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Abstract

A hybrid system consisting of a spar-type wind turbine and an annular wave energy converter (WEC)
is prospective in joint offshore wind-wave energy exploitation. Its coupled dynamic and power features
in vast operating sea states are a valuable reference for design but are poorly understood. This study
aims to fill the gap. By combining the wind module of OpenFAST and an in-house code, a numerical
tool that can tackle the full aero-servo-hydro-mooring couplings in the hybrid system is developed.
Dynamic features, mooring tensions, and energy conversion performance of a Hywind-annular WEC
hybrid system are analyzed in a wide range of operating conditions with varying speeds of steady winds
and periods of regular waves, emphasizing the effect of the annular WEC on the dynamic and power
performance of the Hywind. Results show that the annular WEC improves the wind power generation
below the rated wind speed and the stability of the Hywind by reducing its pitch displacement. But it
also increases the motion amplitude in the heave direction. The annular WEC has a neglectable influence
on the maximum mooring tensions. An evaluation of the annual wind-wave power based on hindcast

sea states shows that wave power can effectively supplement wind power.

Keywords: spar-type floating wind turbine, wave energy converter, hybrid system, dynamic feature,

energy conversion performance

1. Introduction

Joint exploitation of marine renewable energy from different sources is regarded as a sufficient use
of the resource in a sea territory and has recently become an active research area [1]-[3]. Combined
offshore wind-wave energy extraction is one of the prospective scenarios, as high winds and waves often
coexist [4][5]. In the European Commission's Seventh Framework Programme (EU FP7) [6], renewable
energy was emphatically planned in the branch theme Energy, Specific Programme "Cooperation”, and
supported by several coordinated projects to bring marine renewable energy closer to commercial use.

The ORECCA (Offshore Renewable Energy Conversion Platform Coordination Action) Project [7]
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focused on the challenges and developments in three recommended marine renewable energy sectors in
deep seas (including wind, wave, and tidal steam) and the synergies and commonalities between them.
The MARINA Platform project (Marine Renewable Integrated Application Platform) [8] aimed to
develop new combined offshore wind and ocean energy concepts and new methods and new tools to
evaluate their performance. It was the first EU-supported research to study integrated marine renewable
energy systems, which significantly extended the ORECCA project. Inspired by projects like ORECCA
and MARINA and subsidies and funds for similar efforts, a wide range of innovative concepts of hybrid
wind-wave energy systems [9]-[13] based on different types of offshore wind turbines [14][15] and wave

energy converters (WECs) [16][17] have been proposed.

Among the various hybrid wind-wave systems, the ones with a simple coaxial-cylinder configuration
consisting of a spar-type floating wind turbine and an annular oscillating body WEC are extensively
investigated [18]-[25]. The annular WEC is installed on the column of the spar foundation like a sleeve
outside a shaft [26]. The annular WEC slides along the spar and generates wave power through a linear
permanent magnet generator [27] power take-off (PTO) driven by the relative heave motion between
the WEC and the spar. The configuration of such a hybrid system needs to be optimized to harness the
maximum wave power [28]. Wan et al. [ 18] compared three configurations with a long spar, a short spar,
and a shorter monopile. They found that the one with a long spar and large PTO damping has the best
energy conversion performance. The use of control is also an important means to improve the efficiency

of a wind-wave hybrid system and its adaptability in different wave conditions [29][30].

In practice, however, the properties of existing wind turbines are fixed and cannot be casually
modified. The geometry and the PTO of the annular WEC are, therefore, deterministic to the energy
conversion performance of the hybrid system. In most previous studies, the configuration of the annular
WEC was directly brought from the Wavebob device [31], and the PTO damping was assigned randomly
chosen, unoptimized values [19]. Till recently, a study by the authors systematically optimized the
dimensions and PTO damping of the annular WEC in a hybrid system based on the OC3 Hywind wind
platform [32]. The dynamic behaviours of the hybrid systems are also important indices that need to be
revealed and calibrated in the pre-commercial stage [33][34]. Previous investigations of these issues
were extensively carried out under the so-called "survival mode" [24] in extreme sea states. For example,
Wan et al. [20] compared two survival modes where the annular WEC was respectively fixed on the
spar at the mean water level (MWL mode) and submerged (SUB) mode. They found that under the SUB
mode, the wave loads can be significantly reduced due to the avoidance of wave slamming. Wan et al.
[21] investigated strong nonlinear phenomena, including the wave entry and exit and green water on
deck, of a Hywind-annular WEC hybrid system. They showed that the green water on the deck even had

a positive effect in reducing the motion response of the hybrid system.
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As equipment includes disciplines of aerodynamics, control, and hydrodynamics, the hybrid wind-
wave system can hardly be well simulated by traditional software or code of only wind turbines or
floating body hydrodynamics. An integrated toolkit must be applied, at least in the present stage. The
integrated toolkit commonly includes an aero-servo part, a hydrodynamic part, and a tool that can bridge
the two by conveying information about motions and forces. Muliawan et al. [19] used a SIMO-
TDHMILL3D combination and used empirical formulas to calculate the wind loads. Yde et al. [35] used
a HAWC2-WAMSIM combination. Si et al. [11] and Ren et al. [36] used ANSYS/AQWA to simulate
the hydrodynamics. The wind loads were simplified as a sum of thrust force and torque through
empirical formulas and implemented by the user-defined function in ANSYS/AQWA. Wan et al. [18],
Karimirad and Koushan [37], Michailides et al. [38], and Gao et al. [39] applied a SIMO-RIFLEX-
AeroDyn combination. Their time-domain model employed a flexible joint to simulate the relative
rotation between the main shaft and the tower. It implemented the one-way delivery of the loads on the
rotor and nacelle to the tower. Wan et al. [20] used a Sesam-Wadam-SIMO combination for the

frequency-domain and time-domain simulations. The tool for the wind turbine was not given explicitly.

