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ABSTRACT

The offshore wind turbine (OWT) is increasingly favored as a primary renewable energy option
in numerous Asian nations due to its access to higher average wind speeds, decreased turbulence,
reduced wind shear, and the advantage of not consuming as much land-based space. However,
OWTs face challenging environmental conditions, including demanding geological circumstances,
significant dynamic forces, and hazardous working conditions. Consequently, there is a critical
need for vibration absorbers in offshore wind turbines, particularly when facing extreme loading
conditions caused by wind and waves. This study aims to examine the dynamic performance of
monopile-supported offshore wind turbine (MSWT) structures and analyze the vibration reduction
characteristics of the entire system by employing the concepts of local resonance (LR) and rigid

body dynamics (RBD).

The current research introduces a comprehensive analytical model of a monopile-supported
offshore wind turbine (MSWT), considering non-uniform geometry and fluid-soil-structure inter-
action. The combined effect of rotor nacelle assembly and the blades are modeled as a rigid body
placed eccentrically at the top of the tower. The tower and monopile are modeled using Euler-
Bernoulli beam theory, with the tower’s non-uniform geometry accounted for using the conicity
parameter. The soil is modeled as visco-elastic springs connected throughout the length of the
monopile. The effect of fluid-structure interaction is considered using the hydrodynamic mass.
The force-displacement relationship between the tower and the monopile is established using the
Spectral element method (SEM). Simplifying the entire MSWT system into a single-degree-of-
freedom (SDOF) system, a closed-form expression for natural frequencies is derived to improve
computational efficiency, validated against existing literature. Further, the SDOF system is sub-
jected to random wind loads, and a tuned mass damper (TMD) controls the vibration. The random
nature of the wind effects is simulated using the Kaimal Spectrum. The optimum parameters of
the TMD are obtained using the H; optimization technique, where the objective function was de-
fined as the standard deviation to be minimized. A near identity spectrum (NIS) has also been

introduced to derive a closed-form mathematical formulation for the objective function. To obtain
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insight into the dynamic characteristics of the TMD, small-scale experiments are conducted using
accelerometers attached to a cantilever beam’s free end, with results analyzed in the frequency
domain via transmittance parameters. Furthermore, a novel omnidirectional TMD as a local res-
onator attached periodically throughout the tower has been proposed. The vibration attenuation
characteristics of the novel TMDs are observed when subjected to wide frequencies of loads with
the help of analytical and experimental studies. Parametric studies are undertaken to rationalize
resonator mass and total numbers. Optimal parameters for the novel TMD under random wind
and wave loads are determined using H; optimization. Building upon the insights gained from the
aforementioned studies, another novel dynamic vibration absorber (DVA) has been proposed using
the concept of rigid body dynamics (RBD). The proposed DVA is attached periodically through-
out the tower, and the dynamic characteristics are obtained through transmittance parameters. The
vibration attenuation characteristics of the proposed DVA are evaluated using both analytical and
experimental studies. Furthermore, extensive parametric analyses were carried out to investigate
how the proposed dynamic vibration absorber (DVA) performs with the ratio of its mass to that of
the wind turbine. Moreover, the efficacy of the inclination angle is evaluated regarding the double

anti-resonance dips (DAD).

The conicity and flexibility of the foundations play a major role in affecting the natural fre-
quency of the entire system. The conicity is directly proportional to the stiffness of the MSWT,
thus increasing the natural frequency significantly. Conversely, introducing flexibility into the foun-
dation increases the system’s time period, reducing its natural frequency. Additionally, the location
of the TMD significantly controls the attenuation characteristics as it facilitates the occurrences of
a lower frequency stop band. Incorporating multiple omnidirectional TMDs introduces stop bands
across a frequency spectrum in the system, aligning closely with the natural frequency of each
TMD. The different modes of vibration of omnidirectional TMD provide multiple anti-resonance
drops, facilitating a wide range of attenuation. When maintaining a constant total mass of TMDs,
the quantity and spacing of these dampers significantly impact the overall system’s dynamic per-
formance. Fewer TMDs with higher mass tend to exhibit a higher tuning ratio and lower damping

ratio, and vice versa.
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generated via FFT algorithm. . . . . . . .. .. .. ... ... .. .. .....
(a) Experimental setup; (b) Idealized schematic diagram for the experimental setup.

