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ABSTRACT
Predicting the dynamic behaviour of a floating offshore wind turbine (FOWT) is extremely demanding
for common simulation methods because the floating structure motion is strongly influenced by complex aeroand hydrodynamics, inertia, and mooring loads. In order to provide a framework that can capture these effects
in time domain, the in-house first-order panel method panMARE is further developed. Both the aerodynamics
of the rotor and the hydrodynamics of the platform are simulated with panMARE and an integrated sixdegrees-of-freedom solver is applied to predict the motions over time.
The hydrodynamic loads on the platform are simulated using the current floating condition including
the instantaneous wetted surface while considering added mass effects and Froude-Krylov forces. Drag effects
are considered using body-dependent coefficients.
Regarding the aerodynamics, the potential theory based method is capable of modelling the threedimensional flow field of a wind turbine and therefore can consider the dynamics of rotor motions and the
blade-wake interaction. Especially in the case of a pitching platform the effect of blade-wake interaction can
have a significant impact on the aerodynamic loads. This effect can be captured by panMARE. Aerodynamic
drag forces due to friction are incorporated using a Reynolds-number-dependent friction model.
In this paper, the motion of the DeepCWind semisubmersible platform is compared with the results of
the published code-to-code comparison OC4 Phase II and therefore evidence is provided for the validity of our
method. The comparison is carried out for several load cases. The results show that panMARE is capable of
providing accurate simulations for decay test cases as well as capturing the influence of wind-wave and windcurrent misalignments in time domain while modelling the wind turbine wake in a realistic manner. In addition,
an analysis of the FOWT in yawed conditions is included in order to investigate the self-aligning capabilities
and effects due to yawing in detail.

1 INTRODUCTION
In the last decade, offshore wind turbines (OWTs) proved to be a technically feasible and economically
promising alternative to conventional power plants. The small ecological footprint of this technology offers
the opportunity to decrease environmental damage caused by human energy production. Unfortunately,
shallow water zones are rare in many regions of the world and therefore ground fixed structures are not
economically viable there. In order to solve the issue of limited shallow water zones, floating offshore wind
turbines (FOWTs) have increasingly attracted the attention of researchers and the industry.
As the technical feasibility has been demonstrated by different full-scale prototypes (e.g. Hywind or
WindFloat), the next challenge is to reduce production and installation costs by further developing and
optimising present and new FOWT designs. Precise load and motion prediction is one of the key aspects when
reducing material usage and improving the impact stability of the designs. Ultimate and fatigue limit states
need to be modelled accurately in order to assure a safe and reliable operation, on the one hand, and avoid
oversizing the floating structure, on the other hand. Especially ultimate limit states – often occurring in extreme
waves – require completely resolved flow fields and platform motions in time and space because the unsteady
platform motion needs to be predicted in a realistic manner in every time instant to determine the resulting
loads. Most simulation methods make use of engineering models for both aerodynamic and hydrodynamic
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load prediction without modelling the unsteady flow regimes near the FOWT. To overcome these limitations,
we introduce a new simulation approach which considers the three-dimensional aerodynamic and
hydrodynamic flow fields in time domain using a potential flow theory based method for both flow fields.
Frequently used blade element momentum theory (BEMT) methods capture the wake’s influence on the
rotor blades via analytical induction factors resulting from the momentum balance and lift and drag coefficients
of the blade sections. The vortex structure of the wake is not explicitly modelled in these methods. This
approach is well suited for ground fixed wind turbines because the wake’s influence on the rotor can be
assumed constant at a certain wind speed with sufficient accuracy. Therefore, BEMT based methods have
proven to deliver realistic load predictions for onshore wind turbines [1, 2] and have evolved to the state-ofthe-art for industrial applications. As the rotor of an FOWT can move relative to its own wake, the wake’s
influence on the rotor becomes highly unsteady which cannot be captured by typical formulations of BEMT
methods [3]. Our in-house panel method panMARE (panel Code for Maritime Applications and REsearch)
considers the vortex structure in the wake as freely deformable vortex grid and is therefore capable of
simulating unsteady rotor motions with a high level of accuracy. The extreme platform pitch motions of the
FOWT, where the rotor blades come close to the previously released vortices, can be modelled in much more
detail by panMARE than by BEMT methods. The influence of the wake on the blade forces can also be
observed during a blade pitch action. Using a lifting line method, which also directly models the wake,
Hauptmann [4] demonstrated the differences between BEMT and free wake methods investigating a pitching
wind turbine blade. Roura [5] successfully validated a panel method similar to panMARE against various
measurements and therefore provided evidence for the applicability of panel methods for wind turbine rotors.
Widely used simulation programs like Hydrodyn, SIMO or Charm3D use coefficients matrices from
potential flow based frequency domain analysis [6] (e.g. from WAMIT) to estimate the forces acting on the
FOWT due to hydrostatics and hydrodynamics. Additionally, viscous effects can be included using simplified
Morison elements. The other main group of hydrodynamic simulation programs (eg. BLADED and 3Dfloat)
uses Morison-based formulations including several approximations to account for wave excitation forces,
added mass, water surface elevation, and other effects. Both approaches are not capable of modelling the
instantaneous flow field including the exact shape of the wetted surface area of the structure. However, both
approaches show reasonable agreement with measurements under moderate conditions (eg. [7, 8]). panMARE
resolves a simplified three-dimensional flow field in order to compute the forces acting on the platform by
integrating the pressure forces on the submerged part of the platform hull. In contrast to Morison or frequency
analysis based methods, in the time domain simulation the buoyancy forces and moments are computed based
on the instantaneous wetted surface area. This can lead to a considerable improvement of the simulation
accuracy. In addition, this representation allows for considering more sophisticated phenomena in the future,
such as the simulation of the unsteady deformation of the free water surface.
Combining different simulation methods such as BEMT and frequency analysis for aerodynamics and
hydrodynamics with a six-degrees-of-freedom solver (6DOF) requires an implicit coupling procedure. As such,
all solvers need to carry out the computation several times in each time step in order to obtain a converged
solution. In virtue of the usage of a single potential flow solver for both aerodynamics and hydrodynamics,
panMARE computes aerodynamic, hydrodynamic, and mooring forces as well as the platform motion
simultaneously using a fourth-order Runge-Kutta (RK4) time marching scheme. Therefore, an implicit
iteration scheme is not needed, which leads to great savings in computational time.
By resolving the three-dimensional flow fields, panMARE allows for a detailed analysis of FOWT
dynamics beyond the common scope. Highly unsteady effects such as the dynamic behaviour of the platform
during a fast change of the blade pitch or platform motions due to extreme waves as well as the performance
of new FOWT concepts such as multi-rotor configurations or self-aligning platforms can be simulated in detail.
1.1

