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Abstract

In this paper, a generic computational framework, based on the generalized-mode approach,
is developed for the fully coupled time-domain aero-hydro-servo-elastic analysis of Hybrid
Offshore Wind and Wave Energy Systems (HOWiWaESs), consisting of a Floating Offshore
Wind Turbine (FOWT) and several wave energy converters (WECs) mechanically connected
to it. The FOWT’s platform and the WECs of the HOWiWaES are modeled as a single
floating body with conventional rigid-body modes, while the motions of the WECs relative
to the FOWT are described as additional generalized modes of motion. A numerical tool
is established by appropriately modifying/extending the OpenFAST source code. The
frequency-dependent exciting forces and hydrodynamic coefficients, as well as hydrostatic
stiffness terms, are obtained using the traditional boundary integral equation method,
whilst the generalized-mode shapes are determined by developing appropriate 3D vector
shape functions. The tool is applied for a 5 MW FOWT with a spar-type floating platform
and a conic WEC buoy hinged on it via a mechanical arm, and results are compared with
those of other investigators utilizing the multi-body approach. Two distinctive cases of
a pitching and a heaving WEC are considered. A quite good agreement is established,
indicating the potential of the developed tool to model floating HOWiWaESs efficiently.

Keywords: combined wind and wave utilization; hybrid offshore wind and wave energy
systems; floating offshore wind turbines; wave energy converters; generalized-mode
approach; numerical simulation

1. Introduction
1.1. Motivation

Modern societies are in great need of clean and renewable energy supplies. Their
efficient exploitation, directly related to the EU energy policies, can contribute to energy
security enhancement, economic growth and reductions in greenhouse gas emissions.
Offshore wind and wave energy comprise two of the most important renewable energy
sources in the marine environment. Many large-scale commercial offshore wind farms
have been installed and are operating in Europe. Still, the visual and spatial disturbances
that such projects may cause near the shore, combined with the fact that 80% of total wind
energy is found at water depths greater than 60 m [1], have led to the need to exploit
offshore wind in deep waters. As for wave energy, its potential is estimated at 10 TW,
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which can cover from 15% to 66% of the global energy consumption, depending on relevant
exploitability levels [2]. The above percentages are equivalent with the power supply from
800 nuclear plants [3].

In the case of offshore wind energy, the “going deeper” trend, where stronger and more
consistent winds exist, has created new technological and financial challenges that should
be adequately addressed in order to achieve the sustainable and cost-efficient realization
of offshore wind energy projects [4]. At the same time, wave energy technology currently
represents one of the most advanced and rapidly developed ocean energy technologies,
which is anticipated to be commercially viable in the short-medium term [5]. Specifically,
a variety of wave energy converters (WECs) with different working principles has been
investigated, developed, and tested so far, aiming to overcome existing technological
barriers and achieve competitiveness with other renewable energy sources. Therefore, cost
reduction constitutes a challenge that both the offshore wind and wave energy sectors
share. It may, thus, be beneficial to deploy floating Hybrid Offshore Wind and Wave Energy
Systems (HOWiWaESs) that enable the simultaneous exploitation of the corresponding
energy potential in deep waters by combining an Offshore Wind Turbine (OWT) and WECs
in one structure. This synergy may offer multiple economic, technical and licensing benefits,
such as cost reduction through shared grid infrastructure, operation and maintenance
logistics, increased energy yield, smooth and highly available power output, common
regulatory frameworks, etc. [6].

1.2. Literature Review

Up to now, different concepts of HOWiWaESs have been proposed by various re-
searchers who investigated their performance (dynamic behavior and power production) ei-
ther numerically or experimentally. Plenty of them have been summarized by [7], whilst [8]
classified several of them based upon WECs’ working principles and simulation methods.

Most of the existing numerical investigations have been realized by developing in-
tegrated but concept-driven models in the time domain, while utilizing the multi-body
approach. In this approach, the FOWT and the WECs are allowed to move freely and inde-
pendently in their rigid-body Degrees Of Freedom (DOFs), while any physical connections
(i-e., hinges, joints, etc.) are included in the equations of motion in the form of additional
external forces representing the relevant motion constraints [9-15]. Within this framework,
an integrated aero-hydro-servo-elastic analysis of a moored spar-type FOWT and a torus-
like heaving WEC (Figure 1a) was conducted by [16,17]. The WEC was installed around
the FOWT like a ring through appropriate connections, while power was absorbed through
a linear Power Take-Off (PTO) mechanism, actuated from the WEC’s heave motion. The
hydrodynamic coupling was considered in the time domain by including in the equation of
motion non-zero off-diagonal hydrodynamic and hydrostatic stiffness terms. The concept
was also physically tested and validated by [18,19].

Additionally to the above, Bachynski and Moan [20] modeled a Tension-Leg Platform
(TLP) wind turbine with a point absorber on each one of its three pontoons (Figure 1b).
Each WEC was attached to a guide beam connected with the TLP pontoons. Guide beams
either directly connected or hinged to the TLP were examined, leading respectively to pure
heaving or rotating devices. Luan et al. [21] introduced an HOWiWaES concept (Figure 1c)
consisting of a 5 MW wind turbine on a catenary-moored semi-submersible platform and
rotating flap-type, elliptical-shaped WECs hinged on each one of the platform’s pontoons.
The same system was numerically investigated by [22-24], whilst experiments were con-
ducted by [18,19,25] to validate the relevant numerical models. Another HOWiWaES (called
“WindWEC”, Figure 1d) combining a moored spar-type 5MW FOWT with a conical WEC
attached to it by means of a mechanical arm was suggested and examined in [26]. The arm
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was rigidly connected to the WEC and hinged on the FOWT’s spar, where a linear PTO
mechanism was deployed to absorb power through the rotation of the arm relative to the
spar. It is mentioned that in all the above numerical investigations the hydrodynamic cou-
pling among the separate bodies was not taken into account. Still, for the latter HOWiWaES
(i.e., the “WindWEC”) a coupled multi-body analysis was implemented in the frequency
domain by [27,28].

Finally, a catenary-moored HOWiWaES was introduced and experimentally validated
by [29] (Figure le). The middle column of the triangular platform supported a 5 MW
wind turbine, while each one of the rest three columns contained a semi-annulus-shaped
Oscillating Water Column (OWC). For analyzing this HOWiWaES, appropriate vibrational
modes representing the OWCs’ free surface oscillations were deployed additionally to the
platform’s rigid-body DOFs, based on the generalized-mode approach.

~
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Figure 1. Examples of HOWiWaESs: (a) Spar FOWT and heaving WEC (reproduced from [16], with
permission from Elsevier, 2025); (b) TLP FOWT and heaving or rotating WECs (reproduced from [20],
with permission from ASME, 2025); (c¢) semi-submersible FOWT and flap-type WECs (reproduced
from [21], with permission from ASME, 2025); (d) spar FOWT and hinged WEC (reproduced from [28],
with permission from ASME, 2025); (e) semi-submersible FOWT and OWCs (reproduced from [29],
with permission from ASME, 2025).