From the literature, the previous studies of the spar-type wind turbine-annular WEC hybrid system
emphasized dynamic responses and survivability in extreme waves. Under such situations, the annular
WEC is fixed on the spar, and the interactions between them cannot be revealed. The dynamic features
and wind-wave energy conversion performance of the hybrid system under operating conditions are also
essential but relatively rarely investigated. Most of these studies [19][25][33][34] were carried out in
sparse wind and wave conditions, where the wave parameters were determined by the wind parameters
through empirical formulas [40]. A thorough analysis of the principles of dynamic and power
performance in a wide range of wind and wave conditions is important for the designers but absent. In
terms of the current numerical tools, most of them cannot tackle the full couplings between different
parts in the hybrid system. For example, the SIMO-RIFLEX-AeroDyn combination fails to consider the
delivery of the motion of the floating bodies to the servo of the turbine. The ANSYS/AQWA and user-
force function combination assumes constant wind force and torque. The widely used OpenFAST is
powerful in simulating wind turbines but cannot simulate multi-body hydrodynamics. While only part

couplings are considered, the simulation leaves uncertainty and inaccuracy in the results.

This study aims to fill the gaps and its novelties are as follows: First, based on the systematically
optimized Hywind-annular WEC hybrid system in a recent work of the authors [41], the previously
overlooked coupled dynamic feature and power performance of the hybrid system in a wide range of
wind and wave conditions are revealed, with an emphasis on the influence of the annular WEC on the
dynamic and power performance of the Hywind. Second, this analysis involves couplings between the

Hywind, the annular WEC, and the mooring, which, to the best of the authors’ knowledge, were not
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well treated by existing tools. A numerical tool is proposed to handle the couplings, wherein an in-house

code is developed to bridge the simulations of aerodynamics, hydrodynamics, and mooring.

The rest of the paper is organized as follows. In Section 2, the configuration and key parameters of
the Hywind-annular WEC hybrid system are given. In Section 3, the theory behind the in-house code is
provided and validated. In Section 4, the dynamic features, mooring tensions, and power performance
of the hybrid system are analyzed and compared with an isolated Hywind. An evaluation of the annual

mean power is also done based on hindcast sea states. In Section 5, the findings are concluded.

2. Configuration of the hybrid system

The wind-wave hybrid system consisting of a Hywind spar-type floating offshore wind turbine and
an annular oscillating body WEC is shown in Figure 1. The WEC is assumed to be restricted and can
only slide along the column of the spar. A linear permanent magnet generator [27] is installed between
the spar and the WEC as the power take-off (PTO). Wave power is generated through the relative heave

motion between the wind turbine and the WEC.
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Figure 1 Layout of the Hywind-annular WEC hybrid system



2.1 Hywind

The OC3 Hywind [32] floating offshore wind turbine comprises the spar-type platform, the NREL 5
MW wind turbine, and the three-cable catenary mooring. The dimensions and inertia of the spar are
given in Table 1. The key parameters of the NREL 5 MW wind turbine are shown in Table 2. The layout
and properties of the mooring cables are presented in Figure 1b and Table 3, respectively. The data are
from ref. [32].

Table 1 Parameters of the OC3 Hywind platform

Item Value Unit
Draft 120 m
Depth to top of taper below SWL 4 m
Depth to bottom of taper below SWL 12 m
Diameter above the taper 6.5 m
Diameter below the taper 9.4 m
Total mass (wind turbine included) 7,466,330 kg
Centre of gravity regarding SWL —89.9155 m
Longitudinal moment of inertia 4,229,230,000 kg-m?
Transverse moment of inertia 4,229,230,000 kg'm?
Moment of inertia about the central axis 164,230,000 kg'm?

Table 2 Parameters of the NREL SMW wind turbine

Item

Value and unit

Rated power

Configuration

Rotor diameter, Hub diameter

Hub height

Cut-in, rated, cut-out wind speed
Shaft Tilt

Rotor, nacelle, tower mass

Top diameter, base diameter
Coordinates of the centre of gravity

5 MW

3 blades

120 m, 3 m

90m

3m/s, 11.4 m/s, 25 m/s

5o

110000 kg, 240000 kg, 347460 kg
3.8m, 6.0m

(—0.2 m, 0.0 m, 64 m)




Table 3 Parameters of the mooring cables

Item Value and unit
Number of Mooring Lines 3
Angle Between Adjacent Lines 120°
Depth to Anchors Below SWL 320 m
Radius to Anchors from Platform Centerline 853.87m
Radius to Fairleads from Platform Centerline 52m
Equivalent Mooring Line Mass Density 77.71 kg/m
Diameter of Mooring lines 9cm
Unstretched Mooring Line Length 902.2m
Equivalent Mooring Line Extensional Stiffness 3.84E+08 N/m

2.2 Annular WEC

The geometry of the annular WEC is characterized by its draft dwec, outer radius 7o, and inner radius
rin. The PTO of a linear generator is simplified and idealized as a linear damping [27]. The dimensions
and PTO of the annular WEC have been optimized in our previous work [41] based on the wave
condition in a target operation site at SON3E in the North Sea [44] and are therefore employed in the
present analysis. The optimized parameters are shown in Table 4 (bop being the optimal PTO damping).

