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Abstract: The emerging industry of offshore wind turbines mounted on floating bases has garnered
significant attention from both academia and industry. The desire to understand the complex
physics of these floating structures has led to the development of numerical and physical modelling
techniques. While physical testing has traditionally been employed, there is a growing focus on
cost-effective and accurate high-fidelity numerical modelling as a potential alternative or supplement.
However, commonly used numerical engineering tools in the offshore industry are considered mid-
to low-fidelity and may lack the desired precision for floating offshore wind turbines (FOWTs).
Given the complexity of these simulation codes, it is crucial to validate their accuracy. To address
this, the International Energy Agency (IEA) Wind Technology Collaboration Programme initiated
various research endeavors, including the Offshore Code Comparison Collaboration (OC3), Offshore
Code Comparison Collaboration Continuation (OC4), Offshore Code Comparison Collaboration
Continuation with Correlation (OC5), and the recent Offshore Code Comparison Collaboration
Continued with Correlation and Uncertainty (OC6) projects. This study offers a comprehensive survey
of the simulation tools available for FOWTs which were part of OC projects, focusing particularly on
horizontal axis wind turbines (HAWTs) and highlighting their capabilities and fundamental theories.
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1. Introduction

A rapidly expanding sector of the wind energy industry is floating wind energy
devices. Currently, there are relatively few large operational floating offshore wind farms
that are connected to the grid: Hywind Tampen (88 MW) wind farm [1], which is located
approximately 140 km into the Economic Exclusive Zone of the Norwegian North Sea,
Haiyou Guanlan floating wind farm (7.25 MW) located 136 kilometres from Wenchang in
Hainan province in China [2], Typhoon-Proof floating wind power project located 72 km
(44 miles) off the coast of Guangdong Province in China [2], Block Island Wind Farm
(30 MW) off the coast of Rhode Island [3], Hywind (30 MW) and Kincardine (50 MW) in
Scotland, and Windfloat Atlantic (25 MW) near Viana de Castelo in Portugal [4]. As of
now, despite the rapid growth in this industry, the expenses associated with floating wind
turbines are still much greater than those for fixed offshore ones.

The complexity and coupling of floating offshore wind turbine (FOWT) systems,
as well as the presence of several excitation sources, make floating wind optimization
challenging. As such, advanced modelling and design tools capable of precisely capturing
these systems’ physical behavior under realistic conditions are necessary. To this end, it is
essential to understand and address the causes of inaccuracies and uncertainties in these
tools in order to develop a cost-effective design tool for floating wind turbines. Currently,
there are a number of different numerical and physical modelling methods available, both
independently and with a cross-validation method [4].

In recent years, a large variety of simulation tools have been developed to examine
various structural dynamic, aerodynamic, wind-inflow, and mooring models of wind
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turbines in the time-domain, as well as to anticipate and assess their response. Fields related
to FOWTs have recently received substantial research attention because of the potential
benefits of these systems over onshore systems. Waves, sea currents, hydrodynamics, and
mooring systems have all been modelled to replicate the additional physical phenomena
involved with offshore wind turbines. The various components of offshore wind turbine
modelling tools are depicted in Figure 1.

Figure 1. Diagram of the components of offshore wind modelling tools [5].

Almost all simulation codes for onshore and offshore wind turbines are based on time-
domain solutions that use numerical techniques, like the Fast Fourier Transform (FFT), to
simulate a wind turbine’s dynamic behavior. Furthermore, the majority of these aeroelastic
modelling codes are based on blade element momentum (BEM) theory and multibody
simulation (MBS) techniques, which allow for acceptable modification and prediction of
rotor aerodynamics like tip loss correction, turbulent wake state, dynamic inflow, and
dynamic stall [6–10].

In order to validate and verify the accuracy of the available simulation codes through
code-to-code comparisons, two research tasks have been defined by the International
Energy Agency (IEA) within Tasks 23 and 30 [10–12]: The Offshore Code Comparison
Collaboration (OC3) and the Offshore Code Comparison Collaboration Continuation (OC4)
projects. Subsequently, an extension of Task 30, the Offshore Code Comparison Collab-
oration Continuation with Correlation (OC5) was initiated in three different phases to
address the limitation of the previous tasks by comparing the simulated response with
physical response data from an experimental test, and identifying which solution is the
most accurate [13–15]. In 2019, the IEA Wind Task 30 defined the OC6 project (Offshore
Code Comparison Collaboration Continued with Correlation and Uncertainty) to improve
the overall accuracy and predictive capability of the offshore wind turbine simulation
codes [16].

This paper begins by dissecting the numerical modelling of floating offshore wind
turbines (FOWTs) into four distinct components: structural dynamics, hydrodynamics,
aerodynamics, and mooring. The primary focus of this exploration is an in-depth evaluation
and comparison of various simulation tools tailored for FOWTs, particularly emphasizing
horizontal axis wind turbines (HAWTs). The central objective of this survey is to provide
an extensive overview of the numerical simulation tools and their foundational theories,
drawing from their participation in the Offshore Code Comparison (OC) projects. These
initiatives have played a pivotal role in scrutinizing the precision of these simulation tools
through rigorous code-to-code and code-to-model comparisons, ensuring their reliability
and efficacy in FOWT analysis. Moreover, this survey casts a spotlight on the underlying
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theories, capabilities, and limitations of these tools, offering valuable insights into their
applicability for diverse aspects of FOWT simulation. In the subsequent sections, we delve
into each of these three critical components, followed by an extensive examination of the
individual simulation tools, elucidating their distinct attributes and functionalities.

2. Structural Codes

In the analysis of structural modules, a variety of approaches have been employed,
including modal-based, finite element codes, and multibody methods. Some simulations
have utilized combinations of these techniques to enhance accuracy. For instance, HAWC2
adopted a comprehensive approach, employing both multibody and linear finite element
representations to model the turbine. On the other hand, ADCoS-Offshore opted for a
nonlinear finite element system to capture intricate interactions. Codes like FAST, Bladed,
and FLEX5 adopted a blend of modal and multibody techniques, incorporating modal
elements derived from a finite-element-based preprocessor [10].

It is worth noting that modal-based codes yield slightly different second and higher
coupled eigenmodes compared to their higher-fidelity multibody and finite element coun-
terparts which indicates a stiffer behavior of a structure. As a result, variations in dynamic
response and energy content are anticipated, particularly in the higher-frequency range.
Multibody and FEM codes accommodate more DOF and thus allow for more vibrational
modes and higher local vibrational modes. This results in reduced stiffness of the structure,
which should better mimic reality. Mode-shape-based tools might not accurately predict
these vibrations due to the limited number of mode shapes used for the model. The modal-
based codes are categorized into two groups based on their formulation: Euler–Bernoulli
and Timoshenko. The former is utilized by Bladed, FLEX5-Poseidon, ADCoS-Offshore,
WaveLoads-ANSYS, HAWC2-BE, and ANSYS Beam, while the latter is employed by
HAWC2, ANSYS Pipe, and Bladed (Timoshenko) [10,11].