The generalized-mode or mode superposition approach presents an alternative
method to conduct time-domain analysis of HOWiWaESs. In this case, the FOWT platform
and the WECs of the HOWiWaES are modeled as a single floating body (substructure)
with the conventional six rigid-body DOFs, while the motions of the WECs relative to
the FOWT are described by introducing additional suitable modes of vibration, the so-
called “generalized modes” or “generalized DOFs” (e.g., [30]). It can be regarded as an
extension of the relevant method developed for solving hydroelasticity problems, where
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the generalized-mode concept is utilized to account for the structural deformations of
deformable bodies under the wave action [31-34]. It is noted that the generalized modes
can be considered either as “wet” or “dry”, depending upon the inclusion or the exclusion,
respectively, of the surrounding fluid in the calculation of the mode shapes [35,36]. Com-
pared to the multi-body approach, the generalized-mode approach offers the advantage of
significantly reducing the size of the problem to be solved, by exploiting possible planes of
symmetry; thus, it is favored for systems with several constraints or multiple connected
bodies. Accordingly, the generalized-mode approach has been deployed in the case of
floating platforms hosting multiple WECs (e.g., [37,38]).

1.3. Research Gaps and Paper’s Objective

Considering all the existing research on the time-domain analysis of floating HOWi-
WaESs, it can be concluded that the relevant developed and applied numerical models are
concept-driven and the majority of them utilize the multi-body approach to account for the
co-existence of the FOWT and the WECs. Moreover, in many investigations the existing
hydrodynamic coupling is not explicitly considered. On the other hand, the generalized-
mode approach has been utilized so far in a limited number of studies, including (a) the
time-domain analysis of only one HOWiWaES concept (i.e., FOWT with OWCs [29]) or
(b) the assessment of multiple WECs connected to a platform in the frequency (e.g., [37])
and time domains (e.g., [38]) under pure hydrodynamic loading.

Motivated by this and aiming at filling the above existing research gaps, in the present
paper we develop a generic computational framework, driven by the generalized-mode
approach, for the time-domain analysis of a floating moored HOWiWaES, consisting of
one FOWT and several WECs that absorb wave power through their oscillations at specific
DOFs. The proposed computational framework embraces the (a) development of appro-
priate 3D vector shape functions of general use to represent the generalized DOFs of the
floating substructure resulting from the WECs’ existence, (b) extension of the Cummins
equation of motion [39] to account for the above DOFs and (c) inclusion of non-diagonal
hydrodynamic (frequency-dependent) and hydrostatic terms in the equation of motion
(i-e., explicit consideration of the hydrodynamic coupling among the rigid-body and the
generalized DOFs of the floating substructure). Successively, the framework is numerically
realized by appropriately modifying/extending the source code of OpenFAST [40]. The
corresponding numerical tool is then applied for the “WindWEC” HOWiWaES concept
(Figure 1d) and results are compared with those of [26-28] obtained from the application of
the multi-body numerical modeling approach.

Compared to existing multi-body approaches, the present investigation contributes
to and advances the numerical modeling of HOWiWaESs by (a) developing a generic,
thoroughly formulated numerical framework for those systems, (b) capturing explicitly
the hydrostatic/hydrodynamic coupling between the FOWT’s platform and the WECs,
(c) avoiding the complexity of multi-body analysis with regard to appropriate restraint im-
position and (d) offering the potential to reduce the computational time in the prerequisite
frequency-domain analysis in cases of symmetrical layouts, since planes of symmetry can
be efficiently utilized when describing the 3D vector shape functions. Additionally to the
above, the present work is novel, since it comprises the first integrated extension of Open-
FAST software, V2.3 (National Renewable Energy Laboratory NREL, Golden, Colorado,
USA) regarding the generalized-mode approach,

The remainder of the paper is organized as follows: In Section 2 the main aspects
of the computational framework developed in the present paper are described, while
Section 3 includes the numerical formulation of the examined problem. In Section 4, the
main characteristics and the numerical configuration of the examined HOWiWaES are
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described, with the relevant results being presented and discussed in detail in Section 5.
Finally, in Section 6, the main conclusions of this study are cited along with suggestions for
future research.

2. Computational Framework

The computational framework developed in the present paper is numerically realized
by adequately modifying/extending the simulation capabilities of OpenFAST as shown
in Figure 2. In this figure, the red dotted line includes (a) the main OpenFAST modules
that have been appropriately modified so that an HOWiWaES can be modeled using the
generalized-mode approach and (b) the required computational tools for the relevant
frequency-domain analysis of the floating system.
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Figure 2. Computational framework of the present investigation.

Starting with the latter analysis, the mode shapes of the generalized DOFs of the
floating substructure (FOWT platform and WECs) representing the motion of each WEC
relative to the FOWT platform are calculated through the establishment of appropriate 3D
vector shape functions. The above calculation is implemented in vacuum (“dry” modes
superposition approach). The mode shapes are successively used as input into a frequency-
domain computational tool (e.g., WAMIT [41], Massachusetts Institute of Technology,
Chestnut Hill, MA, USA) to obtain the frequency-dependent wave exciting forces and
hydrodynamic coefficients (added mass and radiation damping), as well as the hydrostatic
stiffness coefficients for both rigid-body and generalized DOFs. All the above quantities
are then inserted into OpenFAST, where integrated time-domain analysis of the whole
HOWiWaES under the combined wind and wave action is implemented. To achieve this,
the HydroDyn and ElastoDyn modules of OpenFAST (Figure 2) have been appropriately
modified so that (a) an extended equation of motion is formed and solved accounting for a
floating substructure having both rigid-body and generalized DOFs, (b) the hydrodynamic
coupling among the above DOFs is explicitly considered (inclusion of non-diagonal terms
of the corresponding hydrodynamic and hydrostatic coefficients) and (c) the WEC’s power
absorption ability is assessed.
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The basic rationale adopted for modifying the above modules in OpenFAST is the
increase in the number of DOFs in order to consider the generalized DOFs without altering
though the mapping (notation and numbering) of the DOFs is already defined in the
software. Accordingly, we increase the size of all vectors and matrices involved in the
equation of motion and calculated within the HydroDyn and ElastoDyn modules, and the
new elements are appropriately quantified or are set equal to zero for formulation purposes.
For example, in the case of the HydroDyn module, which focuses on the quantification
of loadings related to the floating substructure, the hydrodynamic/hydrostatic loading
vector for its rigid-body DOFs is extended to include (a) zero elements for the DOFs of the
HOWiWaES superstructure (i.e., the tower and the rotor-nacelle assembly) and, successively,
(b) non-zero, appropriately quantified elements for the generalized DOFs of the floating
substructure, which are being handled similarly to those of the rigid-body DOFs (e.g.,
error control interpolation is applied if needed). The opposite holds true for the ElastoDyn
module, where the extended loading vectors obtain zero values for the elements related
to the DOFs of the system’s substructure. An exception to the above are the inertia loads,
since they do not contain any zero components, but they are modified inside ElastoDyn, so
that the entire HOWiWaES is considered as one body with extra generalized DOFs. The
extended equation of motion is solved in ElastoDyn, where, additionally, the loads of the
mooring system (resulting from MAP++ or MoorDyn or FEAMooring modules) are taken
into account along with the loads introduced from the PTO mechanisms of the WECs. Note
that the Newton—-Raphson iteration method is locally utilized inside the mooring system’s
subroutines, without modifying the local mooring stiffness matrix, since only the FOWT’s
platform is moored. More details about the relevant time-domain numerical formulation
are provided in Section 3.