Table 4 Parameters of the optimal annular WEC [41]

dwec (M) Fin (M) Fout (M) Mass (kg) Dopt (N-s/m)
1 5 20 1178.1 7.58x10°

3. Modelling of the hybrid system

The full aero-hydro-servo couplings in the hybrid system are included in the present model, and its
framework is shown in Figure 2. The wind turbine is simulated by the aero-servo module of OpenFAST.
The coupled frequency-domain hydrodynamic coefficients of the floats, including added mass, radiation
damping, and wave excitation force, are calculated by the WAFDUT code developed by the Dalian
University of Technology based on a Higher Order Boundary Element Method (HOBEM) [48]. The
mooring loads are calculated based on the catenary theory. All three tools are compiled by Fortran
language. An in-house code also compiled by Fortran is developed to create interfaces to bridge the
three. The in-house code also simulates the multi-body constraint dynamics, performs the frequency-to-
time domain transformation of the multi-body motion equation, and calculates the wave power. The
wind power is calculated by OpenFAST. The aerodynamic loads on the blades, nacelle, and tower are
calculated by OpenFAST according to the wind speed and position of the turbine and are delivered by

the in-house code to calculate the motion of the platform. The displacement and velocity of the platform



are in turn delivered by the in-house code to the turbine. The mooring loads are calculated according to
the motion of the platform and delivered by the in-house code to the platform. This numerical tool is
developed because this analysis involves couplings between the Hywind, the annular WEC, and the

mooring, which were not fully handled by previous tools (Table 5).

As the Blade Element Method (BEM) employed in OpenFAST and the Catenary Theory of mooring
can be readily referred to in literature [45][46], they are not introduced here. An emphasis is on the time-

domain equation of constrained dynamics of the two floats and the equations of wave power generation.
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Figure 2 Coupling framework of the present numerical model

Table 5 Features of example previous numerical tools for wind-wave hybrid systems

Numerical tools Features
SIMO-TDHMILL3D Empirical formulas are used. The motion of the platform is not
ANSYS/AQWA involved in the calculation of wind force and power.
SIMO-RIFLEX-AeroDyn One-way delivery of the loads on the rotor and nacelle to the tower.
Sesam-Wadam-SIMO The turbine simulation tool is not given explicitly.
HAWC2-WAMSIM Multi-body constraint dynamics are not involved.

3.1 Constrained dynamics

The Hywind can move in six degrees of freedom (6 DoFs) under wind, wave, and mooring loads. The
annular WEC is restricted and can only slide along the spar. The multi-DoF time-domain constrained

dynamic equation of the hybrid system can be formulated based on Cummins' equation [47]:

[M+a,]%X(t)+ [ ®(t-7)X(r)dr+k X(t)=F,, (X.t)+F.(t) (1)
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where M and a, are the matrices of inertia and added mass for infinite wave frequency (w—wo),
respectively. Kk is the matrix of hydrostatic restoration coefficients. The inertia and hydrodynamic
coefficients (added mass, radiation damping, and wave excitation force) of the floats are calculated using
the WAFDUT. ¢ and 7 are the terms associated with time. X(f), X(¢), and X(¢) are the vectors of
displacement, velocity, and acceleration, respectively. k(¢—7) is the matrix of radiation impulse response
function, which can be calculated using a refined Filon quadrature method proposed by Liu [49]. F.(¢)
is the constraint force. Fe(?) is the sum of the time-dependent external forces:

Fo (1) = Fae (1) + Foro (1) +F,

ex — ' wave wind

(Xot) + Foor (X, 1)+ Fe (1) )

where Fyave(?), Frro(?), Fwind(?), Fmoor(?), and Fiis(¢) are the wave excitation force, PTO force, wind force,
mooring tension, and fluid viscous force, respectively. The wind force and mooring tension are
calculated by the aero-servo module of OpenFAST and the Catenary Theory, respectively. The fluid
viscous force is calculated by multiplying the matrix of viscous damping byis by the vector of velocity
X(#). Only the viscous damping in the heave direction is considered, and it is obtained through free
decay tests performed in Star CCM+ [50]. The time domain wave excitation force Fuaw(f) can be
calculated by the frequency domain wave excitation force Fua(w) and its phase angle @wave(®)
calculated by WAFDUT. A ramping function defined by Zhou et al. [51] and well applied by Jin et al.

