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Abstract This study investigates numerically the
dynamic responses of the T-Omega Wind novel con-
cept of Floating Offshore Wind Turbine. The turbine is
light-weight, has a shallow-draft and a relatively high
centre of gravity that allows it to glide over harshmarine
environments. The turbine responses are studied under
regular wave excitation, considering most probable
ranges of discrete sea wave heights and periods rep-
resentative of real ocean conditions. A multibody vir-
tual model is developed, simplified to a rigid 6 DOF
system and experimentally validated in the state-of-
art Marine Simulator to define the types of dynamical
responses for both “Low” and “High” Sea States. The
dynamics of coupled heave and pitch DOFs are evalu-
atedwith time histories, phase-plane portraits, Poincaré
sections and FFT analyses to conclude that period-1
stable solutions exist for all studied cases of “Low Sea
States”, whereas period-2, period-3 and period-4 peri-
odic responses are identified for short wave periods of
excitation under“HighSeaStates” conditions. Simula-
tion results show that regions where period-1 responses
exist are highly sensitive to wave height and can widen
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as the wave amplitude reduces. Finally, the turbines’
nonlinearities generated by the floats’ geometry are
observed in this dynamical system, which are identi-
fied to be related to variation in float waterplane area
and particularly observable for “High Sea States”.

Keywords Floating offshore wind turbine (FOWT) ·
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1 Introduction

Floating OffshoreWind Turbines (FOWTs) have expe-
rienced rapid development in recent years, aiming
to harness energy from steadier and stronger wind
resources found in deeper waters (≥ 60ms), where tra-
ditional fixed-bottomwind turbines are not feasible [1].
The largest FOWT farm, named the “Hywind Tampen
farm”, is situated in Norway with an installed capacity
of 88 MW [2], followed by “Kincardine” (47.5 MW)
[3] and “Hywind Scotland” (30 MW) [4] projects in
the North-East of Scotland. The necessity for techno-
logical improvement has spurred an expansion of novel
FOWT concepts. However, most of these concepts are
typically sized only in the order of a few megawatts
of capacity (usually not surpassing 10 MW) [5,6] and
pose technical challenges related to their structural sta-
bility, experimental testing, installation and mainte-
nance [7]. Hence, the dynamical behaviour of typical
FOWTs planned (Spar, Tension Leg Platforms, semi-
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submersible andbarge) havebeenwidely studied to bet-
ter understand their performance and behaviour under
different sea states (i.e. conventional and extreme wave
and wind parameters) [8]. Additionally, optimizing the
design configurations to prevent their natural frequen-
cies from coinciding with typical sea wave frequencies
has been of particular interest [9–11].
The dynamic responses of a FOWT and dynamic loads
acting on a multi-body system have been numerically
investigated by Luo et al. [12], using a coupled 14-
DOF model of a semi-submersible FOWT comprising
of a floating platform, tower, nacelle, blades and moor-
ing. The Equations Of Motion (EOM) are derived with
the Lagrangian approach to evaluate system responses
under combined wave/wind external loads, and vali-
date the results against numerical simulation by FAST
software. Similarly, Bagherian et al. [13] presented
a 7-DOF model of a semi-submersible FOWT, that
takes into account gyroscopic effects. Their study con-
cluded that the rotor’s gyroscopic moment does not
significantly influence the platform motion response.
The dynamics of a spar type FOWT was evaluated by
Al-Solihat and Nahon [14] and by Al-Solihat et al.
[15], where the first paper presents a 6-DOF nonlin-
ear multibody system consisting of a rigid platform
elastically coupled to a rigid tower, with EOM derived
with Lagrange method. That model has been validated
against FAST [16], HAWC2 [17] and Bladed [18]
codes. Their study showed that greater tower flexibil-
ity leads to a higher damping and larger yaw amplitude
responses compared to rigid towers. Later, Al-Solihat
et al. [15] proposed a 7-DOF model comprising of
the floating platform, tower, nacelle, rotor and moor-
ing system under combined wind/wave loads, which
showed that platform displacements are insensitive to
rotor’s gyroscopic effects. In addition, Takata et al.
[19] experimentally showed that elastic deformation
affects the heave responses of a FOWT for wave peri-
ods close to the float’s resonant periods. Moreover,
large amplitude motions of a Spar type were investi-
gated byWang andSweetman [20],where the nonlinear
dynamic behaviour of an 8-DOF model that includes
nonlinear coupling between the translational and rota-
tional DOFs. Lee et al. [21] studied the dynamics of
a combined rigid-flexible-body FOWT using Kane’s
method, where the modal shapes and system’s natu-
ral frequencies are evaluated considering linearization
around the steady state solution.