Finally, regarding input/output procedures, the input files of both HydroDyn and
ElastoDyn retain, in general, their existing format; still, extra lines for specific input proper-
ties/options have been added (e.g., hydrodynamic/hydrostatic terms for the generalized
DOFs, mass matrix terms of the HOWiWaES, initial simulation conditions, options of DOFs’
activation/deactivation, output selection options). The above are accompanied with user-
friendly comments and explanations in the relevant input files. In an analogous manner,
the existing format of the output files is kept, with the addition of extra columns for results
related to the WECs (e.g., time series of the WECs’ displacement, velocity, acceleration
and of the absorbed power). Subsequently to the above, all input-output subroutines of
OpenFAST have been accordingly modified.

3. Numerical Formulation

We consider a moored HOWiWaES consisting of an FOWT and N WECs attached
to the FOWT’s platform in any mechanically possible way. An indicative sketch of an
HOWiWaES with a spar-type platform and N = 3 WECs is shown in Figure 3a. The following
coordinate systems are introduced (Figure 3b): (a) the global XYZ coordinate system,
with its origin placed on the Mean Water Level (MWL) at the FOWT’s platform’s center,
(b) the platform’s local coordinate system Xpttm YptfmZptfm, () the k-th, k=1, ..., N WEC’s
local coordinate system X YiZy, (d) the floating substructure’s local coordinate system
Xsub,cM Ysub,cMZsub,cM, located at the center of mass of the substructure’s submerged part,
and (e) the tower’s local coordinate system X;Y;Z; with its origin at the tower base. It is
noted that X,ttm YpttmZptim may coincide with XYZ; however, herein they are considered
distinctive for generality purposes. For all coordinate systems, the x-axis (i.e., surge) points
upwind and the y-axis (i.e., sway) is perpendicular to it, while the z-axis (i.e., heave) points
vertically, opposite to the gravity field.
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(a)
Figure 3. (a) Indicative sketch of an HOWiWaES; (b) coordinate systems deployed for the time-domain
analysis of an HOWiWaES.

3.1. Frequency-Domain Analysis and 3D Vector Shape Functions’ Calculation

The required frequency-domain hydrodynamic analysis of the HOWiWaES substruc-
ture (FOWT’s platform and the WECs) relies on the boundary integral equation method
(BIEM), which is numerically realized using the WAMIT®O software, V6.1/6.104S [41]. The
analysis is based on a three-dimensional linear potential theory, where the whole multi-
component floating substructure is considered as a single floating body that undergoes
small-amplitude oscillations in the conventional six rigid-body DOFs (i.e., surge, sway,
heave, roll, pitch and yaw; Figure 4a). Moreover, the motions of the WECs relative to the
FOWT’s platform are taken into account through the inclusion of additional generalized
DOFs. We assume that each WEC can translate and rotate along and around any axis
relative to the platform. Accordingly, the k-th, k=1, ..., N WEC can have up to Ny = 6
DOFs, k=1, ..., N, consisting of up to Nf(ra“s =3 and Nf(Ot = 3 translational and rotational,
DOFs, respectively, which are defined similarly to the DOFs of a rigid body. Thus, the
total number of generalized DOFs of the HOWiWaES substructure, Ngen, is given by the
following equation:

N
Ngen = ¥ Ny (1)
k=1

Assuming inviscid and incompressible fluid with irrotational flow, the velocity po-
tential is introduced to describe the fluid motion. The diffracted and radiation potentials
satisfy the Laplace equation everywhere in the fluid domain, while, additionally, they are
subjected to the well-known linearized boundary conditions on the free surface, the sea
bottom and the floating substructure [42] in order to form the 15t-order boundary value
problem. The latter boundary conditions for a floating body with 6 rigid-body DOFs and
Ngen generalized DOFs are formed as follows [33]:

%:njforjzl,...ﬁ (2)

o

on

where ¢;is the unit radiation potential of the j-th DOF of the floating substructure, n = (ny,

:nj:U]..nforj:7,...,6+Ngen (3)

ny, n;) is the unit normal vector and Uj,j=7, ..., 6 + Ngen is the 3D vector shape function
of the j-th generalized mode, describing its “dry” mode shape.
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(b)

(d)

Figure 4. HOWiWaES DOF illustrative example: (a) six rigid-body DOFs; (b) 7th “dry” general-
ized DOF (translational mode); (c) 8th “dry” generalized DOF (rotational mode); (d) Ng}m 7dry”
generalized DOF (rotational mode).

The boundary integral equations for the unknown diffraction and radiation potentials
on the body boundaries are formed using Green’s theorem, while the corresponding
boundary value problem is, finally, solved based on a 3D low-order panel method.

In order to apply Equation (3), the 3D shape functions Uj,j=7, ..., 6 + Ngen have to
be determined. In the present paper, those functions are calculated at the middle (centroid)
of each panel of the floating substructure’s discretized wetted surface, by imposing an
appropriate unit displacement (translation or rotation).

To further illustrate the above, Figure 4 shows an example of the generalized modes
of an HOWiWaES floating substructure. For the sake of simplicity each WEC is assumed
to have either a pure heaving motion (Figure 4b) or pure rotation (Figure 4c,d) relative
to the FOWT’s platform (i.e., Ny =1,k =1, ..., N and, hence, Ngen = N). Still, as already
mentioned above, each WEC can be considered to move relative to the platform in more
than one DOF.

Based on all the above, and assuming that the wetted surface of the floating substruc-
ture has been discretized using NP panels, a 3D vector shape function, Uj, for the j-th
generalized DOF is formed as follows:

sz[u]- Vi Wj],j=7,...,6+Ngen 4)
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where u; (NP X 1), vj (NP x 1) and w;j (NP x 1) are the component vectors of U; along the
Xpttms Yptrm and Zpym axes respectively.

Finally, the (6 + Ngen) X (6 + Ngen) frequency-dependent added mass (A) and radiation
damping (B) matrices, the (6 + Ngen) x 1 frequency-dependent exciting force vector (F),
and the (6 + Ngen) X (6 + Ngen) hydrostatic stiffness matrix (C) are obtained according
to [33,43] with regard to the Xptfm Y ptfmZptfm local coordinate system.

3.2. Time-Domain Numerical Formulation

In the time domain, the whole HOWiWaES, including the superstructure (i.e., tower
and rotor-nacelle assembly (RNA)) is being modeled and analyzed by appropriately ex-
tending the numerical formulations of the corresponding modules in OpenFAST (Figure 2).
The main modifications can be summarized as follows: (a) increase in the DOF number
to account for the generalized DOFs of the floating substructure (Equation (5)), (b) rele-
vant extension (size increase) of all matrices/vectors deployed in the equation of motion
(Equations (6)—(8), (13) and (21)), (c) quantification of all matrices/vectors’ new terms re-
lated to the generalized DOFs (Equations (9)-(12), (14), (15), (17), (21) and (22)) and the
PTO mechanisms (Equation (16)), and (d) extension and solution of the equation of motion
including the generalized DOFs (Equations (6) and (7)). In the following paragraphs, all
the above items are highlighted in detail.

