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Wind energy harvesting is performed by wind turbines that convert wind into energy, contributing significantly
to the increase in renewable energy globally. However, they encounter significant issues with structural
vibrations caused by the operational environment, such as wind, wave, and seismic activities, which lead
to malfunction, fatigue, and decreased efficiency. This paper proposes innovative metamaterial wind turbine
designs that enhance vibration attenuation in offshore wind turbines by incorporating tuned liquid and
multiphysics resonators. The locally resonant control mechanism improves the damping in the system by
reducing displacement amplitude. These control strategies are tested under hazards, including wind, wave,
and blade rotation, and evaluate various liquid configurations to determine optimal performance. The findings
show a substantial reduction in overall vibration amplitude, achieving up to 60% of vibration amplitude
attenuation, compared to 7.8% with traditional tuned mass dampers. Aside from outstanding performance in
vibration control, these metamaterial turbines incorporate compacted dynamic resonators in their configuration
compared to traditional passive controllers. Hence, the proposed design associates small controllers and brings
together the concept of multiphysics metamaterials. The paper elaborates on the design and modelling of
the turbine metamaterial and the resonators using the dynamic stiffness method. This research underscores
the potential of metamaterials to advance wind turbine technology through enhanced vibration control,
representing a significant advancement in the design and reliability of wind energy systems.

1. Introduction via dampers, requiring no external power as they rely on the structure’s

motion to reduce dynamic forces. Those passive devices are split into

The increasing global demand for renewable energy sources, wind
energy has emerged as the installation of a sustainable energy har-
vesting source, such as solar and wind. In particular, wind turbines
(WT) have gained attention due to their potential to generate signif-
icant amounts of electricity. However, these structures face complex
challenges, mainly attributed to vibrations caused by wind, wave,
and seismic excitations. Such vibrations can result in structural fa-
tigue, decreased efficiency, and even early failure of the turbines.
In response to these challenges, vibration control systems have be-
come a focal point of research and development efforts aiming to
enhance the structural integrity and extend the operational lifespan of
turbines. Control devices are classified into passive, active, and semi-
active controllers. These methods function through dampers, system
controllers, and hybrid configurations, with passive control being the
most commonly employed for mitigating vibrations in WTs (Xie and
Aly, 2020; Machado and Dutkiewicz, 2024b) Passive control systems
reduce vibrations by absorbing mechanical energy and dissipating it

material-based and inertia-based systems. Material-based controls, such
as friction, viscoelastic dampers, and shape memory alloys, are preva-
lent in wind energy applications. Among the inertia-based systems, the
tuned mass dampers (TMD) are favoured for their cost-effectiveness and
ease of frequency tuning, tuned liquid dampers (TLD), which use liquid
for energy dissipation, provide advantages such as multi-directional
vibration control and low maintenance.

The tower and nacelle, the heaviest wind turbine components, are
highly prone to wave-wind-induced loads. Researchers have developed
vibration control systems targeting all turbine components. For large
WTs, optimal TMDs have been employed (Chen et al., 2021a; He
et al.,, 2017; Chen et al., 2021b), TMD and RID-TMD optimisation
based on wind distribution (Liu et al., 2021a,b), TMDs and roll cylin-
der TMDs (Ball-TMD) for floating offshore turbines (Li et al., 2017;
Yang et al., 2019; Liao and Wu, 2021), and considering uncertainties
due external force (Verma et al., 2022). To address bi-directional
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vibrations in monopile WTs, a 3D pendulum-TMD was studied for
simultaneous fore-aft and side-to-side control (Sun and Jahangiri, 2018;
Jahangiri and Sun, 2022) and for global vibration control (Jahangiri
et al.,, 2021; Colherinhas et al., 2022). At the same time, multiple-
TMDs and pendulum absorbers were calibrated for various vibration
directions (Zuo et al., 2020). Additionally, a double-response damper,
combining TMD with a particle damper, was introduced for wind-
induced vibrations in turbine towers (Chen et al., 2018), with fur-
ther studies on TMDs addressing wind-wave-earthquake loads (Yang
et al., 2020; Zhang et al., 2020; Villoslada et al., 2022). Inerter-based
solutions were explored for floating offshore turbines and monopile
configurations to enhance vibration absorption (Hu et al., 2018; Zhang
and Hoeg, 2021; Zhang et al., 2023; Alotta et al., 2023). Ghassempour
et al. (2019) show that optimal structural vibration reduction in off-
shore wind turbines (OWT) depends on wind velocity and constraints
during operation, unlike conventional TMDs, which may not be ef-
fective in varying operational conditions. Thus, tuned liquid dampers
have emerged as a promising solution for controlling wind turbine
vibrations over traditional TMD (Konar and Ghosh, 2023b). Full-scale
TLDs have effectively mitigated lateral tower vibrations of 2MW and
3MW wind turbines, as demonstrated through real-time hybrid test-
ing (Zhang et al., 2016, 2019a). This research modelled the turbine
in those studies as a 13-degree-of-freedom aeroelastic model. Varia-
tions of TLD, such as the annular tuned liquid dampers (ATLD), can
reduce vibrations through liquid sloshing within a circular enclosure as
explored in Ghaemmaghami et al. (2013, 2016). The authors discuss
using ATLDs for wind turbines, particularly their performance under
seismic events, and analyse numerical implementations for optimal
vibration reduction in WT structures. ATLDs with damping screens
could enhance the controller’s performance by increasing energy dissi-
pation. In McNamara et al. (2021), an improvement in OWT amplitude
response reduction is demonstrated compared to the TMD undergoing
harmonic force excitation. Spherical-TLDs for vibration control in wind
turbines were investigated in Chen and Georgakis (2015) and Chen
et al. (2016) by theoretically and through 1/20 scaled experimental
test WT models, where shown that spherical TLDs in some cases could
improve damping capacity and reduce oscillation by up to 35%. This
study also considered damper size, liquid properties, and wind turbine
vibration frequencies affecting damper efficiency. Further in Buckley
et al. (2018a), a spherical-TLD consisting of two-layer hemispherical
containers has been tested on a scaled model, showing a significant
reduction in the standard deviation of dynamic response under various
loads.

Tuned liquid column dampers (TLCD) have emerged as a promis-
ing technology for mitigating the dynamic responses of WT against
environmental excitation. The application of TLCDs has been found
to contribute significantly to the performance of OWT under the si-
multaneous action of wind, wave, and seismic loads. This breadth
of investigation, encompassing TLCDs for jacket-type OWT, full-scale
testing for large turbines (Zhang et al., 2016, 2019a), and the consid-
eration of soil-structure interaction for monopile foundations (Zhang
et al.,, 2015; Buckley et al., 2018b), underscores the versatility and
adaptability of TLCDs as a solution to the multifaceted challenge of
OWT vibration control. The application of TLCDs has been utilised for
multi-hazard excitation control, with analysis demonstrating a signif-
icant reduction in system vibration when optimal TLCDs have been
proposed in ling Chen and Georgakis (2013), Hemmati et al. (2019)
and Colwell and Basu (2009). Another variant of the liquid column
damper, the circular liquid column damper (CLCD), has also been
proposed for controlling edgewise vibrations, effectively suppressing
dynamic responses in wind turbines (Zhang and Hoeg, 2018). Fur-
ther advancements include the development of semi-active vibration
control strategies, which employ magneto-rheological-TLCD (Sarkar
and Chakraborty, 2019) for adaptive damping in horizontal axis wind
turbine towers, and with H-infinity control (Karimi et al., 2010; Fath
et al., 2020). This approach offers the flexibility to adjust the damper’s
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behaviour to varying environmental forces in real-time, potentially
enhancing the vibration control capabilities under diverse operational
scenarios. Passive toroidal-TLCDs are modelling by finite volume and
element methods to control the vibration of monopile wind turbines,
providing a deeper insight into the fluid-structure interaction and
assisting in designing more efficient damping systems (Ding et al.,
2022). The use of tuned liquid column gas dampers (TLCGDs) to control
wind-wave-induced vibrations in jacket-type offshore wind turbines
showed significant decreases in nacelle displacement and accelera-
tion (ling Chen and Georgakis, 2015; Dezvareh et al., 2016). Studies
have demonstrated the TLCDs effectiveness in reducing pitch motion in
semisubmersible floating turbine substructures (Xue et al., 2022; Tsao
et al., 2023; Sardar and Chakraborty, 2022; Zhang and Hoeg, 2020),
which is critical for maintaining the stability and operational integrity
of these systems. Therefore, studies on TLDs and similar technologies
highlight their potential as efficient solutions for managing vibrations
in wind turbines. The size and complexity of construction, installation,
and maintenance are still critical to incorporating such systems into the
turbine design.

Mechanical metamaterials offer negative stiffness and mass density
advantages, which can be optimised for specific frequency ranges to
enhance vibration isolation (Hussein et al., 2014; Dalela et al., 2022;
Sinha and Mukhopadhyay, 2023). These engineered metamaterials for
vibration control are commonly designed as periodic structures, incor-
porating resonators, masses, geometry, and other distributed features
throughout the structure. This arrangement provides superior vibra-
tion suppression within bandgap regions, surpassing the capabilities of
traditional dynamic absorbers (Brennan, 2006), and effectively manip-
ulates elastic wave propagation for broad vibration isolation (Machado
and Dos Santos, 2021; Burlon and Failla, 2022). Based on the me-
chanical dynamic vibration absorber concept, local resonators have
been extensively explored for their effectiveness in various structures.
The combination of different materials and physics in resonator design
enhances the functional properties of these metamaterials. As a result,
multiphysics metamaterials enable the regulation of complex physical
processes by integrating multiple physical fields (Lei et al., 2023). Such
multifunctional metamaterials allow simultaneous control of electro-
magnetic and acoustic fields (Zhang et al., 2019b), conductive and
convective processes (Xu et al., 2021), as well as thermal and electric
fields (Yang et al., 2015; Stedman and Woods, 2017). To improve the
efficiency of vibration absorbers, scholars have proposed combining
soft and hard materials (Liu et al., 2000; Xu et al., 2019), using soft rub-
ber within epoxy (Wang et al., 2004), embedding soft or hard materials
into the substrate (Assouar and Oudich, 2012), and employed electro-
mechanical controllers (B.Moura et al., 2022; Machado et al., 2022;
deMoura et al., 2024). In Zhang et al. (2018) and Wu and Li (2021), the
authors proposed using a tuned slosh damper resonator. These tunable
fluid-solid metamaterials can also control elastic waves across a broad
frequency range, essential for applications such as vibration isolation,
dynamic tuning of material properties, bandgap frequency adjustment,
wave guiding, and energy harvesting.

