the metacentric height tends to 

be lower at crests and higher at throughs. This causes an oscillatory change in the 

stability of the floater. Depending on the frequency of this change, this can cause a large 

increase in Roll responses. Usually, this phenomenon depends on the ratio of the wave 

encounter frequency to the Roll natural frequency of the structure, the ratio of the 

wavelength to the length of the floater, and the amount of Roll damping in the floater. 

Further information can be found in the following references [29] [30]. Figure 10.32 

presents the theoretical Roll motion of a floating structure under Roll parametric 

instability. 

 

Figure 10.32 Expected motion in Roll of a structure under Roll parametric instability [29] 

 

Further investigation would be required to confirm this suspicious behaviour and 

prescribe feasible solutions; however, due to time constraints, this will be done in future 

developments. 

 

10.6. DLC 2.8 and DLC7.5 – Ship Impact 

Analysing the summary tables presented in section 10.1, it is clear that the ship impact 

load cases are critical in the present work with none of the simulations meeting the 

design criteria. During this event, two ballast tanks are damaged and the action of the 

active ballast system is not considered. Therefore, it is extremely challenging for the 

floating system to meet the strict design criteria. Many of the simulations aborted due 

to excessive translational motions leading the FOWT out of the wind field. Note, this is 

not a good indicator of the performance of the system in this scenario. 

Figure 10.33 and Figure 10.34 show the motion time series of equivalent simulations for 

GC and WoB sites respectively, whilst Table 10.12 and Table 10.13 present their 

associated motion statistics. 
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Figure 10.33 Motion results of the example simulation for DLC7.5 at GC site 

 

Table 10.12 Motion statistics of the example simulation for DLC7.5 at GC site 

 Max Avg Std 

Surge (m) 8.30 6.37 0.70 

Sway (m) -8.31 -3.11 1.55 

Heave (m) -14.58 -12.83 0.54 

Roll (deg) 16.78 11.97 1.92 

Pitch (deg) 17.68 13.14 1.65 

Yaw (deg) 16.25 5.99 3.33 
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Figure 10.34 Motion results of the example simulation for DLC7.5 at WoB site 

 

Table 10.13 Motion statistics of the example simulation for DLC7.5 at WoB site 

 Max Avg Std 

Surge (m) 14.80 8.65 1.57 

Sway (m) -7.51 -1.69 2.28 

Heave (m) -30.68 -12.87 5.53 

Roll (deg) 17.10 12.02 1.58 

Pitch (deg) 15.68 11.75 1.41 

Yaw (deg) 12.59 3.71 3.65 

 

10.7. DLC 3.1 – Start-up 

After a rigorous quality assessment of the results, an inaccuracy in the modelling of the 

start-up condition was found. The initial blade pitch and rotor speed were kept within 

operational ranges while they should have been set to 90° and 0 rpm respectively (see 

Figure 10.35 and Figure 10.36). After the start-up, these values must progress to 

operational values. Therefore, the only difference after the Start-up is that the generator 

starts to work (Figure 10.37). 
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Figure 10.35 Blade pitch curve of a start-up simulation at 12 m/s wind speed (4.58°) 

 

Figure 10.36 Rotor speed curve of a start-up simulation at 12 m/s wind speed (8.36 rpm) 
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Figure 10.37 Power curve of a start-up simulation at 12 m/s wind speed 

This inaccuracy determines the assessment of the motions of the FLOTANT concept 

during the start-up condition as can be seen in Figure 10.38. It was expected a significant 

perturbation in the motions around 350 seconds when the start-up event was set to 

start. However, since the configuration was not precise, only a small perturbation is 

shown (mainly shown in the Pitch DoF in the figure below). Consequently, it is concluded 

that the results obtained within this load case are not representative of the start-up 

condition and therefore the results of DLC 3.1 are excluded from the global summary 

presented in Table 10.2 and Table 10.3. 

 

Figure 10.38 Motion time series of a Start-up simulation 
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10.8. DLC4.1 – Shut-down 

This load case considers the turbine starting in operational conditions and undergoing a 

shut-down event 350 seconds after starting the simulation. After the shut-down event, 

the pitch of the blades is set to 90° (feathered position) and the rotor speed tends to 

zero rpm with the generator not producing energy. Figure 10.39, Figure 10.40 and Figure 

10.41 illustrate how this event has been configured and Figure 10.42 shows the resultant 

motions of the FOWT. 