To evaluate the nonlinear hydrodynamic loads acting
on the FOWT, wave height (H), wave period (T) and
water depth (D) are the main parameters to be con-
sidered when choosing the most accurate wave theory
and computational methodology [22]. Computational
Fluid Dynamics (CFD)models evaluate accurately vis-
cous, radiation anddiffraction effects, thusHaet al. [23]
numerically studied a 15 MW TLP utilizing CFD and
a deforming mesh to investigate the system’s nonlin-
ear phenomena under irregular wave excitation (JON-
SWAP spectrum) for extreme wave conditions. Zhou
et al. [24] researched the dynamics of a 5 MW semi-
submersible FOWT for regular and focused waves and
validated the results with two reduced-order poten-
tial flow methods using Électricité de France (EDF)
[25] and FAST codes. Furthermore, Wang et al. [26]
studied the accuracy of CFD simulations of a semi-
submersible FOWT under regular waves and those
results were experimentally validated. This study gen-
eralized a procedure for simulation verifications. Other
methods commonly used to evaluate the dynamics of
offshore structures are the Morison equation, potential
flow/diffraction theory and the hybrid approach, which
have been applied to study FOWT dynamics in [27–
29].
Dynamical studies of FOWTs subjected to wind/wave
loads will provide higher fidelity results if they are per-
formed with a coupled hydro-aero-elastic models [22].
However, due to the complexity of experimental pro-
cedures and limitations of the facilities, some novel
FOWT concepts are initially studied with decoupled
wave and wind models. These types of investigation
neglect the coupling between environmental loads and
are particularly utilized to evaluate the influence of a
specific design or environmental parameter (i.e. float
size, wave frequency and/or height) on the nonlinear
dynamic behaviour of a structure. Such a study was
presented in Patryniak et al. [30], where the sensitivity
of a FOWT Instantaneous Centre of Rotation (ICR) to
wave height and frequency was studied under regular
and irregular waves. Despite the utility of the decou-
pled analysis, it might be necessary to perform the
coupled analysis with hydro-aero-servo-elastic mod-
els to accurately take into account the model’s aero-
dynamics, hydrodynamics and the elastic interactions
between the assembly components since neglecting the
coupling may result in an over optimistic design. This
is of particular interest for novel FOWT concepts [31]
and newmodel validations [32]. To perform this type of
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coupled analysis, simulations are computed with CFD
methods or state-of-art verified simulation tools, such
as FAST [33], Bladed, HAWC2 or the Marine Simu-
lator [34,35], amongst others. This study will utilise
the state-of-art real time Marine Simulator available at
the National Decommissioning Centre (NDC) to con-
duct analysis to evaluate the dynamical behaviour of
a FOWT concept under regular wave excitation based
on a numerical model and validated with scaled exper-
imental wave tank results. This approach lies on the
highest fidelity spectrum of models of real-time hybrid
simulations (RTHS), which utilizes the Linear Wave
Theory for waves with small steepness (H/λ < 0.05)
and 2nd order non-linear waves for greater steepness.
To evaluate the nonlinear dynamics of a FOWT in its
time-frequency domain previous studies have been per-
formed under wave excitations including regular waves
[36], irregular waves (JONSWAP [37] and Pierson-
Moskowitz [38] spectrums) and special cases with dif-
ferent wave profiles [39,40]. This has been done along
with the evaluation of RAOs (Response Amplitude
Operators) for the 6-DOF (surge, sway, heave, roll,
pitch and yaw) and their frequency spectrum study
[33] for the identification of eigenfrequencies. Natu-
ral frequencies are of high importance in such con-
siderations mainly due to the DOF coupling effects.
Therefore, this paper focuses on the coupling between
heave and pitch motions, where previous experimen-
tal studies showed that for semi-submersible FOWT,
this coupling effect is especially noticeable when floats
present a non-negligible angular displacement close to
heave’s natural frequency [41]. In addition, the action
of coupled environmental loads, such as wind-wave
interaction with turbine’s structure, could be beneficial
from the point of view of system dynamics. In some
cases, wind loads restrict frequency components near
the turbine’s natural frequencies for surge and pitch
eigenfrequencies, as previously reported by Tian et al.
[42]. The limitation of pitch natural frequency could
improve FOWT motion amplitudes, where the maxi-
mum angular displacement threshold for good turbine
performance is estimated at 10 [deg] [43]. Moreover,
the turbine oscillations periodicity and type of sys-
tem response vary depending on environmental loads
and model parameters. An example is presented by
Ghabraei et al. [44], who showed that adding mass to
the system and/or including lateral vibration absorbers
can shift the turbine’s response from periodic to quasi-

periodic. Hence, the response type and classification
will be considered in this study.
This paper presents the hydrodynamical study of a
novel light shallow-draft FOWT concept designed by
T-OmegaWind Inc [34,45]. The system has a relatively
high Centre of Gravity (COG) and low natural period,
permitting it to glide over harsh marine environments
with extreme wave parameters and is designed for a
full-scale capacity of 10MW. Its stiff and light structure
is stabilized and sustained by four hydrostatically stiff
cone-shaped interconnected floats and anchored to the
seabedwith a SingleMooring Point (SMP) system pro-
viding the weathervane effect. Common types of SMP
for floating turbines are considered in [46], where sev-
eral catenary mooring lines are connected to a single
point of connection without interfering with the weath-
ervane effect and avoiding a structural collapse in case
of a single line failure. The multibody model imple-
mented in the Marine Simulator has been previously
calibrated and validated with experimental results per-
formed with a 1:60 scaled prototype in a wave tank at
the Kelvin Hydrodynamics Laboratory (KHL) at the
University of Strathclyde under regular wave excita-
tions. Further information about the experimental pro-
cedures, model validation and analytical approxima-
tions of system responses can be found in our previous
work [34].
The structure of this paper is as follows. In Sect. 2
the novel FOWT concept is described and its model
configuration is presented. In addition, a multibody
virtual model reduced to 6 DOF is presented concur-
rently. The methodology of this study is presented in
Sect. 3,where the turbineRAOs for“Low” and“High”
Sea States obtained from simulations and experiments
are presented. Next, simulation results to evaluate the
heave and pitch dynamics are presented in Sect. 4,
where the evolution of periodic-type responses for both
DOF is discussed in detail, including effects related to
hydrodynamic nonlinearities that have been observed.
Finally, Sect. 5 concludes with a summary of the main
findings studied in this paper and gives some sugges-
tions for future research paths.