[52] is employed to keep the floats from a sudden large motion

1 mt
—|1-cos— |, (t<t
2{ cost} (t<t,)

R= b 3)
1, (t>t,)
where 1, is the baffling time. Each element of the time-domain wave excitation force is then
Fae (1) = R‘FWave (w)‘cos[a)t + D (a))] (4)
The PTO force is
Foro (1) =Bero - X(t) (5)

where bpro is the linear PTO damping. The constraint force F.(¢) can be transformed using the augment

method with a Lagrange multiplier A based on the multi-body dynamics [53]

{M ra, c;MX(t)} R (X0 =] k(t-r)X(t)dr -k X (1) ©)

Cy 0 A F,(t)



The form of the constraint matrix Cx can be referred to Zhou ef al. [41]. By assuming the small-
amplitude motion of the floats, the generalized force vector Fq can be assigned the value at the initial
time #=ty. Then it has the same form as in the frequency-domain analysis by Zhou et al. [41]. The
dynamic constraint equation of the hybrid system is solved at each instant, and the iteration of the

displacement, velocity, and acceleration is accomplished by the fourth-order Ronge-Kutta method [54].
3.2 Wind and wave energy conversion

The instant wave power generated through the relative heave motion of the spar and the WEC is:

1 , .
Pwave (t) = E bPTO ‘ZHywind (t) — Zyec (t)

‘2

(7

where Zyjyyind(?) and Zygc(?) are the heaving velocities of the spar and the WEC, respectively.

3.3 Validation

The accuracy of the aero-servo module of OpenFAST and the multi-body hydrodynamics of
WAFDUT has been extensively validated in previous works. The multi-body constraint dynamics in the
in-house code have been validated by Zhou et al. [41]. Therefore, the validation in this study focuses on
the coherence between the aero-servo module of OpenFAST and the hydrodynamics of the in-house

code in the time domain.
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Figure 3 Comparison of Hywind motions

Here a two-step validation process is performed through Hywind. It first demonstrates that the present
hydrodynamic module works as well as the hydrodynamic module in OpenFAST. The surge, heave, and
pitch motion amplitudes of Hywind in waves from 3 s to 15 s and three different wind speeds 8 m/s,
11.4 m/s (rated wind speed), and 15 m/s are calculated and compared. The results are shown in Figure
3. Good agreements are achieved with a maximum error of less than 0.1%. It then demonstrates that the

aero-servo module of OpenFAST works well while it cooperates with the hydrodynamic module of
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either OpenFAST or the present in-house code. The wave period of 7,=8.54 s is used. Comparative
results of the thrust force on the rotor and the generated wind power are shown in Figure 4. Good

agreements are also achieved with a maximum error of less than 0.1%.
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Figure 4 Comparisons of thrust force and wind power, 74.=8.54 s

4. Coupled dynamic and power features of the hybrid system

The dynamic features, mooring loads, and energy conversion performance of the wind-wave hybrid
system are analyzed in a wide range of wind and wave conditions. The results of an isolated Hywind are
also proposed as a comparative reference to investigate the influence of the annular WEC. In these
investigations, steady winds from U=3 m/s (cut-in speed) to U=25 m/s (cut-out speed) with an increment
of 1 m/s and the wind with the rated speed of U=11.4 m/s are employed. Regular incident waves
propagating in the positive-x direction with unit amplitude and the period from 7=3 s to 7=15 s with an

increment of 0.5 s are employed. The water depth is 320 m.
4.1 Dynamic features

As the hybrid system is simulated in steady winds and linear regular waves, the motions of the Hywind
in the surge, heave, and pitch directions are harmonic oscillations characterized by their equilibrium
displacements and amplitudes. Results of equilibrium displacements and motion amplitudes are shown

and interpreted. The maximum displacements are also shown to evaluate the stability of the system.
4.1.1 Equilibrium displacement

The equilibrium displacements of the Hywind platforms in the hybrid system, in isolation, and the
difference between the two in the surge, heave, and pitch directions are shown in Figure 5~Figure 7,
respectively. The rated wind speed U=11.4 m/s is marked by a white line. The same trend appears for
the Hywind either in the hybrid system or in isolation in all three DoFs. As wind speed increases, the
equilibrium displacement increases and decreases, reaching a peak at the rated wind speed. Compared
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with wind speed, wave period has a much smaller influence on the equilibrium displacement. These
results indicate that the fundamental pattern of equilibrium displacement in different sea conditions is a
property of Hywind dominated by wind speed and not affected by the annular WEC. A closer
examination of the results reveals that the equilibrium displacement depends on the thrust force on the
rotor (Figure 4a) as the two have nearly identical trends against wind speed. As the thrust force increases
in the surge direction, its horizontal component increases and drifts the wind platform farther from its
original position. In the pitch direction, the torque exerted by the thrust force increases and the tilted
angle of the platform is enlarged by the increased torque. In the heave direction, the vertical component
of the thrust force increases partly due to the increase in the thrust force itself and partly due to the
increase in the titled angle of the platform. The increase of the vertical force presses the platform to a

greater submergence depth, reflected by a greater draft.

In Figure Sc~Figure 7c, the difference between the Hywinds in the hybrid system and isolation shows
that the equilibrium displacement in any of the three DoFs will be reduced by installing an annular WEC.
In the pitch direction, the annular WEC increases the overall hydrostatic restoration stiffness of the
hybrid system. The hybrid system needs to tilt with a smaller pitch angle to balance the torque exerted
by the thrust force. The equilibrium displacement is therefore reduced. In the heave direction, the vertical
component of the thrust force that presses the platform downward is diminished as the equilibrium tilted
angle in the pitch direction decreases. The platform is then buoyed higher in the water, and its draft
decreases. In the surge direction, the situation is a bit more complex. As the equilibrium angle in the
pitch direction increases, it no longer needs that considerable mooring tension to balance the torque
exerted by the thrust force to maintain the tilted equilibrium position. The total mooring tension is
therefore reduced. As the draft of the platform is reduced, the vertical mooring tension is increased. As
the total mooring tension is reduced and its vertical component is increased, its horizontal component,
the mooring tension in the surge direction, is consequently reduced. It then no longer needs that long
drift distance to tighten the cables to maintain that large horizontal mooring tension. The equilibrium

displacement in the surge direction is then reduced.