When it comes to predicting natural frequencies of flexible body modes, not all codes
exhibit the same level of accuracy. Codes that account for tower and blade bending, along
with drivetrain torsion modes, tend to yield similar results with only minor discrepancies.
Notably, codes neglecting tower torsion, like FAST, project higher natural frequencies,
reflecting the stiffer compliance about the tower centerline. Conversely, codes that consider
tower torsion, such as ADAMS and HAWC2, align more closely with each other [10].

In terms of tower fore–aft deflection induced by platform motion, a majority of codes
demonstrate reasonable agreement. However, Simo and SESAM predict no deflection due
to their rigid tower modelling approach. This underscores the significance of accounting
for tower flexibility in accurately capturing such dynamic responses [10].

3. Aerodynamic Codes

In the realm of aerodynamic modelling, a blade-element-momentum-theory-based
model was predominantly employed across simulation tools, albeit with variations in
corrections and attributes. Some tools went further to encompass a dynamic wake element,
which accounts for the time lag in induced velocities created by vorticity shed from the
blades. Additionally, unsteady airfoil aerodynamics were integrated to model flow hystere-
sis, covering aspects like unsteady attached flow, trailing-edge flow separation, dynamic
stall, and flow reattachment. Although most participants adhered to a BEM model, a subset
incorporated dynamic wake and unsteady airfoil aerodynamics. The inclusion of unsteady
airfoil aerodynamics notably led to an augmentation in system-wide broadband frequency
excitation, enhancing alignment with experimental data [5,14].

In the domain of floating offshore wind turbine system modelling, various fidelity
approaches were adopted, categorized under blade element momentum (BEM) theory,
dynamic BEM (DBEM) incorporating dynamic inflow effects, generalized dynamic wake
(GDW), free-vortex wake (FVW), and blade-resolved or actuator-line-based computational
fluid dynamics (CFD). Several of these approaches, including BEM, DBEM, GDW, select
FVW, and actuator-line-based CFD, are rooted in the lifting-line theory. Here, the airfoil
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polar data serve as a pivotal input, providing insights into lift and drag coefficients as a
function of the angle of attack [14,17].

The conventional BEM theory operates on the premise of an instantaneous wake
reaction, where induced velocities based on axial and tangential induction factors are
quasi-steady. In reality, however, there exists a delay for the wake to respond to shifts in
flow conditions arising from changes in wind patterns or turbine responses. To address
this, the dynamic inflow model (or dynamic wake) in BEM theory incorporates low-pass
filters to rectify the unsteady aerodynamic response from this delayed wake reaction. On
the other hand, GDW explicitly calculates dynamic inflow by representing induced velocity
through series expansion and accounting for apparent mass. In FVW, dynamic inflow is
intrinsically captured, while CFD solves momentum and continuity equations, inherently
encompassing this dynamic inflow aspect [14,17].

Most BEM and DBEM models accommodate prevalent aerodynamic corrections, criti-
cal in wind turbine design, such as blade-root and blade-tip losses. Tools utilizing FVW
or CFD gain valuable insights into wind turbine wake behavior. However, it is important
to note that most numerical models exhibit a slight overprediction of wake expansion,
potentially influenced by the proximity of the blade tip to the experimental ceiling. No-
tably, CFD tools incorporating wind tunnel boundaries demonstrated superior agreement
with experimental data. FVW models face limitations in accounting for these boundary
conditions without implementing additional features [17].

While the motion of the turbine itself does not mandate an unsteady aerodynamic
modelling approach for accurate load prediction, a realistic scenario involving generator
torque control and blade pitch angle control would necessitate unsteady aerodynamic
models—encompassing airfoil unsteady aerodynamics and dynamic inflow models—for
precise load projections [17].

4. Hydrodynamic Codes

Hydrodynamic loads on a floating structure encompass the influence of incident waves,
the generation of outgoing waves due to platform movement (incorporating added mass
and damping effects), and the effects of viscous forces. Typically, modelling these loads
relies on two main techniques: potential flow (PF) theory and Morison’s equation (ME). The
choice between these theories is contingent on the scale of the structure being simulated
and the prevailing water flow conditions. The hydrodynamic approaches used in the
simulation tools are based on one of these methods, or a blend of both. For large structures
in the water, where their size is significantly greater than the wavelength, the water remains
attached as it flows past the structure, making potential flow theory applicable. The most
common technique for modelling potential loads is through panel methods. This approach
encompasses capturing excitation from waves (including diffraction) and radiation effects
(including added mass and damping effects). However, it does not encompass viscous
drag resulting from flow separation. Consequently, codes exclusively using this method
often apply a global quadratic drag to the structure as an approximation. In the case of
smaller structures, where flow separation occurs, Morison’s equation is the typical choice.
This equation is an empirically derived model for hydrodynamic loading, encompassing
excitation from waves (with a long wavelength approximation), added mass effects, and
viscous forces. The theory can be further refined by integrating the Morison forces up to
the instantaneous water surface elevation using a wave stretching approach, and/or by
applying the forces at the instantaneous position of the displaced body in the water. When
exclusively using this method, it is imperative to also account for both the hydrostatic
forces and dynamic pressure loads [5,14].

5. Mooring Codes

The numerical techniques for analyzing mooring systems can be broadly categorized
into three methods: static, quasi-static, and dynamic [18]. The static method exclusively
considers constant loads like gravity, buoyancy, steady currents, wind, and mean wave-drift
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forces. The quasi-static method is introduced due to the absence of an absolute static state. It
assumes that within a given time step, the motion of a system motion is uniform and linear
between two static positions, and the system loads remain constant. Typically employed
during preliminary design, the quasi-static method assumes that the mooring line is in
static equilibrium at each time step, with the body’s position dependent solely on the static
restoring force. Quasi-static mooring models range from simple linear stiffness matrices to
catenary equations solving Newton’s force equation at each connection node [19].

For greater accuracy in mooring loads, especially during large displacements where
inertial effects are more pronounced, dynamic mooring models are utilized. Dynamic
models fall into three main types: lumped-mass model, finite element method (FEM),
and finite difference (FD) models [18,20]. In dynamic mooring models, the mooring line
is discretized into small elements, accounting for hydrodynamic drag and added mass
[21]. The lumped-mass model is a simpler numerical approach, assuming the mooring
line consists of concentrated masses connected by massless springs. Mooring dynamics
are derived by solving a system of equations of motion for each individual mass. FEM
and FD provide high-fidelity solutions, treating the mooring line as infinitesimally small
differential elements. The key distinction lies in the formulation of the governing equation,
which is in a differential and integral form for FEM and FD, respectively [18]. Generally,
the lumped-mass method converges to the same solution as FEM and FD with sufficient
resolution [22]. Other methods, such as the finite segment scheme involving ball-and-socket
connected rigid rods, have also been used to discretize the mooring line [23–26].