Complex and large-scale metamaterial structures have benefited
from the use of the metamaterial concept in improving vibration reduc-
tion capabilities for various engineering applications, including vibra-
tion control of stayed bridges employing I-Girder metastructure (Zhong
et al., 2018), transverse taut string with mechanical absorber metama-
terial (Singleton et al., 2019), prestressed elastic beams (Zhou et al.,
2021), overhead transmission cable (Machado and Dutkiewicz, 2024a),
water-tank meta barrier (Francesco et al., 2024), and Machado et al.
(2024) discussed structural control methods and recent advancements
in mitigating vibration issues in wind turbines, highlighting mechan-
ical metamaterials based on TMD resonators for vibration control. By
incorporating those functional mechanical metamaterials to control the
vibration of large structures, an enhancement in the control and ad-
vancements in technology was presented over conventional techniques.
Improving the damping factor is still challenging to incorporate in those
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Fig. 1. NREL 5 MW OWT: (a) Schematic representation, including wind, blade rotation and wave forces; (b) Simplified metamaterial WT model considering rotor-nacelle (RNA)
as a lumped mass placed at the tower top; (c) Representation of the TMD resonator controller; (d) TSD resonator; (e) Multiphysics resonator; (h) DSM model metamaterial WT.

metastructures without increasing the complexity of the controller’s
device. Despite numerous applications and models dedicated to passive
vibration control of large systems, particularly wind turbines, there is a
notable gap in the research literature concerning using metamaterials
to mitigate turbine vibration and achieve broadband control spanning
single to multiple frequencies. This research direction remains an open
challenge that requires thorough investigation.

While passive vibration control methods for wind turbines have
been extensively studied, using mechanical metamaterials to address
offshore wind turbine vibrations is a largely unexplored area. This
paper proposes a novel solution based on mechanical metamaterial
composed of multiphysics resonators to enhance vibration control in
offshore wind turbines. The unique aspect of this approach is its ability
to increase the damping factor without significantly complicating the
control system. This research contributes to the design of metamaterial
wind turbines, particularly the configuration of TSDs and multiphysics
resonators. This novel approach significantly enhances damping and
reduces vibration amplitudes in wind turbines’ dynamic displacements
subjected to hazard forces, demonstrating the control system’s effective-
ness. Additionally, the spectral modelling of the slosh and multiphysics
resonator is detailed and formulated in this study. Various liquids
were tested in the slosh configuration to optimise control performance.
The effectiveness of the multiphysics resonators in reducing vibration
amplitudes is demonstrated by combining fluid energy dissipation with
the solid oscillating structures. Furthermore, the practical application of
this research is significant in the wind energy field, where the scalabil-
ity and adaptability of this metamaterial turbine design are associated
with the reduced size weight of the resonators and the increasing
displacement amplitude attenuation, decreasing costs of maintenance
and system downtime. The proposed control’s efficiency was evaluated
under wind, wave, and blade rotation loads, simulating the operational
conditions of offshore wind turbines. Results indicate that the mul-
tiphysics metamaterial-based offshore wind turbine achieved up to a
60% reduction in vibration amplitude under multi-hazard excitation
compared to only 7.8% with the traditional TMD method, emphasising
its potential for practical applications across diverse environmental
conditions. Overall, the paper is organised as follows: Section 2 the
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wind turbine metamaterial modelled using the dynamic stiffness matrix
and in Section 3 dynamic formulation of the TMD, TSD and multi-
physics resonators. Sections 4 and 5 showcase the numerical results
and evaluation, followed by the conclusion in Section 6 and supplemen-
tary material. Multiple hazard excitation, such as wind-wave loading,
follows the specification by IEC 61400-1 (IEC and IEC 61400-1, 2005).

2. Metamaterial wind turbine for locally resonant frequency at-
tenuation

Mechanical and acoustic metamaterials are specially designed ma-
terials or structures that use embedded resonators or similar devices
to control vibrations. These resonators create a bandgap (for infinite
structures) or attenuation bands (for finite structures) in a specific
frequency range where elastic waves cannot propagate. This effect
isolates unwanted vibrations, making metamaterials highly effective for
reducing noise and improving stability in mechanical systems. Different
from traditional methods, such as the classical TMDs or TLDs, they do
not rely on precise placement, offering a lightweight and versatile solu-
tion for vibration control in various applications, aside from effectively
reducing the controllers’ size.

The dynamic stiffness method (DSM) (Doyle, 1997; Lee, 2009)
presents an alternative approach to dynamic simulation and analysis.
The analytical solution of the wave equation used in the element shape
function formulation enables high precision while requiring only a few
elements, often a single one, to model uniform structural sections. This
feature of the DSM ensures computational efficiency, outperforming
traditional finite element methods (FEM) by eliminating the need for
fine meshing. Unlike FEM, DSM models continuous structures directly,
making it particularly effective for long systems such as wind turbine
towers and blades, which results in substantial computational efficiency
as shown in Colherinhas et al. (2022). Temporal responses, a good
representation for evaluating vibration control, can be readily obtained
from frequency-domain solutions using inverse Fourier transforma-
tion. The adoption of DSM for modelling wind turbines and their
controllers is justified by its ability to reduce computational effort,
maintain accuracy in dynamic solutions, and naturally incorporate the
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Fig. 2. Nodal displacements and forces for the beam elements employed in the metamaterial wind turbine modelling. (a) Beam with attached resonator and (b) beam with attached
resonator and lamped mass. The elements are formulated in the local coordinates referring to the plane x-z. The global coordinates assumed the turbines coordinate plane Z-X.

spectral characteristics of wind, waves, and blade rotation dynamic
loads. Furthermore, DSM offers a wave-like interpretation of struc-
tural dynamics, which opens up possibilities for innovative wave-based
control strategies. A two-dimensional spectral model of the monopile
NREL 5 MW turbine (Jonkman et al., 2009) is modelled using DSM,
similar to the proposed and validated in Machado et al. (2024). The
tower and monopile are modelled by the beam element and, for model
simplification, the rotor-nacelle (RNA) as a lumped mass, shown in
Fig. 1(a). The validation of the spectral model is given in supplementary
material, Appendix.

The metamaterial wind turbine employing dynamic absorbers for
vibration control, illustrated in Fig. 1(b-f), is then incorporated into
the DMS element formulation. In general, the global coordinates in the
wind turbine for the fore-aft vibration are commonly assumed in the
plane Z-X (Fig. 1). The spectral formulation is assumed in the local
coordinate x-z as identified in Fig. 2. The equation of motion for the
beam with attached tuned mass damper resonator shown in Fig. 2(a)
is formulated by applying Hamilton’s Principle, which is formulated
by the variations of kinetic energy (5T), potential energy (6U), and the
virtual work (6W) performed by the concentrated harmonic load as

2
/ [6(T —U) + 8W]st = 0 (@]
1

n n
0%v _0%v
5U=/0 EIZZ625+ Zk,(v—u,)&(z—z,)dz+;k,(u,—vz,)ﬁu,,
L il L
d
5T:/ pA@(s@d +Z Q5 dur 5w:/ F(z — z,)bvdz
0 ot dt dr 0

where the 6 is used to represent the variation of the energies, and the
Dirac delta §(z) represents the position of each resonator. Substituting
the variations of the energies into Eq. (1), yields

L4}
/,l /0 022 0z2
L i
), L

In the variational approach, the weak form of the metamaterial
beam attached to the resonator equation of motion is evaluated under
the weighted-integral statement in an arbitrary variation of the dis-
placement v. Assume there are ii-resonators attached to the beam at lo-

011 %v

188928 —v,)6u,

+ Z k.(v—u)o(z—z.)dz+ Z k,.(u,
r=1

r=1

d
pa225% 2 4 Yr

L
Friden 5 /()F&(z—zf)éudz] dt=0 (2)

cations v, , with masses m,, stiffness k,, natural frequencies w? = k. /m,,
and relatlve displacements u,, Eq. (2) can be rewritten in frequency
domain as

1) L L ﬁ
/ / EIV 60" — o2 / pAvoL — Z m,wfu,&(z —2z.)dz
1 0 0 r=1

L
- / Fé(z—zf)évdz] dt=0 (3a)
0
th [ A 2
/ 3 m ke (u, — v, | di = (3b)
n r=1 d12 ’

where ’ denotes space derivation. By considering the nodal displace-
ments d = [v],¢;,0,,$,17, and forces f. = [Q;, M;,0,, M,]", a
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assumed solution v(z)

L
sd” [ / (Elg”T(z, w)g" (z,w) —
0

= g(z, w)d, and substitution in Eq. (3a) it gives,

L
»? / pAgT(z, w)g(z, )
0

= Y mawlu,é(z - z,)dz) d—(f, + fd)] =0 Q)
r=1

where 6d is arbitrary by definition (Lee, 2009), and the nodal forces

are defined by

L
fa(@) = / F(z,0)g"" (z, ) 5)
0

hence, the dynamic stiffness matrix of the metamaterial beam with the
attached resonator is expressed by

L
=EI / g7 (z,0)¢" (z,w)dz
0

L
- wsz/
0

and the solution of Eq. (3b) gives the general form of the equation of
motion for each resonator in physical coordinates as

dZ dzvrz
& - L+ w u,

The dynamic stiffness matrix elements are formulated in the fre-
quency domain, where the spectral solution for the primary displace-
ment field variables can be obtained by using the Discrete Fourier
Transform (DFT) for the temporal field expressed as

N
v(z,1) = Z v(z,w,)e ' = Z (Z De )

n=1 n=
where i = V/~1, ®, is the circular frequency at nth sampling point, k;
the wavenumber, v; the displacements, and N is the Nyquist point in
DFT. Thus, the element spectral shape function g(z, ) is formulated
given the frequency domain, and the spectral displacements yields

D(w)

gT(z, )g(z,m) — Z m,wfu,é(z —-z,)dz 6)

r=1

+ )

0, r=12,...,0

dr?