The difference in the equilibrium displacement between the Hywind in the hybrid system and isolation
is also dominated by wind conditions. Its peak value also occurs at the rated wind speed. Above all, the
static stability of the Hywind depends on the wind condition, and it can be improved by combining it
with an annular WEC. The improvements in the surge and pitch directions are more significant than that
in the heave direction. Notably, improving static stability in the pitch direction can significantly promote

the safety of Hywind.
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Figure 7 Equilibrium displacements of Hywind in the pitch direction
4.1.2 Motion amplitude

The motion amplitudes of the Hywind platforms in the hybrid system, in isolation, and the difference
12



between the two in the surge, heave, and pitch directions are shown in Figure 8~Figure 10, respectively.
In each DoF, the changing trends of motion amplitude of the Hywind in the hybrid system and isolation
are nearly the same, but those in the surge and pitch directions are slightly different from that in the
heave direction. The heave motion amplitude almost changes little for different wind speeds, increasing
as the wave period increases. The fundamental pattern can be divided into two parts in the surge and
pitch directions, separated by the rated wind speed. In either part with wind speed smaller or larger than
the rated wind speed, the motion amplitude changes quite slightly against wind speed, which increases
as the wave period increases. A sudden drop in motion amplitude occurs around the rated wind speed,

and this phenomenon is more evident in long waves.

As shown in Figure 8c~Figure 10c, the difference in the motion amplitude is quite evenly distributed
against the wind speed but changes largely against the wave period, indicating that the sudden drop is
not caused by the annular WEC. The sudden declines in the surge and pitch motion amplitudes are
caused by the servo system. As wind speed grows beyond the rated value, a switch of mode in the servo
system changes the dynamic feature of Hywind, which triggers the sudden drop. The working principle
of the servo system is to adjust the position of the wind turbine to make the rotor directly face the input
wind. The servo system is sensitive to the surge and pitch motions of the platform as they affect the
relative speed between the rotor and the input wind but is not sensitive to the heave motion. As the waves
become longer, the wave forces increase and excite a larger motion, which exerts a greater influence on

the servo system and intensifies the sudden drop.

The difference between the Hywinds in the hybrid system and isolation shows that the motion in any
of the three DoFs will be increased by installing an annular WEC. The mechanism is quite simple in the
surge and pitch directions. The annular WEC brings additional wave force, damping, and hydrostatic
restoration stiffness in any of the three DoFs. A rigid connection passes the wave forces on the annular
WEC to the wind platform. The increase in wave force will increase the motion amplitudes of the
Hywind, whereas the increases in damping and hydrostatic restoration stiffness will reduce the motion
amplitude. The results indicate that the increase in wave force exceeds the increases in damping and
hydrostatic restoration stiffness, and the motion amplitude is consistently increased. As the surge motion
of the hybrid system has a limited effect on the wave power generation using the relative heave motion,
an extended active tuned mass damper [42] or tuned mass damper-nonlinear energy sink [43] can be
employed to mitigate the WEC-induced increase in the surge motion amplitude. In the heave direction,
the mechanism is a bit more complex as the presence of the PTO force constitutes an additional source
of the force that intensifies the motion amplitude of Hywind. The difference in the motion amplitudes
between the Hywind in the hybrid system and isolation is also dominated by wave conditions. Above

all, the dynamic stability of the Hywind depends on wave conditions and is reduced by the annular WEC.
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The reduction in the heave direction is greater than in the surge and pitch directions.
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Figure 8 Motion amplitudes of Hywind in surge direction
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Figure 9 Motion amplitudes of Hywind in heave direction
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Figure 10 Motion amplitudes of Hywind in the pitch direction
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Figure 11 Difference of platform maximum displacements between hybrid system and Hywind

Figure 11 shows differences between the Hywinds in the hybrid system and isolation in the maximum
displacements in the surge, heave, and pitch directions. Generally, the annular WEC reduces the
maximum displacements of the Hywind in the surge and pitch direction and increases that in the heave
direction. It improves the stability of the Hywind in the pitch direction, particularly around the rated
wind speed. On the other hand, a compromise between the generation of wave power and the increase

in the heave motion has to be made according to specific situations.
4.2 Maximum mooring tension

The maximum mooring tension on cable #1 and cable #2 (#3) of the hybrid system, the isolated
Hywind, and their differences are shown in Figure 12 and Figure 13, respectively. The changing trends
of the maximum mooring tensions are the same in the hybrid system and the isolated Hywind. It varies
a lot as wind speed changes and varies relatively slightly against the wave period. These indicate that
the fundamental patterns of the maximum mooring tensions in different sea conditions are the property
of Hywind dominated by wind speed and not affected by the annular WEC. The maximum mooring

tension on cable #1 (Figure 12) decreases and then increases, reaching a trough at the rated wind speed.