Ilustration of variation of stiffness correction factor (y;) with lateral stiffness ratio
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Illustration of variation of the mass correction factor (7,,) with lateral stiffness
ratio («7) and rotational stiffness ratio (kg) for different conicity (¢); (a) ¢ =0, (b)

C=1.

Variation of non-dimensional natural frequency (¢) with conicity (¢) and the mass
ratio (y) for fixed support (k; = kg = o0) and flexible support (k7 = kg = 25) sys-

1) 50

lustration of variation of relative frequency (7,,,) with lateral stiffness ratio («r.)

and rotational stiffness ratio («g) for different conicity (¢); (a) c =0, (b) ¢ =1. .

A TMD system subjected to random wind load (Kaimal spectrum). . . . . . . .

(a) Contour of Performance Index 1,,;, for different frequency ratio (v) and TMD
damping ratio ({>) subjected to Gaussian white noise; (b) Validation with [51] for

different values of mass ratio u and primary system damping ratio 1. . . . . .

(a) The contour plot showcases the variance o2

- across different frequency ratios

(v) and TMD damping ratios ({2) when subjected to the Kaimal spectrum. This
analysis employs the numerical solution of the integral in Equation 4.10 to generate
the contour plot; (b) A comparison between the Kaimal and Near Identity Spectrum

(NIS)isillustrated. . . . . . . . . . . . . . . . e

(a), (b) and (c) Time displacement curve including mean and standard deviation for
SDOF, TMD optimized for GWN and TMD optimized for NIS subjected to GWN;

(d) Mean and standard deviation comparison between all the three cases subjected

(a), (b) and (c) Time displacement curve including mean and standard deviation for
SDOF, TMD optimized for GWN and TMD optimized for NIS subjected to KS;

(d) Mean and standard deviation comparison between all the three cases subjected

(a) and (b) Histogram plot for performance reduction when the system subjected

to GWN and KS . . . . . . e

(a) CAD model of the beam ; (b) 3D printing device; (c) 3D printed beam . . .

Xvii

78

78

79

81

85

87

90

91

92

94



4.8

4.9

4.10

4.11

5.1

(a) Experiment depicting the free vibration of the SMSDOF system to determine its
natural frequency; (b) Data acquisition (DAQ) device to record the accelerometer
response; (¢) Implementation of LabView software to simulate the data acquisition
process; (d) Time history of acceleration during the free vibration analysis and (e)

Frequency domain plots obtained through the FFT algorithm for further analysis.

(a) Experimental configuration showcasing the beam with the SMR system; (b)
Utilization of a data acquisition (DAQ) device to capture the response from ac-
celerometers; (c¢) Implementation of LabView software to simulate the function-
ing of the data acquisition system; (d) Power amplifier to induce vibrations in the
shaker system at specified gain and frequency and (e) to (j) Time and frequency

domain responses recorded by accelerometers at a frequency of 20 Hz. . . . . .

Variation of different Transmittance with excitation frequency for different values
of length of the beam and natural frequency of SMR system (a) AM|/AMjy; (b)
AM,/AMy; (c) AM>/AM; (d) Schematic figure and legends. . . . . . . . . ..