2 System description

The T-Omega Wind concept is a shallow-draft FOWT
rigid-flexible multibody dynamical system that com-
prises four rigid bodies that are elastically coupled.

123



4514 A. Terrero-Gonzalez et al.

It is shown in Fig. 1a and consists of a rigid floating
structure, comprising a cantilevered “Standoff” support
interconnecting four cone-shaped floats, which provide
buoyancy to the system; a “four-legged” stiff turbine
Tower structure, supportedby thefloats and constructed
from a robust series of hollow pipes contributing to
the system’s lightweight design; a generator and a 3-
bladed turbine rotor mounted on top of the tower. The
rigid bodies are elastically coupled with a high stiff-
ness and the whole assembly is anchored to the seabed
using a single elastic mooring line, which introduces a
weathervane effect. This study simplifies the turbines’
SMP system in a single mooring line to set the base for
future reliability studies to find the most suitable moor-
ing point system for this specific design. Consequently,
each assembly component has the following respective
properties,

• Body 1 Floating structure with massm f , elastically
coupled to the tower through its equally spaced
floats with stiffness k f .

• Body 2 “Tower” structure of mass mt supported by
the floating structure and coupled at the nacelle to
the turbine rotor of stiffness kt and turbine generator
of stiffness kg .

• Body 3 Turbine generator of mass mg attached to
the rotor and tower.

• Body 4 3-bladed rigid Horizontal Axis Wind Tur-
bine (HAWT) rotor of mass mb, where no gyro-
scopic effect is considered. In other words, the
focus is on non-operational conditions.

Each component of the assembly has 6 DOF, result-
ing in a total of 24 DOF system. These bodies are elas-
tically coupled, with a stiffness denoted as ki , where
i signifies the set of couplings between two consecu-
tive bodies. The previous experimental studies ignored
the stiffness between different components assuming
a rigid body. Hence, to match the experimental condi-
tions the stiffness was set to infinite even though simu-
lations allow compliant components. This permits the
multibody system to be reduced to a rigid-body model
with just 6-DOF (surge, sway, heave, roll, pitch and
yaw) around its COG. Additionally, the FOWT is sub-
jected to excitation from incident regularwaves perpen-
dicular to its axis of gyration, which induces external
hydrodynamic loads acting on the rigid bodies. Hence,
the system dynamics can be described in matrix form
by Eq.1,

[M]{ä} + [C]{ȧ} + [K ]{a} = {F}, (1)

where a contains the 6 DOF vector of time dependent
state variables defined as {a} = [x(t), y(t), z(t), ϕx (t),
ϕy(t), ϕz(t)]T . The variables x(t), y(t) and z(t) denote
surge, sway and heave displacements, while ϕx (t),
ϕy(t) and ϕz(t) denote roll, pitch and yaw angular dis-
placements, respectively. M is the matrix containing
the mass and inertia of each body, C is the damping
coefficients matrix and K contains the stiffness coeffi-
cients between the coupled bodies. The external hydro-
static, hydrodynamic andmooring forces, such as buoy-
ancy, drag/lift, radiation, diffraction and incident forces
acting on the system are contained in F(t). Concur-
rently, the model considers approximations of second-
order nonlinear loads by utilizing the Quadratic Trans-
fer Function (QTF) and Newman’s approximation. An
example of these second order loads is the second order
drift force, which is evaluated with Eq.2 [34]

�F2 = −
∮
WL

1

2
ρ ξ(1)

r · ξ (1)
r n̂ dL

+
∫∫

Sb

1

2
ρ |∇φ(1)|2n̂ dS

+
∫∫

Sb
ρ

(
a · ∇ ∂φ(1)

∂t

)
n̂ dS + Ms R · ä

+
∫∫

Sb
ρ

∂φ(2)

∂t
n̂ dS , (2)

whereφ1 andφ2 are the first- and second-order velocity
potential, Ms is the mass of the floating body, R the
matrix of rotation and WL denotes waterline limit. ρ

is the water density, ξ
(1)
r is the wave elevation of the

first order and Sb represent the body submerged surface
area. n̂ represents the unit vector normal to the surface.
Even though this research treats the turbines’ system as
a rigid body, the Marine Simulator divides the object
into small cells with a gradual mesh and evaluates the
response of each rigid body in the 6DOF.The forces are
calculated for each cell within the mesh (see Fig. 1a for
mesh representation) and applied to the objects CoG.
Hence, for each section Cummins’ equation describes
the motion of the floating structure in the time domain.
This is a common approach while applying the linear
wave theory. Therefore, the equation of motion (Eq.3)
is described as follows,

(I + I∞) ä(t) +
∫ t

0
K̃ (t − τ) ȧ(τ ) dτ + E a(t)

= Fext (t), (3)
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Fig. 1 Multibody dynamical model of T-Omega Wind FOWT
under regular wave excitation. aModel schematic showing main
components of the system (1-Floating structure, 2-“Tower”, 3-
Generator and 4-Rotor), elastic interactions and hydrodynamic
forces acting on the system. Yellow coloured areas are filled

with air volumes providing the system with buoyancy. b Heave
(vertical displacement) and pitch (angular displacement)motions
under regular wave excitation perpendicular to turbine axis of
gyration in respect to its Centre of Gravity (COG)

in which the radiation force is represented in Eq.4 as,

Fradiation = −I∞ ä(t) −
∫ t

0
K̃ (t − τ) ȧ(τ ) δτ, (4)

where I denotes the structure mass and I∞ denotes the
added mass at an infinity frequency. E is the restoring
hydrostatic coefficient, Fext (t) represent all the exter-
nal acting forces on the turbine and K̃ (t) is the retar-
dation or fluid memory function [47,48]; τ denotes the
computation time difference. To solve the Cummins’
convolution integral, the simulations utilize inverse
Fourier Transformation and its solution is presented
in Eq.5 for every instant computed t as follows,