The maximum mooring tension on cable #2 (#3) (Figure 13) shows an opposite trend to cable #1. The
opposite trends of maximum mooring tensions on cable #1 and cable #2 are caused by the spatial
relationships between each fairlead and its corresponding anchor point. As evident by the dynamic
features of the hybrid system in Section 4.1, the relative position between a fairlead and its
corresponding anchor point is mainly determined by the equilibrium displacement of the Hywind in the
surge direction. As wind speed increases from U=3 m/s to U=11.4 m/s, the Hywind moves toward the
positive-x direction. The distance between the fairlead and its anchor point of cable #1 decreases,

whereas that of cable #2 increases. The mooring tensions on the cables then change accordingly. As
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wind speed reaches U=11.4 m/s, the Hywind reaches its farthest equilibrium displacement in the surge
direction, reflecting a trough of the maximum mooring tension on cable #1 and a peak of that on cable
#2. As wind speed further increases, the Hywind moves back toward the negative-x direction. The

maximum mooring tension on cable #1 increases and that on cable #2 decreases accordingly.
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Figure 12 Maximum mooring force on cable #1 in different sea states
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Figure 13 Maximum mooring force on cable #2 in different sea states

The overall changes in the maximum mooring tensions due to the annular WEC are pretty small
compared with the magnitudes of their absolute values, from which it can be concluded that the annular
WEC has quite limited influence on the mooring of the Hywind. Interestingly, however, a low-value
region occurs in the maximum total mooring tension difference around the rated wind speed in long
waves, revealed by Figure 12¢ and Figure 13c. This region is related to the area with a significant
difference in the equilibrium displacement in the surge direction shown in Figure 5c. The annular WEC
reduces the equilibrium displacement in the surge direction, which lead to an increase in the mooring

tension on cable #1 and a decrease in the mooring tension on cable #2. Since cable #2 (#3) suffers the
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higher mooring tension and the decrease of mooring tension on cable #2 (#3) exceeds the increase of

mooring tension on cable #1, the combined result is a reduction of the total mooring tension.

The maximum increase and decrease of the mooring tension of cable #1 and cable #2 (#3) are
summarized in Table 6. With the addition of the annular WEC, the mooring tensions of cable #1 and
cable #2 (#3) are at most increased by 3.14% and 2.20% whereas reduced by 2.48% and 2.87%,

respectively. The maximum changes of the mooring tensions appear at the rated wind speed.

Table 6 The maximum increase and decrease of the mooring tension

o . . Sea state
Mooring line No. Maximum increase/decrease - -
Wave period  Wind speed
1 3.14% 15 11.4
2&3 2.20% 3 11.4
1 -2.48% 3 11.4
2&3 -2.87% 15 11.4

4.3 Mutual influence of energy conversion

This section investigates the mutual influence between the wind turbine and the annular wave energy
converter on their transient wind and wave energy conversion performance. Figure 14 shows the wind
power of the hybrid system, the isolated Hywind, and the difference between the two. The general trend
of wind power in different sea states is not affected by the annular WEC. The wind power increases to
its rate power 5 MW as wind speed increases to U=11.4 m/s and keeps approximately constant as wind
speed further increases, which is the same as that shown in Figure 4b. The wind power distributes quite

evenly against the wave period, indicating it is nearly unaffected by the wave condition.

Figure 14c shows that the annular WEC slightly improves the wind power while the wind is below
the rated speed, particularly in shorter waves. This is because the annular WEC reduces the equilibrium
tilted angle of the Hywind in the pitch direction, making the rotor face the input wind more directly. In
the shorter waves, the motion amplitude in the pitch direction is smaller, which leads to a more stable
increase in wind power. While wind is beyond the rated speed, the wind power reaches its upper limit
and cannot be further improved by the annular WEC. Evidence can be found in the comparison between
Figure 11c and Figure 14c, where the increase in wind power shows similar trends to that of the decrease

of the platform displacement in the pitch direction.

Figure 15 shows the wave power of the hybrid system in different sea states. The mean peak period
Twe=8.54 s is marked by a white line. The wave power increases and then decreases, reaching a peak at

8.54 s, whereas it is nearly not affected by wind speed.
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Figure 14 Wind turbine output power under different wind speeds and wave periods
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Figure 15 Wave power production of the hybrid system under different wave periods and wind speeds

5. Evaluation of wind and wave power in real sea states

The annual wind power and wave power of the hybrid system are evaluated based on the hindcast
data at SON3E in the North Sea provided by MetOceanView [44]. The annual wave and wind spectra
are shown in Table 7 and Table 8, respectively. The mean peak wave period and wind speed are 7.,.=8.54
S (wave=0.753 rad/s) and U..=8.94 m/s, respectively. The mean peak wave period Ty Was also used in
previous work [41] to obtain the optimized geometry and PTO damping of the annular WEC employed

in this investigation. Taking the mean peak wave period as an example, it can be calculated by
17 24
Tave = z j=1 ilej Swave,ij (8)
where Swave,; 18 the ijth occurrence probability given in Table 7 and 7; is the jth peak period calculated

based on the data in Table 7. For instance, in the 3rd peak period interval, 4—5 s, T3 is taken as 4.5 s.