 

Figure 10.39 Blade pitch curve of a shut-down simulation at rated wind speed (1.91°) 

 

Figure 10.40 Rotor speed curve of a shut-down simulation at rated m/s wind speed (8.36 rpm) 
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Figure 10.41 Power curve of a shut-down simulation at rated wind speed 

 

 

Figure 10.42 Motion time series of a shut-down simulation 
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By analysing the summary tables in section 10.1, it can be seen the worst results for this 

DLC were the standard deviation performance in Roll and Pitch for both sites, and the 

vertical accelerations in the nacelle for the WoB site. Figure 10.43, Figure 10.44 and 

Figure 10.45 allow for a more detailed assessment of these results. 

 

 

Figure 10.43 Standard deviation of the rotations for DLC4.1 at GC site  

 

 

Figure 10.44 Standard deviation of the rotations for DLC4.1 at WoB site  
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Figure 10.45 Vertical acceleration for DLC4.1 at WoB site 

 

11. Validation of the numerical model 

As part of WP5 of the FLOTANT project, experimental testing was performed by MARIN 

[31] using a 1:50 Froude scale model based on the Gran Canaria mooring design. The 

details regarding this test can be found in deliverable 5.4 [32], the objective of this 

section is to present the validation of the numerical model using the basin test results. 

First, decay tests were performed with and without the moorings attached to the floater 

to compare experimental and numerical natural periods. Figure 11.1 presents the curves 

generated in such tests in the Heave DoF with no extra damping included in the 

numerical model. The natural periods are obtained by fitting an exponential decay curve 

to the motion signal and extracting the values of its coefficients, the fitted curve can be 

seen in the following plots.  

Free decay tests were carried out in Heave, Roll and Pitch DoFs, while moored decay 

tests were executed for all six DoFs. The summary of the results is presented in Table 

11.1. It is observed that the results of the experimental free decay tests fit well with 

numerical model results. However, there is a considerable difference for the moored 

decay tests. The exception is the Heave DoF which have a lower influence regarding the 

mooring system. 
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Figure 11.1 Decay tests in Heave in the numerical model without (left) and with mooring (right) 

 

Table 11.1 Comparing natural periods between numerical model and basin decay tests 

Free Floating  

  Numerical Basin Error  

Heave 11,1 11,1 -0,4%  

Roll 30,4 29,9 1,6%  

Pitch 30,3 29,9 1,3%  

Moored   

Surge 91,6 37,0 147,6%  

Sway 79,4 29,0 173,9%  

Heave 10,5 10,5 -0,1%  

Roll 29,0 21,6 34,1%  

Pitch 29,4 24,4 20,7%  

Yaw 62,7 42,8 46,5%  

 

Given the above results, a comparison between the pull-out tests (static offset) was 

performed to investigate the differences in the mooring system. Figure 11.2 extracted 

from [32] highlights the offsets and mooring line tensions used for this comparison. The 

line chosen corresponds to line A1 in the basin model (see Figure 11.3) which is 

equivalent to line A0 in the numerical model. The different coordinate system between 

the basin and numerical model was considered and the results of the pull-out tests 

performed in the numerical model are provided in the basin coordinate system to 

facilitate comparison. Run 3 corresponds to tests made in Surge, while Run 4 tests made 

in Sway. 
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Figure 11.2 Static offset table from the basin tests 

 

 

Figure 11.3 Basin test model and coordinate system (left), equivalent numerical model (right) 

 

The tests generated two sets of results; the first one presents a curve with forces in the 
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line versus the applied offset in the test (Figure 11.4). The second one was produced to 

investigate the mooring stiffness based on the forces in the line and produces plots 

showing the mooring stiffness versus pair of offsets (Figure 11.5).  

 

Figure 11.4 Pull-out test curves of Force vs Offset for Surge (left) and Sway (right) 

 

 

Figure 11.5 Pull-out test curves of Mooring Stiffness vs Offset for Surge (left) and Sway (right) 

 

In the images above, there is a green line labelled “reference”. This line comes from a 

benchmark project and is used to show the expected behaviour in the pull-out test. The 

benchmark comes from a commercial project regarding a floating wind farm performed 

by Innosea with a consolidated FOWT system. It considers a barge type floater using a 

semi-taut mooring design holding a 13 MW wind turbine; therefore it is similar to the 

FLOTANT concept in the Gran Canaria site. The results of the pull-out test performed 

with the numerical model of the FLOTANT concept is closer to the benchmark project 
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results than the basin test model. This suggests that there was a problem with the 

mooring system modelled in the basins. 