K̃ (t) = 2

π

∫ ∞

0
C(ω) cos(ωt) dω, (5)

whereC denotes the damping coefficient for eachwave
frequency (ω). Finally, all solutions are incorporated in
Eq.1 and the stiffness matrix of coefficients containing
the couplings amongst each rigid body are included.
Detailed information about the modelling methods can

be found in our previous work [34,35] and in the Algo-
ryx Hydrodynamics module documentation [49], as
well as in the OSC [48] software implementation. In
addition, no wind loads are considered in the current
model as we focus on evaluating the influence of wave
loads on the system dynamics under regular waves.
Consequently, the heave and pitch DOF are evaluated
with respect to the turbine’s COG located at 56 [m]
from the base and a pitch radius of gyration of 69 [m]
in the following sections (see Table 1 for further phys-
ical information about the model).

3 Methodology

The study of the FOWT concept described in this
paper is based on its heave and pitch nonlinear hydro-
dynamic responses that were evaluated under regu-
lar wave conditions. These are computed using the
Marine Simulator for two sets of “Low Sea States” and
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Table 1 Physical properties of the components making up the T-Omega Wind FOWT shown in Fig. 1a

Ref. Body Mass abbreviation Mass [t] Dimensions [m]

1 Floating structure m f 503.8 Floats: 7x9.4 (radius and depth)

2 Tower mt 296.2 70x70x116 (in x, y and z)

3 Generator mg 140 8x3x1 (OR, IR and depth)

4 3-bladed rotor mb 60 69 (radius of gyration)

“High Sea States”, with wave heights of H ∈ [1 − 2]
and H ∈ [4 − 10] [m], respectively. For all cases,
the range of wave periods considered spans across
T ∈ [3 − 25][s]. The accuracy of the model has been
validated in our previous work [34] with the compari-
son of time-domain computed RAOs from the Marine
Simulator time histories at each wave height case with
the RAO responses evaluated from the experimental
data. Experiments were performed through a series
of tests of a scaled 1:60 prototype, conducted at the
Kelvin Hydrodynamics Laboratory at the University of
Strathclyde. RAOs evaluated from simulation results
followed the procedure explained in [34], where tur-
bines’ RAOs in each DOF are obtained as the rela-
tion between the averaged maximum amplitude of tur-
bines’ responses and the excitation wave amplitude,
such as RAO ≈ A∗[a]/A[wave]; A∗[a] denoting the aver-
aged amplitude of each DOF and Awave is the wave
excitation amplitude. In addition, the system’s RAOs
have been approximated using analytical expressions
for each Sea State, expressed in Eqs. 6, 7 and 8 with
detailed parameters given in Table 2 and are used as
the reference RAOs for this study. In Fig. 2 the RAO
approximations for heave and pitch displacements are
depicted for “High” (black dashed line) and “Low”
(blue dashed line) Sea States, alongside experimental
data points obtained within the studied wave period
range for wave heights of H = 1 and 2 [m] (stars) and
H = 4, 6, 8 and 10 [m] (dots). Hence, the analytical
RAO approximations can be evaluated as follows,

Heave RAO (T ) =
⎧⎨
⎩

2A/πb′

1+4
[
T−Xo
b′

]2 + e ∀ T ≤ R

ln(T − f )d + c ∀ T > R
,

(6)

Pitch RAO (T ) = 2A/πb′

1 + 4
[
T−Xo
b′

]2 + e , (7)

where b′ is evaluated with Eq. (8),

b′ = 2b

1 + exp {α(T − Xo)} . (8)

In the above expressions R is the identified resonance
period and T denotes the period of the wave excitation.
A represents the non-dimensional area underneath the
Lorentzian fit of the heave equation up to the resonance
period R, while Xo is the non-dimensional centre of
the Lorentzian maximum peak. In addition, α, b, c, d,
e and f are the non-dimensional coefficients used for
calibrating the RAO model.
FOWT dynamical simulations are performed for dis-
crete wave excitation parameters within the specified
range of the study and evaluated for both “Low Sea
States” and “High Sea States”. Heave and pitch dis-
placement time histories from the floating structure’s
CoG are recorded from the Marine Simulator compu-
tations and velocity time histories are computed with
the time differential from the Marine Simulator dis-
placement solutions. Finally, the turbines’ velocities
are evaluated from fitted sine series of order between
6th and 8th, which allows to analyse the system har-
monics. This study focuses on the heave and pitch
DOF dynamics only, as a result of the wave excita-
tion nature (regular and advancing front parallel to the
axis of gyration), which does not induce significant
motion on the resting 4 DOF (previously observed in
thewave tank experiments). The phase planes, Poincaré
sections and FFT analysis are computed for selected
discrete wave excitation parameters to evaluate system
dynamics, natural frequencies and classify the type of
periodic responses observed. The threshold between
the types of periodic responses is approximated when
varying the wave excitation period for a defined wave
height, so that estimates the dominant solution can be
obtained. An exemplary period-2 solution is shown in
Fig. 3 for a wave excitation of H = 6[m] and period
of T = 4.81[s], where panels (a) and (c) present the
heave and pitch time histories, while panels (b) and (d)
depict the velocity time histories for heave and pitch
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Table 2 Heave and pitch analytical approximation parameters adjusted with experimental data for “Low” and “High” Sea States
(Eqs. 6, 7 and 8)