We denote N as the number of DOFs already considered in OpenFAST, where the
first 6 correspond to the FOWT’s platform’s rigid-body modes and the rest (No — 6) to the
superstructure’s DOFs. In order to account for the Ngen generalized DOFs of the floating
substructure, the total number of DOFs, M, for the whole HOWiWaES is increased up to

M = No + Ngen ®)

with indices in the range of Np + 1 up to M indicating the generalized DOFs.
The equation of motion of an HOWiWaES with M DOFs is formed as follows based on
Newton’s second law:

Fiot (t) = Finer(t) = Ftot(t) = m.)"((t) (6)

where t is time; Fiot(t), Finer(t) and X(t) are, respectively, the (M x 1) vectors of the total
loads acting on the HOWiWaES, of the inertial loads and of the induced accelerations, while
m is the (M x M) mass matrix.

The total loading vector, Fiot(t), is then decomposed into the following components:

Ftot(t) - Faer(t) + Fcont (t) + thdro (t) + Frest(t) - Fgrav(t) (7)

where Faer(t), Feont(t), Fhydro(t), Frest(t) and Fgray(t) are the time-dependent (M x 1)
loading vectors due to aerodynamics, turbine controller, hydrodynamics/hydrostatics
(including loads originating from the mooring system and the PTO), any other source (e.g.,
viscous loads) and gravity, respectively. Contrary to Fyygro(t) and Fgray(t) matrices, the
terms of Faer(t), Feont(t) and Frest(t) corresponding to the Ngen generalized DOFs are set
equal to zero. The other terms are quantified according to the relevant existing formulations
initially defined in [44].
The hydrodynamic/hydrostatic loading vector, Fpydro (t), is successively decomposed
as follows:
thdro (t) = Fexc (t) + Frad (t) + Fps (t) + FmOOI‘(t) + Fpro (t) (8)
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—j:i] (A% (1) + By (1)) —

Fracl,i (1) = 0,
6

j=

l:rad,i () = 6

7'21 (A(i+6-No)

t 6 . M .
—f <]§1 Kiis noyi (E= 0Xj(8) + ijZOH K N (46N (= DX (t)> dr,

where Fexc(t), Fraq(t) and Fyg(t) are the (M X 1) vectors of the wave exciting, radiation and
hydrostatic restoring loads, respectively, while Fmeor(t) and Fpro(t) correspond to (M x 1)
loading vectors resulting from the mooring system and the PTO mechanisms of the WECs.

Focusing on the wave exciting and radiation loading vectors, Feyi(t) and F,q;(t) I=1,
..., M terms are calculated according to [45] after applying appropriate modifications. More
specifically, in the case of regular incident waves with circular frequency w and amplitude
A, Equations (9) and (10) are deployed, while for irregular incident waves described by a
spectrum of spectral density S(w) [46], Equations (11) and (12) are applied, by utilizing the
well-known Cummins time-domain formulation [39].

A|F;(t)| cos(wt),

Fexc,i (t) =40,
AlFiy6-Ng (t)] cos(wt),

i=1,...,6
i=7,...,No )
i=No+1,...,.M

M
L (Aire-Ng)Xi(t) + Bigae—ng) Xi(1), i=1,...,6
i=No+1
i=7...,No (10)
. , M . .
i (t) + B(iso—ng)Xi(t) — ]_ZNZC)H (A(i4+6-No) (7+6-No) Xi (1) + B(it6—No) +6-No) (1)), i=No+1,...,.M
+o0
2 [ |Ei(t)[|S(w)cos(wt + ¢)dw, i=1,...,6
0
Fexc,i(t) =140, i=7,...,No (11)
“+o00
2 [ |Fise-Ng () [S(w)cos(wt + e)dw, i=No+1,...,.M
0
M \ k 6 rad y M rad y :
j:NZoH A i(j+6-No) Xj (1) 77{0 ,-El K (t— T)X(t) +j21\%+1 Ki(j+6—No)(t —1)X(t) |dt, i=1,...,6
i=7,...,No
. M . 12
iXi() = X Ao (i+6-No)(+6-No) Xj(t) — (12)

j=No+1

i=No+1,...,M

In all the above equations, Xj(t), Xj(t), Xj(t), j = 1,..., M are the displacements,
velocities and accelerations of the j-th DOF, j =1, ..., M of the HOWiWaES with regard to
the XYZ coordinate system, while ¢ (Equation (11)) corresponds to the initial phase of each
wave component following the normal Gauss distribution. Moreover, in Equation (12), A
is the (6 + Ngen) X (6 + Ngen) added mass matrix for infinite wave frequency, K™9(t) is the
(6 + Ngen) X (6 + Ngen) retardation functions” matrix and 7 is an auxiliary dummy time
variable. K™4(t) is calculated using the convolution integrals of Equation (13) [47], which
captures the fluid memory effects [39,48].

+o0
%/ B(w)cos(wt)dw

0

K24 (t) = (13)

The elements of the hydrostatic restoring and mooring system loading vectors
(Equations (14) and (15) respectively) are calculated according to [49], after applying
appropriate modifications to account for the floating substructure’s generalized DOFs.
In Equation (15), Kjj and Bﬁ I,j=1, ..., M are the mooring system’s stiffness and
damping terms.
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moor,i (t) =

iner,i (t) =

6 M
—AZ CIJX](t) - y Ci(j+67No)Xj(t)f i=1,...,6
=1 j=Nop+1
Frsi(t) =<0, i=7,...,No
6
_El Clirs-No)Xj(t) _] 1\% 1C(1+6 No)(j+6-No)Xj(t), i=No+1,....M
6 B M E . .
_j; (KX (1) + BEX; () — j:h%H (Ki6-N0) X5 (1) + B 16 ng) Xi(1)), i=1,...6
0, i=7...,No

N
<mptfm + kZ mWECk)

6 .
L (Kii+6-No)G(8) + B ng)Xi(1) = X (Kiis-No) +6-No) X (1) + Bfi 16 No)(1+6-No)

M .
X
j=No+1

i(t)), i=No+1,...,.M

(14)

(15)

Finally, the terms of the loading vector originating from the PTO mechanism of the
WECs is obtained from Equation (16), assuming a linear damping system actuated from

the respective operational mode of each device. In this equation, B(1 H6-No) (46—
j=No +1, ..., M are the PTO damping coefficients.