Scope of This Work

The Offshore Code Comparisons (OC3 [9] and OC4 [10]) have provided a large database for the
verification of coupled simulation methods for FOWTs. Numerous implementations of different methods for
aerodynamics, hydrodynamics, and mooring dynamics were coupled by the participants and their results were
compared extensively. The dynamic behaviour of the NREL 5MW Reference Turbine [11] mounted on the
DeepCWind Floater (see Figure 5) in several load cases is the subject of the OC4 Phase II simulations. In order
to verify the developed simulation method panMARE, a comparison of the OC4 Phase II data with our results,
focussing on the hydrodynamic part, is carried out in this work. A fault load case containing a mooring line
loss is slightly modified, resulting in even larger displacements. Having demonstrated the capability of the
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simulation method to predict the dynamic behaviour of the FOWT, additional load cases containing a yaw
motion of the turbine nacelle and wind-current misalignment will be analysed to determine the influence of
dynamically varying aerodynamic loads on the floating condition.

2 METHODOLOGY
The three-dimensional flow fields around the rotor and the platform are modelled using the panel method
panMARE, which is based on potential flow theory. Initially, the method was developed to simulate the flow
field of marine propellers [12]. In a further step, the capability of predicting the motion behaviour of floating
and submerged bodies has been implemented and analysed in [13] and [14]. These preparatory works lead to
excellent preconditions for a combined simulation of a turbine on a floating platform.
The flow fields of the rotor and the floating platform are treated in separate computational domains, but
the solution procedures of both domains are carried out simultaneously using the same algorithm. This allows
for an exchange of data between the fluid domains, the mooring model, and the 6DOF in every stage of the
RK4 time marching scheme. A description of the individual models and their coupling is given in the following
sections.
2.1

Panel Method

Assuming incompressible, irrotational, and inviscid flow a potential function Φ can be calculated whose
gradient represents the velocity components. Applying these assumptions to the continuity equation in a closed
domain and substituting the potential leads to Laplace’s equation.
∆Φ = 0

(1)

Where the potential Φ combines an external potential Φ𝑒𝑥𝑡 (amongst others for inflow velocity), the body
induced potential Φ𝑖𝑛𝑑 as well as the potential of the body’s motion Φ𝑚𝑜𝑡𝑖𝑜𝑛 .
Φ = Φ𝑒𝑥𝑡 + Φ𝑖𝑛𝑑 − Φ𝑚𝑜𝑡𝑖𝑜𝑛

(2)