(8

o ikjz

4
= Z”/e
=1

a=lay,ay,a;, a”

—ikyz ,—ikoz —ik3z ,—ikyz
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©)

with the frequency-dependent displacement within an element is in-
terpolated from the nodal displacement vector d the shape function is
described by

2(z, w) = s(z, w)I'(w) (10)
1 1 e—ikL e kL !
T(w) = ejiil:cL ej/fL kie;’“ ke;"L
—kie=kL  —ke~kL ik k
where k = w(pA/EI y1/4 is the wavenumber. The matrix I'(w) is ob-

tained by considering a finite element with length L, the spectral nodal
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displacements in terms of a;, which satisfy the boundary conditions
of the system, where the spectral nodal displacements () and slopes
(¢ = 0') are obtained at the nodes so that at node 1 (left end, z = 0)
and node 2 (right end, z = L) (Doyle, 1997; Lee, 2009).

The OWT model by DSM illustrated in Fig. 1(f) assumes wind,
rotation of the blades (1P), and wave spectral excitation. The OWT
NREL 5MW monopile (Jonkman et al., 2009) features a tower with
a tapered geometry, assuming a top diameter of 3.87 m and a base
diameter of 6 m. In this study, we modelled the monopile tower’s
tapered shape by gradually reducing the cross-sectional area of each
beam element from the bottom (element one) to the top. The base
elements (three in total) have a uniform cross-section with a diameter
of 6 m, while the diameter and thickness proportionally decrease as
the cross-section tapers towards the top. The last element (number
13) corresponds to the top diameter. The model comprises a mesh
with 13 elements formulated in Eq. (6). The simplified OWT model
assumes the RNA is a lumped mass on the tower top. Therefore, the last
element considers the RNA-concentrated mass as shown in Fig. 2(b) in
its formulation and the kinetic energy, which is described as

L
d
5T=/ pAav ov u,
0

0% c
555 ﬁdz + ,gl m, E

where the lumped mass assumes m, = m,/EIf> at position z = L.
The material properties are defined by E, I, p, and A is Young’s
modulus, inertia moment, mass density, and cross-section area, re-
spectively. The hysteretic damping is introduced into the element
formulation by adding the complex Young’s modulus so that E =
E*(1 + in), where 5 0.01 is the damping factor. While structural
damping influences the entire dynamic response, the local control, as
the resonator, is designed to induce a pronounced dynamic response,
specifically at the control targets’ desired mode shapes and resonant
frequencies. By substituting Eq. (11) in (1) and assuming similar con-
sideration to the beam-resonator element, the dynamic stiffness matrix
beam-resonator-mass element is given by

5

+m,6(z—L) @

(€8]

L
D(w)=EI / 2" (z,w)g" (z,w)dz
0
L
—wsz/
0

where i, = m,/EIp?, 6(z — L) is Dirac’s delta at z = L. The unit
cell of the system for dynamic modelling considers each element of the
mesh. The wind turbine modelling considers the element assembly in
the global matrix (D;(w)) as the conventional finite element method.
In Machado et al. (2024), the authors used the tuned mass damper-
like resonator in the wind metamaterial configuration. Therefore, in
this paper, we adopted the slosh and hybrid multiphysics type of
resonator formulated in Section 3. The general representation of the
metamaterial global stiffness dynamic matrix assembly that considered
different types of dynamic absorbers, which in this application assumed
the beam element attached to the chosen resonator at its right end, is
given as

n
&' (2, 0)g(z, @) + ,6(z = L) = Y mw’u,é(z — z,)dz
r=1

(12)

tot

Dll Dlr ]
D, = D(w), D(w) = s 13
G(@) ; @), D) [Dﬂ D, 1D, (13)
b = D“(a)) DIZ(a)) b = T D13(a)) D14(a))
n= DZI(O)) DZZ(O)) ’ Ir =M = D23((H) D24(w) ’
b - DB(w) D*(w) o o
T D43(a)) D44(a)) ’ 0~ 0 DO(CO)

the subscripts 1 and r denote the left and right sides of the unit cell
assuming the dynamic condensed description, for is the number of
elements assumed in the mesh, the D(w) defines the spectral element
matrix component obtained by solving the Egs. (6) and (12), and Dy (w)
the resonator, which is defined in Eq. 3.1 and detailed defined in
Section 3.
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2.1. Multiple loads excitation

The offshore wind turbine is exposed to various hazardous loads,
including rotating blades, waves, and along-wind forces, as illustrated
in Fig. 1(c). The combination of those spectra composes the multi-
load excitation. In this study, a wind velocity of Vi, = 12 m/s is
assumed, serving as input for estimating ten Kaimal power spectrum
density (PSD) calculated at equidistant points along the turbine, rang-
ing from the Still Water Level (SWL) up to the top. A slight degree
of randomness is introduced into the Kaimal PSD following the IEC
specifications (IEC, 2005) and DNV-0S-J101(Det Norske Veritas, 2014),
adding stochasticity to the spectrum. The JONSWAP PSD (IEC, 2005)
considers a wave height of H| 6 m and a wave period of T,
10 s in the fore-aft direction of the baseline OWT. The rotational
effects of the RNA are assumed in the model by using the blade root
bending moment spectrum, which assumes a rotor rotation frequency
of 12.1 rpm (Burton et al., 2001). These external vibration sources
are stochastically simulated based on the theories described in detail
see Machado et al. (2024) and Colherinhas et al. (2022), and in the
supplementary material in Appendix.

The relation used in the analysis of the dynamic response of any
system to random or spectral excitation is that the auto-spectral density
(PSD) of the response of a system, PSD(w), to an excitation input
PSD (@) = PSD,yg(@) + PSD () + PSDsyyi0,(@) is given by

14

PSD(w) = [Hw)|* PSD;,(@)

where the function H(w)
dynamic response.

Dél(w) is the transfer function of the

3. Spectral design of the metamaterial’s resonators

The use of dynamic vibration absorbers as a passive method for
reducing vibrations in wind turbines is widespread due to their sim-
plicity and effectiveness (Machado and Dutkiewicz, 2024b). Depending
on the construction, those dynamic systems are characterised by the
TMD and TLD categories. They generally operate up to two resonant
frequencies simultaneously, and their efficacy depends on their place-
ment and overall features within the structure. This passive control
relies on the system’s inherent damping and stiffness properties and
is an energy-dissipating device without additional power sources. The
control is activated by vibrations from the primary structure to which
it is attached, making it cost-effective and easy to maintain, among
other benefits. Hence, those passive energy dissipation devices are
widely used for vibration control due to their simplicity and reliability,
as they do not require electronics or actuators. However, they have
limitations such as a narrow operating frequency range, specific ma-
terial properties for damping, and lack of real-time frequency control
adjustability.

TLD has an advantage over TMD regarding activation requirements,
external damping elements, frequency tuning, and multi-directional
vibration control with a single device (Konar and Ghosh, 2023b).
Additional damping parameters like viscous, viscoelastic, friction, and
fluid damping types can significantly enhance the efficacy of passive
controllers. The damping coefficient is crucial in mitigating vibrations
and improving system stability across various engineering applications.
Passive components’ simplicity and reliability can be leveraged to
manage vibrations and improve the overall performance of different
systems. In this study, we investigate three types of resonators period-
ically attached to the metamaterial wind turbine, and the TMD used
as a reference once previews formulated and validated in Machado
et al. (2024), tune slosh damper (TSD), and the multiphysics resonators
consisting of the TMD combined with TSD, respectively, as shown in
Fig. 3(a-c).
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3.1. Tuned mass damper resonator

The resonant frequencies of the OWT are clearly defined and are
spaced at distinct intervals. The control mechanisms and their specific
characteristics are described separately, with the resonator configura-
tions illustrated in Fig. 3(a). Within the OWT metamaterial, a total of N
resonators are positioned in a specified subdomain, where AL; = /, L dL
represents the length of the subdomain L;. The spring coefficient for
each resonator (k,) is considered uniform. In contrast, the mass of each
resonator is given by m, = emAL (Sugino et al., 2016), where the mass
ratio is defined as ¢ = ZN p=1mr/ [, m(x)dL, with m(x) representing
the mass density at a specific point in the domain. The equation of
motion governing the resonators is

@,

i, (1) + @?u, () + iz, p,1) = 0, ., ,
where w, is the resonator tuned frequency, v(z, r,t) is the displacement
of a point with position vector in z of the primary structure, and
u,(t) the displacement of the rth resonator. The relative displacement
expressed by u, = (u, — v,,), represents the displacement of each
resonator rth concerning the relative displacement of the principal
structure (v, ). Hysteretic damping is considered for the resonator
springs, where k, = k(1 + i¢), as this model is typically linked to dry
friction occurring within the material. Generalising governing equation
of the resonator is expressed as

R I R

where v, is the displacement of the attachment point on the primary

structure, and f,, is the reaction force from the primary structure.

Eq. (15) is dynamically condensed to express the dynamic stiffness of

the resonator as (Xiao et al., 2013)
k. — k2

(k, — @*m,)

3.2. Tuned sloshing damper resonator in cylindrical tank

(15)

Dy(w) = (16)

Tuned slosh dampers, a type of TLD (Konar and Ghosh, 2023b), are
a form of passive inertia-based dissipation device within the damper
category. TSD employs liquid as either the primary or partial mass for
damping, facilitating energy dissipation without needing specific ex-
ternal excitation thresholds for activation, eliminating the requirement
for an external damping component, and allowing the management
of vibrations in multiple directions using a single device. Sideway
sloshing refers to the movement of the liquid surface within an upright
container when subjected to lateral stimulation, generating asymmetric
mode shapes. TSD containers come in various shapes, with the TSD’s
auxiliary system mass consisting entirely or partially of liquid, actively
participating in energy dissipation. To function effectively as an inertia-
based damper, TSD must align its frequency with the specific structural
mode requiring control, with the control frequency related to the
motion frequency of the liquid, and in the same configuration as with
the submerged part.

Approaching sloshing problems typically involves two distinct meth-
ods, one employing linearised hydrodynamic theory (Abramson et al.,
1961; Roberts et al., 1966) focused on the velocity potential function
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to derive the natural frequency of the sloshing liquid and the other
utilising equivalent mechanical model to represent the sloshing prob-
lem (Ocak et al., 2022; Sharma et al., 2019). This paper investigates
both theories, briefly outlined in the present section.