Heave RAO [m/m] Pitch RAO [deg/m]

Parameter “Low Sea State” “High Sea State” Parameter “Low Sea State” “High Sea State”

A 25.2 9.3 A 26.0 24.4

Xo 5.8 6.8 Xo 10.0 10.7

e −0.95 −0.30 e 0.20 0.20

b 8.0 5 b 7.9 10.8

α 0.25 0.10 α −0.15 −0.12

f 8.999 9.637 R 9.5 10.0

d 0.257 0.414

c 0.292 0.217

15 20 2510515 20 25105

Period [s]

H
e
a
v
e
 R

A
O

P
it

c
h
 R

A
O

 [
d
e
g
/m

]

Period [s]

2m 4m 6m 8m 10m 12m1m

Low Sea State High Sea State

1.5

1.0

0.5

3

2

1

0

(a) (b)

R=9.5

R=10.0

R=9.5

R=10.0

Fig. 2 Approximation of RAO responses evolution for wave
periods of T ∈ [4.5 − 25][s] and wave heights of H ∈ [1 − 2]
[m] for“LowSeaStates” ( dashedblue line) and H ∈ [4−10] [m]
for “High Sea State” (dashed black line). Dot and star markers

show available experimental data used for the RAO approxima-
tions and R denotes the pitch resonant period for both cases. a
Heave RAO responses. b Pitch RAO responses. [Adapted from:
[34]]

response. The velocity time histories are approximated
with a sum of sines series up to the 8th order in the
form of Eq.9,

d =
n=8∑
i=1

i sin (�i t + �i ) , (9)

where d is the vertical velocity in [m/s] or angular
velocity in [deg/s] andi ,�i and�i denote the ampli-
tude, frequency and phase constant for i-th sinusoidal
terms.

Phase planes and Poincaré sections (red dots) for both
DOFs are shown in Fig. 3, panels (e) and (g), which
present examples of period-2 oscillation responses. The
response frequencies are evaluated using the FFT anal-
ysis and depicted in panels (f) and (h) for heave and
pitch displacements, respectively. These show at 0.101
[Hz] the FOWT’s frequency response for both heave
and pitch, and at 0.208 [Hz] the wave excitation fre-
quency for the case presented in Fig. 3, which indi-
cates period-2 solution. In the same manner, period-
1, period-2 and period-3 responses can be identified
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Fig. 3 Example simulation results showing evaluation of a
period-2 response for the FOWT concept under regular wave
excitation of H = 6[m] and T = 4.81[s]. a Heave displacement
time history and b corresponding heave velocity time history.
c Pitch angular displacement time history and d corresponding
time history of pitch angular velocity. Velocity time histories
represent in blue dots the actual computed differential solution
and the black continuous line is the approximated system veloc-

ity response. e Heave phase plane and Poincaré section (red
dots) showing a period-2 response and f corresponding FFT
plot for heave displacement showing a fundamental frequency
at 0.101552 [Hz]. g Pitch phase plane and Poincaré section (red
dots) showing a period-2 system’s response and h corresponding
FFT plot for pitch angular displacement showing a fundamental
frequency at 0.101587 [Hz]. (Wave frequency at 0.207900 [Hz])
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for the range of wave parameter values stated above
(See Figs. 6 and 7 ). An example of period-3 response
is presented for wave excitation of H = 8[m] and
T = 3.76[s] in Appendix A.
Such analysis allows us to investigate the nonlinear
response of the design and understand the evolution
of the phase planes as the wave period increases for a
given wave height. The next section presents the eval-
uation of dynamical behaviour of the T-Omega Wind
system under wide range of hydrodynamical loading.

4 Results and discussion

The dynamic behaviour and frequency responses of
the T-Omega Wind FOWT concept are investigated
numerically under regular wave influence with simula-
tions performed in theMarineSimulator. The excitation
waves impinge on the turbine with a wave advancing
front of direction parallel to its rotation axis. Hence, the
concept is evaluated in its current design configuration
using the experimentally calibrated numerical model.
Previous studies [34] validating the RAO responses of
the systemand subsequent simulations presented in this
work, predict a strong coupling between the heave and
pitch DOFs, which is demonstrated by the pitch max-
imum displacement coinciding with the heave mini-
mum displacements for all considered sea states (see
Fig. 2). Hence, cross-sectional trajectories depicting
the coupling between heave and pitch displacements
are evaluated showing that at pitch resonance period
(T ∈ [9.5− 10.0][s]) the heave displacement does not
surpass the 3.6 [m] of displacement amplitude for the
highest wave height considered, H = 10[m]. A selec-
tion of cross-sectional trajectories are depicted in Fig. 4
for representative wave excitation periods close to the
pitch resonance period for wave heights of H = 4[m]
(Fig. 4a–d) and H = 6[m] (Fig. 4d–h). The results
topology show that close loops become narrower as
the excitation period gets closer to the pitch resonance,
depicting the significant decrease in heave displace-
ment and the topology stabilization as the excitation
period moves away from it. The latter observation
alignswith previous findings byAmaral et al. [41], who
showed that coupling is particularly evident for large
floating structure angular displacements.Moreover, the
force cancellation effect generated by the floats spacing
minimize the verticalmotions as previously reported by
Nihei et al. [50] and in Wang et al. [51] for this par-