6. Numerical Simulation Tools
6.1. FAST Computer-Aided Engineering Tool

FAST (Fatigue, Aerodynamics, Structures, and Turbulence) is the primary computer-
aided engineering (CAE) tool applicable to wind turbines. It was developed by the National
Renewable Energy Laboratory (NREL) with support from the United States Department of
Energy. It simulates the coupled dynamic response of a variety of wind turbine configura-
tions, including two- and three-bladed horizontal-axis rotors, pitch or stall regulation, rigid
or teetering hubs, upwind or downwind rotors, and lattice or tubular towers [27–29].

FAST includes a number of modules that use mathematical models to simulate one or
more turbine components, such as AeroDyn (aerodynamics), HydroDyn (hydrodynamics of
platforms for offshore structures), ServoDyn (control and electrical systems), and BeamDyn
or ElastoDyn (structural dynamics). The schematic of various modules available in FAST is
depicted in Figure 2. The time-domain simulation and investigation of coupled nonlinear
aerohydroservoelastic simulation of onshore or offshore wind turbines on the fixed-bottom
or floating substructure is made possible by the assembly of these modules.

Figure 2. FAST schematic [28].
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FAST was utilized as the principal simulation tool in the OC projects, and its numerical
calculations for the OC3- Hywind and DeepCwind semisubmersible platforms were in
good agreement with experimental results [9,14].

6.1.1. FAST Modularization Framework

NREL recently released the FAST Modularization Framework in order to improve
the modularity of the FAST aerohydroservoelastic simulation tool. As the core of this tool,
FAST v8 is a software framework and algorithm for interconnecting modules in the time-
domain [30]. Modules can communicate in the FAST Modularization Framework using
matching or non-matching spatial meshes with different time steps and time integrators. A
predictor–corrector technique can be used to transfer data between modules, allowing for
both implicit and explicit time integration within each module [28,30–32].

6.1.2. ElastoDyn

ElastoDyn is the main structural dynamics module of FAST, where Kane’s method
is used to construct and implement nonlinear equations of motion [29,33]. As a call-able
module, it can be called in the framework with separate input files and source codes.
ElastoDyn is based on a formulation that combines multibody dynamics (blade and tower)
with modal dynamics (platform, nacelle, generator, gears, and hub) [32]. The dominant
mode shapes in ElastoDyn are found externally through modal tests or BModes and are
represented as sixth-order polynomials [34].

ElastoDyn is based on Euler–Bernoulli beam theory in bending, meaning that no axial
or torsional degrees of freedom (DOF) and no shear deformation are considered [30,35–38].
As a result, the module is better suited to straight beams with isotropic material and no
mass or elastic offsets, with small to moderate blade deflections, and some geometric
nonlinearities [30,37,38]. This module allows you to model any HAWT with a two- or
three-bladed, upwind or downwind rotor, with a rigid or teetering hub.

6.1.3. BeamDyn

NREL recently released BeamDyn, a new time-domain structural dynamics module
for modelling slender structures and advanced aeroelastically tailored blades [28,30,37–39].
For dynamic simulation of highly flexible composite wind turbine blades with bend–twist
coupling, BeamDyn is integrated into the FAST modular framework [30,34,37,38]. Beam-
Dyn substitutes in the place of ElastoDyn’s simplified blade structural model. BeamDyn
is based on geometrically exact beam theory and is discretized in the space domain using
the Legendre spectral finite element (LSFE) [30,36–38]. This new module allows for the
modelling of twisted composite blades with significant deformations, including bending,
torsion, shear, and extensional DOFs [30,34,36,40]. It may also be used as a standalone
high-fidelity beam tool.

6.1.4. AeroDyn

AeroDyn is used to perform the aerodynamic modelling for the FAST simulation tool.
AeroDyn is a time-domain wind turbine aerodynamics module that may be used either
independently to compute wind turbine aerodynamic response or in conjunction with
FAST to enable aeroelastic modelling of wind turbines [31]. AeroDyn solves for rotor-wake
effects and blade element aerodynamic loads, including dynamic stall, using wind-inflow
data [31]. Rotor Wake/Induction, Blade Airfoil Aerodynamics, Tower Influence on the
Blade Nodes, and Tower Drag are the four submodules of AeroDyn [41,42]. The BEM
theory and the generalized dynamic-wake (GDW) theory are two models in AeroDyn for
calculating the effect of wind turbine wakes. Many wind turbine designers employ BEM
theory, whereas GDW theory is a more contemporary development that can be used to
simulate skewed and unsteady wake dynamics [31,42,43]. AeroDyn v15.04 is a new NREL
release that includes improvements to skewed-wake, dynamic wake, and unsteady airfoil
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aerodynamics modelling, as well as the ability to model highly flexible and curved or swept
blades [31,41–44].

6.1.5. HydroDyn

The time-domain hydrodynamics module of the NREL simulation tool known as
HydroDyn has been integrated with FAST to enable aerohydroservoelastic simulation of
offshore wind turbines. This module, however, can also be used to compute hydrodynamic
loads as a standalone module. HydroDyn supports both fixed-bottom and floating offshore
installations. In HydroDyn, the hydrodynamic loads on a structure are calculated using
a potential flow theory solution (radiation/diffraction), a strip-theory solution (via an
extension of the Morison equation), or a combination of the two (radiation/diffraction and
the drag component of the Morison equation) [29,32,37,43,45].

Linear hydrostatic restoring; nonlinear viscous drag from incident-wave kinematics,
sea currents, and platform motion; added mass and damping contributions from linear
wave radiation, including free-surface memory effects; and incident-wave excitation from
linear diffraction in regular or irregular seas are all features that HydroDyn can account
for [29,46].

6.1.6. InflowWind

For processing wind-inflow data, a new module named InflowWind was created,
which can also be used independently of FAST. Undisturbed wind inflow such as steady,
uniform, and time-varying deterministic-like gusts; full-field (FF) turbulence models like
TurbSim and Mann; and a specific user-defined format are among the wind formats
supported by the InflowWind module [47,48].

6.1.7. SubDyn

NREL developed SubDyn, a time-domain structural dynamics module for multi-
member fixed-support substructures . It can also be used as a standalone code to compute
the mode shapes, natural frequencies, and time-domain free vibration response of sub-
structures independently from the rest of the wind turbine system. SubDyn can support a
variety of substructure types, including monopiles, tripods, jackets, and other lattice-type
substructures widely used for offshore wind turbine installations, as well as lattice support
structures for land-based wind turbines [49,50].

6.1.8. MAP++

MAP++ is designed as a library for modelling the steady-state forces on a multi-
segmented quasi-static (MSQS) mooring line in conjunction with other CAE tools. The
MSQS module in MAP++ solves all algebraic equations for all elements with a resultant of
zero at connection points at the same time. Modelling of seabed contact, seabed friction,
and externally applied forces is also included in MAP++ [19,51–53].