3.2.1. Hydrodynamic theory

The theoretical hydrodynamic formulation of the sloshing can prove
challenging due to the complex nature of the free surface formed
by the sloshing liquid, as shown in Fig. 4(a). To simplify, several
assumptions are made (Ibrahim, 2005; Sharma et al., 2019): (i) the
tank containing the liquid is considered rigid to avoid complications
arising from container flexibility; (ii) the heights of free surface waves
are assumed small to linearise the problem; (iii) the liquid is presumed
incompressible, irrotational, homogeneous, and inviscid; and (iv) the
total volume of liquid inside the tank remains constant. For the con-
ventional TSD in the circular tank, a similar equation of motion of
Eq. 3.1 is assumed with a lateral force acting on the walls of the tank
by sloshing liquid due to a pure translation excitation, represented
by X Xo sin(w?). In this case, the equivalent mass (m,), stiffness
(k,) and damping (c,)parameters for the first mode of sloshing given
by Abramson (1966)

R3
P tanh ( 1.84h ) )
R

1.85g 1.84h

mg = MtI

cg = {24/ mgkg

where M,; = my + m;, denoting the total mass of liquid inside the tank
(passive mass m, plus the active mass m,), and the damping rate of the
sloshing liquid is (Abramson, 1966; Bauer, 1962; Sharma et al., 2019)

tanh (

s = tl

a7

1-14
¢, = 498\ PRMg 1/ 4 018 R as)
sinh (—1'84h ) cosh (—1'2;”' )

where v is the kinematic viscosity of the fluid, ~ and R denote the
height and radius of the cylindrical tank, respectively, g the gravity,
and p, the density of the liquid. The equivalent first natural frequency
of sloshing is provided by
a)f = % tanh (ﬂ )
R R
The equation of motion for the slosh hydrodynamic theory follows
Eq. (15), where the dynamic representation of the slosh resonator yields
ky — k2
Dy(w) = —(ks e
The design of TSD aims for the best damper performance related to
the expected loading and desired frequency. The optimised parameters
for achieving the control frequency are primarily associated with the
slosh equivalent mass and stiffness (Eq. (17)). These parameters depend
on the mass ratio, which is determined by the tank’s geometry, liquid
level, and properties. This study conducted an optimisation procedure
by fixing the mass ratio and liquid properties and exploring ranges for
the tank’s geometric ratio and liquid level to identify the optimal values
that yield the desired control frequency. The optimisation process, sim-
ilar to other algorithms, defines the objective function of the problem,
the design constraints, and the lower and upper limit values. The error
function is the absolute difference between the desired frequency (w,)

19)

(20)
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Fig. 4. Schematic representation of the tuned slosh damper: (a) Hydrodynamic approach based on a single-degree-of-freedom dynamic system; (b) Equivalent mechanical model

of the sloshing dynamic behaviour based on a two-degree-of-freedom system.

and the frequency derived from the sloshing theory expressed by

Error(R) = |wd - wX(R)| s R,, = arg ml;n Error(R), Rmin < R < Rmax

(21)

where the value of R, is calculated by minimising the error function
in an interval range as Rmin = 0.1m and Rmax = 1.5m. The liquid level
is then defined by h =V /zR? , for V.= M /p.

opt?

3.2.2. Equivalent mechanical model

The equivalent mechanical mode has been idealised as a two-
degree of freedom (Sharma et al., 2019) and three-degree of free-
dom (Ocak et al., 2022). This paper assumes the two degrees of freedom
spring-mass-damper system (Fig. 4 b) for representing the tank sloshing
damper and employs the approach presented in Sharma et al. (2019).
This model incorporates stiffness (k(, k;) and damping (c,, ¢;) directly
related to the desired control frequency to describe interactions and
uses coupled equations of motion derived from Newton’s second law to
predict the system’s response. By accounting for the beat phenomenon
and using the dynamic parameters, the model simplifies the parameter
estimation and eliminates the optimisation procedure. It reduces re-
liance on computational simulations and aids in faster design processes.
Hence, the parameters of the proposed model are straightforwardly
calculated using the analytical expressions of Eq. (24). The equations
of motion for the equivalent mechanical model are derived using
Newton’s second law of motion as,

myiiy + ko(u, — X) + co (it —X)—kl(xl —ug)—c(x; —u)=0

mxy +ky(x; —ug)+c; () —uy) =0 (22)
where the steady state, Eq. (22), in matrix form yields
| 1 e 6 e 1 6
0o m||x -, e | % —k, k| % 0
23)

In this case, the liquid mass is divided into m, and m;, as shown in
Fig. 4(b), representing the active and passive liquids. The liquid that
expresses the moving mass in the system is called agitation fluid, while
the inert mass is specified as the passive liquid that does not participate
in the sloshing (Abramson, 1966). The dynamic representation of the
slosh lies in a two-degree freedom system composed of a spring-mass-
damper system (Fig. 4b-RHS). The mass of the tank and the mass of the
passive liquid are combined and expressed by m, as

ko = myQr fo)? o = 28\ moky

where M, is the mass of tank and m; = m, is the sloshing mass. The
sloshing mass, stiffness k; = k, and slosh damping ¢, = ¢, values are
calculated as described in Eq. (17). Additionally, the parameters k, and
¢y, are incorporated to represent the TSD stiffness and damping of m,

my = Mg+ My —my, 24)
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the damping ratio ¢ is assumed to be the hysteretic damping factor.
The response of the sloshing mass of liquid is represented by u,, and
the response of m is given by x; (Fig. 4b). The condensed form of the
equation of motion for multiple-DOFs yields

ok, — k2

Dy(w) =)’ -

= (k, — @?m,)

r

r=0,1,...7 (25)
where the local resonators with multiple degrees of freedom (7i—DOF)
can be attached to the primary structure (El-Borgi et al., 2020; Machado
and Dutkiewicz, 2024a).

3.3. Multiphisics tuned damper resonator

The hybrid multiphysics-tuned damper resonator combines ele-
ments from both TMD and TSD into a single system. This fluid—structure
system involves multiphysics interaction in which the TMD experi-
ences loads from fluid flow, leading to structural displacements and
oscillations that, in turn, affect the fluid’s motion. In this setup, a
tuned oscillator is attached to the tank at deep or intermediate depths.
This integration of control mechanisms, initially proposed in Xu et al.
(2018), Fu et al. (2018), Konar and Ghosh (2023a), ensures that the
oscillator remains submerged in the sloshing liquid, allowing energy
dissipation during vibrations. When subjected to lateral excitation,
the oscillator initiates vibrations, and the surrounding liquid interacts
with it through added mass and viscous drag. As a result, the natural
frequency of the submerged oscillator, rather than the liquid sloshing
frequency, is adjusted to match the dominant frequency of the primary
structure. This characteristic is particularly advantageous for stiff struc-
tures where aligning the liquid sloshing frequency with the structural
frequency may not always be feasible.

The numerical dynamic model, conceptualised in Xu et al. (2018),
Fu et al. (2018), comprises a finite element model implemented in the
commercial software ANSYS Workbench. The authors assume an im-
plicit two-way coupling approach to simulate the fluid-solid interaction
between the oscillator and the interior two-phase fluid in the combined
damper. In Konar and Ghosh (2021, 2023a), the authors proposed a
cylindrical pendulum and a plate, both submerged and suspended in
a rectangular tank. Analytical solutions are formulated in both papers.
The proposed hybrid controller follows the concept introduced in Xu
et al. (2018), Fu et al. (2018) and Konar and Ghosh (2021, 2023a).
Therefore, in our approach, the immersed oscillator is submerged in a
circular tank and follows the explicitly analytical formulation presented
in this section. Fig. 5 (a-b) illustrates the schematic representation of
the hybrid tuned resonator. At the same time, Fig. 5(c) depicts the
dynamic model consisting of a three-degree freedom system, where
the slosh and TMD resonator operate in parallel and series with the
tank-passive mass.

The formulation of the hybrid tuned damper did not account for
structural damping, although it is recognised in real-world devices.
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a three-degree freedom system, where the slosh and TMD resonator operate in parallel and series with the tank-passive mass.

Therefore, the focus here is on evaluating the combined damper’s ef-
fectiveness in damping structures that lack sufficient inherent damping,
with particular emphasis on dissipating energy from sloshing liquid. It
is also assumed that the illustrated system experiences minimal free
horizontal vibration (refer to Fig. 5) and structural deformation. The
movements of both the tank and the damper can be described as follows
mo%y + ko(xy = X) + ¢y = X) + ky(xg —uy) — ¢ (y — )

+ krpp (X1 = Uppp) = Crap(Xy —tipyp) =0

myiig + ks(us - xl) + Cs(us - xl) =0
My plipap + Kppgpppp = X1) + Crpplipyp — X1) = Fy (26)

with the steady state, Eq. (26), in matrix form yields

my 0O 0 X4 co+ ¢+ Ccryp —cy —Crmp
0 my 0 i |+ —cy ¢s+Cryp 0
0 0 myyp|lirup —Crmp 0 CrmMp
X ko + kg + kppp —k, —kenn [ X1 koX +coX
ug |+ —k, kg + keyp 0 ug, | = 0
Urpp —Kkrmp 0 krmp 4o Fy

where m, ky, and ¢, are parameters representing the tank-passive
liquid defined in Eq. (24); m; = m;, k;, = k|, and ¢, = ¢, are mass,
stiffness, and damping of the slosh formulated in Section 3.2; and
Mryps Kryp and ¢ry,, denote mass, damping, and stiffness of the tuned
oscillator, expressed in Section 3.1. The variables x;, u;, and u;,,,
are the displacements of each mass. The drag force characterises how
the liquid influences the submerged oscillator, and it is dynamically
influenced by its shape, size, velocity, and fluid properties. Stokes’ Law
is a commonly employed equation for describing the drag force (F,)
experienced by objects moving at low to moderate speeds through a
fluid and is expressed as

1 .
Fd = ECdAppluz 27)

where C, is the drag coefficient, A, denotes the dragging object pro-
jected cross-sectional area perpendicular to the direction of flow, u is
proportional to the velocity of the object, and p, the fluid viscosity.
The condensed form of the equation of motion follows Eq. (25) for its
multiple-DOFs features, which, in this case, the local resonators assume
three-DOFs.