Moreover, it can be shown that every velocity field obtained from a potential Φ under consideration satisfies
the Navier-Stokes equations when applying the above-mentioned assumptions [15]. Hence, the velocity field
in any domain can be obtained from a solution of Laplace’s equation.
panMARE obtains the flow field around a body by a superposition of the flow fields of source and
dipole panels, which are surface distributed elementary solutions of Laplace’s equation. Placing the source and
dipole panels on the body’s surface and postulating a Dirichlet boundary condition for the domain inside the
body on their centre points prevents the flow from penetrating the surface. This leads to two conditions on
every centre point for the source strengths 𝜎𝑖 and the strength 𝜇𝑖 .
−
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4𝜋 𝑏𝑜𝑑𝑦 𝑝𝑎𝑛𝑒𝑙𝑠 𝑟
4𝜋 𝑏𝑜𝑑𝑦 𝑝𝑎𝑛𝑒𝑙𝑠 𝜕𝑛⃗ 𝑟
𝜎𝑖 = ∇(Φ𝑒𝑥𝑡 − Φ𝑚𝑜𝑡𝑖𝑜𝑛 ) ⋅ 𝑛⃗

(3)
(4)

𝑛⃗: panel normal, 𝑟: distance to centre point, 𝑑𝐴: inf. surface element
The influence of the other source and doublet panels on the potential at the panel’s centre point is represented
by the sum terms. A detailed derivation of the introduced equations is given in [15]. Based on the potential,
the velocity 𝑣 and pressure 𝑝 on the panel are calculated at its position 𝜃𝑝 .
∇Φ = 𝑣

(5)

𝑝
1
𝜕(Φ)
= 𝑔 ⋅ 𝜃𝑝 − (∇Φ)2 −
𝜌
2
𝜕𝑡

(6)

𝜌: fluid density, 𝑔: gravitational acceleration
Due to the assumption of inviscid flow, potential theory based methods do not account for skin friction,
which may lead to an insufficient prediction of the drag force. To overcome this limitation, a Reynoldsdependent skin friction drag correction is implemented in panMARE. The skin friction coefficient is calculated
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based on the local Reynolds number, which is calculated at the centre of each panel along a streamline starting
at its particular stagnation point. Utilising the “Schoenherr line”, an additional force in line with the streamline
is applied at the panel’s centre. More details on the computation of the friction force is given in [16].
2.2

Aerodynamic Modelling

When considering a wing (or a rotor blade) additional dipole panels are placed in the wake in order to
model the circulation shed from the trailing edge of the blade. The additional wake panels need be considered
such that the Dirichlet boundary condition is satisfied. Thus, the second sum term in Eq. (3) is extended to
consider the additional dipole panels of the wake.
As the wind turbine is subjected to unsteady inflow conditions due to the motion of the platform or
fluctuation of the wind speed, the circulation on the rotor blades will change over time. Therefore, new wake
panels are shed from the trailing edge of the rotor blades in every time step while older wake panels are moved
with the local flow velocity. Applying the Kutta condition (7) at the trailing edge of a blade section ensures
that the streamlines are aligned on the blade surface. The dipole strength of the newly emerging wake panels
𝜇𝑤𝑎𝑘𝑒 𝑛𝑒𝑤 can then be expressed as a function of 𝜇𝑢𝑝𝑝𝑒𝑟 and 𝜇𝑙𝑜𝑤𝑒𝑟 , the strength of the upper and lower body
panels at the trailing edge.
𝜇𝑤𝑎𝑘𝑒 𝑛𝑒𝑤 = 𝜇𝑢𝑝𝑝𝑒𝑟 − 𝜇𝑙𝑜𝑤𝑒𝑟

(7)

Due to the free wake alignment, a realistic distribution of the shed dipole panels and thus a realistic unsteady
vortex structure can be achieved. When the length of the wake simulated increases, some wake panels may
come close to each other and thus unphysical velocities and deformations can occur due to the singular
character of the panels near their edges. To avoid this effect, the wake panels are transported with the local
mean flow velocity when their location exceeds a certain distance to the rotor.
2.3

Hydrodynamic Modelling

The panel method panMARE is also able to predict the hydrostatic and hydrodynamic forces on a
floating or submerged body. The ability and function is described in [13] and [14] for the manoeuvring of ships
in waves.
On the basis of the panel method described above, the velocity potential is solved. Furthermore, an
acceleration potential is applied to calculate the unsteady flow field. It is defined as the substantial time
derivative of the potential function Φ, see [17].
𝑑Φ 𝜕Φ
=
+ 𝑣 ∙ ∇Φ
𝑑𝑡
𝜕𝑡
Hence the Laplace equation of the acceleration potential yields:

(8)