(a) Representation of the resonator placed at arbitrary positions along the length of
the beam; (b) Free body diagram illustrating a cantilevered beam with a tip mass

and a resonator positioned arbitrarily and (c) and (d) Depiction of the variation

w1 x=p
wp (1)

contour and normal plots for different valuesof . . . . . . . . . . .. ... ..

in transmittance (logm ( )) concerning excitation frequency, presented as

(a) A scaled-down version of the 3MW Vestas V90 turbine, following Woods’ 1g
scaling laws [52]; (b) Turbine blades connected to a 12V electric geared motor for
operational simulation; (c) Each tower unit consisted of a single resonator inte-
grated within its structure; (d) Spiral PLA beams are designed to reduce the flexi-
bility of the resonator and (e) The M5 nut and bolt indicate the resonator’s mass,
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vibratory signal generator activates the shaker system at specified frequencies; (c)
A data acquisition (DAQ) device was employed to gather accelerometer responses;
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figuration, where solid and dashed lines represent analytical results derived from
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seven resonators, where solid and dashed lines represent analytical results obtained
from Equation 5.8 incorporating different resonator natural frequencies. Concur-
rently, discrete red and blue symbols denote experimental findings obtained from
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(a) Graphical representations illustrating the dynamic response of the tower, ex-
pressed in terms of transmittance (7g), as a function of excitation frequency (w)
for varying mass ratios (M,,). Here, the mass ratio signifies the ratio of the total
resonator mass to the wind turbine’s total mass.; (b) The variation of transmittance
(Tr) with excitation frequency (w) is depicted for different mass ratios (M,,) such

as 0.1,0.2,03,and 0.4. . . . . . . . ..

(a) Contours showing the variation of the dynamic response of the tower in terms
of transmittance (Tg) with the excitation frequency (w) for increasing number of

resonators (n); (b) Variation of Tg withw forn=5and 15. . . . . . ... ...

(a) Contours showing the variation of the dynamic response of the tower in terms
of transmittance (7g) with the excitation frequency (@) for increasing natural fre-

quency of resonators w; (b) Variation of T with @ for w = 10, 20 and 30.

Schematic diagram of the (a) Monopile supported wind turbine system subjected

to wind and wave excitations; (b) Equivalent mathematical model of the system

(a) Conceptual mathematical representation of a wind turbine tower supported by a
monopile, incorporating MTMD distributed along its length; (b) Symbolic repre-
sentations illustrating sign conventions for a singular tower element having lumped
mass.; (c) Diagrammatic depictions outlining sign conventions for a singular tower
element equipped with a TMD; (d) Schematic representations showing sign con-
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Two-dimensional contour maps illustrating the variation in the displacement vari-
ance at the top of the Offshore Wind Turbine (OWT), denoted as (02, concerning
the tuning ratio v and damping ratio &,, assuming a mass ratio (u) of 0.1. The op-
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(a) and (b) Variation of response spectrum with excitation frequency with or with-
out TMDs having u = 0.1. (a) GWN (v,,; = 1.6341, &, = 0.0686); (b) Kaimal
and JONSWAP spectrum combined (v,,; = 1.5625, &5, = 0.0672). (c) and (d)
Corresponding displacement response as a function of time with or without TMDs.

(a) GWN; (b) Kaimal and JONSWAP spectrum combined. . . . . ... .. ..

(a) and (b) Variation of response spectrum with excitation frequency comparing
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and (d) Corresponding displacement response as a function of time; (a) and (c) For
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Wind turbine tower with periodic DVAs: (a) Diagrammatic representation of the
structure; (b) Detailed view of the single DVA unit; (c) Idealised model of a can-
tilever beam with tip mass having series of periodically attached DVAs subjected
to base excitation; (d) Sign conventions for a single unit cell having a DVA and (e)

Sign conventions of therigidbody. . . . . . . . ... .. ... L.