6.1.9. MoorDyn

MoorDyn is a lumped-mass modelling technique that was created in 2015. Its purpose
is to use the Morison equation to capture key phenomena linked to FOWT mooring systems,
such as mooring stiffness, inertia and damping forces in the axial direction, weight and
buoyancy effects, seabed contact forces, and hydrodynamic loads from mooring motion.
The MoorDyn module does not take into account bending and torsional cable stiffness, as
well as bottom friction [54–56].

6.1.10. FEAMooring

FEAMooring is a finite-element-based mooring-dynamics module that, while inte-
grated into FAST, may also be used to compute mooring dynamics as an independent code.
Different types of mooring systems, such as catenary mooring, taut mooring, and tendons,
can be analyzed using FEAMooring. It calculates mooring line reaction forces at the floating
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platform’s fairlead positions while taking into consideration mooring dynamics including
inertia and drag forces at each line element [53,57–59].

6.1.11. IceFloe and IceDyn

IceFloe (Quasi-Steady Ice Loading) and IceDyn (Ice Dynamics) are two modules
created by NREL to model ice floe loading on vertical and sloping structures when bottom-
fixed offshore wind turbines interact with surface ice [60–62].

6.1.12. Transition to OpenFAST

The NREL recently created OpenFAST (previously known as FAST) to model the
physical phenomena and dynamic response of the entire wind turbine system (rotor, tower,
support structure, nacelle, drivetrain, and controller) to normal and extreme environmental
loading conditions (wind, wave, and current). OpenFAST was released to help with the
transition to an open-source community-based development of FAST as an aerohydroser-
voelastic simulation tool, as well as to provide a framework for future development of FAST
with features such as automated regression and unit tests, source code documentation, and
a compiler built system [28,63].

6.2. OrcaFlex

OrcaFlex is a time-domain, finite element commercial software for dynamic analysis
of marine systems developed by Orcina [64]. It is notable for its dynamic mooring line rep-
resentation and comprehensive hydrodynamic modelling capability [65,66], which allows
it to model a multi-member floating support system as discrete elements. Moreover, Or-
caFlex is capable of performing a fully coupled analysis of both onshore and offshore wind
turbines [64,65]. The long-established hydrodynamic capabilities of OrcaFlex are combined
with a built-in aerodynamic turbine model by embedding it into OpenFAST, resulting in a
fully coupled dynamic analysis tool applicable for both fixed and floating platform offshore
wind turbines. Nonetheless, in FAST v8 there is a module called OrcaFlexInterface that
computes all hydrodynamic and mooring loads, while FAST computes the turbine, tower,
and floating platform structural dynamics, aerodynamics, and control and electrical-drive
dynamics [67].

OrcaFlex supports both frequency-domain and time-domain dynamic analysis. The
frequency-domain analysis is a linear procedure. The frequency-domain solver approx-
imates any nonlinearities through the process of linearization. The nonlinearity of time-
domain analysis is more comprehensive since at each time step, mass, damping, stiffness,
loading, and other parameters are evaluated, taking into consideration the instantaneous,
time-varying geometry. OrcaFlex uses a 3-D finite element model to simulate mooring
line dynamics. To model the axial, torsional, and bending stiffness and damping of lines,
they are discretized as lumped-mass elements connected to visco-elastic spring-damper
segments. Moreover, the two types of time-domain integration schemes, implicit and
explicit, have been implemented in OrcaFlex and are available to users [68].

The blade modelling is similar to OrcaFlex line objects where each blade is modelled
as part of a series of straight massless segments with a node at each end [68].

6.3. OPASS

Offshore Platform Anchorage System Simulator (OPASS), developed by the Spanish
National Renewable Energy Center (CENER), is a tool for simulating nonlinear mooring
dynamics using a lumped-mass model [69,70]. OPASS is built using the finite element
method, with three translational DOF at each node and element mass lumped at nodes.
Each element is made up of a slender line with a constant circular section, with the effects of
inertia, gravity, hydrodynamic added mass, hydrostatic, wave kinematics, hydrodynamic
drag, structural damping, and axial elasticity all taken into account [69]. The code can be
used as a standalone tool to simulate mooring lines, or it can be used with FAST to model
mooring lines using a quasi-static technique [69,71].
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The collaboration between CENER and Norway’s Institute for Energy Technology
(IFE) has resulted in various scaled experiments for experimental validation and verification
of OPASS. OPASS was initially validated using 3DFloat code computations [72], a dynamic
mooring line module based on a finite element formulation [69,73]. Following that, OPASS
was combined with FAST V6.02, and the final tool was satisfactorily confirmed as an
aerohydroservoelastic simulation code under IEA task 30’s OC4 project [5,69]. Furthermore,
OPASS was experimentally confirmed in a tank test at the Ecole Centrale de Nantes (ECN)
against a submerged chain. OPASS was recently verified against test data from a submerged
chain in which the suspension point was excited with horizontal harmonic motions of
various periods in the plane of the catenary [69,70]. By considering the mooring lines as
dynamic systems, Azcona et al. combined OPASS and FAST to compute the fatigue and
ultimate loads of three distinct platform concepts of FOWTs (The UMaine TLP [74], the
OC4 DeepCwind semisubmersible [75], and the UMaine Hywind spar [10]).

6.4. Bladed

Bladed is an integrated aerohydroservoelastic modelling package developed by Det
Norske Veritas (Norway) and Germanischer Lloyd (Germany) (DNV GL) which is capable
of modelling both onshore and offshore wind turbines. Bottom-fixed offshore structures,
such as jackets, can be designed in Bladed with beam components and flexible joints, or
imported from third-party offshore design tools like SESAM and SACS [76]. Bladed can
also simulate FOWTs using a mooring line system. Bladed models the dynamics of the
mooring line as a multibody system in which bar components are linked together with
universal joints to form a chain [76].

Bladed uses a flexible multibody dynamics technique in its structural dynamics code.
Various flexible and rigid bodies can be linked together to model the entire system in
this method. The Craig–Bampton approach is used to calculate the mode shapes and
frequencies for each flexible body as a linear finite element body [76–79]. Each blade
splits into several flexible bodies to form a geometrically nonlinear model capable of large
deflections, whereas the tower is modelled using modal analysis [76,78,79]. This approach
is a key feature of Bladed that allows stability analysis and determining the dynamic
response of large modern wind turbine blades. Bladed’s multibody dynamics framework
is also used to describe other physical components of wind turbines, such as pitch drives
and generators [76].

The Morison equation provides the basis for Bladed’s hydrodynamic module. Since
the Morison equation cannot be applied adequately for structures with large members,
wave diffraction and radiation terms can be important, and the boundary element approach
can be utilized to calculate hydrodynamic loads [5]. Furthermore, Bladed can be linked
to a third-party hydrodynamic code like WAMIT, AQWA, or WADAM, and then the
hydrodynamic properties imported into Bladed [76].

Bladed uses BEM theory to implement aerodynamic loads, and it can accommodate
sophisticated unsteady aerodynamics by using the following models [76,79]:

1. Prandtl’s tip and root loss, to account for the effect of the blade tip vortices on induced
velocity;

2. Dynamic wake model;
3. Glauert skew model;
4. Dynamic stall model, including Beddoes–Leishman compressible and incompressible

flows and Øye dynamic stall.