𝑑Φ
𝑑Φ
(9)
= ∇2
=0
𝑑𝑡
𝑑𝑡
Solving the acceleration potential demands some additional computational effort at each iteration but
provides more details of the flow field with higher accuracy, which improves the quality of the calculated
dynamic pressure and the stability of the computation. Based on the acceleration potential, an advanced method
of added mass matrix calculation is used, which is described in [18]. The method only enlarges the right-hand
side of the equation system, without influencing the coefficients and thus leads to a slight increase of the
computational effort only.
∆

Immersion of Panels
Depending on the platform position and wave elevation, the immersion of panels changes over time. A
split technique is used to estimate the immersion of each particular panel at each iteration. If all corners of a
panel are immersed, the split factor of the panel will be set to one, and otherwise to zero, for totally emerged
panels. The split factor of partly wetted panels is given with the immersion of panel corners 𝑝𝑖 , where 𝑑𝑖 is the
depth of the corner measured from the actual surface location, referring to Figure 1.
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Figure 1: Split factor calculation

Figure 2: Wave definition

1
min(𝑑𝑖 ) ≥ 0
max(𝑑𝑖 )
𝑆𝑃 =
min(𝑑𝑖 ) < 0 < max(𝑑𝑖 )
max(𝑑𝑖 ) − min(𝑑𝑖 )
0
max(𝑑𝑖 ) ≤ 0
{

(10)

Emerged panels are deactivated and the influence of partly immersed panels is reduced to represent the
grade of immersion. The immersion depth depends on the actual floating condition of the platform and the
wave elevation at the corner points. In this way, the instantaneous platform position and wave elevation is
considered when solving the fluid and calculating the pressure on the immersed hull. The emerged hull of the
floating substructure is not part of the hydrodynamic modelling and as it has limited influence on the
aerodynamic loads, its contribution is neglected in the aerodynamic solution.
Waves
For the description of regular waves and the seaway the linear wave theory is applied. With the
characterising parameters (see Figure 2) of amplitude 𝜁𝑎 , wave angular frequency 𝜔, wave number 𝑘, and
⃗ = [𝜉, 𝜂, 𝜁]𝑇 at an
water depth 𝑑, the potential is given for a particular position in Cartesian coordinates 𝜃
instant of time 𝑡:
Φ𝑤 (𝜃, 𝑡) = −𝜁𝑎

𝜔 cosh(𝑘 (𝜁 − 𝑑))
̅
Re{𝑖 𝑒 𝑖 (−𝜔𝑡+𝑘 𝜉+𝜖) }
𝑘
sinh(𝑘 𝑑)

(11)

Where 𝜉̅ describes the horizontal distance from any point in the field to the wave reference point along
the wave propagation direction and 𝜖 the wave phase shift. The seaway is represented using an array of linear
waves. Individual waves can have different directions to reproduce two-dimensional seaway conditions. Φ𝑤
is considered in the computation as an external potential.
Morison Elements
As viscous drag effects are neglected in the velocity potential, their contribution to the pressure
resistance cannot be considered in the flow field. To overcome this drawback of the potential theory,
cylindrical Morison elements are introduced for the body parts not included in the fluid solution. The resulting
forces are based on the total fluid velocity on the elements’ centre, including their motion velocity and
acceleration. Buoyancy forces are considered as well. In the simulation, Morison elements are used to represent
slender bodies, which have little influence on the flow field.
Forces of a Morison element depending on water density 𝜌, body diameter 𝐷, length 𝑙, and gravitation
𝑔 are calculated using the following equation.
𝜋𝐷 2 𝜕𝑢
⃗𝑁
𝜋𝐷 2 𝜕𝑢
⃗ 𝑅𝑁
𝜌
𝜋𝐷 2
𝐹𝑀 = 𝜌
𝑙
+ 𝐶𝑎 𝜌
𝑙
+ 𝐶𝑑 𝐷𝑙𝑢
⃗ 𝑅𝑁 |𝑢
⃗ 𝑅𝑁 | − 𝜌
𝑙𝑔
⏟ 2
⏟ 4
4
𝜕𝑡
𝜕𝑡
⏟ 4
⏟
𝐹𝑟𝑜𝑢𝑑𝑒−𝐾𝑟𝑦𝑙𝑜𝑣

𝐷𝑟𝑎𝑔

𝐴𝑑𝑑𝑒𝑑 𝑀𝑎𝑠𝑠

(12)

𝐵𝑢𝑜𝑦𝑎𝑛𝑐𝑦

The relative flow velocity 𝑢
⃗ 𝑅 is the sum of induced and external velocities at the element’s centre. The
absolute flow velocity is 𝑢
⃗ . Subscript 𝑁 denotes the orthogonal velocity using the panel normal.
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Morison Drag Elements
To consider the form drag forces of panelled bodies, which are part of the fluid solution, a reduced
Morison element is implemented. It is a reduction of equation (12) to the drag term. Moreover, the relative
flow velocity only implies the external and motion velocity on the element’s centre. The induced velocity is
excluded to match the definition of the drag coefficient, which does not imply the influence of the body on the
velocity.
Overall, the hydrodynamic modelling with panels and Morison elements captures Froude-Krylov, added
mass, drag, and hydrostatic forces using the instantaneous wetted hull surface area.
2.4