(a) CAD model of the DVA ; (b) 3D printing device and (c) 3D printed proposed

(a) Free vibration of DVA model for estimation of natural frequency; (b) Schematic
model of the DVA to calculate the natural frequency analytically; (c) Time accel-
eration plot of the free vibration analysis and (d) Frequency domain plots with the

help of FFT algorithm (sensitivity of accelerometer = 4.98 mV/ms™2). . . . . .
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Effect of the inclination angle on the bandgap: (a) Transmittance plots showcasing
various values of the inclination angle 6, and (b) Attenuation profile, depicted by
negative transmittance values, as a function of excitation frequency and inclination
angle. Double attenuation dips (DAD) are obtained within the attenuation band for
inclination angles up to 33.41°. However, beyond 6, = 33.42°, these DADs merge
to form a single attenuation dip. Moreover, as the angle increases, the phenomenon
of resonance cancellation emerges, leading to the complete elimination of the at-

tenuation peaks and further reduction of the band gap. . . . . . . . . .. .. ..

Attenuation profile (represented by negative values of transmittance plot) as a func-
tion of excitation frequency and several geometric parameters such as (a) Length
of the beam. (b) The thickness of the beam. (c) The mass ratio (ratio of the rigid
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imum transmittance level; (b) Variation of the band-gap and transmittance metrics
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Comparison of the transmittance parameter for a base excited tower having (a)
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Attenuation profile (represented by negative values of transmittance plot) as a func-
tion of excitation frequency and geometric parameters such as (a) Inclination angle;

(b) The mass ratio (ratio of the total rigid mass to the primary mass of the system).

(a) Wind turbine tower with periodic DVAs subjected to non-uniform wind loading;
(b) Variation of response spectrum with excitation frequency showing the double
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ACLD
AMD
ANN
ATMD
BS
BW
CO,
CPC
cY
DAD
DAQ
DC
DFT
DSM
DVA
EMSTMD
FBD
FEM
FFT
FSSI
FSI
GA
GDE
GHG
GW
GWN
IFFT

ABBREVIATIONS

Active Constrained Layer Damping
Active Mass Damper

Artificial Neural Network
Active Tuned Mass Damper
Bragg Scattering

Band Width

Carbon Dioxide

Collective Pitch Control

Cycle Year

Double Anti-resonance Dip
Data Acquisition System

Direct Current

Discrete Fourier Transform
Dynamic Stiffness Matrix
Dynamic Vibration Absorber
Electro-Magnetic Shunt Tuned Mass Damper
Free Body Diagram

Finite Element Method

Fast Fourier Transform

Fluid Soil Structure Interaction
Fluid-Structure Interaction
Genetic Algorithm

Governing Differential Equation
Greenhouse Gas

Giga Watt

Gaussian White Noise

Inverse Fast Fourier Transform
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IPC Individual Pitch Control

KS Kaimal Spectrum
LQG Linear Quadratic Gaussian
LQR Linear Quadratic Regulator
LR Local Resonance

MDOF Multi-Degree of Freedom

MMC Modified Mohr-Coulomb

MR Magnetorheological

MSS Mass Spring Sub-systems

MSWT Monopile Supported Wind Turbine
MW Mega Watt

NIF Near Identity Spectrum

OTMD Omnidirectional Tuned Mass Damper
OWT Offshore Wind Turbine

PCBMR Perpendicular Cantilever Beam-Mass Resonators
PLA Poly Lactic Acid

PSD Power Spectral Density

PZSD Piezoelectric Shunt Damping
PTMD Pendulum Tuned Mass Damper
RBD Rigid Body Dynamics

RR Response Reduction

RNA Rotor Nacelle Assembly

SDG Sustainable development goals
SDOF Single Degree of Freedom
SEM Spectral Element Method
SMR Spring Mass Resonator

SMSDOF  Spring Mass Single degree of Freedom

SSI Soil Structure Interaction

TID Tuned Inerter Damper

TLD Tuned Liquid Damper

TLCD Tuned Liquid Column Damper
TRBD Tuned Rolling Ball Damper
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TRD Tuned Rotor Damper
TTLCD Toroidal Tuned Liquid Column Damper
TMD Tuned Mass Damper
WTT Wind Turbine Tower
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NOTATIONS