Bladed can generate a variety of wind models, including steady and dynamic models,
as well as turbulent wind files. It can also provide earthquake acceleration time histories for
turbines in seismic zones, which can be used to determine the effects on turbine loads [76].

6.5. HAWC2

The coupled aeroelastic Horizontal Axis Wind Turbine Simulation Code 2nd Genera-
tion (HAWC2) was created at Risoe National Laboratory in Denmark between 2003 and
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2006 as part of an aeroelastic design research program [80]. The code has been tested both
internally against the previous version, HAWC, and empirically against other offshore sim-
ulation codes used in OC research projects under IEA Annex 23 and Annex 30 [5,9–16,80].
The HAWCStab2 is another software tool created by Technical University of Denmark
(DTU) Wind Energy for computing and analyzing the modal parameters of a wind turbine
in both closed- and open-loop operations with or without unsteady aerodynamic loads [81].

HAWC2 is a time-domain tool for analysis of wind turbine dynamic response. Each
body is an assembly of Timoshenko beam elements, and the structural module is formulated
using a multibody dynamics technique. Modelling and analysis of complicated structures
with large deflections and rotations of the bodies are possible with this formulation method.
HAWC2 simulates a wind turbine by connecting bodies with constraint equations, with a
constraint being a fixed connection to a global point (e.g., tower bottom clamping), a fixed
coupling of relative motions (e.g., fixed pitch or yaw), frictionless bearings, and bearings
with user-controlled rotation angles [80,82].

The aerodynamic loads are estimated using the conventional BEM approach, which has
been extended to account for dynamic stall, skew inflow, dynamic inflow, and shear effects
on the induction factor, as well as the effects of modern wind turbine blade deflection.
In addition, the new Dynamic Wake Meandering (DWM) model has been included in
HAWC2 [81], which is capable of capturing the response of turbines running in the wake
of upstream turbines.

In HAWC2, the hydrodynamic load is estimated using the Morison equation. However,
wave kinematics are not calculated. Externally defined Dynamic Link Library (DLL)
interfaces are used, which contain regular and irregular Airy waves [80]. The wind turbine’s
control is planned to be accomplished by coupling one or more external controllers via DLL
interfaces [80].

6.6. aNySIM

aNySIM is an in-house time-domain hydrodynamic code developed by the Nether-
lands’ Maritime Research Institute (MARIN) in 2006. The goal of aNySIM is to simulate the
coupled behavior of floating structures, taking into consideration wave, current, and wind
loadings, as well as floating body dynamics and mooring dynamics [83].

Offshore oil and gas facilities including one or more vessels in offloading operations,
mooring simulations and multibody lifting operations, and dynamic positioning capabil-
ity investigations are some of the traditional applications of aNySIM [84–86]. However,
aNySIM has recently been utilized to simulate floating wind turbines [87].

The hydrodynamic loads in aNySIM are calculated using potential flow theory, and the
potential damping and added mass of floating bodies are converted into a non-frequency-
dependent added mass in the time-domain [83,88].

6.7. PHATAS

The Energy Research Centre of the Netherlands (ECN) developed the computer Pro-
gram for Horizontal Axis Wind Turbine Analysis and Simulation (PHATAS) tool to de-
termine loads on horizontal axis wind turbines and model their dynamic response in the
time-domain. PHATAS is part of the wind turbine design package FOCUS which was
developed by the Wind Turbine, Materials and Constructions (WMC) group at Technology
Center Netherlands (TCN) [89,90].

In PHATAS, a significant number of structural DOF can be represented [90]:

1. Continuous flapwise blade bending;
2. Continuous edgewise blade bending;
3. Passive or controlled pitch;
4. Blade flapping hinges;
5. Teetered hub;
6. Generator characteristics;
7. Drivetrain;
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8. Tower torsion;
9. Tower bending.

The flexibility of the wind turbine blades is calculated using a nonlinear deflection
model while following the Craig–Bampton method and a modal approach is used for
modelling the tower [91].

The aerodynamic rotor loads in PHATAS are determined based on the BEM theory
with the assumption of a stationary (equilibrium) wake. Moreover, the flow around the
blade tips is described using the tip loss factor of Prandtl [90].

6.8. 3DFloat

3DFloat is a fully coupled algorithm created by the Wind Energy Department at IFE
and is frequently used to simulate the dynamic response of floating wind turbines during
the conceptual design stage [92].

IEA has evaluated 3DFloat against various codes as part of OC initiatives. It has also
been used to model the OC3-Hywind floating wind turbine for the OC3 project [10], the
bottom-fixed (with jacket type) wind turbine for the OC4 project [11], and the semisub-
mersible platform for the OC4 project [5]. It has also been tested in wave tanks for three
different types of tension-leg buoys [93], a semisubmersible platform [94], and the OC5
project [13].

3DFloat is based on a nonlinear co-rotational FEM framework that takes into account
geometric nonlinearities and connects computational nodes with elements. Each element
is modelled as a 12-DOF Euler–Bernoulli beam. In addition, each element has structural,
aerodynamic, and hydrodynamic characteristics in relation to the principal axes of the
section and the axial direction. The calculation is done in the time-domain using either
implicit methods such as the generalized α method and the Newmark scheme, or explicit
methods such as the central difference scheme [95].

Wind, waves, gravity, and buoyancy are all applied as distributed external loads on
the structure in 3DFloat. Regular wave kinematics can be defined using either Airy theory
or stream functions up to order 12 [72,96]. The Morison equation is used to compute wave
and current loads on the wet part of the structure and for slender beams [72]. Furthermore,
a third-party module such as WAMIT [97], NEMOH [98], or WADAM [99] can be utilized
to compute the frequency-dependent added mass and damping coefficient matrices for a
given structural element.

BEM theory is used to determine the aerodynamic loads and induced velocity over
the rotors with modification for dynamic inflow and yaw errors. The turbulence model is
imported from HAWC or TURBSIM turbulence files [72].

For wind speeds below the rated wind speed, the control system in 3DFloat is designed
for a variable speed rotor with constant blade pitch angle. For wind speeds greater than the
rated wind speed, proportional integral (PI) control of pitch angle is utilized to control the
rotor’s speed and power. The control module of 3DFloat includes a Dynamic Link Library
interface [72].

6.9. DeepLines Wind

DeepLines Wind is a comprehensive software developed jointly by Principia and
IFP Energies Nouvelles [100] for the dynamic response of fixed-bottom and FOWTs sub-
jected to ultimate and fatigue offshore environmental loadings. Constant winds, un-
steady wind gusts, conventional wind spectra, and full-field turbulent wind are all repre-
sented as environmental loads in DeepLines Wind using Airy and nonlinear wave theories;
user-defined or random wave spectra like JONSWAP; and steady and unsteady current
profiles [100–102].