After discussion with the partners in charge of the basin tests and mooring design, a 

feasible justification was found. The mooring system provided to Innosea for the 

coupled analysis was significantly different from the one modelled in the basin.  The 

mooring system provided to Innosea has the innovative spring system installed in all the 

mooring lines whilst the model used in the basin had springs installed only in the two 

front lines. Since the springs elongate under load and the system is installed with some 

pretension, the removal of the springs and replacement of them with an identical length 

of carbon fibre rope end up with the platform sitting in a different initial position (2 

meters difference) and presenting a 50% higher pretension.  

In conclusion, the numerical model used in the coupled simulations and the basin test 

model have different mooring systems and therefore, the basin test results cannot be 

used to validate the numerical model.  

 

12.  Conclusions and recommendations 
 

A detailed numerical model of the FLOTANT concept has been successfully implemented 

and its performance has been checked in several design load cases including operational 

and survival conditions. Besides, the coupled analysis performed has provided inputs for 

other work packages such as load matrixes, fatigue loads, watertightness loads, and 

dynamic pressure loads around the hull. Even though the validation of the numerical 

model against ocean basin tests could not be performed, the results of the different 

design loops performed have provided useful insights regarding the potential of the 

FLOTANT concept as a solution for the offshore wind industry. 

Analysing the results obtained against the restrictive design criteria defined in [8], it can 

be concluded that the rotations in Roll and Pitch DoFs need to be improved in 

subsequent developments. This improvement will require changes in the floater design 

and its dimensions. However, it is worth remembering that viscous damping was not 

considered in these simulations, and this could have had a positive impact on the results. 

In addition, a set of design changes will be needed to increase the resilience of the 

system in ship impact situations. A possible solution would be to increase 

compartmentation of the water ballast system having more but smaller ballast tanks in 

the floater. A new mooring system would have to be designed considering second-order 

wave loads. The choice of the mooring design partner of neglecting these loads causes 

the design not to be applicable in real sea state conditions, in the opinion of the Innosea 

design team. 
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The FLOTANT concept is well adapted to “moderate” sites in terms of environmental 

loading such as Gran Canaria, which is the most common situation in commercially 

available sites for offshore wind around the world. An indicator of this is that all 

simulations for this site met the design criteria for excursions, accelerations at the 

nacelle and yaw motions. Additionally, the performance in Roll and Pitch rotations was 

better compared to the ones at the West of Barra site, a place considered “extreme” for 

offshore wind deployment. However, since a number of simulations did not meet certain 

design criteria for both sites, the FLOTANT concept still cannot be considered validated 

for commercial use and further developments need to be done. 

The global performance of the concept has been checked using strict design criteria 

agreed upon for this project. However, these design criteria can be argued since there 

is no agreement on that topic within the floating wind industry. During the development 

of the present research, a concern has arisen regarding criteria defined in the design 

basis and its suitability in certain conditions. Some situations, present too restrictive 

values whereas in other situations the criteria could be much more conservative. 

Besides, splitting the criteria into “operational” and “survival” situations may not grasp 

the inherent complexity of the different scenarios defined by the design load cases. It 

would be recommended to develop a new set of criteria specially designed for specific 

load cases.  

Recommended developments to further improve the FLOTANT are listed below: 

• A new loop of design (with changes on the floater and mooring designs to 

improve the motions) followed by wave basin experiments to validate the 

numerical models developed.  

• Viscous damping and wave drift forces should be included in future simulations 

to add more fidelity to the results.  

• A more advanced controller should be designed to help reduce the loads at the 

wind turbine while maintaining power output.  

• The list of design load cases performed should also be extended to assess more 

loading conditions such as towing and installation for example.  

• The suspicion of parametric roll instability should be carefully investigated since 

this could imply a limitation of the current design.  

• The passive anti-flooding system made of XPS foam should be modelled and 

investigated in more detail to evaluate its efficiency during real operational 

scenarios. 

 

 

 