(o)! Partial differential concerning spatial coordinate

Or Transpose of a vector/matrix

AC Sensitivity of triaxial accelerometers in millivolt per meter per second square

AM Sensitivity of uniaxial accelerometers in millivolt per meter per second square
A; J number of unknown arbitrary constants representing the transverse equation

of motions of the tower

Ay Cross-sectional area of the monopile in meter square

Ap Cross-sectional area of the single elastic beam of the DVA in meter square
AR Cross-sectional area of the rotor in meter square

Ar Cross-sectional area of the tower in meter square

b Width of PLA beam in meters

b, Length of the single elastic beam of the DVA in meters

bm Length of the single rigid body of the DVA in meters

B Lever arm of rotor overhang in meters

By k number of unknown arbitrary constants representing the axial equation of

motions of the tower

c Constant for capturing variation in the cross-section, also known as conicity

c1 Damping coefficient of the SDOF system

co Damping coeflicient of the TMD

cd Dashpot coefficients of the resonator

Cdopt Optimum damping of the resonator

Cs Dashpot coefficients to denote the visco-elastic nature of the spring-dashpot
system

c Non-dimensional form of conicity

Cp Drag coefficient

Cn m number of unknown arbitrary constants representing the transverse equation

of motions of the monopile submerged in water
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Ed; (x)

Thrust coefficient

Thickness of the single elastic beam of the DVA in meters

Thickness of the single rigid body of the DVA in meters

Diameter of the rotor in meters

Global displacement vector combining tower and monopile

o number of unknown arbitrary constants representing the transverse equation
of motions of the monopile embedded in soil

Outside diameter of the monopile in meters

Outside diameter of the PLA tower in meters

Bottom outside diameter of the tower in meters

Top outside diameter of the tower in meters

Horizontal distance of the center of gravity of the rigid body from the tip of
the tower in meters

Vertical distance of the center of gravity of the rigid body from the tip of the
tower in meters

Young’s modulus of the PLA in Newton per meter square

Flexural rigidity of the PLA beam used in the experiment in Newton meter
square

Flexural rigidity of the PLA tower used in the experiment in Newton meter
square

Flexural rigidity of the tower in Newton meter square

Flexural rigidity of the monopile in Newton meter square

Frequency of rotation of blades in Hertz

Fetch in meters

Centrifugal force in Newton

Distributed wind force on the tower

Global force vector combining tower and monopile

Nodal forces for single monopile element

Wave force in time domain

Nodal forces for single tower element

Thrust force in Newton

Acceleration due to gravity in meter per second square

XXvii



Lp
L,
Lt

Thickness of PLA beam in meter

Height of PLA tower in meters

Depth of the monopile submerged in water in meters

Total height of the monopile in meters

Length of the tower in meters

Complex integer iyota

Turbulence intensity

Inertia coeflicient

Mass imbalance in kilogram meters

Performance index

n'" order modified Bessel function of first kind

Inertial force matrix of the k’”* unit cell of the DVA

Polar moment of inertia of the rigid body in meters to the fourth power
n'”" order Bessel function of first kind

Stiffness coefficient of resonator in Newton per meters

Equivalent spring stiffness of the classical resonator in Newton per meter
Optimum spring stiffness of the TMDs

Stiffness coeflicient of the spring-dashpot system used to model soil in Newton
per meter

Equivalent stiffness in Newton per meter

n'" order modified Bessel function of second kind

Lateral spring stiffness in Newton per meter

Rotational spring stiffness in Newton meter per radian

Combined dynamic stiffness matrix considering the tower as well as the RNA
Length of the single elastic beam of the DVA in meters

Length of the single rigid body of the DVA in meters

Length of PLA beam in meters

Length of each element of PLA tower in meters

Integral length scale

Length of each element of monopile in meters

Total Length of PLA tower in meters

Length of each element of the tower in meters
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<