ticular case. Results referring to surge, sway, roll and
yaw DOF are neglected in this paper since solutions
are close to zero values.
This study focuses on the wave parameter ranges and
thresholds identification for different types of peri-
odic responses that the FOWT exhibits at a given
wave height and wave frequency. Thus, simulations are
performed for ranges of discrete wave period values
between T = [3 − 25][s] with precision of ±0.01[s]
and selected phase planes, Poincaré sections, time his-
tories and FFT responses are evaluated with a cus-
tom developed Matlab script to investigate in detail
the FOWT’s dynamical behaviour. The results show
that for Low Sea States (H = [1 − 2] [m]) period-1
oscillations are dominant in the direction of the inci-
dent wave for all wave frequencies (T ∈ [3 − 25][s])
[22,52,53]. For that case nearly linear heave and pitch
turbine responses are observed forwave periods greater
than T > 12 [s] and T > 13[s] for H = 1 and
H = 2[m], respectively. This is due to only observing
the fundamental frequency for both degrees of freedom.
For lower periods of wave excitation between approx-
imately T ∈ [3− 10][s] up to the 4th harmonic can be
identified for the heave responses, in contrast with the
corresponding pitch responses, which show a nearly
linear response. The former situation is clearly identi-
fied for low periods ofwave excitation close to the pitch
resonance period (TR = 10[s]) and its neighbouring
periods, such as for example the case of H = 2[m] and
T = 10.2[s]. Thus, up to 4th harmonic can be clearly
observed for heave responses, whereas pitch response
only exhibits its fundamental frequency, as shown in
the FFTanalysis of Fig. 5f. The nonlinearities identified
in the system responses, which introduce the nth har-
monics to the response are attributed to the geometrical
nonlinearities induced by the conical-cylindrical floats
shape. Since the FOWT waterline is variable when the
heave response is large, the wave height and period will
influence the rate of its variation, making those nonlin-
earities more noticeable for higher wave heights and
particularly for lower wave periods.
In coherence with previous results shown above, the
FOWT periodic type responses are investigated in
High Sea States for discrete wave heights of H =
[4, 6, 8, 10] [m] within the wave period domain of
T ∈ [3.00 − 25.00] [s] resulting in the identifica-
tion of period-1, periods-2, period-3 and period-4 type
solutions, where the latter is only observed for wave
heights of H = 4[m]. For all cases considered, period-
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Fig. 4 Heave and pitch displacement correlation for selected
values of wave height and period showing the cancelling effect
at pitch resonance period of T = 10[s] for “High Sea State”
cases. a–dWave height of H = 4[m] and from left to right with

ascending periods of T = [8.00, 10.00, 12.00, 14.00][s] respec-
tively; and e–h wave height of H = 6[m] and from left to right
with ascending periods of T = [7.50, 10.00, 12.00, 14.00][s]
respectively

1 solutions exist for excitation periods greater than the
system’s resonance period of T = 10[s], whereas the
existence of this type of responses below the pitch reso-
nant period threshold vary depending on the excitation
wave height. An example of results obtained for the
FOWTdynamical responses underwave height of H =
6[m] is presented in Fig. 6a, where the response types
are marked in yellow, green and blue regions depict-
ing period-1, period-2 and period-3 responses, respec-
tively. Period-1 responses are identified for ranges of
wave excitation periods larger than T > 6.80[s],
period-2 responses exist within the range of T ∈
[4.49 − 6.80][s] and period-3 oscillations are identi-
fied for periods within the range of T ∈ [3.00 − 4.49]
[s]. Selected phase planes and Poincaré sections show
the topology of the responses and the periodicity identi-
fied. For this case, no discrepancies between heave and
pitch period-type responses are identified and for larger
wave excitation periods of T ≥ 15.00[s] onlyfirst order
harmonic responses are obtained. In addition, Fig. 6b
and c depict the phase plane evolution for heave and
pitch DOF, respectively. Hence, larger displacements
and velocities are observed for both resonant periods
at T = 7[s] and T = 10[s] for heave and pitch, respec-
tively. At this point, the nonlinearities induced by the

rapid change in the float’s waterline is evident in the
phase planes depicting the visible folds.
Regions of periodic-type responses vary and it can be
concluded that the region where period-1 responses
dominate for heave andpitch reduces as thewaveheight
increases. Moreover, for wave height of H = 4[m],
period-4 oscillations can be observed for both DOF
between excitation periods of T ∈ [3.0−3.6][s] evolv-
ing into period-2 solutions through a period halving
bifurcation at approximately T = 3.6[s]. In addition,
period-2 oscillations are present between T ∈ [3.6 −
4.5][s] and preferable period-1 solutions are observed
for wave excitation periods greater than T > 4.5[s].
Moreover, for wave heights bigger than H ≥ 6[m], all
considered cases depict similar period-type responses
as for the previously described case of H = 6[m] with
similar nonlinear behaviours identified when reaching
the resonant heave and pitch periods. Note that, period-
3 and period-2 type solutions exist for wider ranges of
wave period when the wave height is increased. Thus,
narrowing the range of wave periods, where period-
1 solution exists and expanding regions where less
desirable responses can occur. For wave heights of
H = 8[m], period-3 oscillations are identified for T ∈
[3.00−4.00][s] and period-2 for T ∈ [4.00−5.90][s].
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Fig. 5 Selection of “Low Sea States” phase planes, Poincaré
sections (red dots) FFT analysis for heave and pitch displace-
ments showing period-1 turbine responses. Blue, black and pur-
ple colours depict heave and pitch phase planes for selected peri-
ods in ascending order a–b Heave and pitch phase planes and
Poincaré sections for wave height of H = 1[m] and wave peri-
ods of T = [6.01, 8.18, 15.00][s] depicted in blue, black and
purple, respectively. c FFT analysis for heave and pitch displace-
ments depicted in orange and green for the case of H = 1[m]