Mooring

A mooring line system is essential to keep the platform in position, while waves, current and wind loads
act in arbitrary directions. As the mooring system compensates the rotor thrust and damps platform motions,
its influence on the platform’s motion behaviour is significant.
A quasi-static mooring model is implemented, which has been derived in [19]. The formulation assumes
a homogenous line with constant diameter, weight, and Young’s modulus and gives the shape and forces of a
hanging line touching the ground. Due to the quasi-static approach, inertia forces are not considered.
Additional fluid forces from current or waves are neglected and do not have an influence on the shape of the
line or line end forces. Hence the forces on the fairlead and anchor point depend on the fairlead position only.
This method is rather simple but allows a fast and robust calculation of the fairlead forces. The
integration into the coupling and time marching procedure is straight forward, since none of the considered
values is time dependent.
2.5

Coupling and Time Marching

The main aim of such detailed simulations of aerodynamics, hydrodynamics, and the mooring system is
to improve the accuracy of the predicted motion. Maximum accelerations and angular deflections exert a major
influence on design loads and therefore a sufficiently resolved time marching is inevitable.
The Newton-Euler equations describe the motion of a rigid body in six degrees of freedom (6DOF) in a
Cartesian coordinate system, see Figure 3.
2
𝑑2 𝑟
𝑑𝑟 𝑑 𝑟
𝑴 2 = 𝑞 (𝑟, , 2 , 𝑡)
𝑑𝑡
𝑑𝑡 𝑑𝑡

(13)

The combined mass and inertia matrix
𝑚𝐵𝑜𝑑𝑦 𝑰𝟑×𝟑
𝑴=[
𝟎𝟑×𝟑

𝟎𝟑×𝟑
] + 𝑴𝐴𝑑𝑑𝑒𝑑 𝑀𝑎𝑠𝑠
𝑱𝐵𝑜𝑑𝑦

(14)

resulting from the mass 𝑚𝐵𝑜𝑑𝑦 and inertia tensor 𝑱𝐵𝑜𝑑𝑦 of the body and identity matrix 𝑰 and zero matrix 𝟎,
respectively. The position of the centre of gravity and the orientation of the body is described in generalised
coordinates. The angles denote intrinsic Euler angles with platform roll angle 𝜑, platform pitch angle 𝛾 and
platform yaw angle 𝜓.
𝑟 = [𝜉, 𝜂, 𝜁, 𝜑, 𝛾, 𝜓]𝑇

(15)

The combined forces and moments 𝑞 are dependent on position, velocity, and acceleration of the body
as well as time. The right-hand side of equation (13) is the sum of all forces and moments plus gyroscopic
moments and additional added mass forces and moments.

⃗ = 𝑴𝐴𝑑𝑑𝑒𝑑 𝑀𝑎𝑠𝑠 ∙
𝑞

𝑑2 𝑟
𝑑 𝑡2

[0,0,0]𝑇

−(
) + ∑ 𝑞′𝑖
⃗ × (𝑱 ∙ 𝜔
𝜔
⃗⃗ )

with 𝜔
⃗ = [𝜑̇ , 𝛾̇ , 𝜓̇ ]𝑇

(16)

The sum of 𝑞𝑖′ contains all fluid and mooring force-moments and gyroscopic moments induced by the
rotor rotation.
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Figure 3: General coordinate system

Figure 4: Flowchart of the fully integrated solving
procedure using an explicit Runge-Kutta method

Solving equation (13) yields translational and rotational accelerations. Integration is necessary to obtain
the velocities and finally the translation and rotation. Different Runge-Kutta integration schemes are
implemented in panMARE’s motion solver. Explicit and implicit Euler methods allow for a straight forward
time marching by iterating implicitly to a converged solution at every time step.
A more sophisticated integration can be achieved by using higher-order Runge-Kutta methods. Higher
accuracy and/or larger time steps are possible and lead to higher efficiency. However, within one time step,
coupled simulation models for the aero- and hydrodynamic parts as well as the mooring system must perform
the same motions at each iteration. Thus, they need to be coupled closely. Using the same solver for aero- and
hydrodynamic domains makes this rather simple. The mooring model depends on the hydrodynamic geometry
model and thus fits into the iteration loop. The time step iteration scheme is shown in detail in Figure 4.
Wave elevation and wave potential are updated at each iteration and the rotor’s wake deformation
performs every stage of the iteration scheme explicitly.