4. Numerical analysis of the resonators
In Sharma et al. (2019), the authors presented the TSD analytical

formulation and its experimental validation. Their parameters were
assumed in our TSD model for validation purposes. Thus, the cylindrical

Table 1
Comparison of the achieved first natural frequency (w,) of their slosh-based resonators
within the work presented in Sharma et al. (2019).

Height - h [m] , [Hz] o, [Hz] , [Hz] , [Hz]
TSD1 TSD1 TSD2 Hybrid
(Sharma
et al.,
2019)
0.1 - 1.2906 1.288 1.29
0.2 1.47 1.4771 1.476 1.47
0.3 1.51 1.5087 1.508 1.51
0.4 1.51 1.5138 1.513 1.51
0.5 1.51 1.5146 1.514 1.51

tank has a radius of 0.2 m and is made of stainless steel. It is filled
with water with levels varying from 0.2-0.5 m in steps of 0.1 m. The
first fundamental lateral natural frequency is calculated and listed in
Table 1. The TSD controls assume two analytical formulations, hydro-
dynamic (TSD1) and equivalent mechanical model (TSD2), detailed in
Section 3.2. The results of our numerical model closely match those
found in Sharma et al. (2019), indicating the accuracy of our TSD and
multiphysic (hybrid) numerical model implementation.

This study validates the formulated resonators that are now de-
signed to match some critical mode shapes of the OWT. For this
application, the controllers are specifically engineered to mitigate the
first and second resonant frequency of the NREL 5MW OTW (Jonkman
et al., 2009). Further, the following analyses focus on the performance
of the resonators in vibration mitigation of the desired frequency.
Dynamic responses in frequency, time domain, and phase plane di-
agrams of the structural response are explored for each controller.
These controllers include the undamped TMD, as shown in Figs. 6(a)-
6(d), and TMD with additional hysteretic damping incorporated into
its stiffness, shown in Figs. 6(e)-6(h). The hydrodynamic TSD is ex-
plored in Figs. 6(i)-6(1), the equivalent mechanical models of TSD, as
seen in Figs. 6(m)-6(p), and the hybrid tuned dampers, presented in
Figs. 6(q)-6(t).

The TMD control system comprises a single-degree-of-freedom (DOF)
mass—spring-damping system, as discussed in Section 3.1. The mass
ratio is assumed to be 10% of the OWT mass divided by the number
of resonators, set at 13 for this analysis. A hysteric damping factor of
¢ = 0.01 is applied to the resonator’s spring, and a unitary force is
assumed in all cases. The designed controls operate at tuned resonant
frequencies of 0.27 Hz, targeting the OWT’s first resonant frequency.
Receptance responses of both undamped and damped TMD are shown
in Figs. 6(b) and 6(f), respectively, with a single resonant peak observed

1787



M.R. Machado and M. Dutkiewicz

Energy Reports 13 (2025) 1780-1801

Table 2
Liquid properties assumed in the TSD and hybrid resonators (Munson et al., 1995; Ocak et al., 2022).
Liquid Dynamic Viscosity Temperature Kinematic Viscosity Density
(Pa.s) (o] (m*/s) (kg/m*)
Acetone 0.306 x 1073 25 3.90 x 1077 784.89
Chloroform 0.58 x 1073 20 3.92 x 1077 1480.3
Mercury 1.57 x 1073 20 1.15 x 1077 13,600
Oil SAE15W40 287.26 x 1073 20 327 x 10°° 872.5
Propanol 1.945 x 1073 25 2.43 x 107° 799.60
Sea water 1.20 x 1073 15.6 1.17 x 1076 1030

at the tuned frequency. Temporal responses for the TMD are shown in
Figs. 6(c) and 6(g), where the decay in the damped system’s response
over time is due to damping. Fig. 6(d) and 6(h) illustrate trajectory
curves of the structural response i by u for both TMDs, indicating stable
and harmonic responses at this level of external excitation amplitude.
The trajectory curves converge to a limit cycle, where for the damped
TMD, the curve radius is decreased after excitation’s initiation due to
the structural damping. The trajectory curve indicates the structure’s
response is stable and harmonic at this external excitation amplitude
level.

In all cases, TSD controllers assume a cylindrical tank with a
radius set to 1.5 m, and the liquid height is calculated as h
M, /(zR>p;) (Sharma et al., 2019). The hydrodynamic TSD assumes
a single-DOF configuration with mass-spring-damping associated with
the slosh component. Meanwhile, the equivalent mechanical TSD model
consists of a two-DOF system represented by the active and passive tank
liquid, which assumes seawater in this analysis. Receptance responses
of TSD1 and TSD2 are displayed in Figs. 6(j) and 6(n), showing single
and multiple resonant peaks at 0.27 Hz and 2.38 Hz, respectively,
corresponding to the single and multiple DOFs of the dynamic controls.
Both TSD controls’ temporal responses, presented in Figs. 6(k) and
6(0), demonstrate decaying over time due to associated damping.
Figs. 6(1) and 6(p) exhibit trajectory curves of the structural response
for both TSDs, indicating stability in the system response as the curves
converge to a limit cycle after excitation initiation, with the curve
radius decreasing due to structural damping.

The multiphysics control (hybrid) integrates TSD with TMD com-
pleted as shown in Fig. 6(q) and employs a three-DOF system repre-
senting the active liquid tuned at 2.38 Hz, passive tank-liquid tuned
at 10 Hz, and the TMD resonator operating at 0.27 Hz, as detailed in
Section 3.3. Receptance responses of the hybrid resonator are shown in
Fig. 6(r), with three first resonant frequencies set at tuned frequencies
in line with the multiple DOFs of the dynamic controls. Fig. 6(s)
illustrates the temporal response of the hybrid resonator, which decays
over time due to associated damping, while Fig. 6(t) displays trajectory
curves of the structural response, indicating stability as they converge
to a limit cycle, with decreasing radius associated with damping. Com-
pared to the TMD, TSD1, and TSD2 controllers, the hybrid resonator
achieves more significant decaying in both temporal and trajectory
curve responses while maintaining dynamic stability.

Various liquids can be used inside the TSDs, including acetone,
mercury, seawater, chloroform, propanol, and oil SAE15W40, chosen
for their suitable densities and viscosities, also commonly employed in
fields like healthcare and the chemical industry. The properties of each
liquid used in the analysis, such as density (p;) and dynamic viscosity
(v), acquired at constant temperature, are listed in Table 2.

Fig. 7 illustrates the receptance and temporal responses of the TSDs
and hybrid controllers. These results explore the sensitivity of each
liquid associated with the slosh-tuned damper. In Figs. 7(a—c), the
receptance response, a zoom on the tuned frequency, and temporal
responses, respectively, of the single-DOF slosh resonator (TSD1) mod-
elled by the hydrodynamic theory are represented. The resonant peak’s
amplitude is highest for acetone, followed by chloroform, seawater,
propanol, mercury, and oil SAE15W40. The temporal responses confirm
this decreasing amplitude trend as a function of the liquid used, where
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the curves exhibit reduced amplitude over time. All liquids exhibit
a damping effect, with Oil SAE15W40 presenting the best damping
performance, followed by mercury, seawater, propanol, chloroform,
and acetone.

Figs. 7(d-f) show the receptance response, a zoom on the tuned
frequency, and temporal responses, respectively, of the two-DOF slosh
resonator (TSD2) modelled by the equivalent mechanical theory. Two
resonance peaks are observed at 0.27 Hz and around 2.38 Hz, corre-
sponding to the active liquid of the slosh and the tank-passive liquid,
respectively. This controller is designed to match the shapes of the
first and second wind turbine modes. The amplitude of the resonant
peak is highest for chloroform, followed by acetone and seawater,
propanol, mercury, and oil SAE15W40. This change in amplitude,
compared with the hydrodynamic theory, is due to the contribution
of a second-mode shape, which induces a slight reduction and mod-
ification in the first mode. Both numerical models exhibit similar
dynamic behaviours associated with the liquid choice. As the temporal
response shows, the highest amplitude is inversely proportional to the
curve decay over time. Hence, Oil SAE15W40 exhibits the best damp-
ing performance, followed by mercury, propanol, seawater, acetone,
and chloroform. Therefore, all liquids exhibit a damping effect in the
resonator’s dynamic response.

The receptance and temporal responses of the three-DOF hybrid
resonator are shown in Fig. 7(g-i). The equivalent mechanical model
of this resonator consists of three DOFs related to the TMD oscillator,
active slosh liquid, and the tank-passive liquid, tuned at 0.27 Hz,
2.38 Hz, and 10 Hz, respectively. The oscillator exchanges energy with
the liquid inside the tank through resonance alongside the interaction
with the liquid as it sloshes due to container vibration, thus creating
a complex fluid-structure interaction, contributing to the overall vi-
bration reduction mechanism. The oscillator operates in parallel with
the active slosh, and the liquid opposes its oscillation through drag
force, influencing the damping coefficient. Fig. 7(h) displays a zoom
of the receptance response at the first resonant peak related to the
oscillator operational frequency. The amplitude curve is highest for
mercury, while the other liquids exhibit close amplitudes with slight
differences in the resonant peak, followed by chloroform, seawater, oil
SAE15W40, propanol, and acetone. Temporal responses show mercury
with a higher amplitude but good decay over time. The other liquids
display close amplitudes and greater damping over time. Among the
tested liquids, oil SAE1I5W40 demonstrates the best performance in
adding damping to the system.