0, i=1,...,No
Fpro,i(t) = l\f

PTO . .
7]-:NO+1B )(G+6— NO)X](t), i=No+1,...,M

(1+6 No

No)’ L

(16)

Coming back to Equation (6), we focus on the terms of the inertia loads’ vector related

to the floating substructure. Accordingly, Fineri(t), I=1,...,6 andI=Np +1, ...,

defined as follows:

. 6 (. dv CM
Xi(t)viCMJr_Z (Xj(t) T )}-v?, i=1,23

dveM
(mptfm + Z mWECk>rsub x {X viM 4 Z < j(t )c{t>

+

ew’, i=4,56

Lok (w; + i(xju)wj)} x?sub-m X;()w;)

j=4

Not(ki )+NwEC, dveM
e, | Xi(vEM + r (Xj(t) ' ) ovi+

M are

n r—1 dt (17)
i=No+( );1 Ny +NIFES_ +1
Not(k)glNk)tNWEcr dveM _
mywEC Tsub X | Xi (t)vEM + )y <Xj (t)d]t> + Iwec, #Xi(t) w;+
r—1
j=No+( X Ny)+N{Ffge +1
+nf°t ~ k=1 B .(,U;r, i=No+1,....M
No+( ); Ni)+Nwec, _ No+( ); Ny )+Nwec,
+ v (X(Hw;j) | x Twec,® z (X(t)wy)
=No-+( z Ny)+Nins 11 =No+( 2 Ni)+Niass +1
In Equation (17), Mptfm is the mass of the FOWT’s floating platform, mwegc,, r=1,...,

N is the mass of the r-th WEC with the corresponding i-th, I=Ng + 1, ..., M generalized

DOFs, and Ng + 2 Ny + NWEI‘E +1and Ngp + Z Ny + Nwgc, denote, respectively, the

index number of the first and the last rotative DOF of the r-th WEC. Furthermore, rgy,
is the HOWiWaES submerged part’s position vector between the XyimYptfmZptim and

Xsub,cM Ysub,cMZsub,cm coordinate systems with respect to X;YZ; (Figure 3b). This
vector can be calculated as follows:

Tsub = Xsub,Cth + ysub,Cth + (Zsub,cm — Zgub,ref )Zt

B3x1)

(18)
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where Xsub,cms Ysub,ems Zsub,cm are the coordinates of the Xsub,cmYsub,cMZsub,cm Origin in
the XYZ global coordinate system, whilst X¢, Y¢, Z; are the (3 x 1) vectors indicating the
relevant axes of the X;YZ coordinate system [50].

As for n{™" and n!°* in Equation (17), those coefficients are used to indicate the nature
of each generalized DOF. Accordingly, nfrans =1land nirot = 0 of the i-th generalized DOF
correspond to a translation of the WEC relative to the FOWT’s platform, while the opposite
holds true for generalized DOFs that describe the WEC’s relative rotations. Moreover,
viand wj,i=1,...,6 andi=Ngp + 1, ..., M are the (3 x 1) vectors of the partial linear
and partial angular velocity, respectively, of the HOWiWaES Xyt Y pttmZptem and XeYeZ

coordinate systems in the global coordinate system XYZ. In a similar manner, ve™ and
CM
d‘é{t are the (3 x 1) vectors of the partial linear velocity and its time derivative (i.e., liner

acceleration), respectively, of the HOWiWaES substructure’s center of mass for the i-th
DOEi=1,...,6,andi=Ngp +1,..., M, in the XYZ global coordinate system. Finally, isub

and ;WECr stand for the total HOWiWaES substructure and each WEC’s inertia dyadic,
respectively, relatively to the X;YZ; coordinate system and they are calculated as follows:

isub = D, one XXt Iy o YeYt + Iz, o ZeZe (19)
Twec, = Ko XX+ IV VoY 1700 27, (20)

where Doens Wononr Zoun o aT€ the moments of inertia of the total HOWiWaES substruc-
[WEC:  [WEC:  {WEG
Xsub,cM” ~ Ysub,cM’ ~Zsub,cM’

along the X, Y and Z directions of the Xsub,cM Ysub,cMZsub,cM coordinate system.

ture and r=1,..., N are the above quantities for each r-th WEC,

Focusing more on Equation (17), this equation quantifies the inertia loads at each
DOF of the floating substructure in the global coordinate system. We recall that different
coordinate systems are deployed within OpenFAST to describe the motions of an HOWi-
WaES. In order to transfer the corresponding inertia load to the global coordinate system
(Figure 3a), appropriate coordinate transformation is required. The latter transformation is
mathematically described by the right-hand side of Equation (17), where for each DOF the
inertia load is expressed as the summation of two distinctive terms (one translational and
one rotational). This in turn implies that the rotation of the system at a specific DOF also
induces a portion of translational acceleration at the other DOFs and vice versa, as exists in
the real physical problem.

As a final point, the gravitational loads (last component in Equation (7)) are obtained

as follows:
_ N )
m + m Z
Fgrav,1:3 (t) ( ptfm kgl WECk> g
F 6(t N
Fgrav (t) — grav,4.6( ) = Tsup X (mptfm -+ Z mWECk> gZ (21)
1:grav,7:No (t) k=1
Fgrav,N0+1;M (t) Ferav,7:No (t)
L Fgrav,No+1:M (t) ]

where g is the acceleration of gravity, Z is the (3 x 1) unit vector of the Z global axis, and
Fgrav,1:3 (t), Fgrav,4:6 (t), Fgrav,7:N0 (t) and Fgrav’No+1;M (t) are the (3 x 1), (3 x 1), Np — 6) X
1and (Ngen X 1) gravitational sub-vectors corresponding, respectively, to thei-th,i=1, 2, 3,
i=4,56,i=7,...,Noandi=No +1, ..., M DOF of the HOWiWaES. The Fg,y (Ny+1):m (t)
terms are calculated using Equation (22) below:

Forav,i(t) = N Smypc.gZevi + ntrgy, x mygpc,gZew, i=No+1,...,M (22
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By replacing all matrices in the equation of motion (Equation (6)), a linear algebraic
system is obtained, which can be solved by utilizing various numerical methods, such as
the Gauss—Jordan elimination one.

It is, finally, noted that the power Pwgc, (t) absorbed by each r-th WEC, r=1, ..., N at
each time step t is calculated as follows [51]:

.2
PWECr (t) = bPTOrXrltv,r(t)/r =1,...,N (23)

where bpro, is this WEC’s damping value and Xrltv,r(t) is the relative velocity between the
WEC and the HOWiWaES platform.

4. Numerical Configuration of the Examined HOWiWaES

The numerical tool developed in the present investigation is applied for the WindWEC
concept [26-28] (Figure 1d). This HOWiWaES consists of a three-bladed spar-type 5 MW
FOWT inspired by the Hywind [52] concept and a conical WEC buoy inspired by the
Wavestar [53] device. The buoy is attached to the FOWT via a mechanical arm, at a center-
to-center distance equal to 20 m. The arm is a frame structure capable of handling all the
mechanical/structural loads and transferring the bending moments and shear forces to
the spar platform. At the joint where the arm is hinged on the FOWT’s platform, a linear
PTO mechanism is placed, pumping oil as a result of the relative movement of the two
parts (arm and spar). This oil flows in a cylinder-piston mechanism with rotating hydraulic
motors; hence, electrical power is produced.

The structural properties of WIndWEC are shown in Table 1. The moments of inertia
of the WindWEC's floating substructure (FOWT’s platform and WEC) have been calculated
in the Xqup oM Ysub,cMZsub,cM coordinate system, by utilizing the Steiner theorem. It is also
noted that contrary to [26-28], external damping and stiffness (apart from the mooring
lines) terms have been considered for the FOWT’s platform, according to the relevant
recommendations of [54]. Furthermore, the masses of both the FOWT platform and the
mooring lines were slightly reduced based on the relevant heave free decay calibration
tests (Figure 7b), whilst no clump weights were attached on the mooring lines. Finally, the
ability of the WEC to turn against the wavefront (“weather vanning” configuration used as
a passive method of adjustment) [26-28] is not considered in the present investigation. The
HOWiWaES is placed in an area of 320 water depth, while the water density is taken equal
to 1025 kg/m?3.