3 MODEL SETUP
To investigate panMARE’s capability of simulating a FOWT, a comparison with the extensive Offshore
Code Comparison Collaboration Continuation (OC4) project is carried out. Various institutes have modelled
the semisubmersible platform equipped with the well-known NREL5MW reference turbine. The platform
consists of three main columns with a massive heave plate on each bottom and one centre column. Several
cross braces connect the four columns. The turbine is placed on a nearly 90m tower on the centre column and
three mooring lines keep the platform in position. Detailed dimensions and setup information can be found in
[11] and [20].
An overview of the model’s components is given in Figure 5. Platform, tower, and rotor are considered
as rigid bodies. The rotor can rotate freely using a one-dimensional motion solver with counter torque from
the generator and a simple PID blade pitch controller. Body panels and additional Morison drag elements are
used to model the main and centre columns of the platform, which represent the bigger parts. The smaller
elements, cross-braces between the columns, are modelled with Morison elements. A detailed view on the
platform is given in Figure 6. It also shows the split factors of the panels.
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Figure 5: Model setup with platform (green: body panels and Morison drag elements, red: Morison
elements), tower (blue), rotor blades (orange), rotor wake (yellow), mooring, and water surface

Figure 6: Platform body panels coloured by their
split factor (red: 1.0, blue: 0.0)

Figure 7: Grid of a rotor blade and the
corresponding wake panels with dipole strength

Tower and rotor on the aerodynamic side are discretized with body panels as well. To prevent extreme
induced velocities due to singularities at panel edges when rotor wake and tower cross, the influence between
tower and wake is limited. For the sake of simplicity, nacelle and hub are neglected. The cylindrical part at the
root of the rotor blades has been omitted to avoid the inaccuracies induced by the stall regions. The length of
the wake has a major influence on the rotor thrust and torque. Thus, a length of nearly two times the rotor
diameter is considered in the simulation, which leads to different numbers of panels at different wind speeds.
The rotor grid and the beginning of the wake are shown in Figure 7.
The number of panels and Morison elements used in the simulation is given in Table 1. Nearly 10,000
panels are used for an inflow velocity of 8m/s where the half is applied on the wake to achieve the required
wake length.
Table 1: Discretization details
Part
Elements
Platform
2496 Body Panels
Hydrodynamic
Platform (Morison)
139 Elements
Tower
144 Body Panels
Aerodynamic
Rotor
3150 Body Panels
Wake at 8 / 18 m/s
5760 / 3000 Wake Panels
Domain
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Figure 8: Platform grid refinement

Figure 9: Unsteady relative rotor thrust

The influence of the discretization of the platform on the calculated results is investigated. Free decay
simulations with heave excitation have been conducted for different numbers of panels. The same setup was
used here as used for load case 1.3b (see the verification section below). As shown in Figure 8, the grid
refinement has a slight influence on the calculated natural frequency of heave motion. A discretization with
nearly 2500 body panels was found to give sufficient results, with an error of below 0.5 percent compared to
an extremely fine discretization.
The time step size is mainly influenced by the aerodynamic simulation. When a blade passes in front of
the tower, a peak on the rotor forces occurs. A time step of 0.1 seconds has been chosen to clearly capture this
peak, see Figure 9.

4 VERIFICATION
Various load cases have been defined in the OC4 project and a large number of participants provided
the results of different simulation codes. Subsequently, the load case definitions and results are presented and
analysed in [10]. All results and further load case information are published and available also online.1
To evaluate the capabilities of the presented method, the results of panMARE for a selection of load
cases (Table 2) are presented below and compared with a selection of the OC4 participants. The first set of
simulations (1.3a to 1.3b) is carried out to identify the most important characteristics influencing the dynamic
of the floating system. They are reduced to the hydrodynamic simulation and mooring model in still water.
Aerodynamic influences are neglected. The same holds true for the second set, where waves are added to excite
the platform (only load case 2.1 is shown here). The third set of load cases involves the aerodynamic model
and a small representation of operation and fault conditions. A modified mooring line loss load case 3.8* is
added, where the front mooring line is lost.
The selection of the first set consists of four free decay tests with enforced excitations regarding surge,
heave, pitch, and yaw motion. In general, a good agreement with the presented data in OC4 can be observed
for all load cases (Figure 10 to Figure 13). Only in surge and yaw motion a small deviation of the decay period
is noticeable. In all other cases the results of panMARE are almost identical to most OC4 participants. The
large discrepancies of some OC4 participants may be due to a different drag modelling.