Length of PLA blade in meters

Mass of the resonator in kilogram

Mass of the SDOF system in kilogram

Mass of the TMD in kilogram

Mass of the TMD used in the experiment in kilogram

Ratio of mass of the rigid body of the DVA to the mass of accelerometer
Mass of the j* node of the DVA in kilogram

Equivalent lumped mass of blades in kilogram

Mass of the spring used in the experiment in kilogram

Hydrodynamic mass, which represents the lateral resistance of the water-pile
interface

Bending moment component of the PLA beam used for the experiment in
Newton meter

Mass of the uniaxial accelerometer in kilogram

Mass of the triaxial accelerometer in kilogram

Mass of the classical resonator in kilogram

Equivalent mass in kilogram

Mass of the rigid body of each DVA in kilogram

Bending moment component of the monopile submerged in water in Newton
meter

Mass of the force transducer in kilogram

Bending moment component of each component of the PLA tower in Newton
meter

Mass of the rotor nacelle assembly used in the experiment in kilogram
Ratio of mass of all resonators to the combined mass of tower and the RNA
Mass of the concrete block in kilogram

Bending moment component of each component of the monopile in Newton
meter

Mass of the rotor nacelle assembly in kilogram

Bending moment component of the monopile embedded in soil in Newton
meter

Bending moment component of the tower in Newton meter
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M, Nodal bending moments acting on submerged monopile

M, Side-side Bending moment acting along the x-axis in Newton meter
M, Fore-aft Bending moment acting along the y-axis in Newton meter

n Total number of resonators

N, Total number of monopile elements

Np Shape functions for monopile element

N; Total number of tower elements

Nr Shape functions for tower element

Ny, Total number of monopile elements submerged in water

P Axial force component of the tower in Newton

Py Peak enhancement factor

R Radial distance from the center of the rotor in meters

rp Bottom outside radius of the tower in meters

p Outside radius of the monopile in meter

I Top outside radius of the tower in meters

S/ Dynamic stiffness matrix of i"" elastic beam element of DVA

St Intensity of the spectrum

[Slexe Dynamic stiffness matrix of the tower having six rows and six columns
1SF]4na Dynamic stiffness matrix for the monopile element submerged in water

SFF.waves (w) Power spectrum of wave force exerted on monopile

SFF.wind k (w) The spectral density of turbulent thrust force acting on the rotor

[Srlexs Dynamic stiffness matrix for a beam having tip mass and a resonator at
an arbitrary location

[Scliox10 Global dynamic stiffness matrix combining tower and monopile having 10
rows and 10 columns

Sunk (W) Theoretical Kaimal Spectrum for fixed point reference points in space as a

function of excitation frequency

Syw (W) Power spectral density function of ocean wave
SW, (W) Normalized Kaimal spectrum
Swywy (w,x)  Spectral density of turbulent gust drag force

Time in seconds

~

Non-dimensional form of time

~
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Vpi

Viotor

Vs

Vi

Vi

w (x,1)
wp (1)
wr (xp.1)
wi (xi, 1)
Wpi (Xpis )
wy (x5, 1)
wy (x,1)
wr (x,1)
w (X, 1)
Wpg

Thickness of the monopile section in meters

Thickness of the PLA blade in meters

Thickness of the PLA tower in meters

Allowable transmittance

Kinetic energy in Joules

Analytical transmittance

Experimental transmittance

Axial displacement of the tower

Mean wind speed in meters per second

Wind velocity as a function of tower depth in meters per second
Average wind velocity at a reference height in meters per second
Fluctuating wind velocity as a function of tower depth and time in meters per second
Fluctuating wind velocity at hub height in meters per second

Shear force component of the PLA beam used for the experiment in Newton
Shear force component of the monopile submerged in water in Newton
Mean wind velocity at hub height in meters per second

Shear force component of each element of the PLA tower in Newton
Shear force component of each element of the monopile in Newton
Velocity of the rotor in revolutions per minute

Shear force component of the monopile embedded in soil in Newton
Shear force component of the tower in Newton