As for the WEC’s operation, two different operational cases are examined: (a) a
pitching device (similarly to [26-28]), rotating around the arm’s joint, and (b) a pure
heaving device. Accordingly, for each case one generalized DOF is taken into account
corresponding, respectively, to a rotation (Figure 5b) and a vertical translation (Figure 5c)
of the WEC relative to the FOWT. For both cases, five different PTO damping values
are investigated, named as PTO 1, 2, 3, 4 and 5 (Table 2). For the pitching WEC, those
values were obtained directly from [26], while for the heaving device they were calculated
accordingly, using the PTO damping coefficients of the former WEC as a basis. It is also
noted that, for comparison reasons, results related to the generalized DOF are presented in
terms of the WEC’s vertical displacement relative to the MWL irrespective of the device
operational mode.
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Table 1. Properties of the WindWEC's floating substructure (FOWT’s platform together with the
WEC) and its relevant components.

Property FOWT’s Platform WEC WindWEC'’s Substructure
Mass [kg] 7,466,330 180,000 7,646,330
Displaced volume [m3] 7977.76 183 8160.76
Moment of inertia Ixx [kg - m?] ! 4,229,230,000 1,390,499,350 5,604,644,522
Moment of inertia Iyy [kg - m?] ! 4,229,230,000 1,459,149,389 5,674,949,591
Moment of inertia Izz [kg - m?] ! 164,230,000 71,668,038 237,553,069
Diameter at MWL [m] 6.5 10 -
Center Of Gravity—COG [m, m, m] 2 (0,0, —89.92) (20,0, —1.5) (0.47,0, —87.84)
Center Of Buoyancy—COB [m, m, m] 2 (0,0, —62.07) (0,0, —1.18) (0.45,0, —60.7)

Extra damping through surge and sway [N - s/m] 100,000 - 100,000
Extra damping through heave [N - s/m] 130,000 - 130,000
Extra damping through yaw [N - s/rad] 13,000,000 - 13,000,000
Extra stiffness through yaw [N - m/rad] 98,340,000 - 98,340,000

Mooring line length [m] 902.2 - 902.2
Mooring line diameter [m] 0.09 - 0.09
Mooring line mass/length [kg/m] 58 - 58
Mooring line axial stiffness [kN] 384,243 - 384,243

1 With regard to the HOWiWaES substructure’s center-of-mass local coordinate system Xqup cnm Ysub,cM Zsub,CM- 2

With regard to the global coordinate system XYZ.

=

(a)

(b)

Figure 5. WindWEC’s substructure’s: (a) undeformed position; (b) pitching WEC mode shape;
(c) heaving WEC mode shape.

Table 2. PTO damping values of WindWEC’s WEC.

PTO Scenario No.

Pitching WEC [N - s/deg]

Heaving WEC [N - s/m]

PTO 1 5.00 x 10* 9.25 x 104
PTO 2 6.00 x 10° 1.11 x 10°
PTO 3 7.00 x 10° 1.29 x 107
PTO 4 1.30 x 107 2.40 x 107
PTO5 2.00 x 107 3.70 x 107
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5. Results and Discussion
5.1. Static Equilibrium

Aiming at assessing the stability of the WindWEC system, an initial simulation is
performed, where the whole Wind WEC system is left free to oscillate in the absence of
any environmental load. The corresponding static offsets of the WindWEC'’s floating
substructure for both pitching and heaving devices and for all examined PTO values are
shown in Figure 6. For all cases, the static offset for surge, sway, roll, pitch and yaw have
values close to zero, indicating that for those DOFs the floating substructure returns to its
initial position at the MWL. A small static offset below the MWL is observed in the case
of heave (Figure 6¢), ranging from 0.18 m for the pitching WEC to 0.38 m for the heaving
one. Similarly, the heaving WEC illustrates a static vertical offset with a mean value of
0.04 m, while the relevant offset for the pitching device becomes a bit larger (mean value
of 0.36 m). The above are mainly related to the strong hydrostatic coupling between the
floating substructure’s heave mode with its generalized DOF, representing the motion of the
WEC relative to the FOWT’s platform, as well as to the non-orthogonality of the imposed
generalized mode. It is noted that the PTO value does not affect the static equilibrium
position in any DOF.

PTO 1 PTO 2 PTO 3 PTO 4 PTO § PTO 1 PTO 2 PTO 3 PTO 4 PTO 5

E E

:

a mj»

-7.98 x 10 ‘ .
.63 x 10 -9.57 -9.97 x 10
-1.04 x 108 1.09 x 10
m pitching WEC = heaving WEC m pitching WEC = heaving WEC
(@ (b)

PTO 1 PTO 2 PTO 3 PTO 4 PTO 5
4.85 x 10°

B o 486x10°  488x10° 488 x10°  4.89 x 10°
-85 x 485x10°  4.84x10° / 4.84x10°  4.84 x 10°

Rollpean (deg)
|

Heave ., (m)

PTO 1 PTO 2 PTO 3 PTO 4 PTO 5
m pitching WEC = heaving WEC m pitching WEC = heaving WEC
(c) (d)

Figure 6. Cont.
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Figure 6. Static offsets of the WindWEC in (a) surge; (b) sway; (c) heave; (d) roll; (e) pitch;
(f) yaw; (g) WEC’s vertical displacement for both pitching and heaving devices and for all PTO

values examined.

5.2. Free Decay Tests and Natural Periods

Free decay simulations have been conducted for the moored HOWiWaES by imposing
a prescribed initial offset to the corresponding rigid-body and generalized DOF of the
floating substructure and letting the system decay to its equilibrium position. The decay
histories of the floating substructure’s six-rigid-body-mode displacement and the WEC’s
vertical displacement are shown in Figure 7. As expected, due to the symmetry of the
floating substructure and the mooring lines” arrangement, the surge and sway responses
(Figure 7a) coincide, while roll and pitch (Figure 7c) show insignificant differences. As
for the WEC, its vertical displacement in the case of the pitching device (Figure 7e) is
stabilized slightly below the MWL. This small deviation may be attributed to the formation
of an asymmetric generalized hydrostatic stiffness matrix, resulting from its formulation.
Furthermore, for both examined WEC operational modes (Figure 7e,f), the increase in
the PTO damping leads, as expected, to a more rapid suspension of the WEC’s vertical
displacement. This is more pronounced in the case of the pitching WEC (Figure 7e), where
aperiodic oscillations are observed for PTOs 4 and 5, having the largest damping values.