Load case
1.3a
1.3b
1.3c
1.3d
2.1
3.1
3.4
3.6
3.8
3.8*

1

Table 2: Load cases
Name
Description
Free decay, surge
Initial surge = +22m, no aerodynamics
Free decay, heave
Initial heave = +6m, no aerodynamics
Free decay, pitch
Initial pitch = +8°, no aerodynamics
Free decay, yaw
Initial yaw = +8°, no aerodynamics
Regular wave
Linear wave (H=6m, T=10s), no aerodynamics
Wind and regular wave
Linear wave, steady wind (8m/s)
Wind-wave-current
Linear wave, steady wind, and current (0.5m/s)
Wind-wave misalignment Misalignment of 30°
Mooring line loss
Loss of sideward mooring line with steady wind (18m/s)
Front mooring line loss
Loss of front mooring line with steady wind (18m/s)

https://drive.google.com/drive/folders/0B0KGNSHvXXgCSDBlREZLdDRxX2s
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Figure 10: LC1.3a, free decay, initial surge +22m

Figure 11: LC1.3b, free decay, initial heave +6m

Figure 12: LC1.3c, free decay, initial pitch +8°

Figure 13: LC1.3d, free decay, initial yaw +8°

The same setup is applied on load case 2.1, where, in this case, the excitation is induced by regular
waves, see Figure 14. Heave and pitch meet the referencing results very well. Load case 3.1 has the same
hydrodynamic conditions but the aerodynamic model is activated and the turbine is operating under partial
load condition. The results again show good agreement, see Figure 15. The turbine’s thrust reduces the heave
motion and leads to a positive mean pitch angle of the platform.
In load case 3.4, current is added to the wind and waves. Figure 16 and Figure 17 show the influence of
the current on the platform’s surge. With no current panMARE overestimates the influence on the mean surge
displacement slightly, but matches the amplitude. While under consideration of the acting current speed, the
results of the OC4 participants differ in their mean value and the predicted surge of panMARE is within the
upper range. In this case, the mean value is different too, but the motion amplitude predicted shows good
agreement with other results presented in OC4.
Wind-current misalignment leads to a sway and roll motion of the platform, shown in the results of load
case 3.6 in Figure 18. The predicted sway motion of selected OC4 participants and panMARE differ in their
mean value but show similar amplitudes. A good agreement is achieved on the platform roll motion.
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Figure 14: LC2.1, regular waves

Figure 15: LC3.1, regular waves with operating turbine

Figure 16: LC3.1, surge motion

Figure 17: LC3.4, wind, waves and current

Figure 18: LC3.6, wind-wave misalignment
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Figure 19: LC3.8, mooring line loss

Figure 20: LC3.8, mooring line loss details

Figure 21: LC3.8*, front mooring line loss

Load case 3.8 considers the loss of mooring line 1, which is connected to the left column in the back in
the direction of wind and wave. The line fails 60 seconds after the beginning of the plot. The calculated sway
displacement and the platform yaw angle can be seen in Figure 19. Both quantities show varying values after
nearly half an hour of simulation time, which can be considered as the steady state (apart from the waves) for
some methods whereas the results of others still show platform sway motion up to 200m. As the steady state
in sway and yaw is determined by a balance of rotor and mooring loads in nearly steady conditions, the reason
for the occurrence of these differences could not be identified. Considering the mooring models, it is shown in
[10] that the tension of the mooring lines in regular waves does not show significant deviations between the
OC4 participants. As most simulation tools utilise the same underlying theory, it is not likely that significant
differences in aerodynamic loading cause the deviations.
In panMARE, a yaw controller is used causing the yaw actuator to turn the nacelle +10° at 363 seconds.
In this case, the response including an overshoot is clearly visible. A similar behaviour can be observed in the
4Subsea results. As a yaw controller was not defined for the OC4 simulations, the deviations between
panMARE and other participants may be due to differences in yaw control.
Looking at the response of the roll angle to the mooring line loss in Figure 20, it can be observed that
some participants predict a low damping whereas the roll motion obtained by panMARE agrees well with most
other participants’ results.
The results of this load case show that the simulation remains stable even at large displacements. As one
mooring line remains under tension during the simulation, the motion is still guided. A variation of this load
case has been constructed under the number LC3.8*. Losing the connection to the mooring line 2 at the front
column leads to a relaxation of mooring lines 1 and 3 and therefore allows for an almost free drift of the
platform until the mooring lines are subjected to tension again. Figure 21 illustrates the surge motion of the
platform, showing such an expected behaviour. This demonstrates that even large displacements and free drift
motions do not lead to instability issues in panMARE.
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Figure 22: Steady state sway and roll over misalignment angle for 0.5m/s and 1.0m/s current velocity