and T = 8.18[s] showing fundamental frequencies and up to 3rd

harmonic for heave displacements. d–e Heave and pitch phase
planes and Poincaré sections for wave height of H = 2[m] and
wave periods of T = [5.95, 10.20, 14.05][s] depicted in blue,
black and purple, respectively. f FFT analysis for heave and pitch
displacements depicted in orange and green colours for the case
of H = 2[m] and T = 10.20[s] showing fundamental frequen-
cies and up to 4th harmonic for heave displacements

In addition, for H = 10[m] period-3 solutions exist
within range of T ∈ [3.00−4.80][s] and period-2when
T ∈ [4.80 − 6.5][s]. Figure7 summarizes the variety
of types of periodic responses observed under different
wave heights and wave periods. These are depicted as
colour-shadowed striped regions represented over the
turbine RAO responses for heave and pitch displace-
ments. Shadowed regions in red, blue, green and yel-
low denote period-4, period-3, period-2 and period-1
oscillatory responses, respectively. It is observed that
for “High Sea States” at regions of very low excita-
tion periods (T < 5[s]), all cases depict a wide variety
of higher order of periodic orbits and the period type
response variations are highly sensitive to wave height
fluctuations. This can be related to the greater heave
and pitch displacement variation, when wave height
changes. This is showed in Fig. 2 with scattered RAO

responses for both DOF in the aforementioned wave
periods. To visualise the evolution of the possible
system responses, Fig. 8 presents the heave and pitch
phase planes as a function of wave period (selected
cases to visualise variety in phase planes). These con-
firm the initial prediction that for wave periods greater
than T = 15[s], the responses are dominantly period-
1 oscillations and small nonlinearities are visible in
the responses. Note that period-1 solution of simple
harmonic motion nature can be encountered in heave
and pitch when RAOs are close to 1. This indicates
that floats almost maintain an invariant waterline under
regular wave excitations. Hence, presenting ideal con-
ditions when the FOWT glides over waves, following
them directly.
TheFFTanalysis conducted for selected cases of“High
Sea States” indicates that for excitation periods below
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Fig. 6 Evolution of system dynamics for heave and pitch DOFs
under regular wave excitation: H = 6[m] and T ∈ [3−25][s]. a
Analytical heave andpitchRAOprediction for“HighSeaStates”
with regions where period-1, period-2 and period-3 solutions
(marked in yellow, green and blue) were observed for H = 6[m].

Selected phase planes for both DOFs showing the variety of
responses and their Poincaré sections for specific wave periods
are shown in panels surrounding RAO plots. b–c Evolution of
phase for heave and pitch showing the type of system responses
and corresponding Poincaré
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Fig. 7 Parametric plot
showing type of responses
and their evolution
dependent on regular wave
excitation parameters (wave
height and period) for
“High Sea States”, where
H = 4, 6, 8 and 10[m] and
T ∈ [3 − 25][s]. Period-1,
period-2, period-3 and
period-4 are marked in
yellow, green, blue and red,
respectively
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the pitch resonant value the system response contains
harmonics of order between 4th and 7th, that occur
for both heave and pitch DOF. However, when closer to
the pitch resonance period, heave responses display the
4th order harmonics, whereas pitch identified harmon-
ics vary between 2nd and 4th order depending on the
wave height in the range considered, H ∈ [4−10][m].
For some cases, the 2nd order harmonic is the dom-
inant frequency when the forcing frequency is close
to the pitch resonance. This effect has previously been
identified for a semi-submersible floating structure by
Hansen et al. [54], where the pitch resonance is driven
by the pitch second-order even harmonic.
In addition, for “High Sea States”, when the excita-
tion period is greater than the pitch resonant period
(i.e. T > 14[s], close to heave RAOs ∼ 1) both DOF
present the fundamental frequency. This permits the
assumption of linear responses with the exception of
wave heights of H = 10[m] and T > 20[s], where
2ndonline harmonics become visible for pitch oscilla-
tions.
The nonlinearities in the FOWT responses are iden-
tified for both heave and pitch displacements and
depicted in the motion time histories and phase planes.
These are induced by the geometry nonlinearities in the
floats, the variation of waterline on them and the varia-
tion of viscous damping [55]. These are especially vis-
ible when the floating system does not accurately glide
over sea waves and the waterline variation is greater.
Thus, from the wave parameters investigated, these
behaviours are specifically profound for heave dis-
placements considerably smaller than the wave height
(RAO Heave << 1). This is specially visible for
small wave periods within interval T ∈ [3 − 6][s] and
for wave periods close to the pitch resonance. Both