By applying a Fourier analysis on the results of Figure 7, the natural periods of the
WindWEC'’s floating substructure are obtained and cited in Table 3. In this table, the natural
periods of the FOWT’s platform (without the WEC) according to [26] and of the WindWEC
concept as obtained from [28] according to the relevant numerical modeling are cited for
comparison purposes. In the case of surge, sway and yaw DOFs, the natural periods of the
present computational approach have higher values compared to [28], which is attributed
to the consideration of a lighter mooring system in the current simulations for the reasons
explained in Section 4 above. On the other hand, the fact that the floating substructure of
WindWEC is modeled in the present investigation as one floating body leads to a stiffer
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structure in terms of inertia in heave, roll and pitch; hence, the corresponding natural
periods are smaller when compared to [28].
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Figure 7. WindWEC free decay histories of (a) surge and sway; (b) heave; (c) roll and pitch; (d) yaw;
(e) pitching WEC’s vertical displacement; (f) heaving WEC’s vertical displacement.
Table 3. Natural periods (sec) of WindWEC'’s floating substructure.
DOF FOWT’s Platform Alone WindWEC’s Floating Substructure
[26] According to [28] Present Numerical Tool
Surge 125.6 125.6 142.7
Sway 125.6 110.2 142.7
Heave 314 36.9 17.5
Roll 28.5 29.9 7.9
Pitch 28.5 36.9 79
Yaw 7.5 5.7 10.4
Pitching WEC - N/A 23.7
Heaving WEC - N/A 29
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As for the WEC’s natural period, it is significantly higher in the case of the pitching
device. This is rational, since pitching and heaving WECs comprise two totally different de-
vices in terms of functionality, making the pitching device stiffer due to its motion’s nature.

Focusing on the examined system’s dynamics, all the above differences observed
between the present numerical tool and [28] can be analyzed from various relevant per-
spectives. In terms of resonance, the existence of a stiffer structure in heave and, especially,
in roll and pitch compared to [28] implies that relevant resonance phenomena may become
important for smaller-period (e.g., wind-driven) sea states. Still, the natural frequencies of
all DOFs of the WindWEC's floating substructure as obtained from the present numerical
tool do not fall close to the characteristic 1P and 3P rotor frequencies. Considering power
absorption, the FOWT’s power ability is not anticipated to be affected by the natural peri-
ods of the substructure, while the WEC’s natural periods suggest that the pitching device
may be more efficient for sea states with larger peak periods. Overall, compared to the
multi-body approach, the application of the generalized-mode approach may introduce
differences or additional insights in the intrinsic dynamic features of an HOWiWaES, as in
the case of the WindWEC. Understanding the modeling pillars of each approach is a key to
acknowledge and assess potential implications that are introduced in the dynamics of the
examined system.

5.3. Fully Coupled Dynamic Simulations

Having identified the main static and intrinsic dynamic characteristics of the examined
HOWiWaES, a fully coupled aero-hydro-servo-elastic analysis is conducted under realistic
wind and wave loads and results are compared with those of [28]. Specifically, the turbine
class is considered as B, undergoing a Kaimal wind spectrum of 11 m/s average speed at
the hub height (i.e., 90 m above MWL), while a sea state described by a Jonswap spectrum
is taken into account with significant wave height Hs and peak period Tp, equal to 3.6 m
and 10.2 s respectively. Four different Load Cases (LCs) are being examined, named LC
1, 2, 3 and 4, corresponding to wind and wave heading angles of 0 and 0, 0 and 30, 30
and 0, and 30 and 30 degrees, respectively, with 0 degrees indicating downwind direction
(Figure 1d). In all LCs, the PTO value of the WEC is set equal to PTO 5, as [28] suggested
(Table 2). In the latter study;, it is not clarified whether the specific PTO value was selected
based on a sensitivity or optimization analysis. The duration of the simulations is set to
4100 s, discarding the first 500 s due to transient effects.

Figures 8 and 9 include some indicative time histories of the WindWEC's responses,
the windward mooring line’s (Line 1 in Figure 1d) fairlead tension and the produced power,
aiming at illustrating the effect of the differently operating WECs and of the LCs on the
above quantities. In the case of surge (Figure 8a), the consideration of a pitching or heaving
device does not affect this response. This is not observed for heave (Figure 8c) and the
WEC’s vertical displacement (Figure 9a), since the hydrodynamic coupling between the
above rigid-body motion and the floating substructure’s generalized DOF is significantly
high. Accordingly, the pitching device leads to larger (in absolute) values of the above
responses under the respective LCs. Similarly to surge, the WEC’s operational mode does
not have an impact on the power produced by the wind turbine for LC 3 (Figure 9c¢), while
the power absorbed by the pitching device for LC 1 obtains larger values and depicts
larger fluctuations when compared to the heaving WEC (Figure 9d). Finally, the effect of
the different LCs—and especially of the wind heading angle—on the system’s response
(Figure 8b) and on the fairlead tension of the windward mooring line (Line 1 in Figure 1d)
is clearly illustrated (Figure 8d).



J. Mar. Sci. Eng. 2025, 13, 2047

19 of 25

30 T T T
“\ |
‘ |
zs«l\ l |‘ f ﬁ\ i -‘l ‘ ‘l ‘\ Ao
| || | I
Inil \ ‘ ' A H |
_ [N A | I a | | '\ I HATH -
E ‘||“|I‘ "ﬂl ‘l‘\\”i “ ‘|I1|J| H'H”'\“‘H' E
§ZD’|‘ |\.‘“ le\\\ I| \ll“ ‘ ‘l l‘l\ f | U|| ‘I‘i E’
' |
a (1T WV @
\ |\ \ |‘ NI
15,|‘ U [ \ . ]
i L\ ! ‘L‘ pitching WEC c1
{ heaving WEC _ch
10 | | | | | I i 5 | | | | |
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Time (sec) Time (sec)
(a) (b)
;
z
c
—_ o
E
£ £
H -
z 3
£
o
w
pitching WEC [
——— heaving WEG
B | | | | | ] ] 3 | | | | | | |
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Time (sec) Time (sec)
(c) (d)

Figure 8. Time series of WindWEC's (a) surge response with heaving and pitching WEC (LC 1);
(b) surge response with pitching WEC (for LCs 1 and 3); (c) heave response with heaving and pitching
WEC (LC 4); (d) windward (Line 1) fairlead tension with heaving WEC (LCs 2 and 4).
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Figure 9. Time series of WindWEC's (a) pitching and heaving WEC’s vertical displacement with
regard to MWL (LC 2); (b) pitching WEC’s relative acceleration with regard to FOWT’ platform
(LC 4); (c) FOWT'’s produced power with pitching and heaving WEC (LC 3); (d) pitching and heaving
WEC’s absorbed power (LC 1).

All the above conclusions regarding the power produced by the FOWT (Prowt) and
the WEC (Pwgc) of the examined HOWiWaES are further demonstrated in Figure 10, which
includes the mean (ProwTmean, PWECmean) and the standard deviation (Prowtstd, Pwecstd)
of the time series of the above quantities for all LCs examined and for both pitching and
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heaving WECs. In this figure, results are also compared with those of [28], while ProwTmean
and Prowrstq are additionally compared with the case of the isolated FOWT (without the
WEC), which has been modeled using the traditional OpenFAST version [40].

Prowrmean (MW)

s
g
i
3
&

LC1 LC2 LC3 LC4 LC1 LCc2 LC3 LC4
= Karimirad & Michailides (2018) = present numerical tool - pitching WEC = Karimirad & Michailides (2018) = present numerical tool - pitching WEC
m present numerical tool - heaving WEC ® OpenFAST standard m present numerical tool - heaving WEC = OpenFAST standard
(@) (b)

PWECmean (MW)
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m present numerical tool - heaving WEC m present numerical tool - heaving WEC

(c) (d)

Figure 10. Comparison of (a) ProwTmean; (P) ProwTstd; (€) PwECmean; (d) Pwgcstq with the results
of [28] and with those of an isolated FOWT (without the WEC).