5 WIND-CURRENT MISALIGNMENT
Wind and current misalignment is a very likely event at most potential locations of FOWT. The
prediction of the platform orientation under such conditions is a major advantage of panMARE, since there
are little restrictions on large deformations.
The steady state orientation of the platform under various wind-current misalignment angles has been
simulated under partial load. The turbine operation conditions equal load case 3.1, with a wind velocity of
8m/s and a rotor rotational speed of 9PRM. No waves are acting to reduce overlaying effects. Current velocity
of 0.5 m/s and 1.0 m/s are applied with a power law exponent of 1/7. The steady state sway and roll angles are
shown over the misalignment angle in Figure 22. The increasing sway displacement is evident but the side
current also effects the roll angle of the platform. As the drag force on the platform is dependent on the square
of the current velocity, it is reasonable that the displacement grows more than linear with the current velocity.

6 YAW DYNAMICS
The dynamic response of a FOWT during a yaw alignment of the rotor is highly dependent on the
mooring system. A slack mooring leads to an overshoot of the platform yaw motion due to inertia effects and
might even cause a gain of small rotor yaw misalignments when the yaw actuator is inactive. The mooring of
the studied FOWT is designed tautly such that the dynamic response is relatively small but still the principal
effects can be observed.
Figure 23 shows the response of the platform yaw angle to a rotor yaw event. Beginning with axial
inflow, the wind turns until the yaw misalignment reaches 15° at 300 seconds of simulation. Ten seconds later
the yaw drive rotates the nacelle with a speed of 0.3°/s until the yaw misalignment reaches zero at 360s. With
the onset of the rotor yaw activity, the response of the platform yaw angle rises due to inertia effects and a
change of the rotor yaw moment. A more interesting phenomenon can be observed in the platform surge
motion, which shows a significant change just after the onset of the rotor yaw activity. Due to the platform
inertia, the displacement reaches its maximum a few seconds after the yaw activity stops. As the rotor thrust
acts in line with the rotor axis, the yaw misalignment occurring at 240s has negligible influence on the platform
surge. Therefore, at moderate yaw angles, the activity of the yaw actuator itself determines the sway response.
Thus, the overshoot in surge can be controlled by the yaw rate, which might be a useful fact for the development
of FOWT yaw controllers.

7 CONCLUSION AND FUTURE WORK
In the presented paper, the panel method panMARE is introduced as a simulation tool for FOWTs. The
simulation results show that compared to similar coupled methods panMARE has the ability to model the
three-dimensional unsteady aerodynamic and hydrodynamic flow fields. Therefore the obtained results include
a more detailed representation of the underlying physics. Focussing on the hydrodynamic effects, the dynamic
behaviour of the OC4 Phase II semisubmersible FOWT is predicted for several load cases and compared to
the results from the OC4 participants. Additional load cases are constructed in order to investigate panMARE’s
capability to account for the dynamics due to yaw controller activities, wind current misalignment, and large
displacements.
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Figure 23: Dynamic yaw misalignment, yaw angle, sway motion and rotor yaw misalignment
The verification against the OC4 results shows good agreement for all considered load cases apart from
the mooring line loss scenario, where the predicted trajectories diverge strongly between the participants.
Considering the free decay tests very similar results can be observed for nearly all participants and panMARE.
Unfortunately, the extreme wave scenario is difficult to evaluate as the simulation time is too short to obtain
statistically comparable input quantities from the JONSWAP spectrum. Coupled wind-wave simulations
including current at the water surface can be conducted in a stable manner and compare well. The variations
observed in the mooring line loss scenario might be caused by the usage of different yaw controllers.
Nevertheless, in the period just after the loss of the mooring line panMARE and most OC4 participants predict
a similar trajectory of the FOWT. Differences occur when looking at the roll damping, which is predicted
differently by the participants, whereas the damping obtained by panMARE is similar to the majority of the
results.
In combination with the additional load cases, it is shown in this work that the general dynamic
behaviour of the FOWT can be predicted even in unsteady situations including large displacements. Capturing
the influence of dynamically changing yaw misalignments and wind-current misalignment, panMARE also
allows for the examination of self-aligning FOWTs.
As the OC4 Phase II load cases do not contain directly comparable trajectories and motions of the FOWT
in extreme or highly unsteady scenarios further validation is needed in order to quantify panMARE’s
capabilities. Therefore, future work will focus on a more detailed validation of both the aerodynamic and the
hydrodynamic part using experimental data. A further improvement of the mooring model using a dynamic
lumped mass approach is planned. Utilising the advantages of the three-dimensional flow field, a free surface
shall be implemented to capture the influence of radiation directly. When applying these high-fidelity models,
panMARE might close the gap between computationally extremely expensive CFD couplings and state-ofthe-art design tools for FOWT dynamics.
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