5. Numerical results of the metamaterial wind turbine

The 5MW monopile OWT’s first and second vibration modes am-
plitude is targeted to be attenuated using TMD, slosh and hybrid
multiphysics metamaterial turbine. The design based on TMD res-
onators demonstrated that distributing the resonators along the turbine
provides a more effective configuration, as demonstrated in Machado
et al. (2024). Aside from the optimal metamaterial configuration, the
authors demonstrated the attenuation band. Hence, based on this pre-
view study, the resonators are assumed to be periodically placed along
the wind turbine’s tower in all cases, as shown in Fig. 8(b). Further,
the turbine metamaterial using slosh and hybrid resonators is compared
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Fig. 6. Resonator representation, receptance response, temporal, and phase diagram responses, respectively for: (a—d) undamped TMD, (e-f) TMD with hysteretic damping of 0.01

of damping factor, (i-1) TDS1, (m-p) TSD2, and (q-t) Hybrid resonator.

with the TMD resonator type. The resonator configurations align with
the analysis shown in Figs. 6-7. A hysteretic damping factor of { =
0.01 is applied to the resonator’s spring attached to the turbine tower
wall, and the performance of each resonator in mitigating vibrations
of the metamaterial turbine under unitary force and various hazard
forces was investigated. The metamaterial NREL 5 MW offshore wind
turbine, featuring a monopile foundation and three-bladed horizontal
axis virtual turbine (Jonkman et al., 2009; Jonkman and Musial, 2010).
This turbine’s properties are well-documented in the existing literature
and are described in Table 3. With a tower height of 87.6 m above
water level and a hollow monopile foundation length of 20 m (mea-
sured between mean sea level and ground level), the buried monopile
length in the soil ranges from 30 to 45 m (Jonkman et al., 2009).
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Therefore, this study assumes the pile is fully fixed at ground level and
has no soil-structure interaction to seek to simplify the metamaterial
design.

The excitation force, with a unitary magnitude, is applied at the free
end (interface point-10), and the receptance responses are estimated
along the turbine tower’s interface, guided by points 0 to 10 in Fig. 8(a).
The vibration characteristics of the uncontrolled NREL 5 MW OWT
monopile are presented in Fig. 8. The validation of the spectral and
the metamaterial OWT (with a TMD controller assumed in its con-
struction) is conducted with the FEM model given in supplementary
material following Ref. Machado et al. (2024). Hence, the OWT and
TMD metamaterial turbine is assumed as a reference model and used
to validate the slosh and multiphysics metamaterial turbine proposed
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Table 3

NREL 5 MW offshore wind turbine parameters (Jonkman et al., 2009).
Wind turbine properties Value Wind turbine properties Value
Max rater power 5 MW Rotor diameter 126 m
Tower heigth 87.6 m Hub diameter 3m

Rotor hub height 90 m Tower top section diameter 3.87 m
Monopile height 20 m Tower bottom diameter 6 m

Tower mass 347,460 kg Tower wall thickness 27-19 mm
Rotor mass (with hub) 110,000 kg Monopile wall thickness 27 mm
Nacelle mass 240,00 Kg Nacelle inertia - Yaw axis 2,607,890 kg m”
Rated speed (Cut-In) 6.9-12.1 rpm Hub inertia - Low speed 115,926 kg m?

in this paper. All designed controls operate at the turbine’s first and
second resonant frequencies, 0.27 Hz and 2.38 Hz, respectively. The
total mass ratio varies from 5% to 20%, covering a range of mass ratios
and quantities of resonators.

Figs. 8(c) and 8(d) display the temporal and receptance responses
of the uncontrolled OWT obtained at point 10 of the interface, and
Fig. 8(e) illustrates the receptance response heatmap over its interface,
with red and yellow lines marking the highest amplitudes of each
mode’s resonance peak. Meanwhile, the bluish area represents anti-
resonance and lower amplitudes of the spectrum. Fig. 8(f) presents
the spectrogram of the inertance response of the wind turbine under
unitary excitations across the entire frequency band. The power level
for the first resonant frequency range is visible for up to 2 min, and
similarly for the second resonance. All spectrograms are calculated
using the spectrum-Matlab function, assuming a frequency resolution
of Fres = 42.807 mHz and a time resolution of Tres = 59.9609 s, with
the frequency and temporal acceleration response as input. It illustrates
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how the frequency power content in the signal changes over time.
The first resonant mode exhibits a higher amplitude in the analysed
frequency band, enhanced by the force excitation. Consequently, the
signal power is prominent at lower frequencies, and due to structural
damping, it gradually decreases in amplitude over time.

5.1. Vibration attenuation with metamaterial OWT under unitary excitation

All cases presented in this section assume that the temporal and
receptance responses are calculated at the top of the turbine, where
a higher displacement amplitude is reached in the first mode. The
receptance heatmap is along the turbine’s length, and the spectro-
grams compare the uncontrolled turbine with the controlled turbine,
with a mass ratio ranging from 5% to 20% are given in the supple-
mentary material, Appendix. Fig. 9(a—d) illustrates the performance
of the metamaterial turbine assuming the TMD resonator controller.
The receptance response of the turbine, shown in Fig. 9(b), primarily
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influences the first frequency control while leaving other mode shapes
unaffected. The TMD single-DOF resonator typically operates within
a narrow frequency range. This passive vibration control method has
a well-defined working range. Still, if operated outside this range, it
may lead to undesirable behaviour, such as a creation or increase
in the amplitude of adjacent modes. The locally resonant bandgap
targets the modal neighbourhood and appears when an infinite number
of resonators are placed on the structure. By incorporating the TMD
resonator in the metamaterial turbine design, a shift in the target
resonant peaks is observed, accompanied by a decrease in amplitude
of 5 dB. Additionally, the width of the open attenuation gap increases
with the mass ratio.

Fig. 9(c) presents the receptance response heatmap of the controlled
OWT across its interface. In the heatmap, red marks indicate the high-
est amplitudes of each mode’s resonance peak, while the bluish area
represents anti-resonance and lower amplitudes. The turbine exhibits
structural damping, evidenced by the decrease in the blue curve tem-
poral displacement. With the addition of the controller, the temporal
curve in Fig. 9(a) the waveforms show the independent amplitude
and signal frequency modulation due to the two resonant frequencies
induced by the split of the target mode shape. The amplitude decreases
over time because of the structural damping, and a slightly reduced
amplitude is related to the mass ratio. Figs. 9(d) display the spec-
trogram of the inertance response of the wind turbine under unitary
excitation across the frequency range 0 to 1 Hz and mass ratio of 20%.
The spectrogram illustrates how the frequency power content in the
signal changes over time, with yellow representing higher amplitudes
and blue lower ones. The first resonant mode exhibits higher amplitude
in the analysed frequency band, enhanced by the force excitation.
The signal power is prominent in lower frequencies and, as in the
time and frequency spectra, gradually decreasing amplitude over time
due to structural damping. The efficacy of the control is determined
by the reduction of the yellow area on the spectrogram, indicating
a decrease in overall power levels in the signal and, consequently,
vibration amplitude. The yellowish region highlights the power levels
of the signal.
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The performance of the metamaterial turbine with TSD resonator
controller formulated using hydrodynamic theory adopted by the meta-
material, with seawater assumed as the fluid inside the tank, is shown
in Fig. 9(e-h). TSD1 works as a one-DOF system and functions within
a single frequency, specifically chosen for each of the first OWT mode
shapes. Fig. 9(f) displays the receptance response of the turbine adapt-
ing to the TSD1 dynamic behaviour, primarily influencing the first
frequency control. Similar to TMD, TSD1 operates within a narrow
frequency range. A shift in the target resonant peaks is observed,
accompanied by a 5 dB decrease in amplitude. Additionally, the width
of the open gap increases with the mass ratio. Fig. 9(g) presents
the receptance response heatmap of the controlled OWT across its
interface, with red marks indicating the highest amplitudes of each
mode’s resonance peak and the bluish area representing anti-resonance
and lower amplitudes. The temporal curve in Fig. 9(e) exhibits the
emergence of two new frequencies by the pulse shape over time,
maintaining decay for all mass ratios due to turbine structural damping.
Consequently, in some time frames, the amplitude increases compared
to the uncontrolled turbine response, indicating that TSD1 follows
TMD without imposing a significant change in displacement reduction.
Figs. 9(h) display the spectrogram of the inertance response of the wind
turbine under unitary excitation across the frequency band range from
0 to 1 Hz and for a mass ratio of 20%. The first resonant mode exhibits
higher amplitude in the analysed frequency band, enhanced by the
force excitation. Consequently, the signal power is prominent in lower
frequencies, gradually decreasing amplitude over time due to structural
damping.

Figs. 9(i-1) show the results of the metamaterial turbine composed
by the TSD resonator controller formulated with the two-DOF equiva-
lent mechanical theory with seawater adopted as the fluid. In this case,
the TSD2 operating frequencies are 0.27 and 2.38 Hz. The receptance
response of the turbine, shown in Fig. 9(j), captures the two local
resonant gaps controlling both frequencies. The first frequency exhibits
a similar broadband gap size split as in the TSD1 case, performed by the
slosh-DOF, while the second frequency is governed by the tank/passive
liquid-DOF. Both frequencies shift in the target resonant peaks, and
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the open attenuation gap increases with the mass ratio. The resonant
amplitude reduction is about 5-7 dB on the first mode and 10-12 dB on
the second mode, depending on the mass ratio. The receptance response
heatmap of the meta-turbine coupled with TSD2 is shown in Fig. 9(k),
where the red marked lines indicate the highest amplitudes of the
first mode. At the same time, the bluish area represents anti-resonance
and lower amplitudes. A distinct shifting resonance frequency effect
is also observable as a horizontal yellow line traversing the heatmap.
This line indicates the second resonant frequency split. A bluish zone
is visible in this open gap mode, which is the local bandgap effect.
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The meta-turbine’s temporal curve in Fig. 9(e) follows the decay over
time due to the turbine’s structural damping. No decrease in amplitude
compared to the uncontrolled system is observed, only the change in
the resonant frequency of the turbine is due to the splitting resonances
effect of the added metamaterial control. The temporal response by
the signal modulation over time observes the composition of multiple
near-resonating peaks. Fig. 9(1) shows the spectrogram of the meta-
material turbine composed of TSD2 resonators across the frequency
band of 0 to 3 Hz and for ¢ of 20%. The first and second resonant
modes exhibit higher amplitudes in the analysed frequency bands. The
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mass ratio effect is more prominent in the second mode, where the
open gap induced by the controller enlarges with the mass increase.
Signal power is prominent in lower frequencies and gradually decreases
amplitude over time due to structural damping. Fig. 9(m~-t) presents the
results of the metamaterial turbine assuming hybrid control resonators
formulated based on the three-DOF equivalent mechanical mode theory
with seawater adopted a filling liquid, with operating frequencies in
two configurations: Hybrid-wlwl, where the oscillator operates at
0.27 Hz, the slosh at 2.38 Hz, and the tank/passive liquid at 10 Hz
(Fig. 9m-p), and Hybrid-wlw2, with the oscillator and slosh operating
at 0.27 Hz and the tank/passive liquid at 10 Hz (Fig. 9q-t). The re-
ceptance response of the turbine, shown in Fig. 9(n), captures the local
resonant gap around the first mode and amplitude reduction on the
second mode by 5-8 dB depending on the mass ratio. The split of the
first mode, combined with amplitude reduction of the adjacent peaks,
varies from 5-12 dB relative to the mass ratio. Fig. 9(o) shows the
receptance response heatmap, indicating control on the first mode by
the red shade lines. The temporal curve in Fig. 9(m) of the meta turbine
follows the decay over time due to the turbine structural damping. A
decrease in amplitude compared to the uncontrolled system is observed.
A reduction in the amplitude of the curve follows the increase in the
mass ratio, with the 20% mass ratio presenting the highest amplitude
reduction, which is enforced by the spectrogram in Fig. 9(p). The power
remains in the meta turbine for both, presenting the best reduction in
time for the ¢ = 20% followed by 10%.