Focusing on the power produced by the FOWT (Figure 10a,b), the existence of in-
significant differences in ProwTmean and Prowstd for all LCs between the pitching and the
heaving device in the case of the present tool’s application advocates the independence
of the FOWT’s power produced by the WEC'’s operational mode. When compared to [28],
differences are observed in both ProwTmean and ProwTstd, With PEowTmean Values of the
present numerical tool being ~25% lower for LCs 3 and 4. Still, the results of the present
investigation are very close to those of the isolated FOWT. Accordingly, the former men-
tioned differences could be related to potential different modeling features/assumptions
of [28] in the case of 30-degree wind heading.

As for the WEC’s mean absorbed power (Figure 10c), the Pwgcmean Values obtained
by [28] for all examined LCs are closer to those of the present numerical model in the
case of the heaving WEC, whilst the pitching WEC seems to absorb around 50% larger
amounts of energy compared to [28]. Since in [28] a pitching WEC was also considered, the
latter difference is related to the inclusion of coupling via non-zero off-diagonal hydrody-
namic/hydrostatic terms, which seems to lead to a noticeable enhancement of the WEC’s
absorbed power in terms of mean values (see also Figure 11, where in the case of coupling
neglection, the obtained results by the present numerical tool are very close to those of [28]
and even a bit smaller). At the same time, however, larger Pygcstq Values are observed
when compared to [28] (Figure 10d), advocating more intense power fluctuations. As for
the heaving WEC, the existence of smaller vertical displacements relative to the FOWT’s
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platform (see for example Figure 9a for LC 2) leads to smaller Pwgcmean and Pywgcstq values,
which are closer to the results of [28].

PWECmean (MW)

LC1 LC2 LC3 LC4

m Karimirad & Michailides (2018) present numerical tool - pitching WEC
m present numerical tool - pitching WEC - no coupling

Figure 11. Effect of hydrostatic/hydrodynamic coupling neglection on Pygcmean [28].

Finally, the results of Figure 10 demonstrate clearly that the consideration of different
wind and wave headings among the various LCs results in different mean and std values
of both the FOWT’s and WEC’s power.

6. Conclusions

In the present investigation, we introduce a computational framework for the fully cou-
pled aero-hydro-servo-elastic analysis of an HOWiWaESs in the time domain, utilizing the
generalized-mode approach. As a basis of the present approach, we consider the FOWT’s
platform and the WECs of the HOWiWaES as a single floating body with conventional
rigid-body modes, while the motions of the WECs relative to the FOWT are described as
additional generalized modes of motion. To achieve the above, appropriate 3D vector shape
functions describing the “dry” mode shapes of the floating substructure are established
and a numerical tool is developed by adequately modifying/extending the simulation
capabilities of OpenFAST.

The novelty of the present research lies in (a) the development of a generic, thor-
oughly formulated numerical framework for HOWiWaESs driven by the generalized-mode
approach, (b) the first extension of OpenFAST V2.3 software regarding the generalized-
mode approach, (c) the hydrostatic/hydrodynamic coupling consideration, contrary to
previous relevant studies, (d) the avoidance of complex restraint imposition that multi-
body analysis demands and (e) the reduction in the computational burden of frequency-
domain analysis (where hydrostatic/hydrodynamic coefficients are obtained) in cases of
symmetrical layouts.

The developed numerical tool is applied for the WindWEC concept (catenary moored
spar-type FOWT with a pitching conical WEC), initially introduced by [26], and the results
are compared to those of [28], who utilized the multi-body numerical approach. Compared
to the aforementioned previous studies, the present investigation (a) includes the hydro-
dynamic/hydrostatic coupling of the rigid-body and generalized DOFs of the floating
substructure in both the frequency and time domains via non-zero off-diagonal terms in the
hydrodynamic/hydrostatic matrices, (b) considers the FOWT platform and the mooring
lines with slightly reduced masses (based on the relevant heave free decay calibration tests),
(c) includes external damping and stiffness (apart from the mooring lines) for the FOWT’s
platform, according to the relevant recommendations of [54], (d) discards the WEC'’s ability
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to turn against the wavefront and (e) investigates WECs of two different operational modes
(i.e., a pitching and a heaving device).

The static-equilibrium results have demonstrated a plausible behavior of the floating
substructure (FOWT’s platform and WEC), with almost zero static offsets of the rotational
and the translational (in the horizontal plane) rigid-body DOFs. Small static offsets below
the MWL were observed for the heave and the generalized modes, due to the strong
coupling between those two DOFs. As for the calculated natural periods of the WindWEC’s
floating substructure, differences have been observed when compared to [26,28]. This is
rational, since [26] considered the FOWT alone, while [28] modeled the substructure as
two different bodies and calculated the natural periods of the FOWT’s platform separately,
whilst in the present work the two bodies were assumed as one. Accordingly, the present
WindWEC modeling led to (a) a more flexible substructure in surge, sway and yaw, mainly
due to the consideration of a lighter mooring system, and (b) smaller natural periods in
heave, roll and pitch, due to a stiffer structure in terms of inertia. Moreover, the different
operational modes of the two examined WECs resulted in different intrinsic dynamic
features among the pitching and the heaving device, with the latter one having a much
lower natural period.

As for the fully coupled simulations under four different LCs of stochastic, aligned and
misaligned wind and wave conditions, the corresponding results illustrated the direct effect
of the differently operating WECs on heave, as well as on the WEC’s vertical displacement
and power absorption ability. Regarding the FOWT’s power, its mean values resulting
from the present numerical model were close to those of [28] when the wind heading angle
was set to 0 degrees, while for 30 degrees the obtained results were around 25% smaller.
Still, the results of the present investigation were very close to those of the isolated FOWT.
Accordingly, the aforementioned observed differences could be related to the adoption of
additional modeling features in [28] in the case of a 30-degree wind heading angle. As
for the WEC, its mean absorbed power was almost 50% larger compared to [28] in the
case of the pitching device, resulting mainly from the hydrodynamic/hydrostatic coupling
inclusion, as also indicated by the relevant sensitivity analysis results. On the other hand,
the mean power absorbed by the heaving WEC is smaller, with values almost equal to
those of [28].

In general, the computational framework developed and presented in this investiga-
tion seems to constitute a robust and very promising way of assessing the performance of
an HOWiWaES, offering the advantage of reducing significantly the size of the problem to
be solved, by exploiting possible planes of symmetry. The present developed tool can be
further applied for HOWiWaESs with more than one WECs and /or WECs with other modes
of operation (e.g., flap-type WECs). Relevant challenges in this case could be the formation
of appropriate 3D vector shape functions, as well as possible need for further extension
of OpenFAST’s source code regarding specific motion principles of the operating devices.
Moreover, non-linear PTO damping could be considered, as well as relevant non-diagonal
damping terms. Finally, comparison with relevant experimental results (e.g., [18,19,25]) to
experimentally validate and further establish the generality of the present numerical model
also presents a future research item.
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