Nodal shear forces acting on submerged monopile

Transverse displacement of the PLA beam used for experiment

Base excitation

Transverse displacement of the monopile submerged in water
Transverse displacement of each component of PLA tower
Transverse displacement of each component of monopile
Transverse displacement of the monopile embedded in the soil
Transverse displacement of the tower

Transverse displacement of the PLA tower

Non-dimensional form of transverse displacement of the tower

Width of the PLA blade in meters
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XD
Xf
Xs

X
Xref

X and Vi

X; and Y;

y (1)

YnormGWN

YnormKS

Y, (&)

ne (%)

Nrat

Yk

KL

KR

Ap

Co-ordinate axis of the tower in meters

Co-ordinate axis of i"" elastic beam of the DVA in meters

Co-ordinate axis of monopile submerged in water in meters
Co-ordinate axis of monopile embedded in soil in meters
Non-dimensional form of space

Reference height in meters

Distance between master node and slave node in local co-ordinates of
the rigid body of the DVA

Distance between master node and slave node in global co-ordinates of
the rigid body of the DVA

Displacement of the resonator

L, norm or root mean square of the displacement responses of the TMD
system optimized by Gaussian white noise

L, norm or root mean square of the displacement responses of the TMD
system optimized by Kaimal Spectrum

n’" order Bessel function of second kind

Wave numbers for the monopile element submerged in water

Wave numbers for the monopile element embedded in soil

Simplified non-dimensional form of natural frequency

Frequency ratio

Concity ratio

Ratio of the natural frequency of flexible support system to that of fixed
support system

Ratio of the mass of the RNA to that of the mass of the tower

Stiffness correction factor

Mass correction factor

Non-dimensional lateral spring stiffness coefficient

Non-dimensional rotational spring stiffness coefficient
Non-dimensional excitation frequency

Wave number of transverse direction for i'" elastic beam of the DVA
Equivalent area in meter square

Ratio of mass of TMD to that of mass of SDOF system
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Up Wave number of axial direction for i’” elastic beam of the DVA
Mmin minimum level of attenuation achieved within the double anti-resonance dips

within the frequency range Qpin

Us Poisson’s ratio of soil

v Ratio of the natural frequency of the TMD to that of the SDOF system

Vopt Optimum tuning ratio

w Excitation frequency in Hertz

w1 Natural frequency of the SDOF system in Hertz

%) Natural frequency of the TMD in Hertz

Wy Wave number

wp Peak frequency in Hertz

Wy Natural frequency of the DVA in Hertz

W Natural frequency of omnidirectional resonator in Hertz

Q Rotational frequency in radians per second

Qax Conventional maximum bandgap width

Qmin Bandgap width for minimum negative transmittance

Q Angular frequency in radians per second

W Phase angle

o Angle between i’ elastic beam local axis and the global axis

01A; (x) Mass per unit length of the tower in kilogram per meter

PpAp Mass per unit length of the monopile in kilogram per meter

ppAp Mass per unit length of the PLA beam used for the experiment in kilogram
per meter

Ow Water density in kilogram per cubic meter

Os Soil density in kilogram per cubic meter

Pa Air density in kilogram per cubic meter

op Density of PLA in kilogram per cubic meter

ou Standard deviation of mean wind speed

a2, Standard deviation of displacement response

T Thickness of the tower section in meters

0 Rotation component of the PLA beam used for experiment

04 Inclination angle of i"" elastic beam with the horizontal in degrees
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§20pt

Rotation component of the monopile submerged in water
Rotation component of each element of the PLA tower
Rotation component of each element of the monopile
Rotation component of the monopile embedded in soil
Rotation component of the tower

Inclination angle of blades from vertical in degrees
Arbitrary constants bearing the units of dimensional quantity
Wind shear (or power law) exponent

Amplitude

Damping ratio of the SDOF system

Damping ratio of the TMD

Optimum damping ratio
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