The structural dynamics of the blades are characterized using 3D beam dynamic finite
elements that account for the structural twist, variable stiffness, structural damping along
the blade, as well as in-plane and out-of-plane pre-bends [100–102].
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The rotor’s aerodynamic loads are computed using BEM theory, which includes
improvements for dynamic stall and tower shadow effects [100–102].

The hydrodynamic loads are calculated using drag and inertia Morison elements,
diffraction and radiation loads, first-order wave loads (based on potential flow), and second-
order wave loads (based on Newman or Quadratic Transfer Function (QTF)). Nonlinear
hydrostatic loads can alternatively be represented by pressure integrals across the hull
surface or by bar elements [100–103].

The mooring system for floating wind turbines can be modelled either as a solid
subjected to hydrodynamic loads using potential flow theory or as deformable assembled
elements subjected to hydrodynamic loads using Morison equations [100–102].

6.10. SAMCEF

CAESAM, SAMCEF Field, and SAMCEF Mecano [104–106] are among the SAMTECH
general tools used by S4WT. CAESAM is a general framework for integrating models and
computational tools to perform transient, modal, and fatigue analysis of wind turbines.
SAMCEF is a graphical preprocessor tool that helps S4WT build wind turbine components.
Finally, SAMCEF Mecano is SAMCEF’s implicit nonlinear finite element solver [104,105],
which contains multibody simulation elements.

In S4WT, the structural formulation is based on geometrically exact nonlinear beam
theory, and the blades are modelled using a nonlinear FEM approach that is suitable for
nonlinear modelling and composite blades subjected to large deformation. Furthermore,
the blade model can be expressed as super elements or nonlinear beam elements [105,106].

The aerodynamic loads are computed using BEM theory with various corrections and
additional models to account for tip and hub losses, the tower shadow effect, dynamic
inflow, and dynamic stall. S4WT may import wind loads from external software such as
Bladed or Flex 5, or build them using its built-in models [106,107]. To account for structural
and hydrodynamic coupling effects, the hydrodynamic formulation is implemented in
SAMCEF Mecano and uses the Morison equation [107].

6.11. Sesam

Sesam has been in use since 1969 for hydrodynamic and structural analysis of offshore
structures. The key tools in Sesam, including GeniE, Sima, HydroD, and DeepC, are utilized
for modelling and simulation programs as entry points for various sectors [108–110].

The preprocessor, hydrodynamic analysis programs, structural analysis programs,
and postprocessors are the four programs that make up Sesam [108]. An overview of Sesam
is presented in Figure 3.

Figure 3. Sesam overview [108].
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GeniE is the Sesam entry point for designing and evaluating fixed offshore structures
as well as offshore wind turbine platforms. It is defined for conceptual modelling of beams,
stiffened plates, and shells, as well as code validation. The following packages are available
as a result of combining analytic programs with GeniE [108–110]:

− Sestra: a program for static and dynamic structural analysis. The finite element
approach was used to formulate it. Sestra may also analyze gap/contact problems
and members that are just in tension or compression.

− Wajac: Wind, wave, and current loads on fixed and rigid frame structures are calculated
using this program. In either a frequency- or time-domain simulation, the load is
calculated using the Morison equation. Hydrodynamic loads due to irregular, regular,
or constrained waves can be computed using time-domain analysis.

− Splice: nonlinear analysis of the structure–pile–soil interaction problems.
− Framework: fatigue analysis of structures.
− Fatigue Manager: time-domain fatigue and ultimate strength analysis under combined

wind and wave loads.

In reference to the schematic depicted in Figure 3, the entry points to the package for
floating structures are HydroD (modelling and stability analysis module) and GeniE for
the following applications [108,109,111]:

− Wadam: linear frequency-domain hydrodynamics.
The hydrodynamic loads are determined using the Morison equation as well as first-
and second-order potential theory. In addition, through frequency-domain simulation
analysis, the incident waves are defined as an Airy wave.

− Wasim: nonlinear time-domain hydrodynamics.
Wasim is based on the Morison equation, which uses the Rankin panel approach to
solve the 3D diffraction/radiation problem.

− Sima: modelling, analysis, control, and results presentation.
This is a time-domain simulation tool that uses a fully coupled technique to simulate a
floating wind turbine. The hydrodynamics of the substructure can be estimated using
conventional hydrodynamic programs, while the mooring system can be specified in
Sima.

− Simo: simulation of motions.
− Riflex: analysis of moorings.

Three methods of analysis are available in the Sesam software [109]:

1. Integrated analysis: This method involves modelling in Sesam, which is then imported
and coupled to a wind turbine model in a tool like Bladed. After computing the
resulting forces and loads for each component, the data are translated into Sesam for
postprocessing, which includes fatigue and ultimate analysis, as shown in Figure 4.

2. Super-element and sequential analysis : Wave loads are generated in Sesam using
the super-element technique. The wind turbine is modelled in a separate third-party
software package, and the wind turbine loads are extracted at an interface point.
Sesam may use wind turbine loads from any third-party wind turbine tool, where
converters for Bladed, BHAWC, and HAWC2 are available. These loads are then
incorporated into the Sesam analysis, followed by a dynamic analysis to determine
the structure’s stress time histories. Following that, the stresses are postprocessed to
meet fatigue limit state and/or ultimate limit state criteria [109]. A super-element
approach is employed in a special type of sequential analysis, in which the model
and wave loads are converted into a super-element file and wave load files from
Sesam, which are then used by the turbine load calculation tool. This is mostly used
in conjunction with Bladed and Siemens Gamesa’s BHAWC. These approaches are
illustrated in Figures 5 and 6.
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Figure 4. Overview of the integrated approach concept with the help of Sesam package and
Bladed [109].

Figure 5. Overview of the super-element approach concept with the aid of the Sesam package, Bladed,
and HAWC2 [109].

Figure 6. Overview of the sequential approach concept with the aid of the Sesam package and
Bladed [109].

6.12. UTWind

UTWind is a rotor–floater–mooring coupled analysis code established by the Univer-
sity of Tokyo for a variety of floater platforms used in FOWTs [112–115]. In a weak coupling
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algorithm, the coupled motions of the rotor–floater–mooring system are addressed in the
time-domain using the Newmark beta time integration approach.

The beam elements are utilized to model the blades and floaters as a frame structure,
while the lumped-mass model is used to represent the mooring system. The rotor mo-
tion is defined in a fixed rotating coordinate system with Coriolis and centrifugal forces
taken into account.

The aerodynamic loads are estimated using the BEM approach, which accounts for tip
and hub loss as well as changes in air inflow velocity due to floater motion [112,113].
t’ Hooft’s method [116] has been used in the code for computing the hydrodynamic
loads [112–115]. However, for the cylindrical structure elements, the modified Morison
equation is utilized for hydrodynamic load calculation [112].