The annual mean wind power and wave power are evaluated based on the following equations [55]:
18
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Puing = Zizlzjzl Puind,ii X Swing,i )
24 17

PWave = Zi:lezl I:)wave,ij X Swave,ij (10)

where in Syindg; and Puwing,j are the occurrence probability and mean wind power of the ith wind speed in
the jth direction, respectively. Pyave,; iS the mean wave power of the ith wave height in the jth wave

period, respectively.

Table 7 Annual wave occurrence probability at SON3E in the North Sea (Unit: %)
Peak period T; (s)
23 34 45 56 67 7-8 89 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19
0-0.5 0.0010 0.0342 0.0846 0.0257 0.0466 0.1264 0.0314 0.0342 0.0228 0.0038 0.0076 0.0105 0.0029 0 0  0.0029 0.0010
05-1 0.0019 0.1483 1.4065 2.1934 13172 2.3948 2.5545 0.7289 0.5883 0.3298 0.1967 0.1273 0.0637 0.0561 0.0143 0.0029 0.0010

1-15 0 0.0010 0.9950 2.4138 1.1404 1.1718 0.9655 0.5493 0.4200 0.1283 0.0608 0.0105 0.0048 0.0029
1.5-2 0 0 0.0181 1.8769 2.5592 1.5975 0.7916 0.6605 0.5141 0.6130 0.1502 0.1112 0.0333 0.0057 0O
2-25 0 0 0 0.1416 2.5288 1.9054 1.1537 0.4343 0.3041 0.4733 0.1635 0.1311 0.0181 0.0038 0
2.5-3 0 0 0 0.0010 0.4752 1.5471 1.2117 0.4771 0.1416 0.2765 0.0969 0.0988 0.0409 0.0124 0.0010
3-35 0 0 0 0 0.0200 1.3029 1.5452 0.9256 0.5388 0.1368 0.1254 0.0646 0.0846 0.0247 0.0143 0.0048
3.5-4 0 0 0 0 0 0.2024 2.1772 1.6650 0.7032 0.4352 0.1473 0.0732 0.0361 0.0390 0.0190 0.0029 0.0048
g 4-45 0 0 0 0 0 0.0086 0.7584 1.8740 0.6595 0.3117 0.1663 0.0599 0.0295 0.0105 0.0114 0.0048 0
T 455 0 0 0 0 0 0 0.1606 1.4055 0.6861 0.2328 0.1036 0.0627 0.0162 0.0038 0.0038 0.0010 0
% 5-5.5 0 0 0 0 0 0 0.0124 0.5854 0.7584 0.2167 0.0855 0.0675 0.0086 0.0010 0.0010 0.0010 0
g 5.5-6 0 0 0 0 0 0 0 0.1587 0.7631 0.1796 0.0684 0.0475 0.0057 0.0010 0.0038 0.0010 0O
g 6-6.5 0 0 0 0 0 0 0 0.0209 0.5540 0.1901 0.0618 0.0304 0.0038 0.0010 0 0.0010 O
g 6.5-7 0 0 0 0 0 0 0 0.0010 0.2252 0.2195 0.0418 0.0314 0.0019 0.0010 0 0 0
7-1.5 0 0 0 0 0 0 0 0 0.0656 0.2005 0.0333 0.0190 0.0057 0.0010 0 0 0
7.5-8 0 0 0 0 0 0 0 0 0.0114 0.1283 0.0390 0.0257 0.0038 0.0019 0 0 0
8-8.5 0 0 0 0 0 0 0 0 0 0.0808 0.0304 0.0152 0.0038 0 0 0 0
8.5-9 0 0 0 0 0 0 0 0 0 0.0181 0.0390 0.0124 0.0038 0 0 0 0
9-9.5 0 0 0 0 0 0 0 0 0  0.0019 0.0304 0.0095 0.0019 0 0 0 0
9.5-10 0 0 0 0 0 0 0 0 0 0 0.0095 0.0124 0.0019 © 0 0 0
10-105 0 0 0 0 0 0 0 0 0 0 0.0038 0.0086 0.0038 0.0010 0 0 0
105-11 0 0 0 0 0 0 0 0 0 0 0 0.0029 0.0019 0.0010 © 0 0
11-115 0 0 0 0 0 0 0 0 0 0 0 0.0029 0 0 0 0 0
115-12 0 0 0 0 0 0 0 0 0 0 0 0.0029 0.0010 O 0 0 0

The time history of wind power is calculated by the aero-servo module of OpenFAST. Here the
influence of the wind direction on the wind power generation is not considered. The turbine is assumed
to be able to generate the same amount of wind power under the same wind speed regardless of the wind
direction. The time history of wave power is calculated by Eq. (7). As the hindcast data provided by
MetOceanView are not joint wind-wave data, an additional input wind condition is needed while
calculating the wind power and vice versa. Here the following setting is used. While calculating the

wind power, the wave period is set as the mean peak wave period 7T..=8.54 s and the wave height is set
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as unit amplitude. While calculating the wave power, the wind speed is set as the mean wind speed
Ua.=8.94 m/s. Note that it is the only occasion that the mean peak wave period 7.y and the mean wind
speed U are employed in this analysis. In these simulations, the input wave heights and wind speeds
are treated by the same method applied to the wave period 7; as described above. For example, while
calculating the wind power using the data in the 4th row in Table 8, the input wind speed in OpenFAST
is taken as 17.5 knots (8.955 m/s). To make it clear, the key input parameters in the calculation of wind
power and wave power are shown in Table 9. Pyind;; and Pyave,; are obtained by simulating the model for
a long time and taking the mean values in 50 wave periods in the time histories using a self-made raw

data processing code after the results are numerically stable.