By tuning the oscillator to 0.27 Hz and the slosh to 2.38 Hz, one
can control the shape of the turbine in the first two modes. Fig. 9(r)
shows the metamaterial turbine’s receptance response, capturing the
local resonant attenuation gaps around the first and second modes with
amplitudes reduced by 8-12 dB and 4-5 dB, respectively, depending
on the mass ratio. In both mode shapes, the split of the resonance
mode is combined with amplitude reduction. Fig. 9(s) shows the re-
ceptance response heatmap, indicating control on both resonant peaks,
highlighted by red marked lines for the first mode and yellow-orange
lines for the second mode. The metamaterial turbine’s temporal curve
in Fig. 9(q) follows the decay over time due to the turbine structural
damping but also shows reduced displacement amplitude compared to
the uncontrolled system. The amplitude reduction of the curve follows
the increase in mass ratio, with the 20% mass ratio presenting the
highest amplitude reduction. Fig. 9(t) shows the spectrogram in the
frequency band of 0 to 3 Hz and for e of 20%, respectively, where the
first resonant frequency experiences drastic amplitude attenuation over
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Table 4

Mass of each resonator(mass ratio) associated with the number of resonators considered
for each configuration used to control the first, second, and first-second resonant
frequencies.

Number of Mass ratio[e in %] - Mass of each resonator [Kg]
resonator

e=1 e=5 e=10 e=15 e=20
1 6.975 34.873 69.746 10.4619 13.9492
7 996 4.982 9.964 14.946 19.928
13 537 2.683 5.365 8.048 10.730
26 258 1.341 2.683 4.024 5.365

time, with significant decay. The second resonant mode exhibits adja-
cent modes due to the target frequency split and an additional spectrum
representing some internal attenuation band local mode (Machado and
Dutkiewicz, 2024a). Overall, the power amplitude related to this mode
decays rapidly over time. The power remains in the meta turbine, with
the best reduction over time observed for the ¢ = 20%.

Overall, the TMD, TSD1, and TSD2 locally control the frequency by
preventing significant signal amplitude decrements, mainly influenced
by the turbine’s structural damping. Therefore, the shift of the target
resonance exists at local frequencies, demonstrating the efficacy of TMD
and TSD local vibration control. The hybrid-tuned damper resonator
solution shows better attenuation based on both temporal and fre-
quency responses, with Hybrid-wlw2 exhibiting the best performance.
The quantification and evaluation of vibration reduction achieved in
each metamaterial OWT design’s performance are defined by the time
signal’s root mean square (RMS) value. RMS measures the waveform’s
amplitude and provides a value directly correlated with the energy
content, making it a suitable metric for quantifying vibration control
efficiency. The percentage of vibration attenuation achieved by each
control system is estimated using the response amplitude reduction,
AMP, =100 = [(RM S, — RMS,,.)/RM S,,|, where RM S,,, is the time
signal RMS value for the uncontrolled turbine and RM S,,. time signal
RMS value for the metamaterial OWT. Fig. 10 show the graphic of
the amplitude attenuation level achieved by each metamaterial turbine
design, considering mass ratio varying from 5 to 20%. The resonators
TMD, TSD1, and Hybrid-wlw1l control only the fist resonance mode
shape, with Hybrid-wlw1l showing the best performance among the
resonators, achieving 30%-52% in displacement amplitude reduction
with a 5%-20% mass ratio, followed by the TMD achieving 28%—29%,
and TSD1 with 18%-22% in displacement amplitude reduction. The
resonators TSD2 and Hybrid-wlw2 perform simultaneous control at
the first and second resonate peaks, where the Hybrid-wlw2 best pro-
moted the displacement reduction, achieving 40%-58% in amplitude
reduction, followed by the TSD2 that achieved 24%-35% in amplitude
reduction.

The design of the resonator’s dynamic properties is intrinsically
linked to the mass ratio and the desired target frequencies for control.
Ranging from 5 to 20% of the turbine mass, the mass ratio encompasses
both first- and second-mode shapes requiring control. In Table 4, the
mass values of each resonator are detailed and associated with the
finite number of resonators assumed in the metamaterial OWT design.
Classical TMD control, where only an oscillator controls the turbine,
demands the highest stiffness, mass, optimal inflation point, and signif-
icant mass value. However, embracing the metamaterial design reduces
the resonator’s mass and stiffness while maintaining or enhancing the
vibration control effects. Table 4 compares the finite number of res-
onators in the metaturbine turbine with the resonator’s mass. The case
of 1 TMD defines the classic single control, and multiples resonators
(7, 13, and 26) is the case of the metamaterial. A significant reduction
in the resonator’s size and mass is demonstrated, combined with an
improvement in the attenuation response level. While the ideal number
of resonators used in the metamaterial is infinite, this number can be
treated as a design requirement for practical purposes. The outcome of
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Fig. 11. Receptance and temporal responses of the meta turbine designed with the tuned slosh damped control contain different liquids such as chloroform, acetone, propanol,
seawater, and oil SAE15W40. The TSD formulation and mass ratio of 10% are displayed as: (a) TSD1, (b) TSD2, (c) Hybrid-wlwl, and (d) Hybrid-wlw2.

the metamaterial design demonstrates a decrease in stiffness values as
the number of resonators increases, consequently reducing the size and
weight of the control device. Besides bandwidth control, the design of
resonators plays a pivotal role in the overall control strategy, especially
concerning manufacturing and installation. In contrast to conventional
TMD control, the wind turbine metamaterial offers a combination of
wide operational bandwidth and frequency attenuation, achieved with
reduced stiffness and resonator size.

5.1.1. Enhancing vibration control efficiency with slosh and multiphysics
resonators

The TSD and hybrid resonator systems initially assume seawater
as the liquid in the intake. Therefore, various commercial liquids are
utilised for this purpose. Fig. 11 investigate the efficacy of acetone,
mercury, seawater, chloroform, propanol, and oil SAE5W40 as control
liquids, with their properties detailed in Table 2. The liquid’s influence
on the resonators’ dynamic responses is illustrated in Fig. 7, where
characteristics such as liquid properties, sloshing energy, damping rate,
and period are examined. Consequently, the density and kinematic
viscosity of the selected liquid play crucial roles in modulating the
damping effect performed by the resonators, which can be fine-tuned
through adjustments in spring stiffness and liquid mass. The total liquid
mass of the tank and the spring stiffness are contingent upon factors
such as liquid density, tank geometry, and the damping rate parameter,
which is influenced by the liquid’s kinematic viscosity. Thus, the choice
of liquid employed in the TSD significantly impacts the response of the
primary structure, notably the wind turbine. The higher the mass ratio,
the better the vibration attenuation effect. However, adding mass to the
system may lead to structural issues; as a compromise, further analysis
assumes € = 10%.

Fig. 11(a-b) presents the receptance and temporal responses of
the meta turbine designed with tuned slosh damper control, utilising
different liquids such as chloroform, acetone, propanol, seawater, and
oil SAE15W40, where Fig. 11(a) display the responses of TSD1 for mass
ratio of 10% and Fig. 11(b) illustrate the responses of TDS2. Through
dynamic interaction, the TSD absorbs some of the mechanical energy
the primary structure receives from the environment, inducing motion
to the filled tank liquid. Generally, the energy dissipation mechanism
of the TSD arises from one or a combination of three phenomena
comprehending liquid sloshing (with or without wave breaking), liquid
movement through orifices, and relative motion between the liquid and
submerged objects. In the cases of TSD1 and TSD2, the dissipation
is primarily attributed to liquid sloshing phenomena, whereas lower
kinematic viscosity causes better performance of the controller. Among
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the top three liquids, acetone and chloroform exhibit nearly identical
kinematic viscosities, with chloroform being twice as dense as acetone.
Hence, the less dense liquid tends to yield closer to the optimal result
in liquids with similar kinematic viscosity properties. When comparing
the resonator efficiency based on density, mercury, ten times denser
than other liquids, had a close performance of the others, indicat-
ing that density alone cannot be a decisive criterion for the control
damping efficiency, and liquid viscosity plays a more significant role.
Oil SAE15W40, characterised by higher viscosity and lower density,
demonstrates the most effective damping effect among the liquids.

Fig. 11 (c-d) displays the receptance and temporal responses of the
meta turbine designed with hybrid resonator control, filled with chlo-
roform, acetone, propanol, seawater, and oil SAE15W40. Figs. 11(c)
show the responses of resonators configured to operate at 0.27 and
10 Hz (Hybrid-wlw1), while Figs. 11(d) illustrate the hybrid resonator
(Hybrid-wlw2) configured to operate at 0.27, 2.38, and 10 Hz, with
mass ratio of 10%. The hybrid resonator combines the energy dissipa-
tion mechanism of slosh with the relative motion between the liquid
and submerged oscillator, enhancing vibration amplitude reduction.
In addition to the kinematic viscosity and density of the liquid, the
drag force opposing the oscillator movement imposed by the liquid
influences the damping coefficient associated with the resonator type.
Oil SAE15W40 exhibits the most effective damping effect among the
liquids, followed by propanol, acetone, seawater, chloroform, and mer-
cury. By controlling the first and second mode shapes, the reduction
in displacement amplitude imposed by the Hybrid-wlw2 resonator
overreaches the Hybrid-wlw1 configuration due to the control of both
turbine mode shapes. The results concerning the evaluation of mass
ratio ranging from 5 to 20% for the TSD1, TSD2, and Hybrid are present
in the supplementary material.