7. Discussion

The investigation into FOWTs necessitates a comprehensive exploration of aerody-
namic, structural, hydrodynamic, and mooring aspects. This intricate analysis aims to
unravel the interconnected dynamics of aerodynamic forces, structural responses, hydro-
dynamic behaviors, and mooring system intricacies. As FOWTs stand at the forefront
of renewable energy advancements, understanding the synergies and challenges within
each domain becomes imperative. This multifaceted examination is pivotal for optimizing
design, enhancing reliability, and maximizing the performance of FOWTs. In the following
discussion, we dissect the realms of aerodynamics, structure, hydrodynamics, and mooring
systems, providing valuable insights that collectively contribute to the ongoing evolution
of floating offshore wind technology.

Aerodynamic loads are conventionally assessed using the BEM theory, a method
combining momentum and blade element theories. Despite its efficiency in computation,
BEM theory relies on assumptions such as rotor discretization as annuli, neglecting of root
and tip losses, and consideration of steady flow. To enhance accuracy, correction models
are introduced, addressing issues like hub and root losses. The BEM theory, while widely
employed, requires further investigation, especially for FOWTs facing complex inflow wind
conditions due to platform motions. Alternatives like the GDW model offer advantages
by inherently including dynamic wake effects and addressing issues of the BEM model.
However, instabilities at low wind speeds warrant a judicious choice between BEM and
GDW. CFD models, though challenging due to complexity, provide detailed flow field
information. Actuator models and direct modelling are two approaches within CFD, each
with its advantages, but the latter excels in capturing intricate flow details.

The structural integrity of wind turbine blades is modelled using either the 3D FEM
or the 1D Equilibrium Beam Model (EBM). While 3D FEM offers precise deformation
predictions through shell or solid elements, it incurs high computational costs. The widely
used FEM approach discretizes structures into finite elements, applied predominantly to
slender bodies using beam theory. The 1D EBM efficiently models wind turbine blade struc-
tures, categorized into linear and nonlinear beam models. Nonlinear models, such as the
Geometrically Exact Beam Theory (GEBT), address geometrically nonlinear characteristics,
ensuring suitability for analyzing large deformations. Discretization methods like modal
approach, multibody dynamics (MBD), and 1D FEM provide options, each with its own
trade-offs. The choice between them depends on computational efficiency, accuracy, and
the specific analysis requirements.

For hydrodynamic performance, FOWTs commonly utilize the ME, the PF method,
and CFD. While ME lacks considerations for floating platform effects on incident wave
fields, CFD captures more physical flow mechanisms, offering increased accuracy. Hy-
drodynamic modelling ranges from linear to nonlinear, with nonlinear methods proving
more accurate but computationally expensive. Consideration of nonlinear effects is crucial
for accurate modelling and involves factors like incoming wave characteristics and the
hydrodynamic body. Various methods, including the Froude–Krylov force, quadratic trans-
fer function (QTF), and Newman’s approximation, address nonlinear loads. The choice
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between frequency-domain and time-domain modelling depends on the trade-off between
computational efficiency and accuracy, with the Cummins equation providing a framework
for the latter [117].

Mooring systems are analyzed using static, quasi-static, and dynamic methods. Static
methods consider constant loads, while quasi-static methods assume uniform and linear
motion between static positions. Dynamic methods, including lumped-mass models, FEM,
and finite difference (FD) models, account for large displacements and inertial effects.
Lumped-mass models are computationally simpler, assuming that mooring lines consist
of masses connected by springs. FEM and FD models offer high-fidelity solutions by
discretizing the mooring line into small elements. The choice between them depends on
computational requirements. Other methods, such as the finite segment scheme, have also
been employed for mooring line discretization.

Table 1 gives a thorough summary of the underlying numerical methods for the main
FOWT modules for the engineering tools presented in this study.

Table 1. Summary of reviewed numerical simulation tool capabilities used to model an FOWT.

Software Structure Aerodynamic Hydrodynamic Mooring Analysis Type

OpenFAST RB + Modal/FEM +
Dyn/QS BEM + GDW/FVW PF + ME

Lumped-mass +
MSQS or with
FEAMooring

time-domain

OrcaFlex RB + FEM + Dyn With OpenFAST PF + ME 3-D FEM both

OPASS With OpenFAST With OpenFAST With OpenFAST Lumped-mass time-domain [117]

Bladed Modal BEM + GDW

ME + third-party
code like WAMIT or
coupled with
SESAM

MBD time-domain [117]

HAWC2 FEM + Dyn BEM + GDW
ME + external DLL
or third-party code
like WAMIT

Shared mooring line
design [118] or with
SIMO/RIFLEX [119]

time-domain

aNySIM with PHATAS [120] with PHATAS [120] PF Lumped-mass
lines [121] time-domain

PHATAS FEM + Modal BEM with aNySIM [120] with aNySIM [120] time-domain

3DFloat FEM BEM ME + third-party
code like WAMIT FEM [69] time-domain

DeepLines
Wind FEM BEM ME + PF + QTF

Solid elements + PF
or deformable
elements + ME

time-domain

SAMCEF FEM + MBD BEM ME FEM + ME [122] time-domain

Sesam FEM With
Bladed/HAWC2

ME + PF + Airy
wave

Panel method +
ME [119] both

UTWind BE BEM Hooft’s method +
ME Lumped-mass [115] time-domain

For the design process of an FOWT prototype at an earlier stage, a variety of numerical
approaches and software programs are available. A novel design is often produced as a
numerical model, which is subsequently tested in a lab setting at model scales. Designers
of FOWT technology may, however, be trying to employ high-fidelity numerical tools in an
effort to lessen reliance on expensive and time-consuming physical testing as well as reduce
the uncertainty of simpler numerical models. Lower-fidelity models, on the other hand,
might be important when taking into account lifetime operations, maintenance issues,
and control. In general, accuracy and fidelity as well as computational effectiveness at
an acceptable performance level in the phenomena of interest are the major significant
factors that differentiate one numerical modelling approach from another. Here, accuracy
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is defined as the difference between predicted values and observed physical responses.
However, fidelity reflects how much the underlying physics or phenomena of interest
have been simplified by the numerical model, giving a level of assurance that the accuracy
predicted during simulations is indeed attained. On the other hand, the time it takes
for a simulation to finish using normal computer hardware is a common way to assess
computational efficiency [4].

Overall, numerical models may be divided into three categories [4,117]: low-fidelity,
mid-fidelity, and high-fidelity. As fidelity increases, larger computational resources are
demanded, thus leading to a reduction in computational efficiency. For sizing analysis
and optimization at the first stage of FOWT design, low-fidelity models are typically
employed. In order to analyze loads on FOWTs under operational and extreme scenarios,
following the original design stage, mid-fidelity models or engineering-level tools are
utilized. In the last stages of design, high-fidelity models are frequently utilized for
thorough studies, particularly to precisely determine stresses on the structure. Figure 7
outlines the computational efficiency of various modelling approaches commonly applied
to FOWTs.