Table 8 Annual wind occurrence probability at SON3E in the North Sea (Unit: %)

Direction
N NE E SE S SW W NwW
0-5 0.7479 0.6918 0.6196 0.6462 0.6662 0.7118 0.7137 0.7232
— 5-10 2.2076 1.5205 1.4245 1.7220 2.1515 2.1287 2.1743 2.4262
§ 10-15 3.3822 1.2858 1.1461 2.3711 3.8327 3.3908 2.9508 3.4820
< 1520 3.4953 0.7508 0.7375 2.7464 41396 3.4088 2.9527 3.2530
5 20-25 2.4376 0.2927 0.4067 2.6951 3.2169 2.8576 2.5307 2.2428
§ 25-30 1.1318 0.0884 0.1701 2.3929 1.9577 1.9140 1.5680 1.2430
% 30-35 0.4514 0.0257 0.0950 1.6270 0.8781 0.9864 0.7555 0.5740
.-g 35-40 0.1102 0.0076 0.0295 0.8078 0.2937 0.3516 0.2651 0.2224
; 40-45 0.0352 0 0.0095 0.2803 0.0789 0.0732 0.0694 0.0675
45-50 0.0086 0 0.0019 0.0684 0.0048 0.0124 0.0143 0.0209
50-55 0.0029 0 0.0010 0.0048 0.0010 0.0029 0.0019 0.0095
55-60 0 0 0.0010 0 0 0 0 0.0019

Table 9 Key input parameters in the calculation of wind and wave power

Calculation term Input parameters
Wind power Ui, Swind,ij, Tave=8.54 m/s, H=1 m
Wave pOWEY Hi, T], Swave,ij, Uave:894 m/S

The results of the hybrid system and the isolated Hywind are shown in Figure 16. Compared with
the isolated Hywind (2422.41 kW), the wind power of the hybrid system (2446.13 kW) increases by
0.98%. The wave power comprises 24.17% of the total power, constituting a considerable proportion.
This indicates that wave power can be an effective supplement to wind power. Note that these results
only indicate that integrating the annular WEC on the Hywind can improve the wind power and bring
considerable extra power through a fine tune of the WEC parameters. The specific values of the
improvement of wind power, 0.98%, and the proportion of wave power, 24.17%, obtained by this hybrid
system in a selected operation site at S9N3E in the North Sea may not be over-generalized to other wind

hybrid systems under a different operating condition. A higher or lower improvement may be obtained.
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Figure 16 Annual power of isolated Hywind and hybrid system

6. Conclusion

This study proposes a numerical tool that can handle the full couplings in a complex multi-floating
body wind-wave hybrid system and accurately predict the performance of the system. The numerical
tool is used to analyze and evaluate the performance of a spar-type Hywind offshore wind turbine and
an annular WEC hybrid system in a wide range of operating conditions, with varying wind speeds and
wave periods. The dynamic features, mooring loads, and energy conversion performance of the hybrid
system are investigated. Comparisons between the hybrid system and an isolated Hywind are also

carried out to reveal the influence of the annular WEC. The major conclusions are as follows.

(1) The fundamental pattern of the static stability of the hybrid system in different sea states depends
on wind speed (strictly speaking, the thrust force on the rotor) and is not affected by the annular WEC.
The fundamental pattern of the dynamic stability depends on the wave period and is slightly modified
by a switch of mode in the servo system and is also not affected by the annular WEC. The annular WEC
can improve the static stability of the Hywind, particularly in the surge and pitch directions, but reduce
the dynamic stability, particularly in the heave direction. The overall stability in the pitch direction is
improved by the annular WEC. However, the designer has to compromise between the generation of
wave power and the increase in the heave motion amplitude according to specific situations.

(2) The fundamental pattern of the maximum mooring tensions in different sea states depends on wind
speed. In most situations, the maximum mooring tensions are reduced by the annular WEC, but its effect
is so small that can be almost neglected.

(3) The annular WEC can improve the wind power of the hybrid system by reducing the tilted angle
of the Hywind in the pitch direction. The energy conversion performance of the present hybrid system
is evaluated based on the hindcast sea state in a randomly chosen target operation site at S9N3E in the
North Sea. Wave power can account for about one-fourth of the total power, which is a large proportion

and proved an effective supplement to wind power.
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The present numerical tool can be further used to simulate and evaluate similar wind-wave hybrid
systems. This study also provides knowledge about the key properties of the coupled dynamic and power
generation features of the hybrid system. These findings can offer valuable insights and useful guidance

for the practical design of wind-wave hybrid systems to improve performance and efficiency.

The limitations of this study are: 1) The investigation is based on numerical simulation in regular
waves and steady winds. It does not consider all physical phenomena that may occur in real-world wind-
wave hybrid systems. 2) The analysis is based on a specific hybrid system optimized according to
specific wave conditions at a selected operation site. The results may not be generalizable to other hybrid

systems or operating conditions.

Future works can be carried out in the following avenues: 1) The impact of the annular WEC on the
dynamic stability of the hybrid system by performing sensitivity analyses on different design parameters.
2) The performance of the hybrid system in more complex sea states involving irregular, nonlinear waves

and unsteady wind.
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