Fig. 12 illustrates the amplitude attenuation levels achieved by
each design associated with different liquids. The control designs vary
in mass ratio from 5 to 20%, and the attenuation performance of
each resonator configuration is shown in Fig. 12. TSD1 and TSD2,
shown in Fig. 12(a) and (b), respectively, exhibit attenuation ranging
between 15%-38% for all liquids except oil, which outperforms 60%.
Hybrid-wlwl resonators show attenuation levels between 20%-61%,
while Hybrid-wlw2 resonators demonstrate levels between 40%—-68%,
as shown in Fig. 12(c) and (d), respectively. Across all configura-
tions, the highest reduction within the slosh dampers is achieved
using Oil SAE15W40, with over 60% RMS amplitude attenuation.
Amplitude reduction increases linearly with the mass ratio for all
resonators. Propanol and acetone enhance the damping factor in hybrid
resonators, indicating that lower-density fluids improve the damping
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Fig. 12. RMS amplitude reduction level achieved by controllers TSD and hybrid for different liquids attached to the metamaterial turbine with the mass ratio of 5, 10, 15 and

20%.

effect, followed by seawater, chloroform, and mercury.

5.2. Vibration attenuation with metamaterial OWT under multiple hazards
excitation forces

The multiple loads’ power spectrum loads excitation modelled as
described in Section 2.1, simulating blade rotation, wave, and the
combined forces wind-wind-rotation are shown in Figs. 13(a) to 13(d),
respectively. The combined PSD of the loads can be applied to all
discretised nodes of the turbine model, as the responses are computed
at these nodes. However, since our primary interest lies in the top
node response, the multi-load PSD is specifically used to calculate the
response at that location. A brief description of the theory used to
model the loads is given in Appendix.

Fig. 13 compares the turbine dynamic auto-spectral density re-
sponses under unitary excitation, wind, waves, blade rotation, and
combined loads. The receptance Frequency Response Function (FRF)
of the OWT is calculated for unitary excitation, with well-defined mode
shapes for both modes. Under wave excitation, the OWT auto-spectrum
response exhibits a decrease in amplitude across the entire frequency
range, along with an additional peak at 0.14 Hz corresponding to the
JONSWAP wave sea surface elevation. Wind excitation, conversely,
amplifies the amplitude of the first mode while reducing that of the
second mode, attributed to the power density characteristic of the
Kaimal spectrum. Blade rotation excitation amplifies the first resonant
frequency and introduces significant resonance frequencies at 0.20 Hz,
0.4 Hz, and 0.6 Hz. Combining the multiple excitation, the first mode
increases in amplitude, and new resonant peaks relate to the excitation
frequencies. The PSD’s loads exhibit high density at lower frequencies
and decrease across the frequency band. This frequency content pri-
marily excites the first or lower modes of the structure, inducing the
contribution of higher-order modes to negligible or even modulating
the structure responses. This modulation behaviour is evident in the
frequency-domain response, where the resonance peaks for higher-
order modes are considerably smaller in magnitude than those of the
receptance responses.

Fig. 14 presents the auto-spectrum density and displacement of
the metamaterial OWT comprising the frequency and time domain’s
first and second resonant frequency. Both responses are calculated at
the top of the turbine and are excited by multiple forces, including
wind, blade rotation, and waves. The control mass ratio is assumed to
range from 5% to 20%, and the resonator designs considered are TMD,
TSD1, TSD2, Hybrid-wlw1, and Hybrid-wlw2, shown in Figs. 14(a—e),
respectively. The efficiency and pattern of multiple hazard vibration
control in the meta-turbine follow the achieved response. Similar pat-
terns were observed in the controllers of metamaterial turbines under
unitary excitation, indicating that each resonator has its dynamic char-
acteristics, which affect the metamaterial turbines’ responses differently
and are directly associated with the resonator rather than the excitation
force. Seawater is the assumed liquid used to obtain these results.
Fig. 14(f) illustrates the amplitude attenuation levels achieved by each

metamaterial turbine design, with control designs varying in mass ratio
from 5% to 20%. Resonators TMD, TSD1, and Hybrid-wlwl control
only the first resonance mode shape, with Hybrid-wlw1 exhibiting
the best performance among the resonators, achieving 36% to 39%
in displacement amplitude reduction associated with the mass ratio,
followed by TSD1 achieving 34% to 9% in displacement amplitude
reduction, and TMD achieving 28% to —8%, where negative values
indicating amplification of displacement amplitude instead attenuation.

In this case, decreasing amplitude level control associated with the
mass ratio is due to the slipt of the tuned resonant modes. Depending
on their shift, the neighbouring frequencies coincide with the excitation
frequencies, amplifying the amplitude. Resonators TSD2 and Hybrid-
wlw2 simultaneously control the first and second resonant peaks.
Hybrid-wlw2 achieved the best displacement reduction, with 42% to
58% amplitude reduction, followed by TSD2, which achieved 35% to
30% amplitude reduction. Overall, the hybrid controllers exhibited the
best vibration control in displacement amplitude reduction. The results
of the spectrograms of the metamaterial turbine designed with TMD,
TSD1, TSD2, and Hybrid with 5 to 20% of mass ratios are given in the
supplementary material, Appendix.

Fig. 15 demonstrate the vibration reduction capability of slosh-
damped resonators when filled with different types of liquid, including
chloroform, acetone, propanol, mercury, seawater, and oil SAE15W40.
The analyses consider a mass ratio set at 10%, and Fig. 16 shows
the percentage reduction level for mass ratios ranging from 5 to 20%.
The spectrogram for the oil SAE15W40 case is presented in the anal-
ysis because it achieves the best performance in all cases, for the
results achieved by the other liquids access the supplementary material,
Appendix. Fig. 15(a—c) explores the TSD1 metamaterial turbine’s auto-
spectrum responses associated with the chosen liquid and its temporal
and spectrogram responses. In contrast, Fig. 15(d—f) investigates spe-
cific liquids-related features which impose the control on first and
second resonant frequencies. In both cases, the resonance modes ex-
hibit a frequency shift accompanied by a reduction in amplitude, as
clearly shown in the temporal and spectrogram graphics. Figs. 15(g-i),
and 15(j—m) show the results in frequency, temporal and spectrogram
for the hybrid resonators tuned at first and first-second turbines res-
onate frequencies. Those results highlight the effectiveness of slosh
resonators and the potential improvement associated with the types of
liquids used in control.

The amplitude reduction level achieved by controllers TSD and
hybrid for different liquids designed for the metamaterial turbine with
the mass ratio of 5, 10, 15 and 20% is demonstrated in Fig. 16.
Hybrid resonators overreach the vibration reduction capability of slosh-
damped-based resonators. The best-filled liquid shown to be the Oil
SAE15W40, in all cases, presenting amplitude reduction of over 55%,
followed by propanol, acetone, seawater, mercury, and chloroform. The
outcomes provide a comprehensive analysis of the vibration reduction
capability of slosh-damped based resonators even on the wind turbine
under multiple hazard forces.
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6. Conclusion

This study presents a new approach to vibration mitigation in
offshore wind turbine design based on functional mechanical meta-
material consisting of tuned slosh dampers and hybrid multiphysics
resonators. Incorporating the liquid in the dynamic resonators greatly
increases the damping factor without adding complexity to the con-
troller devices. The multiphysics metamaterial design combined slosh
energy dissipation with oscillating structures to provide additional
damping mechanisms, offering a versatile and effective solution for
mitigating vibrations in offshore wind turbines under various environ-
mental conditions. Using oil SAE15W40 as the damping liquid was the
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most effective due to its high viscosity and low density. By modelling
the dynamic behaviour of metamaterial OWTs using the DSM and
considering multiple hazard excitation forces such as wave, wind, and
blade rotation according to international standards (DNV-0S-J101, IEC,
and JONSWAP), we have demonstrated the potential of the proposed
metamaterial turbine concepts in enhancing vibration control.

Our findings indicate that the designed mechanical metamaterials,
which integrate tuned liquid and multiphysics resonators, significantly
outperform traditional vibration control methods based on a single
TMD and improve the efficiency of TMD metamaterials. The metamate-
rial turbine solution can achieve scalability and adaptability, improving
the resonator controllers’ installation, production, and maintenance.
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Fig. 16. Amplitude reduction level achieved by controllers TSD and hybrid for different liquids attached to the metamaterial turbine with the mass ratio of (a) 5%, (b) 10%, (c)

15% and (d) 20%.

Compared to traditional methods, the metaturbine significantly re-
duced vibration amplitudes, achieving a 60% improvement with a small
resonator scale versus only 7.8% with conventional TMDs. Overall, the
results underline the superiority of multiphysics mechanical metamate-
rials in vibration control of OWTs, which effectively reduces vibration
amplitudes. This innovative approach improves the lifespan, reduces
maintenance costs of wind turbines, and provides a robust framework
for future advancements in turbine technology. Those functional meta-
materials offer a promising solution for improving offshore wind energy
systems’ structural integrity and operational efficiency, especially in
challenging environmental conditions.
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Appendix A. Supplementary data

1. Supplementary numerical: Brief description of excitation loads
(Wind, Aerodynamic loads of blades during operation, and Wave.
Theory of Fig. 13).

2. Supplementary numerical: Validation of the spectral simplified
wind turbine.

3 Complementary results: Vibration attenuation with metamaterial
OWT under unitary excitation (Figures S3-S6, complement Fig. 9).

4. Complementary results: Enhancing vibration control efficiency
with slosh and multiphysics resonators (Figures S7 and S8, complement
Fig. 11).

5. Complementary results: Vibration attenuation with metamaterial
OWT under multiple hazards excitation forces (Figure S9, complement
Fig. 14).

6. Complementary results: Enhancing vibration control efficiency
with slosh and multiphysics resonators comparing the various liquids’
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performance (Figure S10-S13, complement of Fig. 15).
Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.egyr.2025.01.003.
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