cases can be identified from the folds and overall topol-
ogy of phase planes for heave and pitch. In cases of
small wave periods the folds depicting nonlinearities
are not clearly visible, as in Fig. 8 due to the small
FOWT displacements and velocities.
Nevertheless, close to the pitch resonant period they are
clearly observable in the heave phase planes shown in
Fig. 8a, c, e, for H = 4[m] and T = 10[s], H = 8[m]
and T = 7.00[s] and H = 10[m] and T = 12.92[s],
respectively. In contrast, pitch does not show such as a
strong nonlinear nature since for most cases, the time
histories are closer to linear responses. An example
of heave induced nonlinearity is shown in Fig. 6a for
wave excitation period of T = 10.98[s]. In addition,
the RAO responses of heave and pitch displacements
for “Low” and “High” Sea States show the existence
of a high coupling effect between both DOF, since the
pitch resonant period coincides with the wavelength
of minimum heave displacement. This effect has been
previously reported byNagumo et al. [55], who showed
that light FOWTs present this behaviour due to a single
mooring line. Moreover, roll and surge displacements
have been neglected in this study since no displace-
ments have been observed in the experimental results
presented for this wind turbine concept in [34] and pre-
vious studies [55] for a similar concept, which does not
suggest a strong coupling between the considered dis-
placements and the roll.

5 Concluding remarks

This paper investigated numerically the heave and pitch
dynamic responses of a new type of shallow-draft
FOWT concept under regular wave excitations for both
“Low” and “High” Sea States. A multibody virtual
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Fig. 8 Evolution of system dynamics and phase planes for
heave and pitch DOFs under regular wave excitation for T ∈
[3 − 25][s] showing the type of system responses and corre-

sponding Poincaré section for a, b H = 4[m], c, d H = 8[m]
and H = 10[m]. (Refer to Fig. 6 for evolution of H=6[m])
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model that has been simplified to a 6 DOF model
with high stiffness couplings and previously validated
with a 1:60 scaled prototype wave tank experiments is
implemented in the state-of-art real-time Marine Sim-
ulator. The simulation results proved that the turbine
presents dominant period-1 responses within the fre-
quency domain studied for both Sea States. The peri-
odic responses observed for the wind turbine under
hydrodynamic loading are classified by its periodic-
ity and ranges where each solution dominates and are
clearly identified within the considered wave height
H ∈ [1 − 10][m], and wave period T ∈ [3 − 25][s],
intervals. Heave and pitch time histories, phase planes
and Poincaré sections show that period-1 responses
are observed for “Low Sea States” and up to period-4
heave responses are observed for “High Sea States” for
smaller wave periods. The ranges of periodic response
types depend on the excitation wave height and are
defined in this paper for every considered wave height
and period between T ∈ [3 − 25][s]. Period-1 solu-
tions are observed for wave periods greater than the
turbines’ resonant period (TR = 10[s]) for all wave
height cases studied. Hence, period-1 oscillations exist
for wave excitation periods within T ∈ [10 − 25][s].
This proves that for the most common sea states the
consideredFOWTdesign is able to glide over seawaves
with period-1 responses.
The model’s nonlinearities for heave and pitch dis-
placements are identified for all cases studied, observ-
ing stronger nonlinear responses for caseswhen the tur-
bine is subjected to “High Sea State” scenarios, which
is caused by the nonlinearities induced by the geome-
try of the conic-circular shaped floats. This change in
geometry induces a variation in the viscous damping
generated by the change in the float’s waterline. This
effect is more prominent as the wave height increases
and for lower wave periods. FFT analysis in conjunc-
tion with previous studies is used to identify the fre-
quencies present in the system responses, conclud-
ing that more prominent nonlinear responses are cap-

tured when heave RAOs are considerably below 1,
Heave RAO << 1 (relative structure elevation less
than wave elevation). For cases of small wave height,
H ∈ [1−2][m] (“LowSeaStates”), up to 4th order har-
monics are identified for heave responses, while pitch
responses present only the fundamental frequency for
shorter wave excitation periods. In contrast, for “High
Sea States” the same nth order harmonics are visible
for both DOF and higher harmonics are identified only
for small periods of excitation, which are less common
in a deep-water sea environment. Finally, the coupling
between heave and pitch DOFs is demonstrated though
the period-type evolution, where for most cases both
DOFs depict the same type of periodicity. In addition,
the heave RAO decreases coinciding with the pitch res-
onant period, showing a heave RAO minimum for the
pitch RAO maximum. Hence, this evidences that cou-
pling evaluation is required to accurately evaluate the
system dynamics. In line with those results, it is sug-
gested that the next line of research should include the
gyroscopic effect of the turbine to evaluate the dynam-
ics of the turbine under combined wave and wind load-
ing. This will permit further advancement of the con-
sidered FOWT concept.
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Fig. 9 Example simulation results showing evaluation of a
period-3 response of the FOWTconcept under regularwave exci-
tation of H = 8[m] and T = 3.76[s]. a Heave displacement
time history and b corresponding time history of heave velocity.
c Pitch angular displacement time history and d corresponding
time history of pitch angular velocity Velocity time histories rep-
resent in blue dots the actual computed differential solution and
the black continuous line is the approximated system velocity

response. e Heave phase plane and Poincaré section (red dots)
showing a period-3 system’s response and f corresponding FFT
plot for heave displacement showing a fundamental frequency at
0.0.0889005 [Hz]. g Pitch phase plane and Poincaré section (red
dots) showing a period-3 system’s response and h corresponding
FFT plot for pitch angular displacement showing a fundamen-
tal frequency at 0.0855619 [Hz]. (Wave frequency at 0.2667020
[Hz])
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