A low-fidelity model involves basic descriptions using a damping matrix for aero-
dynamic loads, Morison’s equation for hydrodynamics, and a linear stiffness matrix for
mooring and structure [117]. However, Morison’s equation is best suited for slender struc-
tures, and most FOWT support structures do not fall into this category [117]. Still, there
are a few instances where Morison’s equation has been used for FOWT hydrodynamic
loads, especially for structures like spar buoys that can be treated as slender cylinders [123].
Another approach is representing the structure as a rigid body, overlooking its flexible
behavior. For more accuracy, models like BEMT or GDW are employed for aerodynam-
ics, potential theory for hydrodynamic loads, quasi-static and lumped-mass models for
mooring, and modal and multibody approaches for structural dynamics.

Figure 7. Compromise between fidelity and computational performance for the most popular
numerical models used on an FOWT [117].
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Higher-fidelity numerical options are typically chosen for time-domain models, while
lower-fidelity models are associated with frequency-domain models. In optimization
studies, the goal is to keep computations as minimal as possible. While models like
FWV, FE, and CFD provide high fidelity to the real system, they are computationally
intensive and not ideal for optimization studies [124]. State-of-the-art numerical tools
strike a balance by offering reasonable agreement for normal operating conditions with
higher computational efficiency compared to high-fidelity tools. They might introduce
modifications to better capture physics related to extreme events, unsteady aerodynamics,
substructure flexibility, and viscous hydrodynamic damping. These advanced tools are
comprehensive, consider all relevant physics, and find application in preliminary design.
However, their use in optimization studies is limited due to their time-domain nature and
computational demands. When it comes to the conceptual design of a floating platform,
several design parameters come into play, and a frequency-domain model is often deemed
the most suitable [117,124].

8. Conclusions

In conclusion, this survey thoroughly examines tools used for simulating floating
offshore wind turbines (FOWTs). These tools include both commercial software originally
designed for the oil and gas industry, and academic codes. Notable options like OrcaFlex
and OpenFAST, known for their reliability, have been extensively tested in experiments.
These tools stand out for their efficiency and accuracy. Efficiency means how well a tool
can run simulations in a reasonable time with standard computers. However, due to
some limitations in the models, there may be small differences compared to real-world
tests. Accuracy, on the other hand, refers to how well the tool replicates the real physical
phenomena. It is a crucial factor in choosing the right simulation tool.

The survey categorizes simulation methods into two main types: frequency- and
time-domain. Time-domain methods are used in later design stages and for comprehensive
dynamic analyses. Frequency-domain methods are primarily used in early design phases
and for sizing FOWTs. Time-domain models provide more detailed and accurate results,
while frequency-domain techniques offer a quicker but less detailed analysis.

In summary, this comprehensive survey of simulation tools for FOWTs has provided
valuable insights into their performance across crucial domains: structural dynamics, hydro-
dynamics, aerodynamics, and mooring. In the structural domain, various approaches have
been explored, including modal-based codes, finite element methods, and multibody tech-
niques. These different techniques offer unique insights into dynamic responses, especially
in higher-frequency ranges. Hydrodynamic simulations examine how waves interact with
floating structures, considering incident and outgoing waves, added mass effects, damping,
and viscous forces. The survey thoroughly explains two primary techniques—potential
flow theory and Morison’s equation—showing their roles based on the structure’s size and
water flow conditions. These simulations form the foundation for understanding hydrody-
namic loads on FOWTs. Simulating the mooring system, which is crucial in offshore wind
turbine dynamics, involves using either quasi-static or dynamic methods. This includes
various models, from simplified representations to complex equations. The choice of model
depends on specific simulation requirements. Aerodynamic modelling mainly relies on
the blade-element-momentum-theory-based model across simulation tools. These models
incorporate adjustments and dynamic elements to improve accuracy in load predictions by
accounting for delays in induced velocities and capturing complex flow behavior.

9. Future Work

Considerable efforts are being directed towards exploring the intricacies of fully
coupled aerohydroelastics in FOWTs. This represents a complex and challenging task for
high-fidelity simulations, integral for understanding aerohydroelastic behaviors. However,
there is a notable scarcity of CFD research on the aerohydroelastic performance of FOWTs,
resulting in a lack of systematic examination and analysis of their aeroelastic characteristics.



Wind 2024, 4 19

It is imperative to shift some of these efforts towards understanding the aerohydroelastic
performance of FOWTs, especially concerning large-scale blades and severe sea conditions.

In CFD-related simulations, two predominant approaches exist: actuator models and
direct modelling [125]. Actuator models, categorized as actuator disk (AD), actuator line
(AL), and actuator surface (AS), offer computational advantages but depend heavily on
airfoil data. In contrast, direct blade-resolved modelling excels in capturing intricate flow
details on blade surfaces without prior airfoil data requirements, demonstrating excellent
potential for designing and developing novel wind turbine blades [126]. Hybrid models,
combining actuator disk models with CFD, have been employed to enhance computational
efficiency, especially in extensive domains like wind farms. The actuator disk model
reasonably approximates the far wake region, while the near wake region benefits from
a high-fidelity CFD model [125,126]. In this regard, the 3D FEM integrated with blade-
resolved modelling for aerodynamics stands out as the highest-fidelity aeroelastic analysis
method, providing detailed stress and strain information for blade structures. However,
attention needs to be given to challenges such as mismatches between fluid and structural
domain meshes, mesh updates due to blade deformations, and computational costs [124].
Alternatively, the 1D EBM incorporated with blade-resolved modelling offers a compromise
to save computational resources. Furthermore, replacing blade-resolved modelling with
actuator line (AL) models and combining them with 1D EBM, known as the elastic actuator
line (EAL) aeroelastic framework, emerges as the most suitable choice for cost-effective
CFD-related simulations of aerohydroelastic behaviors in FOWTs [124]. In the selection
of aerodynamic and structural models for constructing the aerohydroelastic framework
of FOWTs, achieving desired results within affordable computational costs remains the
primary consideration.

The continuous progress of FOWTs towards larger scales introduces more complex
atmospheric inflow conditions over the wind turbine rotor. Wind shear, characterized
by increasing wind speed with height, is a distinct feature of atmospheric inflow [124].
While some high-fidelity CFD simulations account for wind shear, it is often oversimplified,
neglecting the turbulence characteristics of atmospheric inflow that are closely linked to
fatigue loads and structural failure of wind turbines. Large-scale atmospheric turbulence,
which contributes to wake meandering effects, is frequently absent in these simulations,
leading to significant lateral oscillations with noteworthy impacts on downstream wind
turbines’ inflow conditions [124].

In reality, FOWTs are deployed as floating wind farms for commercial operation,
constrained by sea area and mooring cables. Downstream FOWTs inevitably operate in the
wakes of upstream turbines, which are known as wake effects, potentially reducing power
outputs and increasing fatigue loads. Additionally, floating wind farms experience more
power deficit due to low turbulence intensity in high-quality wind resources compared to
onshore wind farms. Therefore, investigating the physical mechanisms underlying wake
interactions in multi-FOWT scenarios is essential to mitigate power deficits and reduce
fatigue loads in floating wind farms.
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